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Abstract

Severe plastic deformation is well recognized for processing ultrafine-grained metals, and high-pressure torsion
(HPT) is among the most effective techniques for achieving significant grain refinement at ambient temperature.
By combining severe hydrostatic pressure with intense plastic shear straining, this study demonstrates the use of
HPT for manufacturing fully dense bulk nanostructured metals directly from powder material. In this preliminary
work, pre-alloyed CrMnFeCoNi high-entropy alloy (HEA) powders were processed via HPT. After 15 turns under 6
GPa at room temperature, the consolidated bulk sample reached 99.7% of the theoretical density, with a refined
grain size of ~30 nm across both the disk center and edge. Vickers microhardness exhibited a homogeneous
distribution exceeding 500 H,, and micromechanical properties were evaluated using nanoindentation. The
measured mechanical properties and microstructural parameters were used to estimate the diffusion coefficient of
the nanostructured HEA under plastic deformation during nanoindentation. Lattice defect evolution with increasing
HPT turns was assessed by X-ray diffraction analysis. While the results are compared with earlier reports on cast
CrMnFeCoNi HEA processed by HPT, particular emphasis is placed on the temperature increase during powder
consolidation, which differs from bulk processing. This study demonstrates an HPT-based powder metallurgy route
for producing nanostructured metals without external heating and advances understanding of plastic deformation
in nanostructured CrMnFeCoNi HEA.
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Introduction

Blending multiple elements in near-equal proportions
increases configurational entropy, suppresses brittle
intermetallic phases, and enables compositionally com-
plex alloys, including single-phase high-entropy alloys
(HEA), opening new frontiers in alloy design and materi-
als discovery (Cantor et al. 2004; Yeh et al. 2004; George
et al. 2019). Currently, the fabrication of bulk HEA relies
predominantly on conventional liquid-state processing,
resulting in a microstructure often coarse and heteroge-
neous, requiring additional post-processing (Zhang et
al. 2014; Pickering and Jones 2016; Miracle and Senkov
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2017). Alternatively, mechanical alloying and powder
metallurgy (spark plasma sintering, hot pressing, hot iso-
static pressing) (Zhang et al. 2024; Oketola et al. 2025),
thermomechanical processing (forging, rolling, plas-
tic forming) (Huang et al. 2024), and additive manufac-
turing (AM) (Chen 2024), are currently available for
manufacturing bulk HEA. However, these thermal treat-
ments during or after manufacturing frequently lead to
grain coarsening, oxidation, and undesirable segrega-
tions (Chen et al. 2018; Kuzminova et al. 2021; Zamani
et al. 2022; Dinita et al. 2023), resulting in compromised
mechanical properties compared to those of their cast or
wrought counterparts that are nanostructured by severe
plastic deformation (Zhao et al. 2021a).

High-pressure torsion (HPT) has been widely applied
to a variety of engineering metals and alloys as a post-
manufacturing severe plastic deformation technique to
produce bulk nanostructured metals (Valiev et al. 2006,
2016). A recent review shows strong interest in produc-
ing nanostructures in HEA by HPT, specifically those
with face-centered cubic (f.c.c.) crystal structure (Chan-
dan et al. 2026). The HPT process combines extreme
hydrostatic pressure P and severe shear strain y by tor-
sion, offering unique severe plastic deformation of solids
to achieve microstructural refinement. Specifically, the
microstructure refinement occurs due to a severe shear
strain imposed by the process, y=2mnrN/h, where r is the
radial distance from the disk center, N is the number of
rotations, and / is the disk thickness (Zhilyaev and Lang-
don 2008). But this estimates only the surface-parallel
planes of the samples. The fact is that the formation of a
unique turbulent flow of solids occurs in the bulk volume
during HPT, resulting in a rolling of vortices exhibiting
localized areas with different levels of shear, as demon-
strated by the finite element method (FEM) over the sam-
ple vertical cross-section (Kulagin et al. 2017). This led to
the idea of applying HPT to mix and bond metal plates
and powders for introducing hybrid nanostructured
materials (Valiev et al. 2024).

Under HPT processing, fast shear deformation is con-
centrated near the sample surfaces, while gradual shear
straining occurs in the bulk interior. This non-uniform
deformation often evolves into vortex-like flow pat-
terns along the plane normal to the torsional shear axis
(Cao et al. 2010, 2011). While this behavior is attrib-
uted to a solid-state shear instability within bulk sol-
ids, it develops at the interfaces between separate solids
under intense shear or sliding conditions and is charac-
terized by the formation of interfacial vortices (Kulagin
et al. 2018; Beygelzimer et al. 2021, 2023). Such vortex-
driven material flow promotes the solid-state bonding
of both similar and dissimilar bulk metals during HPT
(Han et al. 2020; Hernandez-Escobar et al. 2021). Thus,
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by applying powder metallurgy to HPT, severe shear
interactions between individual powders or powder clus-
ters are expected to trigger plastic instability, producing
extensive regions of refined, complex phase mixtures
and initiating interparticle bonding. Pioneering work in
powder metallurgy—based HPT, had started much ear-
lier (Korznikov et al. 1991; Valiev et al. 1996), and has
recently been demonstrated as an effective route for pro-
ducing bulk nanostructured HEA, using both pre-alloyed
powders (Asghari-Rad et al. 2020, 2021; Son et al. 2022)
and mixtures of pure elemental powders (Kulagin et al.
2017; Kilmametov et al. 2019; Stiickler et al. 2021), and
even HPT-alloying on f.c.c. HEA (Chandan et al. 2026).
However, research on manufacturing bulk nanostruc-
tured HEA remains at an early stage, with many aspects
still poorly understood, including the resulting nano-
structure and defect states, as well as the thermally acti-
vated diffusion processes governing powder compaction
and nanostructuring.

