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A B S T R A C T

The process of severe plastic deformation (SPD) introduces unique conditions to materials, leading to
the emergence of novel properties. This research specifically investigates the observation of deformation-
induced ferromagnetism resulting from SPD processing. High-pressure torsion (HPT) is utilized to process
both single-phase and nanocomposite high entropy alloys (HEAs). Vibrating sample magnetometry (VSM)
confirms that HPT processing triggers the development of ferromagnetic properties. The distribution and
alignment of magnetic domains post-SPD treatment are further examined using differential phase contrast
scanning transmission electron microscopy (DPC STEM). Atom probe tomography (APT) analysis suggests that
this phenomenon stems from the localized enrichment of ferromagnetic elements, particularly Ni, induced
by deformation. This observation underscores the ‘cocktail effect’ in HEAs, whereby interactions between
different elements has led to this unique magnetic behavior. Additionally, deliberate mechanical mixing of
the CoCrFeMnNi alloy with a HfNbTaTiZr HEA, comprising non-ferromagnetic constituents, introduces a large
rotational strain that alters the ferromagnetic properties. This mixing facilitates a transition from a random
orientation of magnetic domains, as seen in the HPT-processed single CoCrFeMnNi alloy, to a coordinated
alignment within the nanocomposite HEA.
1. Introduction

Specific functional applications of materials that are fit for the
future have elevated the significance of properties such as thermal
stability, high strength, low-heat generation, and improved mechanical
performance at cryogenic temperature to a paramount level. Vari-
ous fields, including information storage, superconductivity, electrical
power transmission, and high-speed switching or signal transmission,
share a common requirement for thermally stable ferromagnetic mate-
rials [1]. Consequently, it becomes indispensable to investigate mate-
rials that demonstrate exceptional properties across a broad spectrum
of operating temperatures. In this context, high entropy alloys (HEAs)
stand out as promising candidates for the forthcoming undertakings
[2,3]. Due to their high configurational entropy and different local
atomic environments, HEAs and compositionally complex alloys ex-
hibit a high potential for application in different aspects of materials
science [2,4–11]. In this regard, the emergence of new properties as
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a result of the multi-principal alloy design that has been termed as
‘cocktail effect’ [12,13] seems particularly attractive. Among the four
‘core effects’ of HEAs, the ‘‘cocktail effect’’, originally introduced by
Ranganathan [12], is the most abstract concept. In literature, there are
only a few examples demonstrating this effect, which are attributed to
the development of new phenomena or properties. For example, Cao
et al. [14] attributed strengthening and strain-hardening mechanisms
in fcc HEAs at ambient and cryogenic temperatures to the ‘cocktail
effect’. Being still obscure [15], it was suggested to use this term
in relation to the surprising and exotic properties that can arise in
HEAs due to their chemical complexity [13]. The ‘cocktail effect’
becomes even more interesting when elements with different structural,
kinetic, and ferromagnetic properties are combined as constituents of a
single-phase or nanocomposite HEA. This may give rise to unexpected
interactions between the elements and the development of properties
or phases beyond what is predicted by the simple rule of mixtures.
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In fact, the present study focuses on this very phenomenon. One
highly interesting area of research in the field of complex metallic
alloys is the phenomenon of deformation-induced ferromagnetism [16].
Certain alloys with equiatomic composition, which are paramagnetic
in the un-deformed state, have been found to exhibit ferromagnetic
properties after undergoing deformation processes such as rolling or
cold-working [17]. This unexpected behavior has been attributed to
changes in the local atomic environment and the creation of defects
during deformation, leading to the formation of ferromagnetic clusters.
Understanding the mechanisms behind deformation-induced ferromag-
netism in these alloys could lead to the development of new multi-
functional magnetic materials with improved mechanical properties.
Furthermore, the ability to precisely control the microstructural compo-
nents of magnetic materials can unlock new opportunities for designing
and fine-tuning high-performance magnets [18–20]. Progress in this
field could significantly boost applications in electronics, sensing, and
energy conversion, resulting in more efficient and potent technologies.

