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The HfNbTaTiZr high entropy alloy was produced by vacuum arc melting, homogenized at 1200 �C, and
annealed at 600–1000 �C for 1–100 h. Structure and microhardness of the annealed alloy were investi-
gated. A strong increase of microhardness after aging treatment at 600 �C was found. Formation of second
hcp phase particles in the bcc matrix after annealing at 600 and 800 �C was also revealed. Effect of pre-
cipitation of second phase particles on microhardness was analyzed.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

High entropy alloys (HEAs) are generally defined as multicom-
ponent (�5 elements) nearly equiatomic (the concentration of
the principle components is 5–35 at.%) metallic alloys [1–3]. The
initial idea behind this concept was that high entropy of mixing
natural for the multicomponent equiatomic alloys can make the
formation of solid solution phases more preferable over inter-
metallic ones [1]. Several HEAs with single solid solution phase
structures have been found so far. The best-known example is
the equiatomic CoCrFeNiMn alloy with a single face-centered cubic
(fcc) structure introduced by Cantor [4–7]. Several body-centered
cubic (bcc) structured HEAs were also introduced [8,9]. These bcc
HEAs are mostly based on refractory elements, and the best-
studied example among them is the HfNbTaTiZr alloy [10–13].

Although the initial HEA concept emphasized formation of a
single solid solution phase, the strength of many commercial struc-
tural metallic materials increases usually by second phases in
order to meet the required characteristics [14]. However
approaches to precipitates formation in a disordered matrix in
refractory elements based HEAs in a controlled way are still
unclear. For instance, it is already established by O.N. Senkov
et al. that the HfNbTaTiZr alloy (i) has the single bcc phase after
homogenization treatment [10]; (ii) second phase particles can
be found in the alloy after deformation at elevated temperatures
or annealing [11,13]. But the possibility of hardening heat treat-
ment of the alloy has not been revealed yet. Therefore, in this work
we have studied an annealing effect on the hardness and structure
of the homogenized equiatomic HfNbTaTiZr alloy.
2. Materials and methods

The equiatomic HfNbTaTiZr alloy was produced by vacuum arc
melting. Pure elements (each of them at least 99.9% purity) were
used as the raw material. The ingot with dimensions
�8 � 12 � 40 mm3 was remelted 5 times to ensure the chemical
homogeneity. The obtained alloy had an equiatomic composition
(20 ± 1 at.% of each component). The as-cast alloy was homoge-
nized in vacuum at 1200 �C for 24 h. After homogenization, the
alloy was annealed in vacuum at 600, 800 and 1000 �C for 1–
100 h. The microhardness of the alloy was measured with 200 g
load. Each data point was the average of at least 20 individual mea-
surements. The structure was characterized by X-ray diffraction
(XRD), scanning (SEM) and transmission (TEM) electron micro-
scopy. The XRD measurements were performed using a Riguku
diffractometer with Cu radiation. A Quanta 200 3D microscope
with energy dispersive (EDX) detector was used for the SEM anal-
ysis. TEM images were obtained using a JEOL JEM-2100 microscope
equipped with EDX detector. Samples for the TEM investigation
were prepared by twin-jet electropolishing in a mixture of 5 mL
HF + 45 mL H2SO4 in 950 methanol at �35 �C.
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Fig. 2. The dependence of microhardness of the HfNbTaTiZr alloy on annealing
temperature and time.
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3. Results and discussion

In the initial homogenized condition the HfNbTaTiZr alloy had a
single phase bcc structure (Fig. 1a). The lattice parameter of the bcc
phase was 0.340 nm. SEM-BSE image (Fig. 1b) shows the presence
of coarse grains with the mean size of 185 ± 75 lm.

Fig. 2 shows the microhardness of the HfNbTaTiZr alloy depend-
ing on the annealing conditions (temperature and time). The hard-
ness of the alloy in the homogenized condition was 370 HV.
Annealing for 1 h at 800 �C and 1000 �C resulted in slight (�10%)
increase of the microhardness. Further annealing for 10 and
100 h at these temperatures caused a decrease of hardness approx-
imately to the initial level. The hardness was somewhat higher
after annealing at 800 �C for all soak time. Annealing at 600 �C
had much more pronounced effect: after 1-h annealing the micro-
hardness rose to 470 HV. An increase in annealing time to 10 h
resulted in further increase of the microhardness to 500 HV, i.e.
an increment in hardness by �35% in comparison with the initial
condition was achieved. Further increase of annealing time
resulted in gradual softening. Nevertheless, the microhardness of
the alloy annealed at 600 �C for 15–100 h was still significantly
higher than that in the initial condition (450–465 HV vs. 370 HV,
Fig. 2).