Accordingly, this work aims to demonstrate a new
capability of the HPT process to enable concurrent
room-temperature powder compaction and nanostruc-
turing, and to systematically characterize the resulting
microstructure and micro-mechanical properties of the
nanostructured CrMnFeCoNi HEA. Special emphasis is
placed on quantifying the temperature rise during HPT
processing of powder compacts, identifying the micro-
mechanical deformation mechanisms of the nanostruc-
tured HEA, and estimating the grain boundary diffusivity
of the HEA during HPT up to 15 turns, as well as dur-
ing post-manufacturing nanoindentation-induced plastic
deformation at room temperature.

Experimental material and procedures

Pre-alloyed powder of a near-equiatomic single-phase
CrMnFeCoNi alloy was purchased from MSE Supplies
LLC. The nominal chemical composition in wt.% was
17.92 Cr, 19.94 Fe, 22.58 Co, 20.28 Ni, and bal. Mn. The
powder contained 589 ppm oxygen and 222 ppm nitro-
gen, and the size distribution of the powders ranged from
15 to 53 pm. The initial powder morphology was char-
acterized using scanning electron microscopy (SEM),
and compositional analysis was performed through
energy-dispersive X-ray spectroscopy (EDS). Figure 1
summarizes the powder compaction process using HPT.
Approximately 2.5 g of powder was first pre-compacted
into a pellet with a diameter of 10 mm and a height of
3—4 mm using a manual pellet press under a uniaxial
pressure of 150-200 MPa for ~4 h. Pre-compacted pel-
lets were subsequently processed by HPT under a com-
pressive pressure of 6 GPa for 1, 2, 5 and 15 turns at a
torsional speed of rotation of w=1 rpm at room tem-
perature. The temperature during HPT processing was
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Fig. 1 Anillustration of the powder compaction process in HPT. From left, initial powder sample, pre-compaction process using a pellet press, HPT pro-

cess of the pellet, and the HPT-consolidated disk sample

monitored using a thermocouple inserted into a hole in
the upper anvil, located 5 mm from the sample during
processing.

The microstructures at the center and at the edge,
4 mm away from the center, on the mid-height plane of
the HPT-consolidated disk sample after 15 turns were
characterized using transmission electron microscopy
(TEM). The TEM samples were prepared using a focused
ion beam (FIB) in a Helios 650 ultra-resolution dual-
beam field-emission gun (FEG) SEM. Initial milling was
performed at 30 keV, followed by successive polishing
steps from 5 keV to 0.5 keV. Bright-field TEM images
were collected using a FEI Titan FEG TEM operated at
200 keV. Compositional analysis was carried out by col-
lecting EDS data in scanning TEM (STEM) mode.

The densities of the HPT-consolidated samples were
measured using a helium gas pycnometer, Micrometrics
AccuPyc II 340 Gas Pycnometer. Entire disks were mea-
sured without sectioning. The sample volume was deter-
mined by helium gas displacement, and the density was
calculated from the measured mass and volume. Each
disk was evaluated 10 times to ensure statistical reliabil-
ity. Further microstructural analysis was conducted using
the X-ray diffraction (XRD) technique. XRD measure-
ments were performed over the slightly polished sur-
face of the HPT-consolidated disks as well as the initial
powders using a PANalytical Aeris diffractometer with
Cu-K, radiation in a Bragg—Brentano geometry. Diffrac-
tion patterns were collected with a step size of 0.02° and a
scanning speed of 7.95° min~’.

The Vickers microhardness distribution along the
diameter of each HPT-consolidated HEA disk was evalu-
ated using a microhardness tester, Mitutoyo HM-200. The
hardness distribution of each disk was obtained by aver-
aging at least three line-scan measurements with a step
size of 300 um across the diameter on the vertical cross-
sectional plane. Each disk was sectioned into two semi-
circular halves by electrical discharge machining (EDM),
mounted, and mechanically polished to obtain a mirror-
finished vertical cross-section surface. All hardness mea-
surements were conducted under an applied load of 300
gf with a dwell time of 15 s. The local micro-mechanical

responses near the disk edges of the HPT-consolidated
HEA disks were characterized by nanoindentation using
a Nanoindenter-XP system. Indentations were performed
with a three-sided pyramidal Berkovich diamond tip hav-
ing a centerline-to-face angle of 65.3°. At a given mea-
surement location, more than 20 indents were applied
to ensure statistical reliability. All tests were carried out
under a fixed maximum load of P,,,,= 50 mN, applied at
constant indentation strain rates £; of 0.0125, 0.025, 0.05,
and 0.1 s™*. These loading rates correspond to equivalent
representative strain rates of é= 1.25x107% 2.5x107%,
5.0x107% and 1.0x 1073 s7}, respectively, as determined
using an empirical relationship reported elsewhere
(Wang et al. 2010; Choi et al. 2011).

Results

Initial microstructure of pre-alloyed HEA powder

Figure 2(a) shows an SEM image of a representative area
of the powder particles (left) along with the surface of the
particle from the yellow-boxed region and correspond-
ing SEM-EDS elemental mapping of the initial pre-
alloyed CrMnFeCoNi HEA powder. The majority of the
pre-alloyed powder particles have a near spherical shape,
with surface morphology showing a dendrite structure
developed during the gas atomization process, and a
homogeneous distribution of elements. By contrast, an
EDS measurement revealed an inhomogeneous elemen-
tal distribution, specifically the depletion of Mn and Fe,
in a powder particle located at the upper-left corner of
the SEM image and captured by the dotted regions in the
corresponding elemental maps in Fig. 2(b).

