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Abstract. High-Pressure Torsion (HPT) is one of the most effective severe plastic deformation 

techniques in grain refinement. The goal of this study was to investigate the influence of HPT on the 

microstructure and hardness of a Ti-rich High-Entropy Alloy (HEA). The evolution of the grain size 

due to 1 turn of HPT was studied by transmission electron microscopy. Besides the refinement of 

the microstructure, a phase transition also occurred during HPT, as revealed by X-ray diffraction. 

The initial bcc structure transformed into a martensitic phase throughout the material. The features 

of this phase transformation were studied on a sample compressed to low strain values. The 

hardness as a function of the distance from the center in the HPT-processed disk was measured and 

correlated to the microstructure. 

Introduction 

High-entropy alloys (HEAs) have drawn a growing scientific and industrial interest due to their 

attractive properties, such as high hardness and strength, good resistance to thermal softening, 

oxidation, wear and corrosion [1-4]. HEAs are disordered solid solutions, containing five or more 

principal elements in equal or near-equal atomic ratios, in which all the atomic concentrations are 

between 5% and 35% [1]. The high strength of non-deformed HEA materials is caused by the strong 

resistance of the disordered crystal lattice to dislocation motion [5]. Therefore, HEAs usually 

possess very high yield strength values, even if they have very large grain sizes (~1 mm).  

Severe plastic deformation (SPD) is an effective tool for increasing the strength of materials 

[6,7]. During SPD processing both grain refinement and an increase in dislocation density 

contribute to hardening. High pressure torsion (HPT) is one of the most effective SPD technique in 

achieving high strength in structural materials [8]. In the case of HEAs, HPT-processing is expected 

to yield an additional improvement of hardness due to grain refinement and increase of dislocation 

density. In the present study, the influence of HPT-straining on the microstructure and hardness of a 

Ti-rich coarse-grained HEA material is investigated. The evolution of the grain size due to 1 turn of 

HPT was studied by electron microscopy. It turns out that, in addition to the refinement of the 

microstructure, a martensitic phase transition also occurs during HPT, as revealed by X-ray 

diffraction. The onset of this deformation-induced phase transformation was also studied by a 

complementary compression test. 

Material and experimental procedures 

A Ti-rich refractory HEA with the composition of Ti35Zr27.5Hf27.5Nb5Ta5 was produced by arc 

melting under argon atmosphere and its microstructure is described elsewhere [4]. The as-cast 
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material was thermo-mechanically treated in order to achieve a recrystallized microstructure using 

two steps of cold-rolling and annealing at high temperature (beta zone). A disk with diameter of 

9.85 mm and thickness of ~0.85 mm taken from the recrystallized alloy was processed by HPT 

operating under quasi-constrained conditions with an applied pressure of 6.0 GPa and a rate of  

1 rpm at room temperature [9]. The HPT deformation was carried out for 1 revolution. 

The phase composition and the average lattice parameters for the recrystallized and the HPT-

processed samples were investigated by X-ray diffraction (XRD) using a Philips Xpert Θ–2Θ 

powder diffractometer with CuKα radiation (wavelength: λ = 0.15418 nm). The lattice parameter 

was determined by extrapolating the lattice parameters obtained from the different reflections to the 

diffraction angle of 2Θ = 180° using the Nelson–Riley method [10]. The size and morphology of 

grains in the HPT-processed sample was investigated by transmission electron microscopy (TEM) 

using Tecnai F20 FEG microscope operating at 200 kV. 

A complementary compression test was carried out on the initial HEA material at room 

temperature and a strain rate of ~10
-3

 s
-1

 up to a strain of ~10% using an MTS universal mechanical 

testing machine. The microstructure of the compressed specimen was studied by electron 

backscatter diffraction (EBSD) with a step size of 30 nm using a FEI Quanta 3D scanning electron 

microscope (SEM). The investigated area was prepared by ion milling for 7 min using an Ar ion 

beam with an energy of 10 keV and an angle of incidence of ~7°. The surface preparation was 

carried out by a SEMPrep (SC-1000) device from Technoorg Linda. 

The microhardness along the radius of the HPT disk was measured using a Zwick Roell ZHµ 

Vickers indenter with an applied load of 500 g and a dwell time of 10 s. The spacing between the 

neighboring indents was 0.5 mm. 

Results and discussion 

Phase transformation and microstructure evolution during HPT. Figure 1a shows the X-ray 

diffraction pattern obtained for the recrystallized sample. It has a body-centered cubic (bcc) 

structure with a lattice parameter of 0.345 nm. After HPT deformation the whole material was 

transformed into a new phase as revealed by the XRD pattern recorded at the half-radius of the 

HPT-processed disk in Fig. 1b. The peaks in Fig. 1b are denoted by “m”, indicating that the new 

phase was formed by a deformation-induced martensitic transformation. This phase can be indexed 

as hexagonal close-packed (hcp) structure with the lattice parameters a = 0.310 nm and c =  

0.4922 nm. However, it should be noted that a similar XRD diffractogram can be obtained for the 

as-cast state for which the structure was determined as orthorhombic with an orthorhombicity of 

98% [4]. The orthorhombicity is defined as b/1.73a where a and b are two lattice constants of the 

orthorhombic phase [11]. An orthorhombicity value of 98% means that the structure of the as-cast 

HEA alloy was almost hcp.  

