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A B S T R A C T

The evolution of microstructure and hardness in a CoCrFeNi high-entropy alloy (HEA) processed by severe
plastic deformation (SPD) was studied. SPD-processing was carried out using a high-pressure torsion (HPT)
technique up to twenty turns at room temperature that introduces a highest nominal shear strain of about 800. It
was found that most of grain refinement and an increase of lattice defect (dislocations and twin faults) density
occurred up to the shear strain of ~10. The saturation grain size was about 80 nm, while the maximum values of
the dislocation density and the twin fault probability were ~150×1014 m−2 and ~3%, respectively. In addi-
tion, a 111 texture was formed during HPT-processing. The evolution of hardness with strain followed a trend
suggested by the changes in the microstructure. The saturation hardness was as high as ~5100MPa. The mi-
crostructure and hardness obtained for the HPT-processed CoCrFeNi were compared with the values determined
formerly for CoCrFeNiMn. It was found that, although the saturation grain size in the CoCrFeNi was much higher
than that for the CoCrFeNiMn HEA, the hardness was similar for the two alloys due to the close values of the twin
fault probability which can be explained by the similar stacking fault energies.

1. Introduction

In recent years, high-entropy alloys (HEAs) have received increasing
attention from the scientific community. Unlike conventional alloys,
where only one principle element is used in the matrix with a limited
addition of other elements for property enhancement, these newly-de-
veloped alloys are designed to have multiple principle elements with
equal or nearly equal atomic ratios [1]. Even though having been in-
tensively studied both theoretically and experimentally, HEAs with
their intricate structure open further questions, evidently with an ex-
ponential increase in numbers of related articles [2]. HEAs exhibit ex-
cellent and unique mechanical properties, such as high fatigue and
wear resistance even at elevated temperatures (e.g., for VNbMoTaW),
or high hardness and good friction resistance even in body fluids (e.g.,
for TiZrNbHfTa)N and (TiZrNbHfTa)C alloys) [3]. Since lattices of
HEAs are strongly distorted, dislocation motion is restricted, which
helps to increase the strength of these materials [4]. One of the key
features of HEAs is having a high-entropy configuration, resulting in a
single-phase solid solution at room temperature. However, in contrast

to the vast number of possible HEA compositions, the variety of single-
phase solid solution HEAs produced from conventional ingot me-
tallurgy processing is rather limited, e.g., due to the low thermal sta-
bility [5]. For example, the mostly studied HEA of CoCrMnFeNi is un-
stable when prolongedly exposed to an intermediate temperature [6].
Vaidya et al. showed that the value of ϕS (the product of thermo-
dynamic factor ϕ and the cross correlation term S) for CoCrMnFeNi is
between 3 and 5, implying a deviation from an ideal solid solution,
while CoCrFeNi has a value close to unity for ϕS, suggesting the ma-
terial to be an ideal solid solution [7]. Moreover, Huo et al. presented
that CoCrFeNi produced by arc melting meets the criteria to form
simple solid solutions [8]. In addition, CoCrFeNi is an attractive HEA as
a base material of various HEAs for mechanical improvements. For
instance, an addition of Cu to CoCrFeNi decreased its wear rate [9], and
an addition of Mn increased its grain growth resistance [10]. Thus, the
present study focuses on a CoCrFeNi HEA material.

Beside the addition of new elements for HEAs, tailoring of the mi-
crostructure is another way for improving the mechanical properties of
HEAs. For example, a cold drawn CoCrFeNi wire yielded a strength as
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high as 1.1 GPa at 293 K and 0.8 GPa at 923 K due to the refined mi-
crostructure [11]. A nano-twinned nanocrystalline CoCrFeNi produced
by magnetron sputtering exhibited a hardness of about 9 GPa [12].
Precipitates and contamination formed during material processing may
also result in an enhanced yield strength of CoCrFeNi HEAs [13–15].
Another attractive way to improve the strength of CoCrFeNi alloys is
grain refinement [16], as the formed lattice defects serve as obstacles to
dislocation motion. One of the most powerful approaches to achieve
ultrafine-grained (UFG) or nanocrystalline materials without any con-
tamination or porosity is through severe plastic deformation (SPD) [5].
Among SPD techniques, high-pressure torsion (HPT) processing can
yield exceptional grain refinement and strength improvement [17]. For
instance, for an Al0.3CoCrFeNi HPT-processing and subsequent an-
nealing led to a fourfold increase of hardness and an additional
homogenization of elemental distribution [18]. Moreover, a CoCr-
FeMnNi processed by HPT yielded four times higher hardness compared
to the unprocessed material [4]. Although, HPT is expected to lead to
an improvement in the strength of a bulk CoCrFeNi, this effect has not
been studied yet in detail. An investigation of the evolution in the
density of lattice defects, such as dislocations and twin faults, during
HPT on a CoCrFeNi HEA is also missing in the literature. This study
aims to fill this gap. In addition, a comparison between the micro-
structures and hardness values of the HPT-processed CoCrFeNi and
CoCrFeMnNi HEAs will be made.