Microstructure of bulk HEA after powder consolidation via
HPT

The densities of the pre-compacted powders before HPT
processing and the samples after consolidation by HPT
were measured, and the results are shown on the left in
Fig. 3. The theoretical density of the equiatomic CrMn-
FeCoNi alloy is 7.964 g cm™ (Gianelle et al. 2022). The
pre-compacted specimen before HPT (N=0) exhibits a
density of 6.50+0.01 g cm ™3, corresponding to 81.6% of
the theoretical density. After one HPT turn, the density
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Fig. 3 (left) Density evolution from pre-compaction to increasing numbers of HPT turns, and (right) Bright-field TEM images at the edge and center of

the HPT-consolidated CrMnFeCoNi alloy after 15 turns

increases to 7.925+0.001 g cm™>, or about 99.5% of the
theoretical density, and increases slightly further to about
99.7% after 15 turns.

Representative TEM images taken from the edge and
center of the disk sample are shown on the right in Fig. 3
for the HPT-consolidated CrMnFeCoNi HEA after 15
turns. The disk was well consolidated without any vis-
ible pores, and the microstructure achieved is similar
between the edge and the center of the disk. The achieved
grain size is ~30 nm from both regions, while some grain
boundaries that flow along the shear direction are visible
at the disk edge. For reference, the as-cast and homog-
enized equiatomic CrMnFeCoNi HEA showed saturated
refined grain sizes of ~25 nm under 6 GPa (Mohammadi
et al. 2022) and 50 nm under 7.8 GPa (Schuh et al. 2015;
Skrotzki et al. 2020) through HPT at room temperature.
It implies that powder consolidation via HPT demon-
strates the feasibility of effective grain refinement, similar
to conventional bulk metal processing via HPT.

The TEM—-EDS results obtained at the disk edge of the
CrMnFeCoNi alloy after 15 HPT turns show reasonable
homogeneity in the elemental distributions of Cr, Mn,
Fe, Co, Ni, and O, with no evidence of elemental deple-
tion or segregation (see Supplementary Fig. 1). The mid-
thickness plane of an HPT-processed disk, where the
present TEM characterization was conducted, receives
lower effective shear strain than the disk surfaces (Kawa-
saki et al. 2023; Reis et al. 2024), as recently demonstrated
during solid-state mixing of Al and Mg plates processed
by HPT (Wu et al. 2024). Importantly, such nanoscale
chemical homogeneity could only be resolved at the
length scales accessible by TEM and was not detectable
using SEM-based characterization techniques (Wu et al.
2024). Nevertheless, the several regions observed at the
disk edge showed homogeneous elemental distribution of
the solid CrMnFeCoNi alloy.

An oxide phase of spinel compound MnCr,0O, with an
over 200 nm size was observed at the disk edge (see Sup-
plementary Fig. 2). The formation of such contamination-
related oxides and carbides enriched in Mn and Cr is
commonly observed in HEA, especially after annealing,

where Mn and Cr are likely to create oxides easily due
to the low-energy oxide formation in this particular
HEA elemental combination (Christofidou et al. 2018;
Liu et al. 2023; Gwalani et al. 2024). TEM-EDS analysis
recorded outside of the oxide phase region shows a near-
equiatomic distribution of the constituent HEA elements
with measured compositions in at.% of 21.8 Cr, 18.2 Mn,
17.7 Fe, 18.5 Co, 18.6 Ni, and 5.2 O. It indicates increased
content of O in the bulk HEA through the powder con-
solidation by HPT.

The results of STEM—-EDS characterization conducted
at the disk center are presented in Fig. 4. The EDS ele-
mental mapping of the region in the high-angle annular
dark field (HAADF) STEM image shown on the left was
analyzed, including individual and combined elemental
distributions, as well as the elemental profile obtained
from an EDS line scan displayed on the combined ele-
mental map. While the HAADF STEM image reveals an
ultrafine-grained microstructure, consistent with that
shown in Fig. 3, the EDS maps identify distinct compo-
sitional heterogeneities. Specifically, two elongated, thin
bands enriched in Cr, Co, and Ni are observed in the ele-
mental maps, which are also clearly resolved in the ele-
mental intensity profiles. The elongated layers enriched
in Cr, Co and Ni, but depleted in Mn and Fe, exhibit layer
widths ranging from 10 to 60 nm. The thin bands are
attributed to a refined region associated with nonuniform
elemental distributions in the initial powder, as shown in
Fig. 2(b). However, these features are observed only at the
disk center and not at the edge, indicating that the higher
accumulated shear strain of ~600 at the disk edge after 15
HPT turns effectively dissolved or fragmented the non-
uniform regions, resulting in a more uniform elemental
distribution.

XRD line profiles obtained from slightly polished disk
surfaces are shown in Fig. 5 for both the HPT-consoli-
dated CrMnFeCoNi HEA up to 15 turns and the initial
pre-alloyed powder. All of these exhibit a single f.c.c.
structure, while XRD has a limited detection sensitivity
for minor or nanoscale phases. Because of nanostructur-
ing by HPT, the consolidated HEA shows significant peak
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HPT-consolidated CrMnFeCoNi alloy
HPT: 6.0 GPa, RT, 1 rpm
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Fig.5 XRD peak profiles for the HPT-consolidated CrMnFeCoNi HEA up to
15 turns and the initial pre-alloyed powders

broadening. This observation is consistent with earlier
studies on equiatomic CrMnFeCoNi subjected to HPT,
where no secondary phases were detected after 10 turns
under 6 GPa (Shahmir et al. 2016).