In our study, we analyze and contrast two distinct methods of
inducing ferromagnetism in HEAs. We demonstrate that deformation
significantly facilitates atomic migration, leading to the localized accu-
mulation of ferromagnetic elements. This process serves as the funda-
mental mechanism responsible for the development of ferromagnetism
in this material.

2. Materials and methods

2.1. Sample preparation

The single-phase fcc CoCrFeMnNi alloy known as ‘‘Cantor’’ alloy
was produced by arc melting of 99.9% purity Co, Cr, Mn, Fe, and
Ni pieces in equiatomic proportions in Ar atmosphere. A subsequent
homogenization step at 1373 K for 50 h was carried out with the sample
ealed in a quartz tube filled with Ar. Throughout the manuscript,
his particular sample will be denoted as the as-cast Cantor alloy. The
igh-pressure torsion (HPT) processed Cantor alloy is a 1 mm thick
isk with a diameter of 7.5 mm, cut from the homogenized equiatomic

CoCrFeMnNi rod. The HPT processing is carried out under a constant
pressure of 9 GPa up to 15 revolutions at ambient temperature at a
torsional deformation rate of 1 revolution per minute. To this end, the
disk is placed inside anvils each with 0.4 mm deep and 7.5 mm diameter
cavities.

For the production of the HEA nanocomposite, forced mechanical
mixing of two separate HEA disks was employed. One disk is the single
phase fcc CoCrFeMnNi and the other is a single phase bcc HfNbTaTiZr
HEA. Both phases were in coarse grained states and had a uniform
chemical composition after going through a homogenization step. The
elements used for the production of the HfNbTaTiZr alloy, also known
as the ‘‘Senkov’’ alloy, were 2–5 μm granules of 99.99% purity and the
single-phase bcc solid solution was prepared by arc melting in an argon
atmosphere with a final heat treatment process comprising several steps
at 1473 K for 48 h under Ar atmosphere. Prior to the HPT processing,
the disks were polished down to a thickness of 0.5 mm and the initial
diameter was 7.5 mm. One side of the disks was mechanically polished
o have a mirror-like finish, and the other side remained rough for
etter friction between the disks and the anvils. The disks were then
tacked on one another and placed between the anvils with a cavity
epth of 0.4 mm each (the overall cavity depth was about 0.8 mm). To
reate a uniform bulk nanocomposite as the final microstructure, the
PT bonding of originally separate disks involved up to 15 revolutions.

.2. Magnetic property measurements

The characterization of the magnetic properties in the bulk was
arried out using a physical property measurement system (PPMS)

vercool II by Quantum Design. The PPMS was set to VSM mode for the v

2 
able 1
SM hysteresis peak magnetization point at 0.2 T, coercivity and retentivity values
ecorded at RT and 10 K for the Cantor alloy in different states based on the results
hown in Fig. 1.

as-cast Cantor HPT Cantor Nanocomposite HEA

Magnetization at 0.2 T in (J/T) × 10−6

RT 0.62 1.65 0.59
10 K 1.30 5.03 4.00

Coercivity (kA/m)

RT – 1.56 2.61
10 K 8.23 13.50 11.28

Retentivity (J/T) × 10−6

RT – 0.077 0.035
10 K 0.096 0.82 0.46

measurement of magnetic properties at RT, as well as at 10 K under pre-
vacuum conditions below 10 mbar. Since magnetic properties scale with
the sample volume, masses and volumes were chosen to be comparable
for all measurements. The average sample mass was 14.5 ± 0.5 mg.
All samples had a regular cuboid shape with an average length of
5.3±0.3 mm and an average width of 0.7±0.1 mm. The hysteresis loops
were accurately recorded with 2 mm amplitude and 40 Hz frequency
or the sample vibration. A magnetic field of 0.2 T (160 kA/m) was
pplied for the measurements, oriented along the shear direction of
he HPT-processed samples or the edge of the cuboid in the case of
he un-deformed as-cast sample. In relation to the effect of temperature
n the magnetic moments in the HPT-processed or as-cast samples, a
emperature sweep series was acquired from 5 K up to 300 K (RT) with 5
/min while keeping the magnetic field constant at 0.2 T (160 kA/m).

