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A B S T R A C T

HfNbTaTiZr high entropy alloys show a stress increase around 873 K, especially in the single crystals. At 873 K, 
the bcc single phase is decomposed into the bcc1 and bcc2 phases due to spinodal decomposition with 
composition modulation along 〈100〉 direction. The bcc1 phase has Zr- and Hf-rich composition, while Nb and Ta 
are enriched in the bcc2 phase. Next, the hcp phase is precipitated along the bcc1 phase. As a result, the hcp 
phase is aligned parallel to {100} plane of the bcc phase. The fine hcp phase acts as a strong barrier to the 
dislocation motion, resulting in the stress increase at 873 K.

High entropy alloys (HEA) composed of five or more elements of 
which concentrations are 5–35 % have attracted much attention due to 
their high strength and good resistance to severe environment and ra
diation [1–4]. In particular, HEA with refractory elements such as Mo, 
Nb, Ta, etc. are called refractory high entropy alloys (RHEA) and are 
expected to be a potential candidate for high temperature structural 
materials [5–8]. HfNbTaTiZr alloys which is a typical RHEA, first pro
posed by Senkov et al., show high strength at high temperatures and can 
be heavily cold rolled to 86 % [9–12]. In our previous paper, we 
investigated the deformation behavior of HfNbTaTiZr single crystals and 
polycrystals [13]. As a result, the yield stress decreases rapidly with 
increasing temperature up to 673 K, which is similar to bcc metals. On 
the other hand, the yield stress significantly increases around 873 K. 
Especially, in the single crystals, a stress increase between 673 K and 873 
K is 560 MPa. Since the hcp phase is found to be precipitated around 873 
K, the formation of the hcp phase seems to be closely related to the stress 
increase [13]. However, the detailed mechanism of the stress increase is 
still unclear. Thus, in the present study, the mechanism of the stress 
increase at 873 K in HfNbTaTiZr alloys was discussed based on the 
microstructure observation after deformation. Consequently, a spinodal 
decomposition of the bcc phase followed by the formation of the hcp 
phase is found to play an important role in an abnormal increase in yield 
stress around 873 K.

The preparation method for equiatomic HfNbTaTiZr single crystals 

and polycrystals is described in a previous paper [13]. The single crys
tals were solutionized at 1473 K for 1 h followed by water cooling. In 
order to examine the effect of microstructure change on strength, 
micro-Vickers hardness was measured for the single crystals sol
utionized at 1473 K and then annealed at 873 K. The indentation plane is 
(530). The rectangular specimens of which dimension is 2 × 2 × 5 mm 
were compressed to 1 % at 873 K in vacuum with [168] orientation at a 
cross-head speed of 0.05 mm/min which corresponds to an initial strain 
rate of 1.7 × 10–4 /s (condition (I)). Note that the compression tests were 
conducted using a conventional test machine with an electric heat 
furnace. In order to stabilize the temperature in the furnace, the holding 
time at the test temperature before the compression tests was set to 
1800s. The microstructure after deformation was observed using a 
transmission electron microscope (TEM) operated at 300 kV and a high 
angle annular dark field-scanning transmission electron microscope 
(HAADF-STEM, JEOL JEM-ARM200F) equipped with energy dispersive 
X-ray spectroscopy (EDS) detector. The thin foils for TEM and 
HAADF-STEM observation were perforated by an Ar ion milling. Sub
scripts for directions and planes on TEM and HAADF-STEM analysis 
mean the corresponding phase. In order to examine the effect of holding 
time at the compression test temperature, Gleeble-type test machine 
with an induction furnace was also used to minimize the holding time. In 
addition, a strain rate was increased to suppress the formation of the hcp 
phase during compression. The compression tests were also conducted 
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under the following two conditions. Since the large single crystals for 
Gleeble-type test machine could not be obtained, the tests were done 
using the polycrystals. Condition (II): Conventional compression test 
machine with an electric heat furnace was used. In order to stabilize the 
temperature in the furnace, the holding time at the test temperature 
before the compression test was set to 1800s. A high strain rate of 1.7 ×
10–2 /s was selected to suppress the formation of the hcp phase. Con
dition (III): Gleeble-type test machine with an induction heat furnace 
was used. High heating rate (10 K s-1) and short holding time before the 
compression test (120 s) were realized at 873 and 1073 K. A high strain 
rate of 1.7 × 10–2 /s was also chosen to suppress the formation of the hcp 
phase.