Micro-mechanical behavior of HPT-consolidated
nanostructured HEA

The estimated average hardness and its standard devia-
tion across the disk diameters are shown in Fig. 6 for the
nanostructured HEA after HPT powder consolidation
for different numbers of turns. The evolution of hardness
across the disk diameter of the HPT-consolidated HEA
follows a typical pattern with hardening (Kawasaki 2013),
driven primarily by grain refinement and strain harden-
ing, as indicated by the maintenance of a single phase, as
seen in the XRD results in Fig. 5. After 1 and 2 turns of
HPT, the hardness at the disk centers reached the hard-
ness just above Hy =400, while the disk edge reached
around 480. Through 15 HPT turns, the hardness was
saturated at Hy, =507 +5 across the disk diameter. Over-
all, these findings confirm that powder consolidation and
concurrent grain refinement by 15 turns of HPT vyield a
homogeneous microstructure. The achieved hardness
of the nanostructured CrMnFeCoNi HEA produced via
the room-temperature powder-metallurgy route is in
agreement with the reported saturated hardness of Hy =
510-520 of the same CrMnFeCoNi HEA in cast, followed
by HPT (Schuh et al. 2015; Skrotzki et al. 2020; Chul-
ist et al. 2022). Nevertheless, although similar hardness
developments are observed in bulk metal processing,
the direct transformation from particles to fully dense
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Fig. 6 Vickers microhardness variations along the disk diameter of the
HPT-consolidated nanostructured CrMnFeCoNi HEA up to 15 turns

nanostructured metal with such high hardness repre-
sents a significant novelty.

While Vickers microhardness measurements can eval-
uate microstructural changes at the micron scale (Wu et
al. 2026), it lacks sensitivity to atomic-scale features (Wu
et al. 2024). To determine the micro-/nano-mechanical
behavior of the nanostructured HEA after HPT powder
consolidation, nanoindentation was applied at the edge
of the processed disks. Figure 7 presents representative
load—displacement (P-/) curves obtained at four equiva-
lent strain rates of 1.25x107% 2.5x107%, 5.0x107% and
1.0x 1073 s™! measured after HPT for (a) 1 turn and (b) 15
turns. A similar presentation of the curves for the disks
after HPT for 2 and 5 turns is shown in Supplementary
Fig. 3. The displacement responses are similar across the
tested strain rate range after 1 HPT turn, and this behav-
ior is maintained after 15 turns, although slightly lower
displacements, indicating higher hardness, are observed at
all strain rates. Moreover, comparison of the distributions
obtained from 20 indentations reveals wider scatter in / at
lower strain rates after 1 and 2 turns (see Supplementary
Fig. 3), whereas the P—/ curve distributions after 15 turns
are consistent across all strain rates. The broader scatters
in the P—h responses indicate microstructural inhomoge-
neity at the disk edges in the early stages of HPT process-
ing. Such inhomogeneity is more readily captured at lower
strain rates. Also, it agrees with the Vickers microhard-
ness results at the disk edges after 1 and 2 turns, where
larger error bars are observed compared with disks pro-
cessed to higher HPT turns. In the regime of fully plastic
flow state, the flow stress oy is characterized using Tabor’s
empirical correlation, o, ~ Hy/3, where Hy denotes the
measured nanoindentation hardness (Oliver and Pharr
2011). The calculated flow stresses at different strain rates
through nanoindentation are shown in Table 1.
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Fig.7 Representative load—displacement (P-h) curves recorded by the nanoindentation method taken at the disk edges of HPT-consolidated nanostruc-
tured CrMnFeCoNi HEA after (upper) 1 turn, and (lower) 15 turns at four strain rates at 1.25x10™4—1.0x 1073 5™

Table 1 Calculated flow stresses at different strain rates
by nanoindentation of HPT-consolidated nanostructured
CrMnFeCoNi HEA

Number Strain rate, £ (s™")

of HPT 1.25x10™% 25x10* 5x10*  1x1073

turns, N
Flow 1 205+009 2104010 2124006 223+006
stress, 206+007 2144005 2184009 223+006
Or 5 2124007 2154008 2224007 2.27+005
(GPa) 1 223+006 227+008 233+008 237+009
Discussion

A new model of temperature rise during HPT powder
consolidation
The HEA powder consolidation using HPT processing
at atmospheric temperature can benefit from the tem-
perature rise due to friction between powders during the
early stage of HPT consolidation, internal friction of the
consolidated bulk, as well as friction between the anvils
and the solid disk sample afterward. There have been sev-
eral experimental and modeling efforts to build equations
for estimating this temperature rise occurring during
HPT. However, estimation may vary with different HPT
setups, including materials and volumes of anvils, varying
thermal conductivity and heat capacity (Figueiredo et al.
2012), different materials and torsion rate w (Edalati et al.
2011), and the location of measurement from the sample
(Hébor et al. 2010), as well as different sample sizes and
rotation speeds.

Two equations have been developed based on a similar
concept estimating the temperature rise during HPT. The

earlier simplified equation showing the temperature rise
AT (K) is shown below using Ti alloy (Pereira et al. 2014),

AT = aosw[l +b(1 — exp(—t/c)] (1)

where o is the flow stress of the sample in MPa, ¢ is the
processing time in s, and «a is the heat generation coef-
ficient in K MPa™'' s, b is a dimensionless constant, and ¢
is a relaxation time coefficient with units in s. Most HPT
processing on the bulk disk and plate samples shows a
temperature rise followed by the upper saturated tem-
perature. For tool-steel anvils rotating at w =1 rpm=2m/
60 rad s™'=0.105 s~! and a sample with a radius of 5 mm
and a thickness of 0.8 mm, the model estimates »=1.28
and c¢=482 s, and a=0.22 K MPa! s at the earlier stage
of HPT, followed by a=0.5 K MPa™" s under the satura-
tion condition. This model was validated by experiments
using Ti alloy with different sample sizes and volumes.