.3. Differential phase contrast scanning transmission electron microscopy

Differential phase contrast (DPC) is a contrast mechanism used in
onjunction with scanning transmission electron microscopy (STEM)
o visualize magnetic or electric fields within a transmission electron
icroscope (TEM) [21–27]. Local mapping of magnetic domains was
erformed here using a four-segmented DF4 detector of the on-axis
F/DF detector in combination with Thermo Scientific Velox software
iDPC STEM) operated in the low-magnification (LM) STEM mode.
o prepare the TEM lamellae, the individual samples were polished
o a mirror like finish in cross-section. Subsequently, a lamella was
repared from the edge area of the as-cast or HPT-processed disks using
ZEISS Crossbeam 340 focused ion beam (FIB) device. A Thermo Fisher
cientific FEI Themis 300 G3 S/TEM was used for imaging the magnetic
omains by DPC in STEM mode. The objective lens current in LM-
TEM mode is reduced to 4% which is equivalent to a magnetic field
f 0.08 T. After completing all alignment steps in the LM-STEM mode
ith a collection angle range of 1 mrad and a beam current of 90 pA,

he TEM sample was loaded and investigated.

.4. High-precision elemental mapping

Atomically resolved elemental mapping of the HPT-processed single
hase Cantor and nanocomposite HEA samples was performed using
tom probe tomography (APT). For this purpose, a Local Electrode
tom Probe (LEAP 4000X HR) was used. Samples for the APT analysis
ere prepared from regions of interest using a ZEISS Auriga 60 FIB.
he isosurfaces and proxigrams were reconstructed using a threshold

alue of 1.2 for the Ni/Mn ratio.
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Fig. 1. VSM hysteresis loops obtained at RT (a) and 10 K (b) showing the magnetic
response of the as-cast Cantor alloy, single phase HPT-processed Cantor alloy and the
nanocomposite HEA produced by forced mechanical mixing of Cantor and Senkov HEAs.

3. Results

3.1. Bulk ferromagnetic properties

The ferromagnetic properties of the Cantor alloy, across different
states, were comprehensively investigated employing multiple charac-
terization techniques. The objective was to gain a deep understanding
of the magnetic behavior exhibited in the different states of this par-
ticular alloy. The VSM hysteresis loops in Fig. 1 acquired at ambient
temperature (RT) and 10 K demonstrate the changes in the ferro-
magnetic response of the as-cast Cantor and HPT-processed Cantor
samples under different experimental conditions. To better present the
data from this figure, the principal parameters are listed in Table 1.
Fig. 1(a) characterizes the as-cast Cantor alloy as non-ferromagnetic,
but a hysteresis, characteristic for ferromagnetic behavior, occurs after
HPT-processing. In comparison, the nanocomposite HEA also exhibits
ferromagnetic properties at RT, Fig. 1(a). However, it is worth noting
that only half of the volume contributes to the measured magnetic
moment in this case, as the other half is made up of the non-magnetic
Senkov alloy. To account for this, the results have been normalized
based on the volume fraction of the Cantor alloys in the nanocom-
posite HEA. When comparing the RT state across samples, the single-
phase HPT-processed Cantor alloy achieves higher magnetization than
the nanocomposite HEA. However, the nanocomposite HEA exhibits
3 
relatively higher coercivity compared to the HPT-processed Cantor
alloy.

