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a b s t r a c t

A four-component equimolar high-entropy alloy (HEA) with the composition of HfNbTiZr and body-
centered cubic (bcc) structure was processed by HPT at RT. The evolution of the dislocation density,
the grain size and the hardness was monitored along the HPT-processed disk radius for different
numbers of turns between ¼ and 20. It was found that most of the increase of the dislocation density and
the refinement of the grain structure occurred up to the shear strain of ~40. Between the strains of ~40
and ~700, only a slight grain size reduction was observed. The saturated dislocation density and grain
size were ~2.1� 1016m�2 and ~30 nm, respectively. The saturation in hardness was obtained at
~4450MPa. These values were similar to the parameters determined in the literature for five-component
HEAs processed by HPT. The analysis confirmed that the main component in the strength was given by
the friction stress in the HPT-processed bcc HfNbTiZr HEA. It was also revealed that the contribution of
the high dislocation density to the strength was significantly higher than the effect of the small grain
size.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

High-entropy alloys (HEAs) are generally defined as alloys with
more than five major elements in equal or near equal atomic per-
centage, in contrast to conventional alloys which consist of only one
or two major elements [1,2]. Recently, a significant research
attention has been paid to HEAs due to their outstanding proper-
ties, such as high hardness and strength, good resistance to thermal
softening, oxidation, wear, and corrosion [1e6]. It was revealed
that, although the number of major constituents was reduced to
four or three, the properties of alloys (e.g., the hardness) did not
becomeworsewhereas the stability of the disordered solid solution
decreased due to the lower entropy [7]. The materials with three
major elements are referred to as medium entropy alloys (MEAs)
while the samples containing four constituents with equal fractions
are called as either HEAs or MEAs in the literature [8e11].
a).
It is well known that the mechanical properties of metallic
materials can be tailored by severe plastic deformation (SPD).
During SPD, the lattice defect density (such as the dislocation
density and the vacancy concentration) increases while the grain
sizes are strongly reduced. As a result, the strength of the SPD-
processed materials is considerably enhanced. The most effective
SPD method in grain refinement refers to high-pressure torsion
(HPT). In alloys, HPT usually results in a nanocrystalline micro-
structure, which may yield a microhardness as high as 6000MPa
[12]. Therefore, in order to improve the strength of HEAs HPT has
been applied on these materials [7e28]. It was found that HPT at
room temperature (RT) can reduce the grain size from hundreds of
microns to tens of nanometers [13,17,19,22,24,25]. In addition, the
dislocation density increased to a very high value of about 1016m�2

[17,18]. In face-centered cubic (fcc) HEAs with low stacking fault
energy (SFE), nanotwins are additionally formed in the nanograins
during HPT, thereby contributing to the high strength of HEAs
[7,15e17]. It was found that these changes in the microstructure
(the increase of the dislocation and twin fault densities, and the
decrease of the grain size) enhanced the hardness from about 1500
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to 2000MPa to 4000e6000MPa in both fcc and body-centered
cubic (bcc) HEAs [17,18,21,22].

A majority of the HEA materials processed by HPT have fcc
structure and only a few studies investigated bcc structure [26,27].
In these papers, an equimolar HfNbTiZrTa HEA with bcc structure
was processed by HPT at RT and the deformed microstructure and
its thermal stability were studied in details. Another investigation
found that if the fractions of Nb and Ta were reduced in HfNbTiZrTa
HEA to the composition of Ti35Zr27.5Hf27.5Nb5Ta5, the initial coarse-
grained bcc material transformed into an orthorhombic ultrafine-
grained (UFG) structure during HPT [18]. Therefore, it is worth
investigating the HEA composition of HfNbTiZr where Ta is
perfectly absent. Wu et al. [29] studied the structural stability, the
deformation and the fracture features of a coarse-grained HfNbTiZr
HEA. This HEA exhibited excellent phase stability at high temper-
atures and no phase separation occurred during furnace cooling
from the homogenization temperature of 1573 K. In the as-cast
state, the yield strength was 879MPa, the ultimate tensile
strength was 969MPa, and the plastic elongation to failure was
14.9%. However, to the knowledge of the authors the study of the
microstructure and the mechanical properties of equimolar
HfNbTiZr HEA processed by HPT is missing in the literature.

Accordingly, this paper was initiated to investigate the evolution
of the microstructure and the hardness during HPT-processing of a
bcc HfNbTiZr HEA. The grain size and the dislocation density were
determined by transmission electron microscopy (TEM) and X-ray
line profile analysis (XLPA), respectively. The comprehensive
investigation evaluated the relationship between dislocation den-
sity, grain size and hardness of the nanocrystalline HfNbTiZr HEA.

2. Material and methods

2.1. Processing of the material

Hf25Nb25Ti25Zr25 HEA samples were synthesized by magnetic
levitation melting of a mixture of the four pure components (pu-
rity> 99.9wt%), followed by solid solution heat treatment at
1290 �C for 24 h. The as-cast material was machined into billets
with a diameter of 10mm and these were sliced by electric
discharge machining (EDM) to have a final thickness of ~0.85mm.
Processing by HPT was conducted by utilizing a conventional HPT
facility with quasi-constrained set-up [30]. The processing was
operated at room temperature under 6.0 GPa at 1 rpm for the
numbers of turns of ¼, 1, 10 and 20.