The aim of this study is to investigate the microstructure and
hardness of an equimolar CoCrFeNi HEA processed by HPT. The evo-
lution of microstructure with shear strain is studied after ¼, 1, 10 and
20 HPT turns. Electron backscatter diffraction (EBSD) and transmission
electron microscopy (TEM) were used to evaluate the grain refinement
due to SPD-processing. The evolution of lattice defects structure (dis-
locations and twin faults) was investigated by X-ray line profile analysis
(XLPA). The hardness was measured along the disk radius and its re-
lation to the microstructure was studied as a function of shear strain.
Moreover, the grain size, the defect densities and the hardness obtained
for the CoCrFeNi HEA were compared to the values determined for an
HPT-processed CoCrFeNiMn alloy in order to reveal the differences in
microstructure evolution and mechanical properties as well as the
possible deformation mechanisms.

2. Material and methods

2.1. Processing of the material

The Co25Cr25Fe25Ni25 HEA samples were prepared by vacuum in-
duction melting and drop casting of a mixture of pure metals
(purity> 99.9 wt%). The cast ingot with a thickness of ~39mm was
hot-rolled at 1050 °C to a thickness of ~14mm which corresponds to a
thickness reduction of ~64%. Then, the hot-rolled plate was homo-
genized at 1100 °C for 1 h. This material was machined into billets with
a diameter of 10mm which were sliced by electric discharge machining
(EDM) to have a final thickness of ~0.85mm. Processing by HPT was
conducted by utilizing the conventional HPT facility with quasi-con-
strained set-up [19]. The processing was operated at room temperature
under 6.0 GPa at 1 rpm for ¼, 1, 10 and 20 turns.

2.2. Microstructure studied by electron microscopy

The microstructure in the initial sample as well as in the centers of
the disks processed by ¼ and 1 turn was investigated by EBSD. In the
centers of the disks processed by 10 and 20 turns and at the peripheries
for all HPT samples, TEM was used for the study of the microstructure
since the small grain size and the severely deformed crystal lattice in-
hibit the adequate microstructural examination by EBSD. The EBSD
examination was carried out using an FEI Quanta 3D scanning electron
microscope (SEM). The sample surfaces for EBSD were first mechani-
cally polished with 1200, 2500 and 4000 grit SiC abrasive papers, and

then the polishing was continued with a colloidal alumina suspension
with a particle size of 1 μm. In the final step of mechanical polishing,
the samples were polished with a colloidal silica suspension (OP-S) with
a particle size of 40 nm. Finally, the surfaces were electropolished at
25 V and 1 A using an electrolyte with a composition of 70% ethanol,
20% glycerine and 10% perchloric acid (in vol%). The step sizes in the
EBSD images were 400 and 140 nm for the initial and HPT-processed
samples, respectively. The EBSD images were evaluated using the
Orientation Imaging Microscopy (OIM) software. The same SEM facility
was used for the energy-dispersive X-ray spectroscopy (EDS) measure-
ment of the spatial distributions of the chemical elements.

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 phase
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> 1min. Second, ion-beam thinning of the
50 μm thick lamella was started at 7 keV using 2mA ion-current. The
samples were cooled with liquid nitrogen during thinning. Finally, the
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
transmission electron microscope. The TEM images were recorded at
200 keV with a 4 k*4 k CETA 16 CMOS camera controlled by VELOX
software. The number of grains analyzed in the TEM images for each
sample was about 50. The uncertainty of the average grain size values
was about 10%.

2.3. Microstructure characterization by X-ray diffraction

The crystal structure of the CoCrFeNi samples was studied with X-
ray diffraction (XRD), using a Philips Xpert powder diffractometer with
CuKα radiation (wavelength: 0.15418 nm) and a secondary graphite
monochromator. The resulted X-ray diffractograms showed that all
samples have a single phase face-centered cubic (fcc) structure. The
average lattice constant was determined for the whole surfaces of the
HPT-processed disks from the diffraction peak positions using the
Nelson-Riley method [20].