To understand the reasons of hardening of the HfNbTaTiZr alloy
after annealing, microstructural studies were performed. The SEM
investigation of the HfNbTaTiZr alloy after 10-h annealing at 600 �C
had revealed some second phase particles in grain boundaries;
however more detailed TEM study (Fig. 3a) had shown numerous
Fig. 1. Structure of the HfNbTaTiZr alloy: XRD patterns of the alloy in the
homogenized and annealed (600 �C, 100 h, and 800 �C, 100 h) conditions (a) and
SEM-BSE image of the alloy in the homogenized condition (b).
nano-sized particles with a hexagonal close-packed (hcp) lattice
(a = 0.297 nm; c = 0.478 nm). Their volume fraction was �20%
and the average diameter was 25 nm. The particles were enriched
with Hf and Ta (�25 at.% each). The grain boundary particles were
much coarser (several hundred nm), but had the same crystal
structure and chemical composition. Further increase of the soak
time at 600 �C to 100 h resulted in the complete decomposition
of the initial single phase structure and the formation of a fine
basket-weave-like structure (Fig. 3b). According to the XRD results
(Fig. 1a), the structure was composed of the bcc and hcp phases.
Note that the lattice parameter of the bcc phase decreased in com-
parison with the initial condition, possibly due to changes in the
chemical composition. At a higher temperature (800 �C), the sec-
ond phase particles with the average size of several microns
appeared after 10 and 100 h annealing (Fig. 3c and d respectively).
The particles were mainly found in (sub)grain boundaries in a form
of characteristic chains inside bcc grains. Some individual particles
were also observed however. The volume fraction of the particles
increased from 12% to 21% with an increase of annealing time from
10 to 100 h. The particles were enriched with Hf and Ta and in
accordance with the XRD results (Fig. 1a) had the hcp structure.
Note that the previous studies have reported the formation of
the second phase with bcc structure in the HfNbTaTiZr alloy after
annealing at 800 �C [11,15]. However, the experimental conditions
like initial state (homogenized vs cold-rolled) and annealing time
(10–100 h vs 2 h) in present and previous works were different.
This is probably the reason for the discrepancy between the
obtained results. The investigations of the HfNbTaTiZr alloy after
annealing at 1000 �C (not shown) had revealed predominantly a
single-phase structure similar to that observed in the homogenized
condition, however with a tiny fraction of unidentified second
phase particles in grain boundaries.

The presence of nano-sized second (hcp) phase particles in the
HfNbTaTiZr alloy after annealing (aging) at 600 �C for 10 h (Fig.3a)
most likely resulted in the pronounced increase in hardness
(Fig. 2). The hardening effect of the precipitates can be estimated
using the Ashby-Orowan equation [16]:
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where G is the shear modulus, b is the Burgers vector, f is the vol-
ume fraction of particles, and d is their diameter. The f and d values
were given above. The shear modulus of �100 GPa for the HfNbTa-
TiZr alloy at room temperature was reported in [11], the Burgers
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Fig. 3. Microstructure of the HfNbTaTiZr alloy after annealing at 600 �C (a, b), 800 �C (c, d) for 10 (a, c) and 100 (b, d) hours.
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vector can be estimated as of 0.245 nm using the experimental bcc
lattice parameter. Converting the results of Eq. (1) to microhardness
HV, we had obtained the microhardness increase DHV � 110. This
value is consistent with the experimental increase in the micro-
hardness by 130 HV (Fig. 3) and proves that the precipitation of
the nanoscale hcp particles after 10 h annealing at 600 �C can cause
a significant increase of hardness. It seems reasonable to suggest
that the coarsening of the second phase particles due to longer
annealing (Fig. 3b) resulted in a diminishing of strengthening effect
in accordance with Eq. (1). Similarly, the micron-sized hcp particles
produced by annealing at 800 �C (Fig. 3c and d) did not cause signif-
icant strengthening (Fig. 2).

In general, the obtained data demonstrate that a significant
strengthening of the HfNbTaTiZr alloy can be achieved by an aging
treatment due to the precipitation of the nano-sized second phase
particles. This is an important result since both the work hardening
[11] and grain refinement [17] have a weak effect on strength of
the alloy. For instance, microhardness of the alloy after cold rolling
with 86.4% thickness reduction is 366 HV [11] (compare with 500
HV after annealing at 600 �C). It should be also noted that in the
CoCrFeNiMn alloy precipitation of second phases did not result in
a pronounced hardening [18,19]. On the other hand, the
microstructural observations demonstrated that the high-
temperature single phase structure of the alloy (Fig. 1) became
drastically unstable at lower temperatures (i.e. Fig. 3b). This might
limit the potential application of the HfNbTaTiZr alloy as a high-
temperature material. Possibly, the chemical composition of the
alloy could be modified to improve both the structural stability
and hardening response; however this is the task for further
investigations.
4. Conclusions

The effect of annealing at 600–1000 �C for 1–100 h on the struc-
ture and microhardness of the homogenized (1200 �C, 24 h)
HfNbTaTiZr alloy was investigated. It was revealed that the micro-
hardness increased from 370 HV in the homogenized condition to
500 HV after aging at 600 �C for 10 h. The hardening was associated
with the precipitation of the Hf, Ta-rich hcp particles in the bcc
matrix of the alloy. The formation of the second hcp phase was also
observed after annealing at 800 �C; however the hardening effect
was noticeably lower due to the larger size of the particles. At both
temperatures, the fraction of hcp phase increased with the increase
of soak time.
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