Table 1 indicates that all samples exhibit enhanced ferromagnetic
properties at 10 K, as shown in Fig. 1(b). The HPT-processed Cantor
alloy mostly outperforms other samples in demonstrating enhanced
ferromagnetic properties, including coercivity, peak magnetization at
0.2 T, and retentivity. Meanwhile, these principal values show a similar
increase at 10 K compared to the RT state in the nanocomposite HEA.
The peak magnetization in the nanocompoite HEA increased to nearly
2 times the estimated relative increase (in percentage) observed in the
single-phase HPT-processed Cantor alloy. Conversely, the coercivity in
the HPT-processed Cantor alloy shows a percentage increase that is
twice that of the nanocomposite HEA. The retentivity in both HPT-
processed Cantor alloy and nanocomposite HEA exhibits the similar
degree of growth, as shown in Table 1. Comparing such trends does
not apply to the as-cast Cantor alloy, in which the RT ferromagnetic
values are negligible. [see Fig. 1(b) and Table 1].

Fig. 2 displays the results of a temperature sweep series carried out
between 5 K and 300 K (RT) under constant magnetic field at 0.2 T.
The as-cast Cantor alloy reveals two signal peaks that are related to
transitions from the paramagnetic state to a spin glass at 75 K and to
a ferromagnetic state at 30 K [17,28]. Remarkably, neither the HPT-
processed Cantor alloy nor the nanocomposite show a distinct spin glass
transition anymore.

3.2. Imaging magnetic domains

Fig. 3 displays DPC STEM images and EDS elemental maps acquired
from the same sample. As shown by the DPC STEM micrographs in
Fig. 3(a), no magnetic domains are detected in the as-cast Cantor alloy
at RT. Fig. 3(b) displays the EDS elemental maps of the same region,
confirming a homogeneous chemical composition for the as-cast Cantor
alloy.

Fig. 4 presents a comprehensive analysis of the HPT-processed
Cantor alloy, suggesting that the development of ferromagnetism in
this alloy is due to the random formation of local magnetic domains
with varying orientation. Fig. 4(a) displays a DPC STEM micrograph
of the same sample, revealing a random orientation of the individual
magnetic domains which were developed in the HPT-processed Cantor
alloy. It is worth noting that the average size of coherently scattering
domains (grains) identified by BF- or DF-STEM is about 30 nm, whereas
the average size of magnetic domains is estimated to be about 50 nm.
The single-phase crystalline nature of the HPT-processed Cantor alloy
is also examined and detailed in Supplementary Materials, Fig. S1.

The corresponding EDS elemental maps in Fig. 4(b) characterize
the chemical composition as being homogeneous, while the DPC STEM
micrograph acquired from the same position confirms the presence
of magnetic domains. This motivates a further in-depth analysis of
the local chemistry to uncover facts about the origin of randomly
oriented magnetic domains using APT. The nanocomposite HEA exam-
ined by VSM in Fig. 1 includes regions that match the microstructure
shown in Fig. 4. However, the intermixed regions of the nanocomposite
HEA appear to contribute differently to its ferromagnetic behavior, as
demonstrated in Fig. 5. The DPC STEM micrographs in Fig. 5(a) demon-
strate a lamellar-like orientation for the magnetic domains, which
is the most significant feature concerning the formation of magnetic
domains in the nanocomposite HEA. Remarkably, almost exclusively
two opposite directions of the local magnetization are seen in Fig. 5(a),
whereas such a magnetic texture is absent in the HPT-processed Cantor
alloy, Fig. 4(a). Fig. 5(b) shows the EDS elemental maps and the cor-
responding DPC STEM image, indicating that such magnetic domains
only exist in regions associated with the Cantor alloy composition.
The relatively homogeneous distribution of oxygen in the composition
renders any explanation for the magnetic domain orientation or gener-
ation based on local oxidation as unlikely. A detailed microstructural
characterization of the nanocomposite HEA using high-resolution phase
analysis techniques is provided in Supplementary Materials, Fig. S1.
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Fig. 2. A temperature sweep series carried out between 5 K and 300 K (RT) with 5 K/min while keeping the magnetic field constant at 0.2 T. (a) The magnetic phase transition
for the un-deformed Cantor alloy is shown separately, as well as (b) in comparison to the HPT-processed Cantor and nanocomposite HEA.
Fig. 3. (a) As-cast Cantor alloy exhibiting no evidence of ferromagnetism at room tem-
perature (RT): magnetic induction map (left) and differential signal between opposing
segments A and C (right). (b) HAADF-STEM, DF and BF images and their corresponding
EDS elemental maps, confirming the homogeneous distribution of elements in the
as-cast state.