The lattice defect structure was investigated locally at the centers
and the peripheries of the HPT-processed samples by applying XLPA,
using an X-ray diffractometer operating at 30 kV and 25mA with CoKα1

radiation (wavelength: 0.1789 nm) and a single crystal Ge mono-
chromator. In these experiments, the Debye-Scherrer diffraction rings
were measured by two-dimensional imaging plates. The X-ray line
profiles obtained from the Debye-Scherrer rings were evaluated with
the Convolutional Multiple Whole Profile (CMWP) fitting method [21].
In this procedure, all measured diffraction peaks were fitted with the
convolution of theoretical microstructural profiles related to diffraction
domain size, dislocation density and twin faults. The diffraction peak
broadening caused by dislocations depends on the indices of reflections
and it is taken into account by the dislocation contrast factors [21]. The
knowledge of these contrast factors is necessary for the determination
of the dislocation density by the XLPA method. The dislocation contrast
factors for the CoCrFeNi HEA were determined by the software ANIZC
[22] using the elastic constants c11= 271 GPa, c12= 175 GPa and
c44= 189 GPa [23]. The average contrast factors for cubic crystals
depend on two parameters denoted as Ch00 and q. The values of q were
1.72 and 2.49 for edge and screw dislocations, respectively, for CoCr-
FeNi as determined by ANIZC while Ch00 were 0.31 and 0.33 for edge
and screw dislocations, respectively. The CMWP method yields the
median (m) and the lognormal variance (σ) of the assumed lognormal
size distribution, the dislocation density and the twin fault probability
with good statistics. The area-weighted mean diffraction domain size
was determined from m and σ as m× exp (2.5σ2). The twin fault
probability for fcc materials gives the fraction of {111} planes con-
taining twin faults in percentage. Further details of the CMWP method
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can be found in Ref. [21].
In the present XLPA evaluation, instrumental correction was not

applied since the breadth of the measured profiles was one order of
magnitude higher than the width of the instrumental peaks measured
on a LaB6 standard material. It should be noted, however, that the
chemical heterogeneities in HEAs may also result in XRD peak broad-
ening as it was shown for a CoCrFeNiMn alloy in a former study [4]. For
that HEA, considerable spatial fluctuations in the element concentra-
tions were detected by EDS which resulted in significantly higher XRD
peak broadening for the initial undeformed material than that for the
LaB6 standard sample. Then, this extra broadening was taken into ac-
count as increased instrumental broadening when the XRD patterns of
the HPT-processed samples were evaluated. In the meanwhile, for the
present CoCrFeNi HEA the concentration inhomogeneities were negli-
gible both before and after HPT-processing as shown in Fig. 1a and c,
respectively, in comparison with the CoCrFeNiMn before and after HPT
as shown in Fig. 1b and d, respectively. Specifically, these spatial dis-
tributions of constituents were determined by EDS in the initial states
and at the periphery of the disk processed for the highest applied
numbers of turns. In the CoCrFeNiMn HEA obtained formerly by soli-
dification (as-cast state) [4], Mn enrichment was detected in the in-
terdendritic regions. In contrast, dendritic microstructure and the cor-
responding chemical inhomogeneities were not observed in the present
CoCrFeNi HEA, since the applied thermomechanical processing (casting
+ hot-rolling + homogenization) effectively broke the dendrite
structure originated from the casting process. Therefore, the effect of
chemical heterogeneities was not considered in the evaluation of the
XRD line profiles for the present CoCrFeNi HEA.

The size of the X-ray beam spot was about 0.2×2mm2, therefore
the defect density values must be interpreted as the average values in
these spots. The higher the dislocation density and the twin fault
probability in the probed volume, the larger the breadth of the profiles,
leading to a more reliable evaluation of the profiles. Thus, the high
dislocation densities and twin fault probabilities (i.e., low twin fault
spacings) developed in the HPT-processed samples can be determined

by the XLPA method with a high precision. It should be noted that due
to the 2mm height of the X-ray beam spot the results obtained at the
disk centers must be interpreted as the average values characterizing
the centers of the samples with a radius of 1mm. The measurement at
the periphery was obtained at 4mm from the disk center.

The crystallographic textures of the initial sample and the HPT-
processed disks were characterized by the pole figure measurements
using a Smartlab X-ray diffractometer (manufacturer: Rigaku, Japan)
with CuKα radiation (wavelength: 0.15418 nm) and parallel-beam op-
tics. In these experiments, the whole disks were irradiated by X-rays,
therefore the results characterize the entire sample surface planes.

2.4. Measurement of the hardness

The hardness was determined along the diameters of the disks. The
spacing between the neighboring indents was 0.5 mm. The hardness
test was performed by a Zwick Roell ZHμ Vickers indenter using a load
of 500 g and a dwell time of 10 s.