2.2. Study of the microstructure by electron microscopy

The grain structure was studied in the initial as-cast sample, as
well as in the centers and the peripheries of the HPT-processed
disks where the applied strain values were the lowest and high-
est, respectively. In the centers of the disks processed by ¼ and 1
turn, it was feasible to investigate the grain structure by electron
backscatter diffraction (EBSD). Since at the peripheries of the HPT
samples and in the centers of the disks processed by 10 and 20
turns the grain sizewas too small to examine by EBSD, transmission
electron microscopy (TEM) was used for the study of the micro-
structure. The EBSD was carried out using an FEI Quanta 3D scan-
ning electron microscope (SEM). The investigated area was
prepared by ion milling for 20min using an Ar ion beam with an
energy of 10 keV and an angle of incidence of ~5�, followed by
surface cleaning with an energy of 1 keV for 5min and an angle of
incidence of ~7�. The surface preparation was carried out by a
SEMPrep (SC-1000) device from Technoorg Linda. During ion
milling of the surface, the samples were cooled using liquid
nitrogen in order to avoid the recovery and/or recrystallization of
the SPD-processed microstructure. The step size in the EBSD im-
ages varied between 8 mm and 60 nm, depending on the magnifi-
cation. The higher magnification required a smaller step size. The
EBSD images were evaluated using the Orientation Imaging Mi-
croscopy (OIM) software.

For the TEM characterization, thin TEM-lamellae were prepared
from pieces of bulk samples by Ar-ion milling with taking special
care to avoid heating leading to microstructural changes and
possible transformation of the samples during preparation. First,
the samples were glued to a Cu-stub for mechanical grinding and
polishing using special glue at 100 �C for not more than 1min.
Second, ion-beam thinning of the 50 mm thick lamella was started
at 7 keV using 2mA ion-current. The samples were cooled with
liquid nitrogen during thinning. Finally, the just perforated lamella
was cleaned at 3 keV and later at 1 keV from both sides to remove
damaged layers from its surfaces. TEM bright-field (BF) and dark-
field (DF) images were recorded in a Titan Themis G2 200 trans-
mission electron microscope. In this device, the corrector for the
spherical aberration (Cs) is in the imaging part. The image resolu-
tion limit is 0.09 nm in phase-contrast HRTEM mode. The TEM
images were recorded at 200 keV with a 4k*4k CETA 16 CMOS
camera controlled by VELOX software. The number of grains
analyzed in the TEM images for each sample was between 90 and
120. The uncertainty of the average grain size values was about 10%.
2.3. Microstructure characterization by X-ray diffraction

The phase composition in the initial and the HPT-processed HEA
samples was investigated by X-ray diffraction (XRD) using a Rigaku
Smartlab powder diffractometer with CuKa radiation (wavelength:
l¼ 0.15418 nm). All studied materials had a single phase bcc
structure. The average lattice parameter was determined by
extrapolating the lattice parameters obtained from the different
reflections to the diffraction angle of 2Q¼ 180� using the
NelsoneRiley method [31].

The microstructure in the center and the peripheral parts of the
HPT-processed disks was studied by XLPA. The X-ray line profiles
were measured by a high-resolution rotating anode diffractometer
(type: RA-MultiMax9, manufacturer: Rigaku) using CuKa1 (wave-
length: l¼ 0.15406 nm) radiation. Two-dimensional imaging
plates were used to detect the Debye-Scherrer diffraction rings. The
line profiles were determined as the intensity distribution
perpendicular to the rings. The diffraction profiles were evaluated
by the Convolutional Multiple Whole Profile (CMWP) method [32].
In this method, the diffraction pattern is fitted by the sum of a
background spline and the convolution of the instrumental pattern
and the theoretical line profiles related to diffraction domain size
and dislocations. The instrumental diffraction peaks were
measured on a LaB6 standard material (SRM 660). Reflection 222
was omitted from the pattern due to its weak intensity. The CMWP
method gave the area-weighted mean diffraction domain size
(<x>area), the dislocation density (r) and parameter q which de-
scribes the edge/screw character of dislocations with good statis-
tics. The value of <x>area is calculated as <x>area¼m,exp(2.5 s2),
where m is the median and s2 is the log-normal variance of the
diffraction domain size distribution [9]. It is noted that the height of
the X-ray beam spot on the sample surface was about 2mm.
Therefore, the results obtained in the disk center should be
considered as an average for distances from the center smaller than
1mm, as shown in Fig. 1. At the periphery, the XLPA measurement
was carried out at 1mm from the edge and therefore at a distance
of 4mm from the disk center (see Fig. 1).



Fig. 1. Schematic showing the position and the size of the XRD beam used for XLPA
measurements at the center and the periphery of HPT disks.
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2.4. Hardness testing

The hardness was measured along the disk diameter with a step
size of 0.5mm. The hardness test was carried out using a Zwick
Roell ZHm Vickers indenter with an applied load of 500 g and a
dwell time of 10 s.

