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HIGHLIGHTS GRAPHICAL ABSTRACT

e Successfully prepared nanostructured
xCoNizs.<Fe powders.

e Cubic crystalline structure was observed
by XRD, SEM and VSM investigations.
e Nanostructured FegsNizoCos alloys have
been produced using the MA method.

e A study of the magnetization in relation
to the applied magnetic field was

conducted.
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Nanocrystalline Fes5Co3gNijs powder alloy was created via mechanical alloying in a planetary ball mill (Fritsch
P7) under an argon atmosphere. Structural, microstructural, and magnetic features were analyzed using X-ray
diffraction (XRD), scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDX), and
vibrating sample magnetometry (VSM). The results indicated a coexistence of body-centered cubic (BCC) and
face-centered cubic (FCC) solid solutions, with BCC being predominant (96%) and displaying an average grain

size of 11 nm. Both BCC and FCC phases exhibited a significant density of dislocations (~10'® per square meter).
The powder alloy demonstrated soft magnetic behavior with a saturation magnetization of 206.5 emu/g and a
coercivity of 32.63 Oe, indicative of multidomain properties based on the Mr./Ms. ratio. Theoretical analysis
confirmed precise computational simulation parameters at room temperature.

1. Introduction

Magnetization is a defining feature of the pure transition metals Fe,
Co, and Ni, making them highly sought-after materials with a wide array
of applications [1,2]. Consequently, alloys based on Fe, Co, and Ni
exhibit exceptional magnetic properties, enabling the development of
hard, soft, and semi-hard magnetic materials. Among these, iron-nickel
(Fe-Ni) alloys have gained significant attention in various industries,
particularly for their utilization as soft-magnetic materials. Key char-
acteristics of these materials include narrow hysteresis loops, low co-
ercive force, high saturation induction, excellent permeability, and
corrosion resistance [3-5].

By combining the elements Fe, Co, and Ni, it is possible to engineer
materials with desirable structural, microstructural, mechanical, ther-
mal, and magnetic attributes. Ternary Fe-Co-Ni alloys, in particular,
have garnered substantial interest due to their unique properties and
their wide range of applications in aerospace, automotive, electronics,
and other industries. Researchers have explored numerous compositions
of Fe-Ni-Co alloys by adjusting the ratios of Fe, Ni, and Co to optimize
their properties, leading to the creation of materials suited for magnetic
recording, microwave absorption, high strength, and corrosion resis-
tance [6-16].

In materials science, the synthesis conditions play a pivotal role in
determining material properties. Nanocrystalline (NC) Fe-Ni-Co alloys
have been produced using various techniques, including electro-
deposition, sol-gel, chemical reduction methods, hydrogen reduction,
and mechanical alloying (MA) [7,11-16]. Among these techniques, MA
stands out as an economical and straightforward method for crafting
solid solutions, intermetallic compounds, amorphous and nanocrystal-
line alloys, high-entropy alloys, and supersaturated solid solutions with
tailored magnetic, electrical, mechanical, and thermal characteristics
[17-23]. MA is a solid-state reaction that relies on repeated processes
like fracture, cold welding, agglomeration, and de-agglomeration of
powder particles, typically starting from elemental powders or pre-
alloyed materials. The final product’s properties are influenced by fac-
tors such as the composition and nature of the initial powders, milling
parameters like the type of ball mill, ball-to-powder weight ratio (BPR),
milling time, atmosphere, control agents, milling media, and milling
speed.

As an example, nanocrystalline FesoCosg — xNiy (x = 10, 20, 40, and
50) alloys were synthesized through a hydrazine reduction process with
PVP [7]. These powders exhibited a wide size distribution, and their
magnetic properties varied with the transition from a body-centered
cubic (BCC) to a face-centered cubic (FCC) structure as the Ni content
increased. Similarly, NC FeyNigyxCooo (x = 20, 30, 40, 50) materials
prepared using a chemical reduction method displayed an FCC crystal
structure with lattice parameters in the range of 3.546-3.558 A, crys-
tallite sizes between 22.8 and 27.5 nm, coercivity values ranging from
122 to 170 Oe, and a significantly lower saturation magnetization of
41.2-54.3 emu/g [8]. Milling Ni40Fe30Co30 powders led to the for-
mation of a single FCC crystal structure (a = 3.580 A) after 9 h of milling,
resulting in mean particle and grain sizes of about 4 pm and 8 nm,