3. Results

3.1. Evolution of grain size during HPT-processing

The XRD experiments revealed that both the initial sample and the
HPT-processed disks are single phase fcc structures with a lattice
parameter of 0.3572 ± 0.0007 nm. Fig. 2a and b shows crystal-
lographic orientation and grain maps, respectively, obtained for the
initial material by EBSD. In the grain map, the grains bounded by high-
angle grain boundaries (HAGBs) are indicated by different colors. The
HAGBs separate volumes with misorientation higher than 15°. The
number-weighted average grain size was ~22 μm. The grain boundary
misorientation distribution for the initial sample is shown in Fig. 2c.
The fraction of HAGBs was 91% with a very high contribution of twin
boundaries (about 55%) as suggested by the peak of Σ3 boundaries in
the misorientation distribution at an angle of 60°. The twin boundaries

Fig. 1. The spatial distribution of different elements in the initial CoCrFeNi (a) and CoCrFeNiMn (b) HEAs, as well as for the samples processed by HPT till
microstructural saturation (c and d). The precision of the concentration values was± 1 at.%.
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are indicated by black lines in Fig. 2a.
HPT-processing for ¼ turn resulted in a significant grain refinement

even in the center of the disk as illustrated with the EBSD orientation
and grain maps in Fig. 3a and b, respectively. The average grain size in
the disk center after ¼ turn was ~1.4 μm. Mainly, the original grains
were fragmented into lamellas with the formation of many twin
boundaries. The significant role of deformation twinning during SPD
can be explained by the low SFE of CoCrFeNi HEA (20mJ/m2) [24].
The formation of a large amount of twin lamellas is apparently in
contradiction to the decrease of the Σ3 boundary fraction as shown in
Fig. 3c. In fact, although the amount of Σ3 boundaries increased, this
trend was overwhelmed by the significant amount of LAGBs (compare
Figs. 2c and 3c). Indeed, the fraction of LAGBs in the disk center in-
creased from 9% to 64% during ¼ turn of HPT which was most prob-
ably caused by the formation of a high density of dislocations and their
arrangement into LAGBs. The shear deformation caused by dislocation
activity may result in the curved shape of twins (see Fig. 3a). It is worth
noting that the average grain size determined by the OIM software
(~1.4 μm) seems to be much smaller than the grain size suggested by
the EBSD image. This apparent contradiction is caused by two reasons:
i) the large number of very small grains with the size of about or< 1
μm and ii) the fact that the number-weighted average grain size was
used in the present study. The area-weighted mean grain size given by
the OIM software was ~40 μm which is in accordance with the im-
pression suggested by the EBSD image. This effect was caused by the
fact that the majority of the image area was occupied by large grains.

Fig. 4a shows an EBSD orientation map for the center of the disk
processed for 1 turn by HPT. The corresponding grain map is shown in
Fig. 4b. The average grain size was determined as ~860 nm. The grain
boundary misorientation distribution plotted in Fig. 4c reveals that the
Σ3 boundary fraction in the disk center further decreased from 23% to

9% with increasing number of HPT turns from ¼ to one, respectively,
while the fraction of LAGBs increased to 69% in the center of the disk
after one turn by HPT.

The grain sizes were very small in the centers of the disks processed
by 10 and 20 turns of HPT, and therefore TEM was used for the char-
acterization of the grain structure. For comparison purposes, TEM
images were also taken for the centers of the samples deformed by ¼
and 1 turn. Fig. 5 shows sets of a bright-field and the corresponding
dark-field TEM images obtained at the disk centers after HPT from ¼ to
20 turns. Fig. 5b reveals that in the center of the disk processed for ¼
turn there are twin lamellas with the thicknesses of 100–200 nm (some
of them are indicated by white arrows) which cannot be resolved in the
EBSD images in Fig. 3. The contrast changes in the TEM images for ¼
and 1 turn in Fig. 5a–d suggest large defect density even in the centers
of the disks. Fig. 5e–h shows that after 10 and 20 turns of HPT a na-
nocrystalline microstructure was formed in the centers of the disks. The
grain sizes determined by microscopic methods are listed in Table 1.
The grain size for the center of disk processed by 10 turns was about
80 nm which was maintained reasonably constant through 20 turns.

Fig. 6 shows bright- and dark-field TEM images for the peripheries
of the disks processed by ¼ turn (a-b), 1 turn (c-d), 10 turns (e-f) and 20
turns (g-h) of HPT. Significant grain refinement was observed in the
early stage of HPT for ¼ turn and the nanostructure tends to be satu-
rated so that there was no apparent change in the microstructure
through 20 HPT turns at the disk edges. In practice, the grain sizes of
the processed HEA are measured within the range of 60–90 nm up to 20
HPT turns as shown in Table 1.