Another equation similar to Eq. (1) but in a simplified
form is given below (Edalati et al. 2018),

AT = Bopeo[(1 - eap(—t/c)] @

where both f is the heat generation coefficient with units
K MPa~! rpm™, and o is in rpm. The thermal property of
the sample is considered to have a marginal effect, while
the critical parameter is the flow stress of the material,
which is consistent in both Egs. (1) and (2). In this report,
S=0.017 and c¢=2 were applied and validated by experi-
ments on Sn, Al, Ag, Cu and Ti for the early stage of HPT
up to 1 turn under w =1 rpm (Edalati et al. 2018).
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Equations (1) and (2) establish similar semi-empirical
models for the temperature rise upon HPT processing.
Both models relate the temperature rise proportional to
the flow stress o, of the material and the processing speed
®. The exponential function with an individual time scale
¢ depends on the heat dissipation from the HPT speci-
men into the anvils, which further depends on the geom-
etry, the position of the temperature sensor, and the
thermal properties of the system, i.e., anvils. The experi-
ments in the two reports differ significantly in the place-
ment of the temperature sensor, namely 10 mm above the
specimen in the bulk of the anvil (Pereira et al. 2014) and
directly contacting a specimen (Edalati et al. 2011). Nev-
ertheless, considering the conversion between rpm and
s71, the reported parameters a and j are consistent, i.e.,
in the same order of magnitude.

The present HPT experiments employed a conven-
tional, quasi-constrained setup. However, the powder
metallurgy-based fabrication of bulk nanostructured
HEA exhibited a distinct temperature rise. This behavior
is displayed in Fig. 8, with three independent experimen-
tal trials indicated by solid lines. During the early stage of
HPT up to~100-150 s, AT increased more rapidly than
predicted by the models in Egs. (1) and (2). With contin-
ued processing up to 900 s that is corresponding to 15
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Fig. 8 Plot showing temperature rise with HPT processing time for the
HEA powder consolidation by HPT for 15 turns under 6 GPa at 1 rpom =27/
60rad s™'=0.105 57" Solid lines represent the three experimental datasets,
while the calculated model relationships are shown as dotted curves
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turns, the HPT powder consolidation accompanied by
nanostructuring exhibited a stable and sustained increase
inAT.

The green curve labeled Model 1 in Fig. 8 was com-
puted as the best fit to the experimental data 1-3 using
Eq. (1) with the flow stress o;=2.37 GPa of the HEA after
15 HPT turns at ©=0.105 s}, taken from nanoindenta-
tion measurements at the highest strain rate (see Table 1).
The fitting was performed using a=0.0216 K MPa™! s,
b=4.32, and ¢=386 s. This model deviates from experi-
mental data, particularly at the early stage of HPT. By
contrast, the red dotted curve labeled Model 2 in Fig. 8
was obtained using Eq. (2), again employing the nanoin-
dentation-derived flow stress of the HEA after 15 turns.
The best fit to the experimental data was achieved with
$=0.0106 K MPa™* rpm™ and c =224 s. Nevertheless, this
calculation also fails to capture the accelerated increase
in AT during the early stage of HPT, nor does it repro-
duce the nearly constant rate of AT increase observed at
later stages.

Accordingly, a new empirical equation is proposed,
which is similar in form to Eq. (2) but includes an addi-
tional term analogous to Eq. (1), as given below:

AT = fojw (1 — exp(—t/c)] + kt (3)

where k is a constant with units K s™!. The blue dot-
ted line labeled Model 3 in Fig. 8 provides the best fit
for the experimental data. The model parameters are
p=0.0053 K MPa! rpm™, ¢=58 s, and k=0.016 K
s, or equivalently 5=0.051 K MPa™! s, ¢c=58 s, and
k=0.016 K s™! when using @ in rad s™' The parameters
correspond to powder HEA consolidation by HPT for 15
turns under a pressure of 6 GPa, with the temperature
sensor positioned ~5 mm above the sample. Further anal-
ysis incorporating a wider range of HPT turns, different
HEA compositions, and varying angular velocities (o) is
required.

While the first two models indicate a saturation tem-
perature after a characteristic time constant ¢, the new
model asymptotically approaches a linear temperature
increase with time, indicating different dissipation of
heat, where Models 1 and 2 may contain an infinite heat
sink e.g. active cooling with different volume of anvils,
while Model 3 configures an isolated anvil, from which
heat does not easily dissipate into the environment
and temperature just increases with the produced heat
according to its heat capacity. This may also arise from
differences in the powder processing conditions that
Model 3 was developed to match, compared with those
assumed in Models I and 2. Thus, the new model for esti-
mating AT, proposed in Eq. (3), specifically captures the
quick heating during the first 1-2 turns, equivalent to ¢
up to 120 s, and the maximum recorded temperature rise
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in this study of AT>25 K for powder compaction and
nanostructurization through 15 HPT turns.

Lattice defects and nanostructure

The XRD peak profiles shown in Fig. 5 were analyzed
using the classical Williamson-Hall (W-H) method,
enabling separation of peak broadening from the influ-
ences of crystallite size dy,, and microstrain Ae, with the
following relationship,

2T
XRD

+ AeQ

AQ:Kd (4)

where the peak position Q=2 k sin(f) with wavevec-
tor k=2mn/A, Bragg angle 6, and wavelength A, and K is
a shape factor, equal to 0.9 for spherical particles (Pat-
terson 1939). Figure 9(a) shows a W-H plot taking full
width at half maximum (FWHM), AQ, versus scatter-
ing vector, Q, for the pre-alloyed HEA powders and the
consolidated HEA by HPT for 15 turns. Other samples
consolidated by HPT for small numbers of turns are
shown in Supplementary Fig. 4. The data from dif-
ferent Q of f.c.c. peaks for the initial HEA powders
showed that the data fit Eq. (4) nicely, as shown in the
black line, so that dy;, =843 nm and Ac=0.00431 were
estimated. By contrast, the disk after 15 turns shows
the scattered data from the classical W—H relationship
due to the lattice strain anisotropy around dislocations
(Karato 2009) occurring through severe plastic deforma-
tion that has been observed often after HPT process-
ing on bulk metals, including 316L stainless steels and
CrFeCoNi f.c.c. alloys (Han et al. 2021; Liu et al. 2023).
While the method can be used by taking slip planes, for
instance, 111 and 222 for f.c.c. crystals (Han et al. 2021;
Kawasaki et al. 2022) or using the diffraction technique
that enables the reflection peaks through high Q (Lee
et al. 2025) so as not to overestimate dy;, and Ag, it is
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reasonable to further consider the strain anisotropy in
the severely strained HEA after HPT.