3.3. High-precision elemental mapping

As depicted in Fig. 6(a), the elemental distribution in the recon-
structed APT needle is consistent with the EDS maps. However, when
the iso-surfaces of Ni over Mn are set to a threshold of 1.2, reflecting
4 
approximately a 10% deviation from the equiatomic composition, local
Ni enrichments become apparent. This along with the corresponding
proxigrams indicate the presence of Ni-enriched and Mn-depleted areas,
which account for the magnetic domains observed after HPT processing
of the Cantor alloy. The reconstructed APT needle in Fig. 6(b) shows
the local distribution of each phase and its constituents. The iso-
surfaces map, with Fe at 21%, Mn at 21% and Ni at 22%, suggests
the appearance of strongly elongated regions regarding the enrich-
ment and orientation of ferromagnetic elements such as Fe and Ni.
The corresponding line scan profile, taken from the region marked
by the black arrow in Fig. 6(b), reveals alternating enrichment of
Ni and Co versus Fe, Mn, and Cr. This pattern is attributed to the
alternating elemental enrichment of the Senkov alloy constituents.
This observation suggests that Ni and Co are transported from the
Cantor alloy to the regions originally occupied by the Senkov alloy,
resulting in an alternating enrichment of the ferromagnetic elements.
The findings shown in Fig. 5(a) align perfectly with that of Fig. 6(b),
indicating that the forced mixing of the Cantor and Senkov alloys
is actually element-specific. This element-specific mixing results in
local enrichment of ferromagnetic Ni and Co within the Senkov alloy,
while anti-ferromagnetic Cr becomes enriched at the fcc/bcc phase
boundaries. The appearance of neighboring magnetic domains oriented
in opposing directions with lamellar-type shape provides additional
evidence supporting this analysis and interpretation [see Fig. 5(a)].

4. Discussion

HPT processing of the Cantor alloy at a hydrostatic pressure above
10 GPa or cryogenic conditions has been shown to result in the for-
mation of a significant fraction of the hexagonal close-packed (HCP)
𝜀-phase [29–31]. On the other hand, HPT deformation at a smaller
hydrostatic pressure and ambient conditions has often been reported
to maintain the single phase (random solid solution) state of the
Cantor alloy [29,32–34]. Even employing precise local methods such
as STEM-EDS and APT for examining the microstructural characteris-
tics of as-deformed CoCrFeMnNi HEA confirmed a consistent presence
of a uniform solid solution under such conditions [34]. The specific
magnetic properties of HPT-processed Cantor alloy, as confirmed by
VSM and STEM DPC analyses, present challenges to microscopic in-
vestigations and suggests a need for more intricate examination. The
combination of comprehensive bulk magnetic measurements and direct
observation of magnetic domains using STEM DPC provides valuable
insights for subsequent APT analysis and calls for the exploration of
potentially hidden correlations in the element distributions. Without
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Fig. 4. The origin of ferromagnetic properties investigated by DPC STEM and STEM EDS elemental mapping. (a) The HPT-processed Cantor alloy displays randomly oriented
magnetic domains at random locations, and the BF-STEM micrograph from a similar position shows that the grains imaged in Bragg condition do not coincide with the magnetic
domains. (b) STEM EDS elemental mapping and the corresponding DPC STEM micrograph of the identical region indicate no observable element enrichment within the resolution
of this analysis. Furthermore, the estimated average grain size and magnetic domain size (right panel in (b)) imply that there is no immediate correlation between the magnetic
domains and the grains.
Fig. 5. (a) DPC STEM micrographs of the HPT-processed nanocomposite HEA showing
the intermixed region: magnetic induction map (left) and the differential signal of the
opposing detector segments A and C (right). (b) EDS elemental maps of the same region.
5 
such findings, an APT-driven analytical approach would lack statistical
significance and relevance.