3.2. Characterization of microstructure by XLPA

Fig. 7 illustrates the CMWP fitting procedure for the evaluation of

Fig. 2. Orientation (a) and grain (b) maps as well as the misorientation angle distribution (c) for the initial CoCrFeNi HEA.
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the X-ray line profiles. Namely, the measured and fitted XRD patterns as
well as the difference between the two diffractograms are shown for the
center of the disk processed by HPT for ¼ turn and the periphery of the
sample after 10 turns in Fig. 7a and b, respectively. The average dif-
fraction domain size, dislocation density and twin fault probability
obtained by XLPA are listed in Table 1. It can be seen that the dif-
fraction domain size is about 30–40 nm for all HPT-processed samples
which is much smaller than the grain sizes measured by TEM for the
samples. This is a usual phenomenon in SPD-processed materials in-
volving the hierarchical microstructure, i.e., the grains are fragmented
into subgrains and dislocation cells. XLPA measures the size of these
subgrains and cells. Indeed, there are large contrast differences inside
the grains in the DF TEM images (an example is shown in the inset of
Fig. 5h), suggesting misorientations between adjacent volumes inside
the grains. The diffraction domain size decreased significantly to
~40 nm in the center of the disk processed by ¼ turn. It should be
noted that XLPA characterizes the microstructural parameters for the
disk center with a maximum distance of about 1mm from the actual
disk center. The minimum diffraction domain size of about 30 nm was
achieved in the disk processed for 1 turn by HPT. In practice, the
consistent values of the minimum domain size were achieved both in
the centers and peripheries of the disks after processing for 10 and 20
turns.

The dislocation density increased to about 35×1014m−2 in the
center of the disk processed for ¼ turn despite the moderate strain
value, and it reached further to ~120×1014m−2 at the periphery.
After 1 turn of HPT, the dislocation density increased to about
80×1014 m−2 in the disk center while at the periphery it reached the
saturation value of ~150× 1014 m−2 in the HPT-processed CoCrFeNi
HEA. After 10 and 20 turns, the similar values were measured at both
the centers and the peripheries of the disks.

The twin fault probability in the disk center processed by ¼ turn
was zero as measured by XLPA as shown in Table 1. This result is not in

contradiction with the significant amount of twin boundaries observed
in Fig. 3. The lower detection limit of twin fault probability is ~0.1% in
XLPA which corresponds to a maximum detectable twin fault spacing of
~300 nm [25]. In the EBSD image of Fig. 3, the lowest twin boundary
spacing is about 1 μmwhich cannot be detected by XLPA. The twin fault
probability increased to about 3% at the periphery of the disk processed
by ¼ turn which can be regarded as the saturation value of this quantity
in the HPT-processed CoCrFeNi HEA, i.e., there is no further increase at
the periphery with increasing numbers of turns. After 1 turn of HPT, the
twin fault probability in the disk center increased to ~2%. For 10 and
20 turns, the twin density tends to be consistent with the saturated
value of about 3% throughout the disk diameter. This saturation value
of the twin fault probability corresponds to an average twin fault spa-
cing of about 7 nm. The significant twinning in the HPT-processed
CoCrFeNi HEA is also confirmed by the HRTEM image in Fig. 8a and its
fast Fourier transform (FFT) in Fig. 8b taken at the periphery of the
sample after 10 turns. In Fig. 8b, the indices of the spots corresponding
to the parent and twinned crystals located at the bottom of Fig. 8a are
indicated by different colors.

It should be noted that the large relative intensity of reflection 111
in the diffractogram shown in Fig. 7 suggests the development of tex-
ture of the CoCrFeNi HEA during HPT processing. Fig. 9 shows the
texture development by the 111 pole figures for (a) an initial state, (b)
1/4, (c) 1, (d) 10 and (e) 20 HPT turns, where the pole figures were
obtained on the whole disks. Due to the severe deformation during HPT,
it is expected that all active dislocation slip systems are populated
equally by dislocations despite the texture, therefore the average con-
trast factors can be used in the CMWP method. The only effect of tex-
ture on the results obtained by the CMWP fitting may be the higher
weight of reflection 111 compared to other peaks in the diffractograms.
Therefore, the fitting procedure was repeated on modified diffracto-
grams where the intensity of reflection 111 was reduced with a factor
varying between 2 and 4 by maintaining other peaks unchanged. The

Fig. 3. Orientation (a) and grain (b) maps as well as the misorientation angle distribution (c) for the CoCrFeNi HEA processed by ¼ turn of HPT.
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largest factor corresponds to a 111/200 peak intensity ratio of about
2–3, depending on the sample and the location (center or periphery).
No considerable difference between the results obtained by CMWP on
these modified diffraction patterns was found.

3.3. Hardness evolution in the HPT-processed disks

Fig. 10 shows the variation of hardness as a function of the distance
from the disk center for the HEA after the different numbers of HPT
turns. The hardness of the initial CoCrFeNi HEA was 1380 ± 100MPa.
After ¼ turn, the hardness increased to ~2500 and ~4900MPa in the

Fig. 4. Orientation (a) and grain (b) maps as well as the misorientation angle distribution (c) for the CoCrFeNi HEA processed by 1 turn of HPT.