3. Results

3.1. Evolution of grain size during HPT-processing

The XRD investigation revealed that the initial material before
HPT had a bcc structure with a lattice constant of
0.3438± 0.0003 nm. The HPT-processed samples remained a single
phase bcc structure with an unchanged lattice parameter. Fig. 2a
and b show crystallographic orientation and grain maps, respec-
tively, for the initial sample as obtained by EBSD. The grains were
defined as the volumes bounded by high-angle grain boundaries
(HAGBs) with the misorientations of higher than 15�. The average
grain size obtained from the grain map was ~640 mm. Fig. 3a and b
display the crystallographic orientation and grain maps, respec-
tively, at the center of the disk processed by ¼ turn of HPT. The
upper-left corner of these images corresponds to the center of the
disk where large grains with the size of several hundreds of mi-
crometers are still visible. On the other hand, about 1mm apart
from the center of the disk the grain size was smaller than the step
Fig. 2. Crystallographic orientation (a) and grain (b) maps obtained on the initial
sample by EBSD.
size in the EBDS images (6 mm), due to the strong increase of the
shear strain with increasing the distance from the center. In these
areas, the color in the orientation map changes from pixel to pixel,
and the grain map is white. Therefore, a part of Fig. 3a was taken
againwith a smaller step size of 800 nm and this orientation map is
shown in Fig. 3c, and the corresponding grain map is displayed in
Fig. 3d. It can be seen that the finer step size used in Fig. 3c and
d helped to reveal the small grains in the area denoted by the black
frame in Fig. 3a and b. However, Fig. 3c and d also contain unre-
solved parts which can bemappedwith a lower step size (60 nm) in
Fig. 3e (orientation map) and Fig. 3f (grain map). The average grain
size in Fig. 3e was determined as ~270 nm. Assuming that this value
is characteristic for the unresolved white regions in Fig. 3b, the
average grain size in the vicinity of the center was calculated as the
average of this value and the mean size of the large resolved grains
in Fig. 3b (~33 mm) weighted with the area fractions of the white
and colored areas in Fig. 3b (these fractions were ~58% and ~41% for
the white and colored areas, respectively). Thus, an average grain
size of ~13 mm was obtained for the center part of the disk pro-
cessed by ¼ turn.

The consistent tendency of the grain size gradient was also
observed in the center of the sample processed by 1 turn as shown
in the EBSD orientation and grain maps taken with a step size of
2 mm in Fig. 4a and b, respectively. In this case, the center of the disk
can be found in the middle of the left edge of the images where the
grain size is still a several hundreds of micrometers. Smaller grains
can also been seen in Fig. 4c and d takenwith a step size of 400 nm.
However, about 0.5mm apart from the center the grain structure
became unresolvedwith the EBSD images as indicated by the white
areas in Fig. 4d, therefore TEMwas used to determine the grain size
in these volumes. Fig. 5a and b showBF and DF TEM images taken at
a distance of 0.5mm from the disk center after 1 turn of HPT. The
grain size was obtained from DF images as 64± 10 nm and this
value was considered as the characteristic grain size in the white
regions in Fig. 4b. Then, the mean grain size for the center part
shown in Fig. 4b was calculated as the weighted average of the
grain sizes obtained for the colored and white regions by EBSD and
TEM, respectively. In this calculation, the weights were the area
fractions of the colored and white regions in Fig. 4b with the values
of ~68% and ~32%, respectively. The estimated grain size was ~5 mm
for the center of the disk processed by 1 turn of HPT. Regarding the
determination of the grain size by TEM, it should be noted that the
grains are elongated in the center of the disk processed by 1 turn
(see Fig. 5b). Therefore, the grain size was estimated as the average
of the longer and shorter diagonals of ~100 grains for each sample.
Moreover, the light areas in the DF images were taken as grains
whereas these areas contain bright spots which were considered as
subgrains. In the vicinity of the center of the disk processed by 1
turn, the subgrain size was determined as 27± 4 nm. For all studied
samples, both the grain and subgrain sizes are listed in Table 1. For
the center parts of the disks processed by¼ and 1 turn, the subgrain
size is not given in Table 1 as the larger grains shown in the EBSD
images were not included in the TEM investigations, therefore the
subgrain sizes obtained by TEM do not characterize the whole
center parts. It is worth noting that the disk centers processed by ¼
and 1 turn include lamellas developed inside the large grains as
shown at the right side of Fig. 3e and in the upper part of Fig. 4c,
respectively. The boundaries of these lamellas were identified as
S19a and S19b boundaries which correspond to the misorientation
angles of 26.5� and 46.8�, respectively.

For 10 and 20 turns, the grain sizes at the disk centers were very
small (40e50 nm) and the TEM analysis was sufficient for the size
determination. Fig. 5cef show TEM images taken in the centers of
the disks processed by 10 and 20 turns. The average grain and
subgrain sizes obtained from these images are listed in Table 1.



Fig. 3. Crystallographic orientation (a) and grain (b) maps taken at the center of the disk processed by ¼ turn of HPT. The upper-right corner of these images corresponds to the
center of the disk. The area indicated by the frame in (a) and (b) was taken again with a smaller step size and shown in (c) and (d), respectively. Furthermore, the framed area in (c)
and (d) was taken again with a smaller step size and shown in (e) and (f), respectively.