The deviations from a completely random solid solution in the HPT-
processed Cantor alloy, as indicated by the STEM DPC measurements in
Fig. 4, require further exploration. Previous examinations using STEM
EDS and preliminary APT assessments did not show any signs of phase
separation or decomposition, seemingly confirming a single phase, see
Supplementary Materials, Fig. S1, and random solid solution state. The
post-deformation heat treatment of both HPT-processed Cantor and
nanocomposite HEA at 953 K for 20 min results in phase decomposition,
leading to the formation of distinct Cr-rich and Mn-rich precipitates.
This treatment enhances the material’s ferromagnetic behavior at cryo-
genic temperatures, aligning with and slightly amplifying the general
findings of this study, see Supplementary Materials, Fig. S2 and S3.

Although the primary focus of this work is identifying subtle mi-
crostructural changes in the as-deformed state, it is crucial to ac-
knowledge that these findings are directly influenced by the specific
methodology employed. This study integrates STEM DPC, STEM EDS,
and APT to gain a comprehensive understanding of the complexities
of material behavior. The discrepancy between the STEM EDS results
displayed by Figs. 4(b) and 5(b) and the APT cluster analysis results
in Fig. 6 arises from the projection effect in S/TEM. While STEM EDS
data collection relies upon the electron beam passing through the entire
sample, it produces an averaged composition that can obscure signals
from localized element enrichments like Ni. In contrast, APT achieves
near atomic-scale, three-dimensional reconstruction through analysis
of the mass spectrum of each atom, eliminating projection effects.
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Fig. 6. (a) APT results show the iso-surface maps of the reconstructed needles of the HPT-processed Cantor alloy, along with the corresponding proxigram that reveals a local
enrichment of Ni. (b) The atomic scale 3-D reconstruction of the nanocomposite HEA with iso-surfaces map displaying Mn-, Fe-, and Ni-enriched regions.
This enables precise spatial mapping and accurate detection of local
concentrations, even in small regions.

4.1. Deformation-induced ferromagnetism

Fig. 3(b) demonstrates that the as-cast Cantor alloy features a
uniform solid solution, which remains unchanged even upon further
investigation with atomic scale resolution [35]. The observations pre-
sented in Figs. 4 and 6(a) support the hypothesis that the transition [11]
from the paramagnetic to a soft ferromagnetic state in the Cantor
alloy is attributed to the deformation-induced formation of Ni-rich
regions [4].

Fig. 4 shows that the average size of magnetic domains observed by
DPC STEM is larger than the average grain size obtained from the BF-
6 
and DF-STEM micrographs, excluding that such contrasts in DPC STEM
arise purely from diffraction features. This is further corroborated by
the data, which suggests that multiple small grains can belong to
the same magnetic domain, similar to when one large grain contains
multiple domains [36]. The samples exhibit an improved ferromagnetic
behavior at 10 K due to factors that give rise to ferromagnetic metals
demonstrating higher magnetic coercivity at low temperatures [37].
Since the thermal energy is inadequate to randomize the orientation
of the local magnetic moments, a greater effective magnetic moment
and smaller magnetic domains emerge, and this in turn makes it
more energetically demanding to alter domain orientation [38]. HPT
processing enhances coercivity due to the strain-induced magnetic
anisotropy [39]. Together with increased dislocation density, grain
shape anisotropy and residual strain distributions serve to enhance
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the propensity for magnetic domain wall pinning [40,41]. As a con-
sequence, both HPT-processed samples show superior and relatively
comparable magnetic hardness at 10 K in comparison to that of the
un-deformed Cantor alloy [39]. The peak magnetization at 0.2 T in
he HPT-processed Cantor material is exceptionally high due to its
nitial superiority over all other samples in the RT state. On the other
and, the nanocomposite HEA shows a threefold increase at a tem-
erature of 10 K. This significant improvement is attributed to the
emarkably reduced grain size in the nanolaminates compared to the
ingle phase HPT-processed Cantor material [33]. Consequently, this
eduction greatly enhances the likelihood of magnetic wall pinning,
esulting in the formation of magnetic wall domains that are both
maller in size and more versatile in their orientations. At higher
emperatures the thermal energy surpasses the magnetic field energy,
llowing domains to expand, yet not inducing misalignment of local
oments [36].