Fig. 5. Bright- (a, c, e and g) and dark-field (b, d, f and h) TEM images obtained on the centers of the disks processed for different numbers of turns. In (b) some twins
are indicated by white arrows. The inset of (h) shows a grain with a higher magnification which exhibits contrast differences in DF TEM image.
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center and the periphery of the disk, respectively. Further increase of
the numbers of HPT turns to one yielded an enhancement of the
hardness to about 3800MPa in the disk center while at the periphery
only a negligible increase to ~5000MPa was observed. After 10 and 20
turns, the hardness distribution was homogeneous along the disk dia-
meter with the hardness value of 5100 ± 300MPa.

4. Discussion

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

Fig. 11a, b and c shows the evolution of the grain size, dislocation
density and twin fault probability as a function of the nominal shear
strain γ imposed during HPT-processing. The value of γ was obtained as
γ=2πrN/h, where r, N and h are the distance from the disk center, the
number of turns and the thickness of the disk, respectively. Due to the
extension of the X-ray beam used for XLPA, the parameters of the mi-
crostructure (i.e., the dislocation density and the twin fault probability)
determined nominally for the disk center were related to the shear
strain at r=0.5mm. At the same time, the grain size was determined in
the center of the samples where the nominal shear strain was zero. For
the microstructural parameters determined at the periphery, the shear
strain was calculated using the value of r=4mm. The insets in Fig. 11
magnify the evolution of the microstructural parameters and the
hardness at low shear strain. As shown in Fig. 11a and c, the grain size
and the twin fault probability were saturated with the values of ~80 nm
and 3%, respectively, at a shear strain of about 10. It is worth noting

that the saturation grain size measured in this study was in good
agreement with the value determined for a HEA with the same com-
position and processed by 4 turns of HPT at RT (~70 nm [26]). In both
this study and the former investigation, the grain sizes were measured
directly from the TEM images as the diameters of the individual grains.
It should also be noted that the shear strain in the center (r=0) cer-
tainly deviates from zero due to the plasticity induced by the stress field
of dislocations formed at r≠ 0. This induced plastic shear strain led to
the significant grain refinement in the centers as shown in Table 1.
Therefore, the data obtained in the centers are not considered when the
evolution of the grain size is evaluated as a function of shear strain. At
the strain corresponding to the saturation of grain size (γ=10), the
dislocation density reached a value of about ~120×1014 m−2 which is
only slightly smaller than the maximum dislocation density
(~150× 1014 m−2). The latter value was achieved between the shear
strains of 10 and 35 (see Fig. 11b). The fast increase of the dislocation
density with increasing strain is in accordance with a recent observa-
tion of a high dislocation density (~12×1014m−2) in a CoCrFeNi HEA
even at a strain of 0.35 [27]. Fig. 11d reveals that a significant increase
in hardness appeared through the strain of about γ=10 in line with the
evolution of the grain size and the twin fault probability. At this strain,
the hardness reached a value of ~5000MPa. Further increase of the
shear strain to ~20 resulted only in a slight enhancement of the
hardness to about 5100MPa in accordance with the moderate increase
of the dislocation density from ~120×1014m−2 to ~150×1014 m−2.
This hardness is close to the value determined in a recent study for a
CoCrFeNi HEA processed also by HPT at RT [26]. However, in the
former study HPT for up to 4 turns was used for the consolidation of

Table 1
The diffraction domain size, the dislocation density and the twin fault probability determined by XLPA, as well as the grain size obtained by electron microscopy
(EBSD and TEM). The corresponding shear strain values (γ) are also shown. The calculation details of the shear strain are given in the last paragraph of Section 4.1.

HPT turn/location γ Diffraction domain size (XLPA) [nm] Dislocation density (XLPA) [1014 m−2] Twin fault probability (XLPA) [%] Grain size (EBSD/TEM) [nm]

Initial 0 n.a. n.a. n.a. 22,000 ± 1000
1/4, center 1.1 38 ± 4 35 ± 4 0.0 ± 0.1 1400 ± 300
1/4, periphery 9 39 ± 4 122 ± 20 3.0 ± 0.5 91 ± 10
1, center 4.5 25 ± 3 80 ± 10 2.0 ± 0.4 860 ± 200
1, periphery 36 30 ± 5 150 ± 20 3.1 ± 0.3 61 ± 10
10, center 45 29 ± 3 141 ± 20 2.6 ± 0.6 81 ± 10
10, periphery 359 28 ± 3 140 ± 20 3.1 ± 0.3 77 ± 10
20, center 90 32 ± 5 156 ± 20 2.8 ± 0.4 90 ± 20
20, periphery 718 28 ± 3 150 ± 20 2.6 ± 0.4 79 ± 10

Fig. 6. Bright- (a, c, e and g) and dark-field (b, d, f and h) TEM images obtained on the peripheries of the disks processed for different numbers of turns.

