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A B S T R A C T   

Body-centred cubic (bcc) high-entropy alloys exhibit high strength. However, their yield behaviour and con
trolling mechanisms are still ambiguous. In this study, the temperature dependence of the yield stress, effective 
stress, activation volume, and activation enthalpy in a polycrystalline bcc refractory high-entropy alloy of 
TiZrNbHfTa were measured by tensile tests at 77–750 K. At temperatures above 650 K, the temperature 
dependence of the yield stress disappeared, and serration appeared in stress–strain curves. By extrapolating the 
effective shear stress to 0 K, the Peierls stress was estimated to be 580 MPa. The value was compared with 
different crystals using the relationship τp

μ and h
b, where τp is the Peierls stress, μ is the shear modulus, h is the 

distance between the slip planes, and b is the Burgers vector. The τp
μ value in this study was slightly higher than 

that of other bcc crystals. The activation enthalpy below 260 K corresponds to that of other bcc crystals with high 
Peierls potentials, suggesting kink-pair nucleation is the controlling mechanism of the dislocation glide in this 
temperature range. Meanwhile, the activation enthalpy above 260 K deviated from the trendline, indicating the 
changes in the dislocation glide from the kink-pair nucleation to other one.   

1. Introduction 

Body-centred cubic (bcc) crystals show strong temperature depen
dence. In particular, the critical resolved shear or yield stress of pure- 
iron single crystals or polycrystals is one order larger at 77 K than 
those at room temperature [1–3]. As bcc crystals have a high Peierls 
potential, the dislocation glide in iron is a thermally activated process. In 
the low-temperature range where the yield stress is 
temperature-dependent, the magnitude of the yield stress is controlled 
by the dislocation velocity, that is, the frequency of forming a kink-pair 
along a screw dislocation controls the yield stress. When the tempera
ture decreases, the frequency of a kink-pair decreases. As a result, the 
applied stress should be increased at the temperature to maintain the 
dislocation velocity to fulfil the applied strain rate, thereby increasing 
the yield stress. If the yield stress exceeds the fracture stress, the spec
imen cannot undergo plastic deformation and fractures in a brittle 
manner. 

High-entropy alloys have garnered attention. In these alloys, several 
crystal structures are noted, such as face-centred cubic (fcc), bcc, B2, A2, 
hexagonal close-packed (hcp), and a combination of these phases 
[4–13]. As there is no dominant element in the crystal, the mechanism of 

plastic deformation, particularly the behaviour of the dislocation mo
tion, remains ambiguous. 

Bcc high-entropy alloys are considered as refractory alloys owing to 
their high strength at high temperatures [13–30]. In particular, 
TiZrNbHfTa exhibits good deformability at high temperatures [14], 
which can be attributed to its suppressed intergranular fracture. In terms 
of yield stress, single-crystalline TiZrNbHfTa shows abnormally high 
yield stress at 873 K, which does not appear in polycrystalline materials, 
owing to the dynamic strain precipitation [20]. Because the yield 
behaviour and the controlling mechanisms of these alloys themselves 
are still ambiguous, it is essential to unveil the deformation mechanism 
in bcc high-entropy alloy in the first place. 

In this study, the yield stress and activation volume of TiZrNbHfTa 
high-entropy alloys were measured using tensile tests over a wide 
temperature range (77–750 K). It is to be noted that tensile tests have 
rarely been performed in this alloy. Subsequently, the activation 
enthalpy for the dislocation glide was measured. Then, the controlling 
mechanism of the dislocation glide at low temperatures is discussed, at 
which the elementary process of the dislocation glide stands out. 
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2. Experimental 

A bcc TiZrNbHfTa high-entropy alloy with an isotonic ratio was used. 
An ingot was obtained by arch melting. The width and length of the 
parallel portion of the specimen were set to 2 and 8 mm, respectively. 
The initial strain rate was set to 4.2×10− 4 s− 1. The thickness of each 
specimen was 1 mm. A strain gauge was attached at the centre of the 
parallel portion. Strain rate jump tests were performed, in which the 
strain rate was increased by a factor of 10 at a strain of approximately 
0.01 during each tensile test. The mechanical tests were performed be
tween 77 K and 750 K. The temperatures below room temperature were 
controlled by cold gas evaporating liquid nitrogen, and the temperatures 
above room temperature were controlled in an image furnace. The 
temperature was stabilised within 2◦. 

