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Effect of Deformation on the Magnetic Properties
of CrMnFeCoNi and CrMnFeCoNi-CN High-Entropy
Alloys

L.G. TORRES-MEJÍA, C.A. PARRA-VARGAS, J. LENTZ, S. WEBER,
and L. MUJICA-RONCERY

The magnetic behavior of two high-entropy alloys, CrMnFeCoNi and CrMnFeCoNi-CN, was
investigated under varying degrees of deformation through uniaxial tensile tests. Microstruc-
tural, morphological, and crystalline structural analyses using XRD and SEM revealed a
uniform and stable austenitic structure in all samples, with no presence of a’-martensite or
e-martensite phases. The main deformation mechanisms identified were twinning and slip
dislocation for the CrMnFeCoNi-CN alloy, and slip dislocation for the CrMnFeCoNi alloy at
room temperature. The alloys exhibited low magnetic moments attributed to magnetically
frustrated configurations. At temperatures below 70 K, distinct magnetic states were observed
ranging from paramagnetic to ferrimagnetic and spin-glass-like behavior. Antiferromagnetic
interactions were confirmed by a negative paramagnetic Curie temperature for both alloys. The
magnetization of the CrMnFeCoNi alloy increased with deformation, reflected in effective
magnetic moments varying from 1.81 (0 pct) to 2.60 (20 pct) lB, while for the CrMnFeCo-
Ni-CN alloy remained stable around 2.39 to 2.48 lB. The magnetization of the
CrMnFeCoNi-CN alloy was found to be higher than that of the CrMnFeCoNi alloy,
suggesting that the presence of C and N as alloying elements can enhance magnetization to some
extent.
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I. INTRODUCTION

MULTICOMPONENT, compositionally complex
alloys have been extensively studied due to their unique
properties.[1–5] They disclose a variety of applications
including electrocatalytic processes,[6–10] hydrogen stor-
age,[11,12] structural components at low temperatures,[13]

soft-magnetic materials,[13–15] among others. Some
works have been addressed on the alloying of interstitial
elements as C, N, and B as a promising way to improve
mechanical properties of high-entropy alloys.[16,17]

Extensive works have investigated mechanical proper-
ties of Cantor alloy and its derivatives.[16,18–25] While
some studies have addressed the magnetic behavior of
these alloys at low temperatures, the full understanding

of the effect of parameters such as deformation on the
magnetic properties is still incomplete. Cantor equimo-
lar alloy has been identified as single fcc structure at
room temperature with a favorable balance of work
hardening rate (WHR), strength, ductility, and fracture
toughness at low temperatures (down to cryogenic
temperatures).[26] Gali and George[1] demonstrated for
the first time that when temperature is lowered from
293 K to 77 K, the HEA CrMnFeCoNi shows an
increase in the yield strength, ultimate tensile strength,
and ductility. Simultaneously, Otto et al.[18] using
transmission electron microscopy (TEM) come to the
conclusion that the appearance of two deformation
mechanisms at 77 K, namely dislocation slip and
mechanical twinning, is related to the rise in ductility
with the drop in temperature.
Cantor alloy exhibits paramagnetic properties at

room temperature and competing magnetic interactions
at lower temperatures.[27–30] Some other magnetic states
as ferromagnetism,[27] ferrimagnetism,[31] and spin-
glass-like behavior have been identified[31,32] for this
alloy.
In spite of the fact that it is known that the 3d

elements Cr, Mn, Fe, Co, and Ni have spontaneous
magnetism even in the solid state, the spontaneous
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magnetization of HEAs diminishes with an increase in
the number of d- or p-elements that make up the
alloy.[31] It has been shown that factors like alloying
elements,[33–35] synthesis routes,[36] cooling rates,[35,37]