Thus, there is an involved interplay of magnetic domain size and
he grain size, determined as coherently scattering domain size. As the
rain size decreases, coercivity increases until the grain size becomes
qual to the domain size, known as the ‘‘critical grain size’’ [42,43].
eyond this point, if the grain size continues to decrease, domain
otation occurs instead of domain wall motion, leading to a decrease
n coercivity below the critical size. Therefore, at these smaller sizes,
he domain wall motion is likely not a factor.

.2. Enhanced tuning of the magnetic domains by co-deformation

The lamellar-like orientation of magnetic domains in the nanocom-
osite HEA, as illustrated in Figs. 5 and 6(b), originates from the
lternating phase separation or local enrichment [44] of the Cantor
lloy’s ferromagnetic constituents, driven by SPD. The element-specific
hase separation shown by the APT results in Fig. 6(b) is facilitated
y the co-deformation of Cantor and Senkov alloys. This, in turn,
as resulted in the formation of lamellar-like magnetic domains con-
aining elements such as Ni and Co, which couple ferromagnetically.
eanwhile, the adjacent phase is enriched with Cr, exhibiting antifer-

omagnetic behavior [45]. As a result, despite the remarkably enhanced
hase separation in the nanocomposite HEA, the HPT-processed Cantor
lloy exhibits higher coercivity and peak magnetization in comparison,
ndicating a greater resistance to a change of its magnetization.

.3. Manifestations of the cocktail effect

In the case of HPT-processed Cantor alloy, local enrichment of fer-
omagnetic elements is responsible for the formation of highly localized
nd randomly oriented magnetic domains. This could be explained by
he fact that SPD can expedite the development of precipitates or en-
iched regions by subjecting the material to high strain rates and large
lastic strains [29]. When the material undergoes deformation, the
arying energy levels across different lattice sites impede the motion
f dislocations and cause them to accumulate at favorable locations.
onsequently, this drives the system closer to a metastable equilibrium
tate with reduced free enthalpy. In conjunction with the dislocations
nd GBs serving as pathways for diffusion, there is ample potential to
nhance the diffusion rate of atoms, especially via deformation-induced
oint defects or higher-order defects serving as short-circuit paths for
tomic transport [46,47]. Furthermore, the elevated density of dislo-
ations provides additional sites for the formation of precipitates [48].
oreover, the increased fraction of GBs resulting from grain refinement

cts as preferential sites for precipitation or enrichment due to their
igher energy and augmented diffusion rates.

The deformation-stimulated formation of Ni-rich and Cr-rich par-
icles correlates with the known tendency of the Cantor alloy to de-
ompose with the formation of a Cr-rich sigma phase together with
iMn- or FeCo-rich precipitates [49–51]. According to the effective

emperature concept [52,53], the HPT processing at RT is equivalent to
7 
annealing the material at a higher temperature, 𝑇𝑒𝑓𝑓 provoking forma-
tion of the corresponding phases that are stable under these conditions.
The present finding, if they are treated within the framework of the
effective temperature concept, indicate that 𝑇𝑒𝑓𝑓 is less than 600 ◦C to
700 ◦C.