3. Results 

Fig. 1 (a) shows an inverse pole figure map with respect to the 
normal direction of a bcc TiZrNbHfTa high-entropy alloy, showing 
equiaxial grains and the average equivalent diameter of the grains was 
approximately 230 μm. Fig. 1 (b) shows pole figures with respect to the 
normal direction taken from the area shown in (a) on a stereo projection 
and a standard triangle, indicating that there is a slightly stronger dis
tribution of the grains facing {110} planes to the normal direction. As 
the texture is not strong, its effect on the mechanical property is 

considered to be negligible. Fig. 1 (c) shows the elemental maps of Ti, Zr, 
Nb, Hf, and Ta obtained by energy-dispersive X-ray microscopy. No 
precipitates or segregations were noted. The temperature dependence of 
0.2% proof stress was measured at 77–750 K. Fig. 2 shows the nominal 
stress–nominal strain (s–s) curves of the specimen at 200–750 K. Yield 
stress decreases with increasing temperature except for that at 750 K. 
The work hardening rate decreases with increasing temperature below 
550 K. Because the work hardening is strongly influenced by the cross 
slip of dislocations, the difference in the work hardening among tem
peratures should be attributed to the change in the frequency of cross 
slipping with the temperature above and below 550 K. The s–s curves 
obtained at 650 and 750 K show serration during plastic deformation. At 
650 K, the specimen fractured during work hardening with the reduction 
of the ductility due to dynamic strain ageing. The increase in the strain 
hardening at 650 K and 750 K is attributed to the dynamic strain ageing. 

Fig. 3(a)–(d) show scanning electron microscopy (SEM) images of 
the fracture surfaces at 77, 200, 296, and 650 K, respectively. Inter
granular fractures were mainly noted in the specimen fractured at 77 K. 
Meanwhile, intergranular and ductile fracture surfaces were observed in 
the specimens fractured at 200 and 296 K. Fully ductile fracture surfaces 
were observed in the specimen fractured at 650 K. The intergranular 
fracture reduces the ductility in the tensile tests at below 296 K. 

Fig. 4(a) shows the temperature dependence of the 0.2% proof stress. 
The strong temperature dependence of the proof stress is similar to that 
of other bcc crystals [2,31–34]. The proof stress, σ0.2(T), is divided into 
two components: the effective stress, σe (T), which is 
temperature-dependent, and athermal stress, σath, which is 
temperature-independent, as follows:  

σ0.2 (T) = σe (T)+ σath.                                                                     (1) 

In this study, the athermal stress was obtained as 655 MPa, which is 
the average proof stress when the temperature dependence nearly dis
appears above 650 K. Using the Taylor factor as M = 2 [35], the effective 
shear stress is given as follows: 

τe(T) =
σ0.2(T) − σath

M
. (2) 

Fig. 4(b) shows the temperature dependence of the effective shear 
stress with a regression curve, omitting the data plots from the specimen 
which fractured in a brittle manner before yielding. By extrapolating the 
regression curve to 0 K, the Peierls stress was estimated to be 580 MPa. 

As plastic deformation is the result of dislocation motion, primitive 
process of the dislocation motion should be investigated. The tempera

Fig. 1. (a) Inverse pole figure map with respect to the normal direction of bcc 
TiZrNbHfTa high-entropy alloy. (b) Pole figures with respect of the normal 
direction taken from the area shown in (a) with a stereographic projection and a 
standard triangle. The directions of A1 and A2 are sown in (a). (c) Energy- 
dispersive spectroscopy maps and secondary electron image of the investi
gated area of the specimen. The length scales of (a) and (c) are identical. Fig. 2. Stress–strain curves of bcc TiZrNbHfTa high-entropy alloy.  
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ture dependence of the activation volume was obtained. Strain jump 
tests were performed to obtain the value of activation volume V∗. When 
the tensile strain rate jumped to ε̇2 from ε̇1, the applied stress changed to 
σ2 from σ1. The activation volume is then obtained as follows: 

V∗ = kTM
ln
(

ε̇2
ε̇1

)

σ2(T) − σ1(T)
, (3)  

where k is the Boltzmann’s constant. In this study, the strain rate was 
increased by a factor of 10. 

Fig. 5 shows the temperature dependence of the activation volume, 
where the left vertical axis is normalised to the cube of the Burgers 
vector. The value of the Burgers vector was calculated as a

̅̅
3

√

2 where a =

0.34 × 10− 9 m [14]. The value at 300 K is consistent with the value 
obtained in previous studies [36,37]. The activation volume increased 
with the temperature as the trend. At low temperatures below 250 K the 
value is close to those for kink-pair nucleation [38]. At approximately 
600 K, where the value of the effective stress decreased to 0, the acti
vation volume abruptly increased. The activation volume of more than 
100 b3 is close to the lowest value when mobile dislocations interact 
with the forest dislocations [39]. In addition to that, the inverse tem
perature dependence of the activation volume appeared at approxi
mately 300 K. The abnormality of the temperature dependence of the 
activation volume will briefly be discussed later in the discussion 
section. 