grain size,[38] heat treatments, and plastic deforma-
tion[39,40] among others have an effect on the magnetic
response of this type of alloys. For example, Babilas R.
et al.[35] found that the introduction of Si and Cr in an
AlFeCoNi alloy changes the value of the saturation of
magnetization strongly. Saturation decreases with the
increase of Cr and Si. Same effect was observed for the
FeCoNi alloy.[41] It was discovered that the Mn content
significantly influences the stabilization of antiferromag-
netic configurations in alloys based on CrMnFeCoNi.
These arrangements have a substantial effect on the SFE
ultimately leading to a predominant deformation behav-
ior.[33] Uporov et al. investigated how processing
parameters influence phase evolution and their relation-
ship with the magnetic properties of AlCoCrFeNi
High-Entropy Alloys synthesized using the arc melting
process.[42] The HEA was initially divided into three
segments, each of which underwent distinct processing
methods: vacuum suction casting, slow remelting in a
resistance furnace, and annealing for varying durations
at elevated temperatures. XRD analysis confirmed the
presence of both fcc and bcc phases in all samples
processed through the different methods. Specifically,
the fcc phase predominated in samples subjected to
long-duration annealing, while the bcc phase was
dominant in as-cast, quenched, and remelted samples.
Magnetic moment versus magnetic field (M–H) curves
for all four samples at two distinct temperatures, 300 K
and 4 K, showed the coercivity (Hc) values fell within
the range of 60–160 Oe, indicating semi-hard magnetic
behavior. Additionally, the saturation magnetization
(Ms) ranged from 15 to 54 emu/g at room temperature.
Notably, the reported Ms value was lower for the
homogenized sample and higher for the non-homoge-
nized samples. The authors suggested that the change in
Ms may be attributed to the formation of fcc phase in
the homogenized state. Foldeaki et al.[39] investigated
the magnetic properties of three Cr–Mn austenitic
stainless steels with deformations reaching up to
56 pct. Measurements on mechanically deformed spec-
imens indicated a sensitivity of the molecular-field
constants to the structure. This finding was explained
cohesively by considering changes in lattice parameters.
Transition temperatures can be affected by the defor-
mation induced in the alloy, as demonstrated by
Torres-Mejı́a et al.[40] In their study, the Néel temper-
ature of a FeCrMn-based alloy exhibited an increase
due to deformation, while a decrease in magnetization
and magnetic susceptibility was reported for the
deformed material.

Constituent elements, magnetic order may also have a
significant impact on mechanical properties and phase
stability.[43] Therefore, studying magnetism is appropri-
ate in order to determine the magnetic ground state of
fcc alloys and the impact of various conditions on their
magnetic behavior. Enhancing our comprehension of
the magnetic behavior of these alloys at low tempera-
tures will pave the way for designing tailored alloys

specifically suited for cryogenic engineering applica-
tions. These applications include the development of
advanced materials for critical components such as
superconducting magnets, cryogenic storage tanks, and
low-temperature pipelines. Furthermore, the insights
gained can also benefit the field of magnetic sensors,
particularly those designed for precise and reliable
operation in low-temperature environments. In this
work, we performed a comprehensive analysis, combin-
ing deformation, temperature, and magnetic field effects,
on the magnetization of both the Cantor CrMnFeCoNi
and CrMnFeCoNi-CN alloys. This study is particularly
significant as the influence of deformation on the
magnetic properties of these alloys has not been
extensively explored to date.

II. MATERIALS AND METHODS

CrMnFeCoNi and CrMnFeCoNi-CN samples were
obtained from 5 kg ingots produced in a vacuum
induction furnace in an argon atmosphere at 500 mbar,
using as material premium pure components in their
technical grade, in order to get closer to industry
standards. Subsequently, a round bar was hot forged
at 1323 K from an initial diameter of 42 to 12 mm,
followed by solution annealing at the same temperature
for 30 min and quenching in water.
The composition of the alloys is indicated in Table I.