respectively. The coercivity and saturation magnetization were
approximately 2.40 kA/m and 130.8 emu/g, respectively [24]. Spark
plasma sintering (SPS) was employed to fabricate (Ni-21Fe) — xCo (x =
10, 20, 30, and 40) samples from milled powders, leading to a wide
range of structural, magnetic, and mechanical properties[25]. The
samples with higher Co content exhibited the highest Ms., He, Curie
temperature, and hardness. In another approach, three distinct Ni-Co-Fe
coatings were electrodeposited, displaying a single FCC structure with
crystallite sizes between 8 and 12 nm and equiaxed grains. These coat-
ings, characterized by high hardness (Hv = 4.2 GPa), low coercivity (Hc
= 23 Oe), and excellent corrosion resistance, hold great promise for
applications in microelectromechanical systems (MEMS) [26].

Theoretical studies are indispensable for understanding the mecha-
nisms governing the macroscopic properties of materials and for pre-
dicting novel compounds and their characteristics. Contemporary
computational approaches based on density functional theory (DFT)
have become invaluable tools for researchers and scientists. Owing to its
effectiveness and precision, DFT has become a prominent technique for
characterizing and forecasting the attributes of nanomaterials [27-29].
The current study’s objective is to explore the influence of milling time
on the phase formation, microstructure, and magnetic properties of
milled Fe55C030Nil5 powders, with an additional focus on the elec-
tronic density of state (DOS) structure and magnetic state.

2. Experimental

To create the Fes5Co30Niy5 (Wt%) alloy, high-purity powders of co-
balt (> 99.9%), nickel (> 99.9%), and iron (> 99.9%) were carefully
blended. The milling process took place in a Fritsch P7 planetary ball
mill using stainless steel balls and vials within an argon environment, all
at room temperature. The rotation speed was set at 400 rpm, and the
ball-to-powder weight ratio (BPR) was approximately 18:1. To prevent
excessive temperature increase within the vials, the milling process was
conducted for half an hour with intervals of a quarter of an hour for
breaks. To assess the crystal structure of the mechanically alloyed
powders, a PANalytical Empyrean X-ray diffractometer (XRD) was
employed. The XRD was configured in a (6-0) Bragg Brentano geometry,
utilizing Cu-Ko radiation (A = 1.540598 A) with a scanning range
spanning 30 to 90° and a step size of 0.013°. The morphological char-
acteristics of the powder were examined using scanning electron mi-
croscopy (FEI Quantum 250, SEM) equipped with energy-dispersive X-
ray spectroscopy (EDX).

Furthermore, magnetic parameters, including saturation magneti-
zation (Ms), coercivity (Hc), remanence (Mr), and the saturation to
remanence ratio (Mr/Ms), were determined using a vibrating sample
magnetometer (Lakeshore Model 7404). These measurements were
conducted in the presence of an external magnetic field of 20 kOe at
room temperature.

Finally, the Rietveld powder structure refinement was carried out
using the MAUD program, which is based on the Rietveld method. This
detailed analysis allowed for a precise characterization of the alloy’s
crystal structure [30-32].
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3. Computational investigation
3.1. Theoretical model

In the simulations, the crystal structure employed belonged to the
Fm-3 m space group, featuring the following lattice parameters: a =b =
¢ = 3.5450 A. To carry out these simulations, the Cambridge Arrayed
Simulated Terahertz Energy Package (CASTEP) program was employed
[33]. The exchange-correlation energy was computed using the GGA-
PBE functional [33-36]. An ultra-soft pseudopotential (PP) approxi-
mation was adopted to represent the Optimized Troullier-Martins
Functional (OTFG) set. This approach reduces the number of basis sets
required to describe real electronic functions, effectively approximating
the behavior of the atomic nucleus and core electrons. The valence
electron configurations for the three elements are as follows: Fe: 3d6 4
s2, Ni: 3d8 4 s2, and Co: 3d7 4 s2. The analysis of the Brillouin region
was conducted using the Monkhorst-Pack technique [37]. In calcula-
tions based on first principles, the energy of the ground state is a crucial
quantity [38], and it is influenced by the sampling of the Brillouin zone
and the energy cut-off. In this case, an energy cut-off of 440 eV was
selected, and the k-points were adjusted accordingly to accommodate
this new value. This arrangement was found to provide excellent sta-
bility and convergence for the simulations.