The optical micrograph in Fig. 2a shows the microstructure of the recrystallized sample before 

HPT deformation. The average grain size was determined as ~800 µm. The microstructure obtained 

after HPT by TEM is shown Fig. 2b. In the HPT-processed sample many grains are elongated with a 

broad size distribution. The average thickness and length of the grains are ~200 and ~1000 nm, 

respectively. A significant variation in the phase composition and the microstructure along the disk 

radius was not detected, although the imposed strain increases strongly with the distance from the 

center. This observation indicates an early saturation in the development of the microstructure 

during HPT-processing of the present HEA material. 
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Figure 2. Microstructure evolution in Ti35Zr27.5Hf27.5Nb5Ta5 HEA during deformation: a) Optical 

microscopy image of the initial recrystallized sample, b) TEM image showing the microstructure at 

the half-radius of the disk after 1 HPT turn, c) EBSD image showing the phase transformation after 

compression for the strain of 5% (the light and the dark regions represent the lamellae of bcc and 

martensitic phase, respectively). 

 

The onset of phase transformation occurring during HPT was investigated by deforming the 

initial sample by uniaxial compression. Figure 3a shows the stress-strain curve obtained during the 

mechanical test. The deformation was interrupted at a strain of 5% and after unloading the phase 

composition and the microstructure were investigated. The XRD pattern in Fig. 1c indicates that a 

significant fraction of material was transformed from bcc to martensitic phase. The EBSD image in 

Figure 1. XRD patterns for (a) the initial 

recrystallized sample, (b) the half-radius 

of the disk processed by 1 turn of HPT 

and (c) the sample deformed by 

compression to the strain of ~5%. bcc: 

body-centered cubic phase, m: 

martensitic phase. 
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Fig. 2c shows that the martensitic phase formed as lamellae in the bcc grains. This lamellar grain 

morphology was inherited in the elongated form of the grains in the HPT-processed sample (see  

Fig. 2b) where all of the material has already transformed into a martensitic structure. 

Compositional differences between the bcc and martensitic phases were not observed by energy 

dispersive spectroscopy, which confirms that the phase transformation is martensitic without 

diffusion. After 10% of compression (see Fig. 3a) only a minor fraction of the material remained as 

a bcc structure which indicates that the phase transformation during HPT most probably occurred 

already at the beginning of deformation. 

 

Figure 3. (a) True stress versus true strain curves obtained in compression testing. The deformation 

was interrupted at a strain of ~5% in order to investigate the microstructure, then the test was 

continued up to ~10%. (b) The average Vickers microhardness versus the distance from the center 

for the disk processed by 1 turn of HPT. The hardness obtained before HPT is also indicated which 

is much larger than three times the yield strength which is also shown in the figure as 3σy. 

 

Microhardness. The hardness distribution along the radius of the HPT-processed disk is shown in 

Fig. 3b. The hardness in the disk center is ~3500 MPa which increases slightly towards the disk 

edge. At the periphery of the sample the hardness is ~3900 MPa. The small difference between the 

hardness values measured at the center and the periphery is in accordance with the practically 

unchanged phase composition and grain structure along the disk radius. The hardness of the 

recrystallized sample is ~3000 MPa, which suggests that 1 turn of HPT resulted in only a 20-30% 

increment in hardness despite the strong reduction in grain size and the large increment in 

dislocation density. However, by determining the hardness as three times the yield strength  

(σy = 277 MPa), ~831 MPa is obtained (see Fig. 3a) which is much smaller than the experimental 

value of the hardness (~3000 MPa). The difference can be explained by the strong hardening in the 

beginning of deformation as revealed by the compression data in Fig. 3a. The hardness corresponds 

to the flow stress at a plastic strain of ~8% [12], therefore its value may be much larger than three 

times the yield strength due to strain hardening. In this case the second loading cycle in the 

compression test was finished at a plastic strain of ~7%. The corresponding flow stress was  

~800 MPa which is close to the value determined as one-third of the hardness measured on the 

recrystallized initial sample (~1000 MPa). It can be concluded that the strengthening caused by  

1 turn of HPT is much larger than that estimated from the hardness increment due to the strain 

hardening in the beginning of deformation. 
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Summary 

A Ti-rich refractory HEA with a composition of Ti35Zr27.5Hf27.5Nb5Ta5 was processed by 1 turn of 

HPT. The evolution of the phase composition, microstructure and hardness were studied. The 

following conclusions have been drawn: 

1. Simultaneous phase transformation and grain refinement was observed during HPT. The initial 

bcc phase was transformed into a martensitic structure throughout the disk. The initial grain size 

(~800 µm) was refined to ~200-1000 nm irrespective of the location along the disk radius. As the 

imposed strain increases strongly with the distance from the disk center, the unchanged grain size 

along the disk radius suggests an early saturation of the microstructure during HPT. 

2. Complementary compression testing revealed that the phase transformation during deformation 

starts with the formation of martensitic lamellae in the initial bcc grains. This grain morphology was 

inherited in the elongated grain shape in the HPT-processed disk. The yield strength of the initial 

material was ~277 MPa which is much smaller than one-third of the hardness (~1000 MPa) 

measured on the same sample due to the strong strain hardening at the beginning of compression. 

3. The small grain size resulted in a high hardness (~3500-3900 MPa) in the HPT-processed sample. 

There was only a slight variation in the hardness along the disk radius in accordance with the small 

difference between the grain sizes measured at the center, half-radius and periphery of disk 

processed by HPT. 
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