C and N were measured by carrier gas hot extraction
(combustion method). The device for measuring C is a
type CS-800 and for N a type ONH-2000 from company
Eltra GmbH. Substitutional elements were measured by
means of the EDS technique. For more details on the
processing route and mechanical properties of the alloys
investigated in this work, see Reference 16.
Following the DIN EN ISO 6892 standard, tensile

tests were performed at T = 298 K in a Z100 Zwick
universal test machine. At elongations of 10, 20, and
30 pct, deformation ceased. Materials that did not
deform were saved for reference.
To determine the crystal structure of the alloys, X-ray

diffraction (XRD) was performed at room temperature
using a Panalytical X’pert PRO-MPD diffractometer
with Ultra-fast X’ Celerator detector and a Cu-Ka
radiation source. Data were collected at 2h with steps of
0.0263� every 100 s between 20 and 80 deg. Lattice
parameters were obtained via refining with the Pow-
derCell PCW23 software. A ZEISS EVO MA10 scan-
ning electron microscope (SEM) was used to analyze
microstructure of the alloys. For the SEM, conventional
metallographic preparation consisting of grinding and
polishing. Following, electrolytic etching with oxalic
acid 10 pct and 2.5 V was applied. For this technique,
the conditions were maintained during 90 s for the
specimens in the non-deformed state, and for 60 s in the
case of the deformed specimens.
Using a vibrating sample magnetometer (VSM) from

Quantum Design, the magnetization as a function of
applied field (M vs H) was measured at various
temperatures 50 K, 100 K, 200 K, 250 K, and 300 K
for each specimen, with deformations of 0, 10, and
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20 pct. The same equipment is used to study magneti-
zation as a function of temperature (M vs T), using the
Zero Field Cooled (ZFC) and Field Cooled (FC) mode
between 50 K and 370 K.

The ZFC test involves cooling the sample to 50 K in
the absence of an applied magnetic field, then heating it
to 370 K with an applied magnetic field (100Oe, 500Oe,
2000Oe, 5000Oe, 100000Oe, 25000Oe, and 30000Oe),
while measuring the magnetic moment as a function of
temperature. The FC test consists of measuring the
magnetic moment as a function of temperature while
cooling the sample from 370 K to 50 K with an applied
magnetic field.

Magnetization as a function of temperature and
external field curves were constructed using data
obtained through the VSM technique. Equation [1]
was utilized to compute magnetic susceptibility.

v ¼ M=H; ½1�

where M denotes the magnetization and H corresponds
to the magnetic field strength. Additionally, inverse of
magnetic susceptibility v�1ðTÞ was plotted.

III. RESULTS

A. Microstructure Analysis

Figure 1 shows the microstructure of the equimolar
CrFeMnCoNi and the CrMnFeCoNi-CN alloys at
different degrees of deformation.
The micrographs correspond to the cross section of

the specimens used for the tensile test; this means that
the evaluated surface is perpendicular to the direction of
load. In the initial state with no deformation,
(Figures 1(a) and (d)) equiaxed homogeneous grains
are observed, many of them contain annealing twins.
The average grain size determined by a linear intercept
method was 94 and 99 lm (twin boundaries were not
counted in the measurements) for the CrMnFeMnCoNi
and CrMnFeCoNi-CN alloys, respectively. In
Figures 2(b), (c), (e), and (f) corresponding to 10 and
20 pct of deformation, a color contrast can be seen,
corresponding to the variation in the intensity of
backscattering observed with respect to changes in the
orientation of the crystal. This contrast observed corre-
sponds to the presence of grains with dislocation cells,

Fig. 1—SEM micrographs for CrMnFeCoNi and CrMnFeCoNi-CN alloys with strains of 0, 10, and 20 pct.
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additionally, the wavy appearance of the contrast in
some grains corresponds to the bending contours due to
a change of orientation in the material.[44] Considering
the stacking fault energy value for the CrMnFeCoNi
alloy (30 ± 5 mJ/m2),[45] it can be suggested that the
main deformation mechanism at room temperature
corresponds to dislocation slip, as previously
reported.[45] For the CrMnFeCoNi-CN alloy, disloca-
tion slip and twinning can be suggested as deformation
mechanisms.