Fig. 4. Crystallographic orientation (a) and grain (b) maps taken at the center of the
disk processed by 1 turn of HPT. The middle of the left edge of these images corre-
sponds to the center of the disk. The area indicated by the frame in (a) and (b) was
taken again with a smaller step size and shown in (c) and (d), respectively.
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After HPT for 10 and 20 turns, the average grain sizes in the centers
were 48± 7 nm and 42± 6 nm, respectively and the subgrain size
was ~15 nm for both samples. Fig. 6 shows TEM images obtained at
the peripheries at ~4mm away from the disk centers after ¼, 1, 10
and 20 turns. The grain sizes determined at the peripheral parts are
listed in Table 1. After ¼ turn, the grain size was about 100 nm
which decreased to ~30 nm for 10 turns, and this value remained
unchanged between 10 and 20 turns of HPT. The subgrain size was
35± 5 nm at the periphery after ¼ turn. This value decreased to
~16 nm after 1 turn and further subgrain size reduction was not
observed with increasing the number of turns. It should be
emphasized that twin faults were not observed by TEM in the
nanocrystalline HfNbTiZr HEA processed by HPT at RT.
3.2. Characterization of the microstructure by XLPA

XLPA on the HPT-processed HEA samples was carried out using
the CMWP fitting procedure. In the CMWP evaluation method, one
fitting parameter is Ch00b

2r, where b is the modulus of the Burgers
vector of dislocations and Ch00 is the dislocation contrast factor for
reflections with the indices h00 (h is an arbitrary integer number).
The Burgers vector for bcc crystal structures is given as a/2<111>
{110}, where a is the lattice constant, thus b equals 0.2977 nm for
the present HEA material. Since Ch00 depends on the anisotropic
elastic constants, without the knowledge of their values the
dislocation density cannot be determined. Using the ab initio alloy
theory presented in Ref. [33], the single crystal elastic constants
were calculated. The values of the elastic constants c11, c12, and c44
for the studied HEA at 300 K were obtained as 132, 89, and 77GPa,
respectively, where this is the first report computing the elastic
constants for the Hf25Nb25Ti25Zr25 HEA. Using the program ANIZC
(http://metal.elte.hu/anizc), the two parameters of the dislocation
contrast factors, Ch00 and q were determined for pure screw and
pure edge dislocations. The calculations demonstrated the values of
q for pure edge and pure screw dislocations of 1.5 and 2.7,
respectively. In the CMWP fitting procedure for the determination
of the diffraction domain size and the dislocation density, the
average values of Ch00 obtained for pure edge and pure screw cases
(0.31) was used since Ch00 are almost independent on the edge/
screw character of dislocations.

The CMWP fitting is illustrated in Fig. 7 where themeasured and
the fitted XRD patterns are shown for the center of the disk pro-
cessed by 20 turns. It is noted that in HEAs the chemical in-
homogeneities may also cause diffraction peak broadening in
addition to the instrumental, size and lattice defect contributions,
as shown for CoCrFeMnNi HEA in Ref. [17]. On the contrary, energy
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Fig. 5. BF and DF TEM images taken at a distance of 0.5mm from the disk center after 1 (a,b), 10 (c,d) and 20 (e,f) turns of HPT.

Table 1
The dislocation density and the diffraction domain size determined by XLPA, as well as the grain and subgrain sizes obtained by electron microscopy (EBSD and TEM).

Location Dislocation density (XLPA) [1014m�2] Diffraction domain size (XLPA) [nm] Subgrain size (TEM) [nm] Grain size (EBSD/TEM) [nm]

1/4, center 39± 4 124± 19 n.a. ~13,000
1/4, periphery 138± 15 31± 5 35± 5 105± 15
1, center 146± 16 54± 8 n.a. ~7000
1, periphery 208± 23 18± 3 16± 2 41± 6
10, center 207± 23 17± 3 15± 2 48± 7
10, periphery 210± 23 18± 3 16± 2 31± 5
20, center 211± 23 18± 3 14± 2 42± 6
20, periphery 214± 24 17± 3 13± 2 28± 4

Fig. 6. BF and DF TEM images taken at a distance of 1mm from the disk periphery after ¼ (a,b), 1 (c,d), 10 (e,f) and 20 (g,h) turns of HPT.
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dispersive spectroscopy (EDS) did not reveal considerable chemical
heterogeneities for the present HEA, and the breadth of the peak
profiles obtained for the initial as-cast sample was the same as the
instrumental broadening measured on LaB6 standard material.



Fig. 7. CMWP evaluation of the XRD pattern obtained at the center of the disk pro-
cessed by 20 turns of HPT. The open circles and the solid line represent the measured
and fitted diffractograms, respectively. The difference between these two patterns is
shown at the bottom of the figure.

Fig. 8. Vickers microhardness as a function of the distance from the center of the disks
processed by HPT for ¼, 1, 10 and 20 turns. The dashed line shows the average hardness
in the initial as-cast condition without HPT.
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Therefore, the correction introduced for chemically inhomoge-
neous materials in Ref. [17] was not applied here.