To account for the lattice strain anisotropy, a modi-
fied W—-H method is applied for all samples including
the initial powder. This method incorporates an average
dislocation contrast factor C' and the Wilkens dislocation
arrangement parameters M into the broadening relation,
as shown in Eq. (5);

2

dxgrp

AQ =K

2
(M) e o

where M =R, p'? is a dimensionless unit that character-
izes the dislocation dipole, R, is the effective outer cutoff
radius of dislocations in a random dislocation distribu-
tion (Wilkens 1970), p is the dislocation density, and b is
the Burgers vector. The average dislocation contrast fac-
tor Chy; at the hkl reflection can be estimated by,
Chrt = Choo(1 — qH?) (6)
where C,g0 is the average contrast factor of h0O reflec-
tion, g represents the dislocation type (edge or screw)
and H? = (h? k2 + K212 + I’h2)/(h® + k? +1%)? is the orientation
factor (Ungar et al. 1998). Theoretical values of g were
calculated by the relation developed for f.c.c. crystals
(Ungar et al. 1999) as shown below,
g=all —exp(—A4;/b)] +cA; +d (7)
where A;=2C,,/(C,,-C,,) is an elastic anisotropy factor esti-
mated by the elastic stiffness constants of C;;=172.1 GPa,
C,,=107.5 GPa and C,,=92.0 GPa for CrMnFeCoNi HEA
(Wu et al. 2014), and a, b, ¢ and d are constant for edge and
screw dislocations for f.c.c. crystals (Ungar et al. 1999).
The modified W—H plot is shown in Fig. 9(b) for the
powder sample and the disk after HPT for 15 turns. The
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Fig. 9 a Classical Williamson-Hall plot, and b modified Williamson-Hall plot for the initial CrMnFeCoNi powders and the HPT-consolidated HEA disk for

15 turns



Bhatta et al. Journal of Materials Science: Metallurgy (2026) 1:13
[ CrMnFeCoNi alloy 1 N’g

€ - HPT: 6.0 GPa, RT, 1 rpm 1102
E 0} j12 37
% Microstrain — 4 E x
o =] <
o Dislocation density — ‘T >
N —0 = )
@ @ S

O 1
2 10 FER-
T f =1 o
%) ] =
2 ] 8
o < Crystallite size o
o} 1 2
a
101 S S I S S S S S S SR R 10 4 100
0 5 10 15
(Powder)  Number of HPT turns, N

Fig. 10 The evolution of microstructural parameters of crystallite size dygp,
microstrain Ag, and dislocation density p with increasing HPT turns N for
CrMnFeCoNi HEA powder consolidation

other samples after HPT were also analyzed through the
Modified W-H method, and the corresponding plots
are shown in Supplementary Fig. 4. This refinement
process yields well-fitted linear relationships, especially
for the HEA after 15 HPT turns, with a quality compa-
rable to that of the initial powders before plastic defor-
mation. This modified W-H analysis provides more
reliable estimates of the microstructural parameters of
domain size dyyp, microstrain Ae, and dislocation den-
sity p. These parameters are plotted in Fig. 10 against
the number of HPT turns N, where the results for the
initial powders are shown at N=0. The numerical values
are summarized in Table 2. The results show nanostruc-
turing of the HEA reaching dy;,~20 nm occurs with
increasing dislocation density of p>10'> m™ and a two-
fold increase in microstrain even after 1 HPT turn, and
these stay almost constant through 15 turns. Although
the estimated dislocation density in the present study
is lower than the reported values of ~10'® m=2 for bulk
CrMnFeCoNi HEA processed by HPT (Skrotzki et al.
2020; Heczel et al. 2017), the minimum achieved domain
size of dyp~20 nm and the grain size determined by
the microscopy technique of d ~30 nm after HPT (Hec-
zel et al. 2017) are consistent with those observed in the
present HPT-powder consolidated HEA. The estimated
b=2.54 A for all sample conditions corresponds to a lat-
tice constant of a~3.59 A for the HEA, which remains
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essentially unchanged across all conditions, while a
slight lattice expansion is calculated after HPT powder
consolidation.

Micro-mechanical behavior of powder-consolidated bulk
nanostructured HEA

Nanoindentation is well-suited for evaluating local
mechanical properties and their variations by probing
small material volumes at specific locations, enabling
accurate measurement of micro-mechanical proper-
ties in the presence of microstructural gradients arising
from shear strain heterogeneity during HPT processing
(Kawasaki et al. 2017). An earlier review summarized
recent progress in the use of nanoindentation to under-
stand the micro-mechanical responses of nanostructured
f.c.c. HEA (Lee et al. 2023).

The nanoindentation results are analyzed to deter-
mine rate-sensitive parameters such as the strain-rate
sensitivity m, and to identify thermally-activated plastic
deformation mechanisms by calculating the activation
volume V*. For indentation conducted at a nominally
constant strain rate, the indentation strain rate is defined
as €; = (dh/dt)/h, with h corresponding to the penetration
depth and ¢ representing time. At fixed values of strain ¢
and temperature 7, the strain-rate sensitivity m and the
effective activation volume V* are obtained from the rate
dependence of hardness according to the relations below
(Choi et al. 2013):

_ (Owmoy\  _ (Oln(Hn/3)
m = (am)T - (aln(o.m é»)g,T ®

where k is Boltzmann’s constant.