B. XRD Analysis

Figures 2(a) and (b) illustrate XRD analyses per-
formed at room temperature. They show that a fcc
single-phase solid solution crystal structure is present. In
samples with 0, 10, and 20 pct of plastic deformation,
the formation of a’-martensite or e -martensite is not
observed. The crystalline structure of the alloy, which
corresponds to the space group Fm-3 m, was confirmed
using the crystallographic file with code COD 1524833
as a reference. The diffraction pattern of the material
displays the austenite planes (111) and (200) which are
slightly shifted toward smaller angles with increasing
deformation, showing an increase in the lattice param-
eter as a result of the deformation (Table II). Addition-
ally, a broadening of the reflections is seen as
deformation increases.

C. Magnetic Response

1. CrMnFeCoNi alloy
The reference CrMnFeCoNi material displays a

paramagnetic behavior, a linear dependency of the
magnetization on the applied external field, and a
reduction in this with regard to the increase in temper-
ature are observed (Figure 3). Additionally, an incre-
ment in magnetization is seen in the deformed samples,
particularly at 10 pct deformation, indicating that the
deformation in the material has an effect on the
magnetic response.

An increase in magnetization with deformation
caused by the external field is shown in the curves of
magnetization as a function of temperature M vs T
(Figure 4). The magnetization rose noticeably in the
deformed samples; however, magnetization remains
stable in the sample with a 20 pct of deformation
compared to the 10 pct of deformation material. A
reason for this behavior could be that at lower defor-
mations, the strain-induced anisotropy in the material
increases, which can enhance the alignment of magnetic
moments and lead to higher magnetization. However, at
higher deformations, this effect might saturate, leading

Table I. Composition of the Alloys (At. Pct)

Alloy C N Co Cr Mn Ni Fe

CrMnFeCoNi — — 18.70 23.11 18.83 19.03 20.33
CrMnFeCoNi-CN 0.59 ± 0.03 0.31 ± 0.001 25.03 20.43 19.76 20.47 13.42

Fig. 2—(a) XRD pattern at different deformations for
CrMnFeCoNi, (b) CrMnFeCoNi-CN.

Table II. Lattice Parameters Obtained for Each Value of
Deformation

Alloy

Deformation (Pct e)

0 10 20

CrMnFeCoNi 3.557(5) 3.595(6) 3.602(1)
CrMnFeCoNi-CN 3.606(2) 3.616(3) 3.624(5)
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to a plateau in magnetization. Additionally, from 0 to
10 pct deformation, the microstructure undergoes sig-
nificant changes, leading to increased magnetic domains
and hence higher magnetization. However, at higher
levels of deformation like 20 pct, the microstructure
may reach a more stable configuration, resulting in a
stabilization of the magnetic response.

For the evaluated fields, magnetization values were
obtained that fall within the range of values previously
observed for high-entropy alloys, ranging from 0.0015
to 1.4 emu/g.[31,46–49] The magnetization was quantified
in units of lB/f.u. (Bohr magneton/formula unit) and
the formula unit (f.u.) is defined as Fe0.20Cr0.23 Mn0.18
Co0.18 Ni0.19. For 50 K at a field of 30000 Oe, the
magnetizations correspond to 0.0049, 0.009407, and
0.009603 lB/f.u for 0, 10, and 20 pct of deformation,
respectively. These small magnetic moments appear to
be smaller than the magnetic moments of the individual
atoms that constitute the alloy reported in the literature
(Table III). Since Mn and Cr make up 40 pct of the
structure, a considerable reduction in the overall mag-
netic moment of the system is anticipated as a result of a
high magnetic frustration caused by oscillations in these
magnetic moments and by their antiferromagnetic
coupling with Fe, Co, and Ni.[49]