Fig. 3. SEM images of the fracture surfaces of bcc TiZrNbHfTa high-entropy 
alloy at (a) 77 K, (b) 200 K, (c) 296 K, and (d) 650 K. The magnifications of 
the figures are the same, where a common scale bar is put on the right bottom of 
the figure. 

Fig. 4. (a) Temperature dependence of the yield stress. The solid symbols 
indicate that the specimen yielded, whereas the open symbols indicate that the 
specimen fractured in a brittle manner before yielding. (b) Temperature 
dependence of the effective shear stress. The data of the brittle fracture before 
yielding were omitted. 
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4. Discussion 

There are two points to be discussed in this session. One is the 
abnormal temperature dependence of activation volume, and the other 
is the controlling mechanism of yield stress at low temperatures. First, 
the abnormal temperature dependence of activation volume seen in 
Fig. 5 is discussed. 

The abnormal temperature dependence of the activation volume 
shown in Fig. 5 has also been reported for Ti and other alloys [40–47]. In 
particular, this can be ascribed to the interaction of the dislocations with 
the oxygen or hydrogen atoms during dynamic strain ageing [41]. 
Another suggested mechanism is the two rate-controlling processes 
governing the dislocation motion in this temperature range [44]. Anne 
et al. [47] showed that the dominant slip system activated in Ti–6Al–4V 
changed from basal to pyramidal around the temperature at which the 
activation volume exhibits an inverse temperature dependence. In-situ 
transmission electron microscopy (TEM) observation in iron showed 
jerky dislocation motion at the temperature range of dynamic strain 
ageing [48]. It suggests that such atoms that induce dynamic strain 
ageing influence the primitive process of dislocation glide. Therefore, it 
is presumed that the inverse temperature dependence of the activation 
volume in the high-entropy alloy used in this study is also ascribed to the 
change in the controlling mechanism either dynamic strain ageing or 
change in slip mode, or both in the temperature range; however, further 
analysis is necessary. 

Next, the controlling mechanism for yield stress at low temperatures 
is discussed. Here, the temperature dependence of the activation 
enthalpy for the dislocation glide was first obtained to discuss the nature 
of dislocation glide, comparing the obtained Peierls stress of 
TiZrNbHfTa with those of other pure crystals. Subsequently, the process 
of dislocation glide in the bcc high-entropy alloy used in this study was 
explained. 

Here, the activation enthalpy is given by Refs. [49,50]: 

H∗ = − TV∗∂τe

∂T
. (4) 

The slope of H∗ with respect to temperature is approximately 20–30 
kT [51–53], whereby the dislocation motion is governed by the Peierls 
mechanism, and the kink-pair formation is the controlling mechanism 
for the dislocation glide. Fig. 6 shows the experimentally obtained 
temperature dependence of H∗ in this study. A straight-line intersecting 
with the origin has a slope of 28 kT. Several data plots at T < 260 K are 
on along the line, whereas the date deviated from the line at 260 K ≦ T, 
whereby the activation volume showed an abnormal temperature 

dependence, as shown in Fig. 5. This indicates that the controlling 
mechanism for the dislocation glide differs at temperatures below and 
above 260 K. In particular, below 260 K, as the slope of the plots is close 
to 28 kT, the dominant dislocation process is considered to be the 
kink-pair nucleation at high Peierls potentials as those in other bcc 
crystals. Above 260 K, the change in the activation enthalpy suggests 
that the controlling process of dislocation glide changes from the 
kink-pair nucleation. 

In-situ TEM observations of the bcc high-entropy alloys indicate that 
edge dislocations contribute to plastic deformation [54]. The TEM ob
servations also noted that the dislocation segments move and are 
dynamically pinned. However, it was suggested that the dominant 
process of dislocation glide is the motion of screw dislocations at room 
temperature. Meanwhile, the contribution of the edge dislocations 
increased with temperature. It is speculated that the changes in the 
activation enthalpy and the activation volume above 260 K are corre
lated with the change in the activated component from screw disloca
tions to edge dislocations. Anyhow, even though the high-entropy alloy 
with five atoms of equivalent ratios was used in this study, the dislo
cation glide below 260 K is controlled by the Peierls mechanism, similar 
to other bcc crystals. 