J. Gubicza, et al. Materials Characterization 154 (2019) 304–314

310



HEA powders while in the present investigation the bulk CoCrFeNi
samples were processed by HPT for up to much higher numbers of turns
of 20. In addition, in the former study the dislocation density was not
investigated while in the present study the evolution of the dislocation
density was studied in detail. In the next section, the microstructures
and the hardness values obtained on the CoCrFeNi HEA is compared
with the results determined formerly for the HPT-processed CoCrFe-
NiMn samples where such comparison is missing in the literature.

4.2. Comparison between the microstructures and hardness values observed
in CoCrFeNi and CoCrFeNiMn HEAs processed by HPT

In a former study [4], we investigated the effect of HPT-processing
on the microstructure and hardness of a five-component equimolar
CoCrFeNiMn HEA. The material differs from the present four-compo-
nent HEA as the latter one does not contain Mn. The defect structures in
both HPT-processed alloys were investigated by the same XLPA meth-
odology. The saturation dislocation density and twin fault probability
determined by XLPA and the minimum achievable grain size obtained
by TEM are listed in Table 2 for both HEAs. Despite the different
compositions of these HEAs, the saturation twin fault probability are
reasonably consistent (~3%) which can be explained by the similar SFE
in these two materials (~20–30mJ/m2 [24,26,28]). The diffraction
domain size in the quaternary alloy (28 ± 3 nm) was also similar to the
value determined for the five-component HEA (22 ± 3 nm). The
maximum dislocation density in the present CoCrFeNi HEA
(150 ± 20×1014 m−2) was slightly lower than the value determined

for the CoCrFeNiMn HEA (194 ± 20×1014m−2). The saturation
grain size taken by TEM was higher (~80 nm) in the present CoCrFeNi
HEA than the CoCrFeNiMn HEA (~27 nm) processed by HPT at RT.

The difference between the saturation dislocation densities and
grain sizes achieved by HPT in these two alloys can be correlated with
the effect of Mn on the structure of CoCrFeNi HEA. A former study has
shown that for Mn atoms in a CoCrFeNiMn HEA the bond distance with
the nearest neighbors is slightly larger than between other elements
[29]. This suggests a larger lattice distortion around Mn atoms in
CoCrFeNiMn HEA. This distortion may be relaxed in the dilatation zone
of a dislocation, resulting in an attractive interaction between Mn atoms
and dislocations. Thus, the motion of dislocations is highly hindered in
CoCrFeNiMn as manifested by the higher friction stress of dislocation
glide at RT in CoCrFeNiMn (~200MPa [30–32]) than in CoCrFeNi
(~140MPa [33]). In addition, it was shown that the addition of Mn to
CoCrFeNi led to a more favorable formation of a MneCo nearest-
neighbour pair than MneNi in the fcc structure [34]. Thus, the se-
paration of MneCo pairs by dislocation motion is not favorable en-
ergetically, thereby hindering the movement of dislocations. Other re-
searches [35,36] have revealed that the diffusion (e.g., for Ni) in
CoCrFeNiMn is slower than in CoCrFeNi at RT where the slower dif-
fusion delays the climb of dislocations despite the lower melting point
of CoCrFeNiMn. Due to the above reasons, the annihilation of disloca-
tions is impeded, resulting in a higher saturation dislocation density in
the HPT-processed CoCrFeNiMn HEA. As the rearrangement of dis-
locations into boundaries is usually an important mechanism for grain
refinement, the higher dislocation density in the HPT-processed

Fig. 7. CMWP fitting obtained at the center of the disk processed by HPT for ¼ turn (a) and the periphery of the sample processed for 10 turns (b). The open circles
and the red solid line represent the measured and the fitted XRD patterns while the blue line at the bottom of the figure indicates the difference between them. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. HRTEM image (a) together with its FFT (b)
showing twins at the periphery of the disk processed
by 10 turns of HPT. The twin corresponding to the
FFT is indicated by a white arrow in (a). In (b), the
indices of the spots corresponding to the parent and
twinned crystals are indicated by different colors.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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CoCrFeNiMn could cause smaller grain sizes in the HEA. It should be
noted that Mn segregation at grain boundaries was not observed for-
merly in CoCrFeNiMn HEA and the grain boundary energies for the
CoCrFeNiMn and CoCrFeNi alloys were found to be reasonably
equivalent (~0.65 J/m2) [36].