For the sample without deformation, a clear deviation
from the Curie-Weiss behavior at the so-called Tord is
observed (see Figure 5), which corresponds to 70 K and
can be attributed to a slight magnetic ordering, this
deviation is characterized by an inflection in the ideal

curve.[31] On the other hand, this deviation is not
observed in the deformed samples, indicating that the
deformed state of the sample has an effect on the
magnetic ground state of this group of materials.
Additionally, an irreversibility in the magnetization is
observed, that is, a separation of the ZFC and FC
curves in the samples deformed at a temperature around
65 K indicated in the inset of Figure 5 as Tg. This
irreversibility of the curves is more pronounced at lower
deformations and could be attributed to possible spin
glass behavior.[27,31,32]

The Curie–Weiss equation can be used to express the
temperature dependence of the magnetic susceptibility
in antiferromagnetic materials at temperature T>Tord.

v Tð Þ ¼ C= Tþ hCð Þ; ½2�

where h is the Curie paramagnetic temperature and C
is the Curie constant. Figure 6 shows the relationship
between the reciprocal values of the magnetic suscepti-
bility v�1 and temperature. At a temperature below
T = 250 K, the temperature dependence of v�1 loses
linearity. By extrapolating the linear portion of the
v�1 (T) dependency down to zero, it was determined
that the values of the Curie temperatures ðh) are nega-
tive (Figure 5) (Table IV). Curie temperature ðh)
describes the exchange interaction that still exists
despite being suppressed by thermal motion. Negative
values indicate the presence of antiferromagnetic inter-
actions in the alloy. Additionally, Eq. [3] was used to

Fig. 3—Magnetization of CrMnFeCoNi alloy as a function of the external field at different values of deformation (a) 0 pct, (b) 10 pct, and (c)
20 pct.
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determine the effective magnetic moment of the alloys
(Table IV):

meffðlBÞ ¼ 3kB � Cm=NAð Þ1=2; ½3�

where kB corresponds to Boltzmann constant, NA

denotes the Avogadro number, and Cm is the molar
Curie units of emu-K/mol.

2. CrMnFeCoNi-CN alloy
CrMnFeCoNi-CN alloy has a linear dependency with

no evidence of spontaneous magnetization and demon-
strates a reduction in magnetization with respect to
temperature. The paramagnetic behavior of the alloy
can be inferred (Figure 7). The magnetization values do

not change as the strain increases. Magnetization of all
samples reaches a maximum of 1.25 emu/g at the
evaluated temperatures.
Additionally, the figures depicting of magnetization as

a function of temperature (Figure 8) indicate an increase

Fig. 4—Magnetization of CrMnFeCoNi alloy as a function of the temperature at different values of deformation (a) 0 pct, (b) 10 pct, and (c)
20 pct.

Table III. Magnetic Moments for Pure Elements: FM
(Ferromagnetic), AFM (Antiferromagnetic)

Element Structure
Magnetic
Phase

Magnetic
Moment (lB) References

Cr bcc AFM 1.60 50
Mn bcc AFM 0.4 to 0.6 51
Fe bcc FM 2.15 to 2.26 52
Co hcp FM 0.87 to 2.83 53
Ni fcc FM 0.61t o 0.66 54

All values correspond to theoretical values.

Fig. 5—Magnetization of CrMnFeCoNi alloy as a function of
temperature for the CrMnFeCoNi alloy at an external field of
500Oe.
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in magnetization as a function of the applied external
field, but without a change due to the deformation
present in the material. This alloy does not show a
deviation from Curie-Weiss behavior in the measured
temperature range (see Figure 8).

A detailed analysis of the M vs T curves at 100 Oe
shows an irreversibility or separation of the ZFC and
FC curves at the so-called (Tg) (Figure 9). Interestingly,
this phenomenon becomes negligible for all samples
both deformed and undeformed at high external mag-
netic fields in the range of the measured temperature,
indicating that the spin glass state will be gradually
depressed with increasing applied magnetic field, and
therefore, the ZFC and FC curves tend to coincide in
high magnetic fields, and it is possible to suggest that the
largest fields are sufficient to overcome the energy
barrier between the disequilibrium configurations of
the magnetic moments, this phenomenon is also
observed in the CrMnFeCoNi alloy. However, it is
suggested to evaluate this behavior in a lower temper-
ature range.