The magnitude of the Peierls stress was estimated next. The Peierls 
stress τp, is given by [55] 

τp

μ =Aexp
(

− B •
h
b

)

, (5)  

where μ is the shear modulus, A and B are constants including the 
Poisson’s ratio, h is the distance between the slip planes, and b is Burgers 
vector. 

Fig. 7 shows the relationship between τp
μ and hb in pure single crystals 

[56]. Even with difference in the crystals of the same structures, the 
Peierls stress exhibits an exponential function hb. The hb and τp

μ values of the 
bcc crystals were approximately 0.8 and 6×10− 3, respectively. The τp 

value, which corresponds to the stress at 0 K, was estimated to be 580 
MPa by extrapolating the effective shear stress (Fig. 4(b)), at which the 
shear modulus at 0 K for TiZrNbHfTa was estimated as follows [18]: 

μ(T) = 36.2 −
5.6

(
exp

(
845
T

)
− 1

) [GPa]. (6) 

The plots from the specimen used in this study also overlap in Fig. 7, 

Fig. 5. Temperature dependence of the activation volume. The left vertical axis 
is normalised with the cube of the Burgers vector. 

Fig. 6. Temperature dependence of the activation enthalpy of bcc TiZrNbHfTa 
high-entropy alloy. The solid line is drawn with the slope of 28 kT intersecting 
with the origin. 
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showing that τp
μ is 0.0136 which is slightly higher than those for other bcc 

pure crystals as seen in the figure. 
One of the questions arises here is that why the Peierls stress was 

higher than that of other pure bcc alloys. In other words, it is a question 
that either the interaction of dislocations with solute atoms or high 
Peierls potential controls the yield stress at low temperatures in bcc 
high-entropy alloys. Note here that τp obtained in this study is not 
strictly the Peierls stress, but the stress required to move a screw 
dislocation at 0 K. 

The yield stress in pure fcc and hcp crystals has weak temperature 
dependence because of the low Peierls stress. Therefore, the temperature 
dependence of the yield stress in their alloys is ascribed to the solute 
atoms, that is, the interaction of the dislocations and solute atoms 
controls yield stress. Meanwhile, in crystals with a high Peierls potential, 
such as bcc crystals, the temperature dependence of the yield stress is 
governed by the frequency of kink-pair nucleation. Solute atoms in bcc 
crystals often decrease the yield stress at low temperatures,1 which is 
called solution softening [2,31,57–62]. Therefore, the interaction of 
solute atoms and dislocations at low temperatures is expected not to 
increase the yield stress also in high-entropy alloys. Maresca and Curtin 
[63] suggested a cross-kink mechanism to explain the high strength of 
bcc high-entropy alloys. In their model, kinked structures are formed at 
local sites where statistical fluctuations occur with the local solute 
configurations along a screw dislocation without stress. When stress is 
applied, kink pairs are formed along the screw dislocations on different 
slip planes. These cross kinks move along the screw dislocations and 
interact to extinguish each other, thereby forming vacancies or inter
stitial atom. These defects interact with other mobile dislocations to 
increase the stress required for the dislocations to move. This strength
ening mechanism does not violate the results obtained in this study. The 
temperature dependence for plastic deformation below 260 K can be 
explained by kink-pair nucleation, which induces strong temperature 
dependence in this temperature range. 

5. Conclusion 

The temperature dependence of the yield stress, effective stress, 
activation volume, and activation enthalpy were measured in a poly
crystalline bcc refractory high-entropy alloy of TiZrNbHfTa using tensile 
tests at 77–750 K. The following findings were obtained: 

1) The yield stress decreases with increasing temperature. The tem
perature dependence of the yield stress disappeared above 650 K. 
Moreover, the athermal stress of TiZrNbHfTa used in this study was 
655 MPa.  

2) The effective shear stress at 0 K was estimated to be 580 MPa by 
extrapolating the curve of effective shear stress versus temperature.  

3) τp
μ was obtained as 6×10− 3, which is slightly higher than that for 
other bcc pure single crystals.  

4) The temperature dependence of the activation volume below 260 K 
was close to that of the materials for a high Peierls potential. The 
activation volume exhibited an abnormal temperature dependence 
at approximately 300 K.  

5) The activation enthalpy below 250 K are in good agreement with 
those obtained from other bcc materials with high Peierls potentials, 
suggesting that the controlling mechanism for yielding is kink-pair 
nucleation along screw dislocations. 

This work experimentally showed that the temperature dependence 
of the yield stress below 250 K is ascribed to the motion of the screw 
dislocations, which is similar to that of other bcc crystals. Further, the 
controlling mechanism changed as the temperature increased, which 
can be attributed to the increased contribution of the edge dislocations 
as temperature increased, however, further investigation is necessary. 
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