The evolution of the hardness versus the nominal shear strain for the
HPT-processed CoCrFeNiMn and CoCrFeNi HEAs was compared in
Fig. 12. As seen in Fig. 11d, the hardness saturated at a shear strain of
about 10 for the present CoCrFeNi HEA, while the hardness saturation
for the CoCrFeNiMn alloy was achieved at a higher strain of ~40 due to
a slower increase of the twin fault probability. However, the saturation
hardness values were similar as 5100–5400MPa (see Table 2) which
can be attributed to the similar defect density levels in the two alloys.
Although, the minimum grain sizes were different in the CoCrFeNi and
CoCrFeNiMn HEAs, the average twin fault spacing in the saturation

state (as calculated from the twin fault probability) had the consistent
values (7–8 nm) for the two alloys. Former studies [37,38] have shown
that twin faults have the same strengthening effect as grain boundaries.
Therefore, the Hall-Petch hardening is equally effective for the CoCr-
FeNi and CoCrFeNiMn HEAs. The Taylor-type strengthening may also
affect similarly as the saturation dislocation density is only slightly
smaller in the CoCrFeNi. The small difference between the dislocation
densities in the HPT-processed CoCrFeNi and CoCrFeNiMn HEAs did
not cause measurable difference in the hardness due to its experimental
error and the fact that the strength varies with the square-root of the
dislocation density.

5. Conclusions

The CoCrFeNi HEA disks were processed by HPT at RT up to 20
turns. The microstructure and hardness were studied as a function of
the shear strain. The results were compared with those determined for a
CoCrFeNiMn HEA processed under the same HPT conditions. The fol-
lowing conclusions were obtained:

1. The initial grain size of ~22 μmwas refined to ~1.4 μm in the center
of the disk processed for ¼ turn while the grain size was reduced to
90 nm at the disk periphery. Simultaneously, the dislocation density
increased to ~35×1014m−2 and ~122×1014 m−2 at the center
and the periphery, respectively, after ¼ turn. At the periphery of the
disk, the twin fault probability reached as high as ~3%. After 10
turns by HPT, microstructural homogeneity was demonstrated rea-
sonably so that a saturation was achieved with a grain size value of
about 80 nm, a dislocation density of ~150× 1014m−2 and a twin
fault probability of ~3% at both disk center and pheriphey.
Moreover, HPT processing resulted in the development of a strong
111 texture in the HEA.

2. The maximum twin fault probability (~3%) was consistent in both
CoCrFeNi and CoCrFeNiMn HEAs due to the similar SFE (20–30mJ/
m2). However, the saturation dislocation density was lower
(~150×1014m−2) and the grain size was larger (~80 nm) in the
present HEA of CoCrFeNi. These differences are due to the absence
of the lattice distortion by Mn and the slower diffusion in

Fig. 9. 111 XRD pole figures measured on the initial sample and the disks processed by different numbers of HPT turns.

Fig. 10. The hardness versus the distance from the disk center processed by
different numbers of HPT turns.
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CoCrFeNiMn alloy which hinder the annihilation of dislocations and
the grain boundary motion during HPT.

3. Despite the different grain sizes in the CoCrFeNi and CoCrFeNiMn
HEAs, the saturation hardness values were similar as
5100–5400MPa. This can be explained by the similar defect den-
sities, especially if the similarly high values of the twin fault prob-
ability with the twin fault spacing (7–8 nm) are considered. The
latter defects can harden the material in a same way as the general
grain boundaries. The saturation hardness was observed in an early
stage of straining at ~10 in the CoCrFeNi HEA while it is at ~40 in
the CoCrFeNiMn alloy due to the Mn addition delaying the evolution
of twin faulting.
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Fig. 11. Evolution of the grain size (a), dislocation density (b), twin fault probability (c) and hardness (d) obtained in the centers and the peripheries of the disks
processed by different numbers of turns as a function of the nominal shear strain. The insets show the evolution of the microstructural parameters and the hardness
for low strain values.

Table 2
Comparison of the saturation dislocation density and twin fault probability determined by XLPA, the saturation grain size obtained by TEM and the saturation
hardness determined for CoCrFeNi and CoCrFeNiMn HEAs processed by HPT at RT. In addition to the grain size, the saturation twin boundary (TB) spacing is also
shown in parentheses.

Composition Dislocation density [1014 m−2] Twin fault probability [%] Grain size (TB spacing) [nm] Hardness [MPa] Reference

CoCrFeNi 150 ± 20 3.0 ± 0.5 80 ± 10 (7 ± 1) 5100 ± 300 [This study]
CoCrFeMnNi 194 ± 20 2.7 ± 0.2 27 ± 5 (8 ± 1) 5380 ± 100 [4]

Fig. 12. Comparison of the evolution of the hardness as a function of the
nominal shear strain for CoCrFeNi and CoCrFeNiMn HEAs processed by HPT.
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