The dislocation density and the diffraction domain size values
obtained by CMWP at the centers and the peripheries of the HPT-
processed disks are listed in Table 1. The diffraction domain size
was 124± 19 nm in the disk center after ¼ turn of HPT. This value is
much smaller than the grain size determined by the combination of
EBSD and TEM (~13 mm, see Table 1). This is a well known phe-
nomenon in the SPD-processed UFG materials as the small mis-
orientations between the subgrains inside the grains lead to
incoherent scattering of X-rays. Therefore, the diffraction domain
size usually corresponds to the subgrain size. This is also valid in the
present HEA samples for the locations where subgrain sizes were
measurable by TEM (see Table 1). The diffraction domain size
decreased to 31± 5 nm at the periphery of the disk processed by ¼
turn. After 1 turn, there is still a gradient in the diffraction domain
size along the disk radius as its value is 54 ± 8 nm in the center and
18± 3 nm at the periphery. At the same time, for 10 and 20 turns
the diffraction domain size is 17e18 nm at both the center and the
periphery of the disks. Therefore, this value can be regarded as the
saturation diffraction domain size achievable by HPT at RT in the
Hf25Nb25Ti25Zr25 HEA. This value also characterizes the minimum
subgrain size while the saturation grain size is about 30 nm.

The dislocation density was (39± 4)� 1014m�2 in the center of
the disk processed for ¼ turn. This value increased to
(138± 15)� 1014m�2 at the periphery of this sample. After 1 turn of
HPT, the dislocation density increased to ~146� 1014m�2 and
~210� 1014m�2 in the center and the periphery, respectively. The
latter value is the saturation dislocation density which was ach-
ieved in both the centers and the peripheries after both 10 and 20
turns of HPT (see Table 1).

3.3. Hardness evolution in the HPT-processed disks

The hardness variation as a function of the distance from the
disk center is plotted in Fig. 8 for the disks after¼, 1, 10 and 20 turns
where the dashed horizontal line indicates the hardness of the
initial sample before HPT (~2630MPa). After ¼ turn of HPT, only a
negligible increase in the hardness was observed in the center
(~2690MPa) and with a gradual hardness increase with distance
from the disk center its value increased to ~3570MPa at the
periphery of the disk. One turn resulted in a considerable
enhancement in hardness across the disk diameter where the disk
center records ~2880MPa and the periphery showed ~3920MPa.
After 10 turns, a further increase in hardness was demonstrated so
that the values reached to ~3300 and ~4450MPa at the center and
the periphery, respectively. 20 turns by HPT increased the hardness
at the disk center to ~3870MPa so that the hardness difference
across the disk diameter became smaller where the periphery
shows ~4330MPa that can be regarded as the saturated maximum
hardness in the Hf25Nb25Ti25Zr25 HEA processed by HPT at RT.

4. Discussion

4.1. Evolution of microstructure and hardness with increasing shear
strain imposed during HPT

The evolution of the dislocation density and the diffraction
domain size determined by XLPA, and the grain size obtained by
electron microscopy as a function of shear strain is plotted in Fig. 8.
The shear strain was determined by the following formula [34]:

g ¼ 2prN
t

; (1)

where r,N and t are the distance from the disk center, the number of
turns and the thickness of the disk, respectively. It should be noted
that eq. (1) gives only the nominal shear strain in the HPT-
processed disk. In practice, before the starting of the torsional
deformation the samples were loaded under 6.0 GPa, resulting in a
preliminary compression strain of about 20%. In addition, although
eq. (1) gives zero strain in the center of the disks, the actual strain is
not zero since the stress field of dislocations developed out of the
disk center induces dislocationmotion in the center [35]. Therefore,
the plasticity spreads into the center from the neighboring regions
during HPT-processing. Although, anvil misalignment may also
cause strain in the disk center, this effect was negligible in the
present study since all samples were processed under the well-
maintained and consistent anvil set-up. It should also be noted
that as the height of the X-ray spot on the illuminated surface is
2mm, the value of g in the center was calculated by averaging the
strain values obtained for the distances from the disk center be-
tween zero and 1mm (see Fig. 1). This is equivalent to the strain
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obtained for r¼ 0.5mm using eq. (1). The grain size was also
averaged around this location as discussed in section 3.1. At the
periphery, the microstructure was investigated by both XLPA and
TEM at a distance of 4mm from the disk center (see Fig. 1), thereby
the shear strain was also calculated at r¼ 4mm using eq. (1).

Fig. 9a shows that the dislocation density increased monoto-
nously with increasing shear strain and then saturated with the
value of ~210� 1014m�2 at a strain of ~40. Afterwards, the dislo-
cation density remained constant between the shear strains of ~40
and ~700. A similar trend was observed for the crystallite size for
which the saturation value was ~17 nm (see Fig. 9b). In the same
way, most of the grain refinement was completed up to the strain of
~40 while the saturation in the grain size was achieved only after
the shear strain of ~400 as shown in Fig. 9c where the grain sizewas
plotted in a logarithmic scale since its value changed orders of
magnitude in the studied strain range.