The irreversibility could be attributed to magnetic
coupling and the frustration that arises from the random
distribution given by the presence of different magnetic
states leading to the formation of glass-state magnetic
arrangement at low temperatures. Likewise, it may be
due to the anisotropy induced by the deformation in the
material.

Figure 10 shows the curves corresponding to the
magnetic susceptibility of the alloy to different degrees

of deformation, obtaining a maximum value of 0.00315
emu/Oe-mol.
Taking the linear part of the inverse of the suscepti-

bility as a function of the temperature, the Curie
temperatures were estimated and effective paramagnetic
moment was calculated for the three samples, finding the
values described in Table V.
Curie temperatures have negative values as it can be

seen in Figure 10(b) confirming the presence of local
antiferromagnetic interactions within the alloy.
When five magnetic elements (Co, Fe, Ni, Cr, Mn) are

randomly distributed in the lattice, the spin system
adopts a configuration that is hindered or disrupted due
to the preference for parallel spin alignment between Co,
Fe, and Ni, and antiparallel spin alignment between Cr
and Mn among their nearest neighbors. The high-en-
tropy alloy CrMnFeCoNi-CN is a magnetically con-
centrated system that exhibits both randomness and
frustration. Randomness refers to the fact that five
different types of spins are randomly distributed
throughout the lattice. Frustration arises because it is
impossible to find a spin configuration that simultane-
ously satisfies all bonds and minimizes energy.

IV. DISCUSSION

The complicated interactions between the constituent
elements control the magnetization of an alloy. Three of
the five components of the alloy (Fe, Co, and Ni) exhibit
ferromagnetism. However, Mn and Cr exhibit an
antiferromagnetic state with complex interactions,
which modifies the magnetization of the alloy.[49] Due
to the complex interactions between the constituent
atoms, the overall magnetization is significantly
reduced. This decrease in magnetism is attributed by
Zhang et al.[47] to antiparallel alignment that causes
magnetization cancelation. Additionally, Niu et al.[55]

expected that the magnetic moments carried by Ni
atoms would be significantly reduced, especially when
combined with the L12-type arrangement of Cr atoms.

Fig. 6—(a) Magnetic susceptibility of CrMnFeCoNi alloy as a function of temperature, and (b) inverse of the magnetic susceptibility.

Table IV. Effective Magnetic Moment Values of

CrMnFeCoNi Alloy at Different Deformations

Deformation
(Pct e)

Effective Magnetic
Moment (lB)

Curie Tempera-
ture h (K)

0 1.8117 � 526
10 2.5260 � 558
20 2.6001 � 547
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The paramagnetic behavior of Cantor alloy at 300 K
and the increase in magnetic moment linearly with
applied magnetic field have been also confirmed in other
studies.[29,30]

It is feasible to state that other factors, in addition to
composition and crystalline structure, have a significant
role in determining a certain magnetic property of the
alloys.[56,57] Additionally, the mechanical deformation
and heat treatment that the material has undergone
must be taken into consideration.

Regarding the equimolar Cantor CrFeMnCoNi alloy,
it was found that for a deformation of 0 pct, the
material undergoes a slight magnetic ordering at a
temperature of 70 K, which can be suggested as ferri-
magnetism, a type of ordering where the populations of
atoms with opposite magnetic moments (similar to
antiferromagnetism) have unequal magnitudes, resulting
in a small residual magnetization in the material. This
ferrimagnetic ordering was previously reported by
Kamarad et al.[31] at 85 K. Schneeweiss et al.[27] reported
an ordering of the alloy to a ferromagnetic state at 38 K.
DFT calculations performed by Elmslie et al.[58] showed
two magnetic transitions of the Cantor alloy, one at
43 K and one at 85 K associated with a weak ferrimag-
netic transition and a spin-glass-like transition,
respectively.