The estimated m and V* derived from the nanoinden-
tation datasets shown in Fig. 7 and Supplementary Fig. 3
for the nanostructured HEA are summarized in Fig. 11
as a function of the number of HPT turns. The strain
rate sensitivity m decreases with increasing HPT turns,
however, it remains in the range of ~0.03—0.04 across the
grain or crystallite sizes shown in Fig. 10. These m values

Table 2 The estimated numerical microstructural parameters of crystallite size dygp, microstrain Ae with linear regression parameter a,
and dislocation density p with increasing HPT turns N for CrMnFeCoNi HEA powder consolidation

Material Linear regression parameter a (A Crystallite size d,g, (nm) Microstrain Dislocation density
Ae p(m™
Powder 0.0007+0.003 843 0.0043+0.001 422x10"
Bulk via 1turn 0.036+0.01 17 0.0087 +0.006 1.67%10"
HPT 2turns 0.034+0.005 18 0.0084+0.005 156%10"
consolidation 5 ¢y 0.032+0.005 19 00093+0005  191x10'°
15 turns 0.032+0.007 20 0.0092 +0.006 1.86x 10"
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Fig. 11 Variation of strain rate sensitivity m and activation volume V* for
the powder consolidated HEA after HPT for 1 to 15 turns under 6 GPa

are higher than those for Ni and Ni-based alloys showing
m ~0.02-0.03 and are comparable to those of f.c.c. CrM-
nFeCoNi and AICrFeCoNi high-entropy alloys (Zhao et
al. 2021b). Previous studies report a decrease in m for
as-cast CrMnFeCoNi HEA from ~0.038 to~0.031 after
% turn and to<0.03 between 1/2 and 2 HPT turns (Lee
et al. 2015). Although the m value of this present study
declines gradually with increasing plastic deformation,
its absolute value remains within the range reported in
earlier studies. This suggests that powder metallurgy
through HPT is a promising route for manufacturing
bulk nanostructured HEA with enhanced plasticity, simi-
lar to conventional bulk HPT processing.

The value of V* varies by orders of magnitude depend-
ing on different rate-controlling processes of materi-
als (Zhu et al. 2007). Typical values are on the order of
10°-10° b? for dislocation glide in f.c.c. metals (Conrad
2003),~ 10 b? for grain boundary sliding (Conrad 2007)
and ~b? to below 10 b? for diffusion-mediated deforma-
tion processes, either along grain boundaries or through
the crystalline lattice (Conrad 2003; Frost and Ashby
1982). The computed V* values in the present study
range from 5.0 b? to 6.5 b?, implying that the dominant
deformation mechanism in the nanostructured HEA is
diffusion-controlled dislocation activity, particularly a
grain-boundary diffusion-dominated process, where dif-
fusion is much more pronounced in the nanocrystalline
state, thus leading to grain-boundary sliding. In con-
trast, in bulk HEA subjected to grain refinement by HPT,
the activation volume typically decreases slightly with
increasing N as reported for CrMnFeCoNi HEA (Lee et
al. 2015), while the observed V* values remain within a
similar range of ~6-8 b?,

The observed slight increase in V* with increasing N
may be attributed, at least in part, to the temperature
rise during HPT as seen in Fig. 8, as similar increases
in V* were reported under -elevated-temperature
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nanoindentation (Lee et al. 2018). While the present
nanoindentation experiments were conducted at room
temperature after HPT, the potential imprint of this
thermal effect on the resulting microstructure should be
considered. Nevertheless, the observed increase in V*
suggests a possible growing contribution of grain bound-
ary—mediated deformation mechanisms, such as grain
boundary sliding and diffusion creep, in the nanostruc-
tured HEA.

Grain boundary diffusivity in nanostructured HEA

The interpretation of the present results enables estima-
tion of diffusivity through grain boundaries, thus grain
boundary diffusivity Dy, in the HPT-consolidated bulk
nanostructured CrMnFeCoNi HEA during nanoinden-
tation-induced plastic deformation at room tempera-
ture. Dy, in the post-consolidated HEA can be estimated
under nanoindentation-induced plastic flow at =298 K.
A recent work (Figueiredo et al. 2023) examined the
effect of grain size on the flow stress by reconstructing
the original rate equation (Langdon 1994), subsequently
modified (Figueiredo and Langdon 2021) and further
adapted to incorporate the mean linear intercept grain
size d; according to the approach (Thompson 1972). The
plastic deformation in nanostructured materials, domi-
nated by grain boundary sliding accommodated by grain
boundary diffusion, as indicated by the present nanoin-
dentation results, can be expressed as follows (Figueiredo
et al. 2023):

V3GET ed?
f— 1
o \/ 2d,b° In %Dy )

where G is the shear modulus, k is the Boltzmann con-
stant, and § is the grain boundary width that is often
taken as~2 b. The m value increases with increasing
temperature, as implied in Eq. (8). When the grain size is
stable, there will be higher strain-rate sensitivity at higher
temperatures, ultimately leading to values of m ~ 0.5, then
Eq. (10) is associated with the occurrence of conventional
superplasticity. By contrast, Eq. (10) also works for ambi-
ent temperatures, as was shown with Al, Cu and other
metals, where m is as low as 0.03 at ambient tempera-
ture, including room temperature, Eq. (10) fits reasonably
well with the experimental results for ultrafine-grained
conditions.

By contrast, the flow stress for HEA, specifically CrM-
nFeCoNi HEA, Eq. (10) can be modified to account not
only for grain refinement strengthening but also for the
significant contribution of solid-solution strengthening
depending on the temperature of testing and processing
(Laplanche et al. 2018). Such a modified approach, lead-
ing to the flow stress oy tested at room temperature for

(10)
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ultrafine-grained CrMnFeCoNi HEA, has been reported
(Figueiredo et al. 2022).