The evolution of the hardness as a function of the shear strain is
shown in Fig. 9d where this plot contains all the points shown in
Fig. 8. It reveals that the hardness values measured at different
distances from the disk centers for various numbers of turns follow
a unified trend when they are plotted as a function of the shear
strain. A very fast hardening was observed up to the strain of ~40
which was caused by both the increase of the dislocation density
(see Fig. 9a) and the reduction of the grain size (see Fig. 9c), and
these are followed by a moderate hardness enhancement up to the
strain of 400. Since the dislocation density saturated at the strain of
~40 and deformation twins were not observed in the TEM images,
the increase of the hardness above this strain can be attributed to
the further grain refinement from 40 to 50 nme~30 nm. The rela-
tionship between the hardness and the microstructural parameters
will be discussed in section 4.3. Similar hardness evolution was
observed for conventional pure metals and alloys, such as Fe [36],
austenitic steel [37], Al-7075 [38], AZ80 [39] and interstitial-free
steel [40], as well as for other HEAs, such as CoCrFeNiMn and
CoCrFeNiMnTi0.1 [19], i.e., most of the hardness increment occurred
up to the shear strain of ~40 and for higher strains only a moderate
Fig. 9. The evolution of the dislocation density (a) and the diffraction domain size (b) obtain
as a function of the nominal shear strain calculated from eq. (1).
strengthening or a saturation of the hardness was observed.

4.2. Comparison of the microstructure and hardness obtained for
the HPT-processed Hf25Nb25Ti25Zr25 alloy with other HEAs

It is worth to compare the saturation microstructural parame-
ters and hardness obtained for the present Hf25Nb25Ti25Zr25 alloy
with the values determined for other HEAs processed by HPT at RT.
Table 2 shows the saturation hardness, dislocation density and
grain size obtained for the HEAs deformed by HPT at RT. Only the
values of dislocation density were shown in the table where those
were determined by the reliable X-ray full pattern fitting methods.
Moreover, Table 2 shows the grain size obtained by TEM which is
often different from the diffraction domain size determined by
XLPA. In order to avoid the indentation size effect [41], only the
microhardness values are summarized in the table.

Table 2 shows that the majority of the HPT-processed HEAs
studied in the literature have single phase fcc or bcc structure with
a saturation grain size between 30 and 100 nm and hardness in the
range of 4000e6000MPa. Exceptionally high hardness with the
value of 6520MPa was measured on an AlNbTiVZr0.5 HEA consist-
ing of 86% B2 phase and 14% C14 Laves phase [23]. This multiphase
microstructure and the very small grain size (25 nm) could cause
the significantly high hardness of this sample. For most single
phase HEAs shown in Table 2, the achievable minimum grain size
and the maximum hardness were about 30 nm and 5000MPa,
respectively, although very different compositions and structures
were studied. Indeed, if we compare the present bcc HfNbTiZr HEA
with these fcc HEAs, such as CoCrFeMnNi, Al0.3CoCrFeNi and
CoCrFeNiMnTi0.1, the minimum grain size is consistent for all of
these structures as about 30 nm (see Table 2). The saturation
microhardness values of these fcc HEAs are between 4510 and
5380MPa which are slightly higher than for the present bcc
HfNbTiZr HEA of 4450± 110MPa. The difference in the hardness
may be attributed to the different dislocation densities in the
different structures. Thus, it is reasonable to compare the
ed by XLPA, as well as the grain size determined by TEM (c) and the microhardness (d)



Table 2
The saturation dislocation density determined by XLPA, the grain size obtained by TEM and the hardness determined for different HEAs andMEAs processed by HPT at RT. The
crystallographic structure of the different HEAs is indicated in the parentheses after the compositions. In addition to the grain size, the twin boundary (TB) spacing is also
shown for some fcc HEAs with low stacking fault energy.

Composition Dislocation density [1014m�2] Grain size (TB spacing) [nm] Hardness [MPa] Reference

HfNbTiZr (bcc) 211± 23 28± 4 4450± 110 This study
HfNbTaTiZr (bcc) e 80 5000± 400 [26]
HfNbTaTiZr (bcc) e 50 4120± 20 [27]
Ti35Zr27.5Hf27.5Nb5Ta5 (orthorhombic) 100± 10 600 3900± 100 [18]
CoCrFeMnNi (fcc) 194± 20 27± 5 (8) 5380± 120 [17]
FeCoCrNi (fcc) e 70 (20) 5200 [16]
CoCrNi (fcc) e 50 (5) 5980 [7]
Co20Cr26Fe20Mn20Ni14 (fcc) e 61± 25 5500± 200 [21]
Al0.1CoCrFeNi (fcc) e 80 (7) 4730 [15]
Al0.3CoCrFeNi (fcc) e 30 5200 [13,24]
CoCrFeNiMnTi0.1 (fcc) e 30 4510 [19,22,25]
FeNiCoCu (fcc) e 100 3430 [14]
(FeNiCoCu)86Ti7Al7 (fcc) e 50 5150 [14]
Al0.5CoCrFeMnNi (82% fcc þ 18% B2 phase) e e 5200± 200 [20]
AlNbTiVZr0.5 (86% B2 phase þ 14% C14 Laves phase) e 25 6520 [23]
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dislocation density between the present bcc HEA and the reported
fcc CoCrFeMnNi [17]. The saturation dislocation density was ob-
tained as about 200� 1014m�2 for fcc CoCrFeMnNi HEA which is
practically the same as that for the present bcc HfNbTiZr HEA.
Despite the very similar grain size and dislocation density, the
hardness of the fcc CoCrFeMnNi HEA (5380± 120MPa) is larger
than that for the present bcc HfNbTiZr HEA (4450± 110MPa). The
higher hardness for the fcc HEA can be attributed to the large twin
fault density formed during HPT processing due to the low SFE of
this alloy. In the saturation state, the average twin boundary
spacing inside the nanograins was ~8 nm [17]. These twin faults
hinder the dislocation motion in a similar way as grain boundaries,
thereby leading to the hardening in the fcc CoCrFeMnNi HEA. A fcc
CoCrNi MEA processed by HPT with the twin boundary spacing of
only ~5 nm [7] yielded even higher hardness (5980MPa) than that
for a CoCrFeMnNi HEA (5380MPa) despite the larger grain size of
the former alloy (~50 nm).