Fig. 1(a), (b) shows a selected area diffraction pattern (SAEDP) of 
HfNbTaTiZr single crystals compressed at 873 K under condition (I). 
[110]bcc pattern of the bcc matrix can be observed, while [1120]hcp 

pattern of the hcp phase can also be seen. A dark-field image with a 
reflection vector (g) of 1100hcp of the hcp phase is shown Fig. 1(c). While 
dots are aligned parallel to {001}bcc plane of the bcc phase, suggesting 
that the hcp phase is densely precipitated along {001}bcc plane. It is also 
noted that the size of the hcp precipitates is <10 nm. It is well known 
that in Ti alloys, the bcc and the hcp phases satisfy the Burgers orien
tation relationship {110}bcc//{0001}hcp, <111>bcc//<1120>hcp. 
However, the orientation relationship in HfNbTaTiZr alloys compressed 
at 873 K is {110}bcc//{0001}hcp, <110>bcc//<1120>hcp. Fig. 2 shows 
STEM-EDS maps (b)-(f) together with the HAADF image (a) of the 
crystals compressed at 873 K under condition (I). In the HAADF image 
(Fig. 2(a)), there are bright and dark regions mainly composed of heavy 
and light elements, respectively. In fact, from the EDS maps, Nb and Ta 
are enriched in the bright region (Fig. 2(c) and (d)), while the dark re
gion has Hf- and Zr-rich composition (Fig. 2(b) and (f)). On the other 
hand, distribution of Ti is homogenous (Fig. 2(e)). In previous papers, 
the phase separation into two bcc phases is observed in HfNbTaTiZr 
alloys [13–15]. Moreover, in Zr-Nb binary alloy system, spinodal 
decomposition into two bcc phases is known to occur [16,17]. This 
strongly suggests that spinodal decomposition also takes place in 
HfNbTaTiZr alloys. Fig. 3(a) shows a high resolution TEM (HRTEM) 
image of the crystals compressed at 873 K under condition (I). Fig. 3(b) 
and (c) show fast Fourier transform (FFT) patterns taken from regions A 
and B in Fig. 3(a), respectively. Enlarged filtered inverse FFT (IFFT) 
images of Fig. 3(b) and (c) are shown in Fig. 3(d) and (e), respectively. 
Both the FFT patterns and IFFT images indicate that region A which 
corresponds to Nb, Ta-rich light region in Fig. 2(a) consists of the bcc 
phase. On the other hand, region B corresponding to Hf, Zr-rich dark 
region in Fig. 2(a) is composed of the hcp phase. This strongly suggests 
that the spinodal decomposition into Hf, Zr-rich and Nb, Ta-rich bcc 
phases (referred to as bcc1 and bcc2 phases, respectively [13]) occurs 
and then the hcp phase is precipitated from the bcc1 phase, which is 
schematically illustrated in Fig. 3(f). In fact, the lattice plane spacings 
shown in Fig. 3(d) and (e) are consistent with those of the bcc2 and the 

Fig. 1. A SAEDP (a) and a dark-field image with g = 1100hcp (c) in HfNbTaTiZr 
single crystals compressed at 873 K under condition (I). (b) A schematic illus
tration of (a). (a), (b) beam direction (B) is [110]bcc, [1120]hcp.

Fig. 2. A HAADF-STEM image (a) and STEM-EDS maps (b)–(f) in HfNbTaTiZr single crystals compressed at 873 K under condition (I); (b) Hf, (c) Nb, (d) Ta, (e) Ti 
and (f) Zr.
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hcp phase, respectively [13]. The orientation relationship between the 
bcc and the hcp phases in Fig. 3 is {110}bcc//{0001}hcp, 
<110>bcc//<1120>hcp, which is consistent with Fig. 1. For comparison, 
HfNbTaTiZr alloys was annealed at 873 K for 100 h and the micro
structure is shown in Fig. 4. There exists numerous precipitates with the 
hcp structure in the bcc matrix (Fig. 4(c)) and the SAEDP (Fig. 4(a) and 
(b)) suggests that at least two variants of the hcp phase are precipitated 
satisfying the Burgers orientation relationship with the bcc matrix.

In the present study, spinodal decomposition of the bcc phase into 
Hf, Zr-rich bcc1 and Nb, Ta-rich bcc2 phases occurs at 873 K, followed 
by the transformation from the bcc1 to the hcp phase. The phase 
transformation behavior of HfNbTaTiZr alloys is similar to that of Zr-Nb 
binary alloy system [16,17]. The phase separation of the bcc phase and 
the precipitation of the hcp and the ω phases take place in HfNbTaTiZr 
alloys [13–15]. Some researchers also reported the spinodal decompo
sition of the bcc phase into the bcc1 and bcc2 phases in bcc HEA [18-20]. 
Flewitt [16] and Toda et al. [17] reported that the successive phase 