For the samples with a degree of deformation, an
increase in the magnetization of the material was
observed, and a transition that can be attributed to a
spin glass state or to an anisotropy induced by the
deformation, this spin-glass-like behavior has been
found in the Cantor alloy at 43.5 K[31] and 25 K.[32]

The magnetic interactions between the atoms are closely
related to the atomic environment; during the plastic
deformation process, there are permanent changes in the
atomic positions, which leads to a different interaction
and magnetic coupling between the constituent atoms.
The magnetization is locally driven in the preferred
directions of magnetoelasticity due to the existence of
dislocations. This has an effect both on the rotation of
the magnetization in the direction of the magnetic field
and on the movement of the walls of the magnetic
domains.[59]

On the other hand, it has been shown that the
magnetic ordering has an important influence on other
properties of this type of alloys, such as the stacking
fault energy. Niu et al.[60] report that for the CrCoNi
system, which has better properties than the quinary
alloy CrMnFeCoNi at room and cryogenic tempera-
tures, the formation of a nanostructured hcp phase
occurs caused by the metastability of the fcc phase at
low temperatures, mechanism suppressed in the

Fig. 7—Magnetization of CrMnFeCoNiCN alloy as a function of the external field at different values of deformation (a) 0 pct, (b) 10 pct, and
(c) 20 pct.
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CrMnFeCoNi alloy due to the existing magnetic frus-
tration. Li et al.[61] through first principles calculations
calculated the energy associated with four different
single-phase fcc alloys considering the spin polarization,
finding that the average energy of both the fcc and hcp
phases is reduced considering magnetism. For Mn-con-
taining alloys, magnetism has the greatest effect on the
relative stability of the fcc and hcp phases.

For CrMnFeCoNi-CN alloy, it was observed that the
magnetization of the alloy is susceptible to both the
external field and the temperature. M vs H curves show
a decrease in magnetization is evidenced with respect to
the increase in temperature for the samples with 0, 10,
and 20 pct deformation. Likewise, for M vs T curves, an
increase in magnetization is observed as a function of
the external field for all samples, both undeformed and
undeformed.

For this alloy, it was observed that the magnetization
is not strongly influenced by the deformation induced on
the material, likewise the deformation mechanisms in
the material can have an effect on the magnetic response
of the material. One explanation to this could be that
atomic environments of the material are not strongly
influenced by the deformation process thus allowing the
material to exhibit the same magnetic properties in its
undeformed state as in its deformed state, in the range of
deformation evaluated.

The high-entropy CrMnFeCoNi-CN alloy contains
elements with complex magnetic interactions, unlike the
CrMnFeCoNi alloy, the CrMnFeCoNi-CN alloy did
not present a slight ferrimagnetic ordering in the sample
with 0 pct strain, this may be because the percentage of

Fig. 8—Magnetization of CrMnFeCoNi-CN alloy as a function of the temperature at different values of deformation (a) 0 pct, (b) 10 pct, and
(c) 20 pct.

Fig. 9—Magnetization as a function of temperature for the
CrMnFeCoNi-CN alloy at an external field of 100Oe.
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the iron element is lower (13.75 wt pct), and therefore,
there is a lower contribution to the ferromagnetic or
ferrimagnetic ordering. Future work in order to discern
whether Fe and Co substitutional contributions could be
more representative compared with the effect of C and
N on the lattice distortion and therefore on the magnetic
response could be of interest.

Given the high magnetic frustration existing in the
material, a transition from the paramagnetic state to the
spin glass state is observed at temperatures of 55 K,
56, K and 54 K, for the samples with 0, 10, and 20 pct
deformation, respectively. This transition as mentioned
above takes place in magnetic systems characterized by
disorder, where the competition between exchange
interactions fails to produce a coherent alignment of
magnetic moments over long distances. Instead, it
results in a quasi-random immobilization of their
distribution.