The microstructure and hardness of the present HPT-processed
HfNbTiZr HEA are worth to be compared with the features of a
counterpart containing Ta, i.e., with HfNbTaTiZr processed by HPT
at RT [26,27]. Both compositions form a bcc structure and a similar
saturation hardness (4000e5000MPa) as shown in Table 2. As the
values of the threshold stress of plasticity (i.e., the friction stress)
are very close for HfNbTiZr [29] and HfNbTaTiZr [42] HEAs (about
880MPa), the similar hardness suggests similar microstructural
strengthening in the saturation state obtained by HPT at RT.
4.3. Relationship between microstructure and hardness

For revealing the strengthening contributions of the grain
boundaries and dislocations in the HPT-processed HfNbTiZr HEA,
these two hardening effects were calculated from the measured
dislocation densities and the grain sizes, and their sum was
compared with the total yield strength where the value was esti-
mated as one-third of the measured hardness [43]. It should be
noted that one-third of the microhardness corresponds to the flow
stress at a plastic strain of 8% [43]. In general, SPD-processed
metallic materials exhibit low strain hardening, thus the yield
strength and the flow stress at a plastic strain of 8% can be
considered reasonably consistent. It should also be noted that
former HRTEM studies [7,16] revealed many dislocations inside the
grains in HPT-processed HEAs even for grain sizes smaller than
100 nm. Therefore, the interaction between dislocations emitted
from grain boundaries and dislocations stored inside the grains
contributes to the hardness, which can be taken into account by a
Taylor term.
The strengthening contribution of dislocations can be obtained

from the Taylor equation as [44]:

sTaylor ¼ aMTGb
ffiffiffi

r
p

; (2)

where a is a constant describing the strengthening effect of dislo-
cations, G is the average shear modulus (~46 GPa for HfNbTiZr HEA
as determined from the elastic constants, see section 3.2), b is the
modulus of the Burgers vector (0.2977 nm for the present HEA) and
MT is the Taylor factor (3.06was selected as a strong texturewas not
observed). The grain size strengthening can be described by the
HallePetch formula [45,46]:

sHP ¼ k
ffiffiffi

d
p ; (3)

where k is a material constant and d is the grain size. Assuming a
linear additivity of the hardening contributions of dislocations and
grain size, the total yield strength can be obtained as:

sy ¼ s0 þ sTaylor þ sHP ; (4)

where s0 is the friction stress. The value of s0 was taken as
~879MPa in accordance with a former study which determined s0
from tension of a coarse-grained HfNbTiZr HEAwith a similar grain
size as for the present HEA [29]. In the Taylor and Hall-Petch
equations, a and k are unknown parameters. In this analysis, the
values of these parameters were determined by searching for the
best agreement between the estimated yield strength (obtained as
one-third of the hardness) and the values calculated from eq. (4) for
the centers and the peripheries of the disks. Asmentioned earlier at
Fig. 1, the hardness values used in the analysis are the average
values at the selected measurement regions.

The best achievable agreement between the yield strength
calculated from eq. (4) and the estimated strength determined from
the hardness is shown in Fig. 10. It can be seen that the datum
points are in the vicinity of the solid line representing a perfect
agreement between the calculated and estimated values. The cor-
responding values of a and k are 0.05± 0.01 and 29± 3MPa mm1/2,
respectively. Using these values in eqs. (2) and (3), the contribu-
tions of dislocations and grain size to the yield strength were
calculated and listed in Table 3. A large contribution of friction
stress is evident with 90% at lower HPT turns up to 60% at higher
HPT turns to the total strength. This is much higher than that of fcc



Fig. 10. The estimated yield strength versus the values calculated from eq. (4) for the
center and the periphery of the disks processed by ¼, 1, 10 and 20 turns.
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HEAs processed by HPT. For instance, this value was only 10e20%
for HPT-processed CoCrFeMnNi HEA [17]. This difference can be
explained by the reduced mobility of dislocations in bcc structures
which is caused at least partially by the dissociation of screw
dislocation cores into a non-planar configuration. In fcc crystals,
dislocations are split into partials only in their glide planes which
does not hinder their slip.