1 RT o0
oy = opexp 7ﬁA—Elln = +

where o, is the intrinsic lattice friction stress at 0 K,
AE, is the activation energy barrier, and & is a refer-
ence strain rate that this study takes 10* s™! following the
report (Laplanche et al. 2018). Equation (11) was shown
to successfully describe the flow stress of nanostructured
CrMnFeCoNi HEA over a wide temperature range from
77,293 to 1073 K. In the present study, flow stress oy at
specific strain rate £ is available from nanoindentation
results, and applying G=280,424 MPa at 298 K of CrM-
nFeCoNi (Laplanche et al. 2015), 0,=405 MPa (Wu et
al. 2014) and AE,=1.13 eV consisting of 109 k] mol™
(Laplanche et al. 2018) for CrMnFeCoNi, and b=2.54 A
and d;=30 nm from the TEM analysis for the pres-
ent CrMnFeCoNi HEA, Dy, of 1.4x107"7 - 9.0x107"
m?s~!. This further yields the apparent activation energy
with Qg,=85-93 kJ mol™ for nanostructured CrMn-
FeCoNi at 298 K. It falls within a reasonable range with
Qg ~50 K] mol™ computed from the estimated activation
enthalpy of ~0.5 eV at 298 K by nanoindentation (Lee et
al. 2018) and a modeled Qy, value of 90 k] mol™! at 300 K
(Figueiredo et al. 2022), which confirms the conclusions
received by nanoindentation of the micro-mechanical
behavior of the nanostructured CrMnFeCoNi HEA
under nanoindentation-induced plastic deformation
through grain boundary diffusion.

Figure 12 summarizes the reported Dy, at various tem-
peratures, including the present analysis for nanoinden-
tation-induced plastic deformation at 298 K (green stars).
Reference Dy, values for Ni diffusion in pure Ni (Divinski
et al. 2010), Fe—40Ni (Kang et al. 2004), and CrFeCoNi
and CrMnFeCoN:i alloys (Vaidya et al. 2017) with all hav-
ing coarse-grained microstructure are shown as dotted
lines. Also included are reported Dy, for Co diffusion in
coarse-grained CrMnFeCoNi HEA (Glienke et al. 2020)
and ECAP-processed ultrafine-grained (UFG) CrMnFe-
CoNi HEA (Jiang et al. 2024), as well as Ni diffusion in
UFG pure Ni after ECAP (Divinski et al. 2011) and addi-
tively manufactured (AM) CrMnFeCoNi HEA (Choi et
al. 2020, 2024). The reference data were primarily derived
from radiotracer measurements conducted at elevated
temperatures.

The present analysis yields significantly higher values
of Dy, indicating much faster effective diffusivity dur-
ing nanoindentation-induced plastic deformation. This
enhancement can be attributed to the activation of fast
diffusion paths associated with stress-assisted grain
boundary diffusion and grain boundary sliding under the

V3GET edy
i (Mgb + 1) (11)
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highly localized stress fields generated during nanoinden-
tation at controlled strain rates (Li et al. 2002; Kirchheim
2007). Since the vacancy concentration in HPT-pro-
cessed materials approaches thermally activated levels
near the melting temperature (Liu et al. 2023; Cizek et
al. 2019), it accelerates higher diffusivities even at ambi-
ent temperature. The dominance of these processes
is further promoted by the nanostructured condition,
where the high density of grain boundaries governs plas-
tic deformation (Conrad 2003). On the other hand, the
grain boundary ¢ width is an assumed parameter, which
is based on thermally stabilized grain boundaries. In
highly distorted HPT material, however, the manifold of
the grain boundary is not smooth, i.e., non-equilibrium
grain boundaries are reported with the widths about
1-2 nm (Sauvage et al. 2012) in SPD-processed materials.
This results in § being approximately two to three times
higher, leading to an overestimation of Dy, in the present
analysis. However, the resulting shift of D, toward lower
values remains relatively small. Although this behavior
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contrasts with the commonly cited concept of sluggish
diffusion in HEA, the present results demonstrated that
nanostructure-promoted, grain boundary—mediated dif-
fusion and deformation processes dominate plastic flow
in HPT-consolidated CrMnFeCoNi HEA.

Summary and conclusions

(1) This study demonstrated the capability of
powder metallurgy HPT at room temperature
to manufacture bulk nanostructured HEA from
pre-alloyed CrMnFeCoNi powders. The density
increased significantly to 99.5% after 1 turn and
ultimately reached 99.7% of the theoretical density
of HEA after 15 HPT turns.

(2) The microstructure reached reasonably equiaxed
grain sizes of 30 nm observed by TEM at both
the disk center and edge after 15 HPT turns.
While the elements were well distributed at the
disk edge, CrCoNi-rich thin layers with widths of
10-60 nm remained at the disk center, originating
from minor particles with that composition. After
15 HPT turns, the disk exhibited a homogeneous
distribution of microhardness Hy, =507 £ 5 across
the disk diameter.

(3) HPT for powder consolidation through 15 turns
showed a unique temperature profile, including an
immediate temperature increase at the early stage
of HPT for 200 s, followed by a linear increase in
temperature through 900 s for AT'=25 K. Based
on earlier-developed models for general HPT
processing of bulk samples, a new temperature
rise model for HPT powder consolidation was
proposed.

(4) XRD analysis using Williamson-Hall and its
modified methods yielded important material
parameters of the nanostructured CrMnFeCoNi
alloy through 15 HPT turns. Nanoindentation
measurements revealed a pronounced strain-
rate sensitivity in the HPT-processed alloy. The
evaluated activation volumes indicate a significant
contribution of grain boundary diffusion—controlled
mechanisms as a dominant micromechanical
deformation mode in the nanostructured HEA.

(5) The grain boundary diffusion coefficient of the
nanostructured CrMnFeCoNi alloy under plastic
deformation by nanoindentation was computed.
Comparison with published data demonstrates that
nanoindentation-induced plastic deformation leads
to accelerated grain boundary—mediated diffusion
and deformation processes at room temperature
in the nanostructured CrMnFeCoNi after HPT
powder consolidation.
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