Regarding the influence of C and N on magnetic
behavior, for some systems like Fe20Cr6Mn6CN, it has
been shown that C and N slightly increase the magnetic
moments,[62,63] in this case maximum magnetization
value measured for the CrMnFeCoNi alloy was
1.0 emu/g in the evaluated range of temperature; mean-
while, 1.25 emu/g was the maximum magnetization
value for CrMnFeCoNiCN supporting the idea that
the addition of C and N increases magnetic moments to
some extent. C and N atoms are dissolved in the
octahedral interstices (O sites) of the supercell. There are
two different positional relationships between the octa-
hedral interstices: the first nearest neighbor and the

second nearest neighbor. The atoms of C and N change
the thermodynamic stability of the alloy, where the
electronic transfer of metal atoms is sensitive to local-
ized positions in the alloys, affecting the magnetic
characteristics.[62,63]

The transition from paramagnetic to spin glass states
in the CrMnFeCoNi-CN alloy highlights its potential in
magnetic sensor technologies. Spin glass materials,
known for their disordered magnetic states, are promis-
ing for sensing applications, such as in magnetic field
sensors and spintronic devices. Additionally, the phase
stability of these alloys makes them good candidates for
structural components near high-field superconducting
components, SQUID sensors, or electrical power gen-
eration rotors.

V. CONCLUSIONS

Both CrMnFeCoNi and CrMnFeCoNi-CN alloys
have a homogeneous single fcc structure with no
presence of secondary phases. Dislocation cells were
identified in both alloys and twinning is suggested as
deformation mechanism for CrMnFeCoNi-CN at room
temperature.
Magnetization of the CrMnFeCoNi increases with

deformation and external field and decreases with
temperature. Small magnetic moments were found as
expected due to the magnetic frustration of the con-
stituent elements. For CrMnFeCoNi-CN, magnetiza-
tion increases with external field and decreases with
temperature, and important magnetic variations were
not observed in the deformed samples with respect to
the undeformed one.
Magnetic response as a function of temperature at a

constant field shows that the unstrained CrMnFeCoNi
alloy undergoes a slight ferrimagnetic ordering at about
70 K, and the strained samples have a transition to the
spin glass state at about 63 K. The CrMnFeCoNi-CN
alloy undergoes a transition to the spin glass state at a
temperature of about 55 K in all samples both deformed
and undeformed.

Fig. 10—(a) Magnetic susceptibility of CrMnFeCoNiCN alloy as a function of temperature, and (b) inverse of the magnetic susceptibility.

Table V. Effective Magnetic Moment Values of

CrMnFeCoNi-CN Alloy at Different Deformations

Deformation
(Pct e)

Effective Magnetic
Moment (lB)

Curie
Temperature

h (K)

0 2.3878 � 448
10 2.3950 � 400
20 2.4797 � 420
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Neugebauer, and D. Raabe: Phys. Rev. Mater., 2020, https://doi.
org/10.1103/PhysRevMaterials.4.033601.
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Gębara, and A. Radoń: J. Magn. Magn. Mater.Magn. Magn.
Mater., 2020, vol. 502, 166492.

36. P. Kumari, A.K. Gupta, R.K. Mishra, M.S. Ahmad, and R.R.
Shahi: J. Magn. Magn. Mater.Magn. Magn. Mater., 2022, vol.
554, 169142.
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Zaleski: in Proceedings of the 8th International Conference on
Mechanochemistry and Mechanical Alloying, INCOME 2014,
Polish Academy of Sciences, 2014, pp. 999–1004.

49. M. Egilmez and W. Abuzaid: Sci. Rep., 2021, vol. 11, p. 8048. h
ttps://doi.org/10.1038/s41598-021-87527-x.

50. E. Fawcett: Rev. Mod. Phys., 1988, vol. 60, pp. 209–83. https://doi.
org/10.1103/RevModPhys.60.209.

51. D. Hobbs, J. Hafner, and D. Spišák: Phys. Rev. B. Rev. B, 2003,
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