The ‘cocktail effect’ manifests when elements with high diffusion
rates and ferromagnetic properties, initially in a state of equilibrium,
are subjected to deformation. This deformation creates diffusion paths
through dislocation cores and high-angle GBs. As a result, the al-
loy’s paramagnetic state, which is primarily maintained by its high
compositional entropy, is disrupted. Thermodynamics drives the al-
loy to decomposition that is supported by enhanced diffusion rates,
leading to the formation of precipitates (including metastable or non-
equilibrium ones). By introducing a second phase, which in this case
is the Senkov alloy, deformation-induced amorphization of the bcc
phase occurs together with dislocation accumulation and enrichment
of solutes at the phase boundaries [33]. In such scenarios, elements
that exhibit a stronger attraction to the constituents of the neighboring
phase will find it energetically favorable to diffuse into the Senkov
alloy. The resulting phase separation, driven by the cocktail effect,
occurs when the Senkov alloy and its constituents are present [33].
Note that whereas the diffusion rates of solutes in fcc matrices are
typically not too different (diffusion of 3𝑑 elements in pure Al is though
a most exciting exception [54]), the corresponding diffusion rates in
bcc matrices could vary over many orders of magnitude [55]. Thus,
the bcc Senkov alloy triggers a phase separation within the fcc Cantor
alloy filtering effectively the ‘‘slow’’ and ‘‘fast’’ diffusing components.

5. Conclusions

Our study has shown that HPT-processing of HEAs leads to a tran-
sition from paramagnetic to ferromagnetic states at ambient condi-
tions. The observed deformation-induced ferromagnetism can be com-
prehended in terms of the ‘cocktail effect’, advocated for HEAs, in
which the formation of ferromagnetic particles is attributed to element-
selective deformation-induced atomic migration and local enrichment
of ferromagnetic elements.

Two different routes for inducing ferromagnetism are explored;
first, by deforming the Cantor alloy as a single-phase disk and sec-
ond, by co-deformation and forced mechanical mixing of the Cantor
alloy with a non-ferromagnetic HEA such as the Senkov alloy. Both
approaches lead to a pronounced ferromagnetic response. However,
the co-deformation route involved the formation of anisotropies of
the microstructure and the spatial distribution of ferromagnetic and
antiferromagnetic elements, which led to the formation of ferromag-
netic regions with aligned magnetization in contrast to the deformed
single-phase material.

The main findings of this study are:

• The as-cast Cantor alloy exhibits two phase transitions upon
cooling; that is, a spin glass transition at 70 K and a ferromagnetic
transition at 30 K. This is in agreement with earlier findings [17].
However, the HPT-processed Cantor does not exhibit a spin glass
transition anymore, showing instead a more pronounced ferro-
magnetic transition. In comparison with the un-deformed Cantor
and nanocomposite HEA, the HPT-processed Cantor also displays
a higher magnetic moment at elevated temperatures.

• While the nanocomposite HEA exhibits a remarkable degree of
phase separation attributed to the co-deformation process, the
peak magnetization for this material is lower in comparison to the
HPT-processed Cantor alloy. As a consequence of the pronounced
phase separation, lamellar-like alignments of ferromagnetic NiCo-
rich and anti-ferromagnetic Cr-rich domains form, which reduce
the overall magnetic moment in the nanocomposite HEA. The
absence of such a phenomenon in the HPT-processed Cantor alloy
gives rise to a comparable coercivity in this sample.
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• Deformation-induced changes of the local chemical composition
transform the Cantor alloy into a soft ferromagnetic material.
Furthermore, grain refinement, together with increased disloca-
tion density, produces randomly oriented magnetic domains at
random positions. This combination of local Ni-enriched particles
with refined grains results in a higher peak magnetization of the
HPT-processed Cantor alloy.

These findings may pave the way for the development of new
agnetic materials with tailored properties for various applications.
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