Former studies have shown that the classical Hall-Petch relation
remained valid until the grain size decreased below a critical value
which was about 10e20 nm for the different metallic materials. For
smaller grain sizes, an inverse Hall-Petch behavior was observed.
For instance, for bcc-Fe the critical grain size of the inverse Hall-
Petch behavior was ~15 nm [50]. Although significant grain
refinement was achieved in different types of HEAs by HPT, to our
best knowledge, the grain size was not reduced below 20 nm.
Therefore, the occurrence of an inverse Hall-Petch behavior is not
expected in HPT-processed HEAs. At the same time, the Hall-Petch
slope (k) may vary slightly with decreasing grain size to the
nanocrystalline regime as shown for some conventional materials
such as Cu [51]. This deviation from the conventional Hall-Petch
behavior can be attributed to the grain size dependence of the
stress required to operate dislocation sources. This effect, however,
should result in a reduction of the value of k with decreasing grain
size which would yield a downward deflection of the points plotted
for high strength values in Fig. 10. At the same time, rather there is
an upward deviation from the straight line obtained with a con-
stant Hall-Petch slope at high strength which may be caused by an
increased value of k. Indeed, a former study [40] has shown that a
Table 3
The contributions of dislocations (sTaylor) and grain size (sHP) to the yield strength cal
respectively, and the value of the friction stress (s0). The calculated yield strength (scalcu

(sestimated) were determined as one-third of the hardness. The corresponding shear strai
strain are given in section 4.3.

Location g s0 [MPa] sTaylor [MPa]

1/4 turn, center 1.1 879 131± 11
1/4 turn, periphery 9.1 879 247± 20
1 turn, center 4.5 879 254± 20
1 turn, periphery 36 879 303± 24
10 turns, center 46 879 302± 24
10 turns, periphery 369 879 304± 24
20 turns, center 87 879 305± 24
20 turns, periphery 698 879 307± 24
higher grain boundary misorientation can result in a larger Hall-
Petch slope in HPT-processed bcc metallic materials. Thus, an in-
crease of grain boundary misorientation for high HPT strains might
have caused a larger grain boundary strengthening, leading to a
slightly higher measured strength than the value calculated with
the assumption of an unchanged Hall-Petch slope.

It should be noted that a is very small (~0.05) compared to the
values received formerly for other bcc materials (0.16e0.60
[42,47e49]). The clarification of this effect requires further studies.
The values of a and k in eqs. (2) and (3) may vary with increasing
strain during HPT [51], and the single values of these parameters
obtained from the present evaluation are only approximations for a
and k. Nevertheless, the grain boundary strengthening tends to be
essential for the strength of the present HEA as the hardening
above the shear strains of ~40 can only be explained by the change
of the grain size strengthening. It should be noted, however, that
the Hall-Petch slope obtained for the present HPT-processed bcc
HfNbTiZr HEA samples is smaller than the values available in the
literature for other HEAs processed by HPT [52e54]. The difference
can be attributed to fact that in other studies the contributions of
lattice defects (such as dislocations and twin faults) to strength
were not considered in the evaluation of hardening caused by HPT.
Indeed, when the strengthening contributions of dislocations and
twin faults were taken into account in the analysis of the hardness
of a HPT-processed CoCrFeMnNi HEA, a similar value of k was ob-
tained as in the present study [17]. It is also evident from Table 3
that the dislocation strengthening is higher at least with a factor
of two than the strength contribution caused by the grain size.
Therefore, it concludes the excellent feasibility of HPT for
strengthening the HEA by grain refinement and dislocation
multiplication.

5. Conclusions

The evolution of microstructure and hardness during HPT-
processing of a bcc HfNbTiZr HEA was studied. The following con-
clusions were obtained:

1. The saturation dislocation density was about 2.1� 1016m�2

which was achieved after the shear strain of ~40 while further
increase in shear through ~700 did not introduce any significant
change. Most grain refinement occurred below the shear strain
of ~40 where the average grain size decreased from ~640 mm to
40e50 nmwhile a minimum grain size of ~30 nmwas observed
in further straining to ~400. At low strains, lamellas with S19a
and S19b boundaries were formed inside the grains. The satu-
ration dislocation density and grain size in the HfNbTiZr HEA
were similar to the values reported for five-component HEAs.

2. Corresponding to the grain refinement and increased disloca-
tion density, significant hardness enhancement took place from
culated from the Taylor and Hall-Petch relationships according to eqs. (2) and (3),
lated) was obtained as the sum of the s0, sTaylor and sHP, while the estimated values
n values calculated from eq. (1) are also shown. The calculation details of the shear

sHP [MPa] scalculated [MPa] sestimated [MPa]

8± 1 1018± 81 944± 47
86± 7 1212± 97 1167± 58
11± 1 1144± 91 1038± 52
138± 11 1320± 106 1298± 65
128± 10 1309± 105 1180± 59
159± 13 1342± 107 1463± 73
137± 11 1321± 106 1302± 65
167± 13 1353± 108 1429± 72
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~2600MPa to ~3800MPa in the early stage of deformation up to
shear strain of 40. The hardness value was further enhanced to
the maximum 4450MPa owing to the grain refinement where
the hardness of the HfNbTiZr HEA processed by HPT show
reasonably similar hardness reported for the five-component
counterparts.

3. A comparison between the calculated and the experimentally
estimated yield strength values revealed that most hardening
(60e90%) is introduced by the friction stress. This value is much
higher than that obtained previously for fcc HEAs processed by
HPT (10e20%). The dislocation strengthening shows higher
contribution with more than a factor of two than the grain
refinement strengthening to the total strength. On the other
hand, the grain size hardening tends to be important for the
total strength in the shear strain range of ~40 and ~400.
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