transformation composed of the spinodal decomposition and the hcp 
precipitation occurs in Zr-Nb alloys below the monotectoid temperature 
around 900 K. Since the wavelength of composition modulation 
accompanied by the spinodal decomposition is about 10 nm, the hcp 
phase precipitated from the Hf, Zr-rich bcc1 phase is densely precipi
tated, as shown in Fig. 1. In Fig. 1, the hcp phase shows a dotted contrast. 
This means that the band region except the hcp phase is the Hf, Zr-rich 
bcc1 phase. It is also noted that the direction of composition modulation 
in bcc metals is <100>bcc, resulting in the alignment of the hcp phase on 
{100}bcc plane, as shown in Figs. 1 and 3(f). In other words, if the hcp 
phase is precipitated before the spinodal decomposition, the hcp phase 
does not have to be aligned parallel to {100}bcc plane. Fig. 5(a) shows 
variation in micro-Vickers hardness with annealing time in the single 
crystals solutionized and then annealed at 873 K. The hardness increases 
rapidly with increasing annealing time and shows a high value even 
after annealing for 0.2 h. This means that the spinodal decomposition 
proceeds rapidly during the holding time at 873 K before and during the 
compression tests. The hcp phase formed by the transformation from the 
bcc1 phase is so fine and densely distributed that the dislocation motion 
in the alloys is strongly suppressed by the hcp phase. This results in the 
stress increase around 873 K in HfNbTaTiZr alloys [13]. In order to 
examine the effect of holding time at 873 K, the compression tests were 
also conducted using Gleeble-type test machine equipped with induction 
heat furnace, which can realize high heating rate and short holding time 
at the test temperature. Fig. 5(b) shows temperature dependence of yield 
stress of HfNbTaTiZr polycrystals compressed under conditions (II) and 
(III). The data for the single crystals and polycrystals compressed under 
condition (I) are also shown in the figure [13]. Under conditions (I) and 
(II), a stress increase can be seen at 873 K, especially in the single 
crystals. In addition, under condition (I), the single crystals and poly
crystals demonstrate similar temperature dependence of yield stress 
except 873 K. Since the grain size of the polycrystals is about 500 μm, the 
effect of grain boundaries on the strength is insignificant. Moreover, the 
yield stress of the polycrystals under condition (II) is higher than that 
under condition (I), since the deformation behavior of bcc metals 
generally depends strongly on strain rate [13]. On the other hand, the 

Fig. 3. (a) A HRTEM image of HfNbTaTiZr single crystals compressed at 873 K under condition (I); taken along [110]bcc and [1120]hcp directions. FFT patterns from 
regions A (b) and B (c) in (a). Regions A and B are composed of the bcc and hcp phases, respectively. (d) and (e) Enlarged filtered IFFT images of (b) and (c), 
respectively. (f) A schematic illustration of the spinodal decomposition into the bcc1 and bcc2 phases, followed by the precipitation of the hcp phase.

Fig. 4. A SAEDP (a) and a bright field image (c) of HfNbTaTiZr alloys annealed 
at 873 K for 100 h. (b) a schematic drawing of (a); B = [110]bcc, [0001]hcp. At 
least two hcp variants can be seen.
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stress increase at 873 K becomes insignificant under condition (III) using 
Gleeble-type test machine, as shown in Fig. 5(b). This suggests that the 
hcp phase is hardly formed during short holding time under condition 
(III). Thus, one can conclude that the successive phase transformation 
leading to the hcp nanoprecipitates is responsible for the stress increase 
around 873 K in HfNbTaTiZr alloys. On the other hand, at 1073 K, the 
hcp phase is never precipitated, although the phase decomposition of 
the bcc phase takes place [13]. From the calculated phase diagram, the 
hcp phase can be precipitated below 1073 K [5]. Stress increase is not 
significant at 1073 K, suggesting that the phase decomposition of the bcc 
phase is not responsible for strong hardening. It is also noted that the 
stress increase by the formation of the hcp phase is more remarkable in 
the single crystals, compared with the polycrystals [13]. In the case of 
the polycrystals, the bcc2 phase which has Nb, Ta-rich composition is 
formed along the boundaries of the bcc matrix grains [13–15]. In this 
case, a driving force for the spinodal decomposition in the bcc grain 
interior decreases, which leads to slow precipitation of the hcp phase 
and a weak stress increase in the polycrystals. In fact, micro-Vickers 
hardness of the single crystals increases more rapidly with increasing 
annealing time at 873 K than that of the polycrystals [13]. In addition, 
the grain size of the polycrystals is nearly 500 μm, grain boundary 
strengthening effect is not significant. It is also noted that the bcc and 
hcp phases satisfy {110}bcc//{0001}hcp, <110>bcc//<1120>hcp orien
tation relationship in the deforming crystals instead of the Burgers one. 
In general, spinodal decomposition accompanies strong stress field, 
resulting in the deviation from the Burgers relationship. On the other 
hand, if the alloys are annealed at 873 K for long time, the Burgers 
orientation relationship holds between the bcc and hcp phases, as shown 
in Fig. 4.

In HfNbTaTiZr alloys, the yield stress is increased around 873 K, 
especially in the single crystals. The spinodal decomposition from the 
bcc matrix into the bcc1 and bcc2 phases occurs rapidly and then sub
sequently the nanoscale hcp phase is precipitated from the bcc1 phase. 
Numerous hcp precipitates along {100}bcc plane of the bcc matrix 
strongly suppress the dislocation motion, resulting in the stress increase.
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