4. Results and discussion
4.1. Particles morphology

Mechanical alloying (MA) has a profound impact on the morphology
of particles that have undergone substantial plastic deformation [39].
Fig. 1 presents scanning electron microscopy (SEM) images of both the
initial and milled powder mixtures, showcasing the development of
distinct particle shapes and sizes. The starting elements exhibit varying
characteristics: Co powders have a spherical shape and particle sizes in
the range of 61-149 pm, Fe particles display an irregular shape with a
narrow size distribution (20-60 pm), and Ni powders are typically flake-
like and agglomerate in sizes <10 pm. During the milling process, the
balance between fracturing and cold welding hinges on the nature of the
initial powders and has a substantial impact on material properties.

Nickel, iron, and cobalt metals are known for their moderate
ductility and relative malleability, which means they can undergo
shaping through severe plastic deformation without fracturing. Initially,
during the first hour of milling, agglomerates and large particles with
irregular shapes and sizes are formed. This stage is dominated by the
cold welding process due to the malleability and ductility of Fe, Ni, and
Co powders. The high contact pressure between the balls and powders,
as well as between the balls and vials, leads to the creation of new
surfaces that come into contact with one another under significant
plastic deformation. This results in the flattening of the powder particles
and the emergence of a layered morphology. Continued milling leads to
a combination of continuous fracturing and cold welding processes,
resulting in aggregates of smaller particles with irregular shapes and
particle sizes ranging from 10 to 150 pm after 12 h of milling. As the
milling time progresses and the applied stress surpasses the strength of
the powder mixture, the powders undergo further fracturing, leading to
the formation of smaller particles in the range of 3-30 pm after 24 h of
milling. Additionally, the powder particles exhibit irregular and flat-
tened morphologies. The achieved particle size distribution is a result of
the intricate interplay between the fracturing and cold welding phe-
nomena. The elemental composition of the 24-h milled powders was
determined through EDX analysis, providing valuable insights into the
composition of each particle. The EDX spectra, as depicted in Fig. 2,
confirm that every particle contains the constituent elements (Fe, Co,
and Ni) without any contamination from the milling media or the sur-
rounding atmosphere. Notably, the elemental composition appears to be
highly homogeneous, whether analyzed over a wide area (Fig. 2a) or a
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Fig. 1. Typical secondary electrons (SE) and backscattered electrons (BSE) SEM
images of the starting and mechanically alloyed powders for 1, 12, and 24 h
with different magnifications.

smaller region (Fig. 2b). The compositional analysis reveals minor var-
iations in the content of the three elements: Fe content ranges slightly
from 72.25 to 73.29 wt%, Co content falls within the range of 7.80 to
8.85 wt% and Ni content fluctuates between 17.86 and 19.95 wt%. It is
worth noting that distinguishing between Ni and Co in the EDX spectra
can be challenging, as their energy lines are very close to each other.
Consequently, the resulting alloy could be described as a pseudo-binary
Fe73(CoNi)27 alloy, considering the close alignment of Ni and Co in the
compositional range.
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Fig. 2. EDX spectra and elemental analyses (insets) of the mechanically alloyed
FessCo3oNiys powders for 24 h. The analyzed zone is shown in the insets.

4.2. X-rays diffraction analysis

The XRD patterns of the initial (0 h) and mechanically alloyed
powders mixture are presented in Fig. 3. The initial mixture exhibits
distinct characteristic peaks corresponding to the constituent elements:
BCC Fe (space group Im-3 m, lattice parameter a0 = 2.8665 A, ICSD file
No: 9008536), FCC Co (space group Fm-3 m, lattice parameter a0 =
3.5441 A, ICSD file No: 9012949), and FCC Ni (space group Fm-3 m,
lattice parameter a0 = 3.516 A, ICSD file No: 9009862). It is worth
noting that the diffraction peaks of Co and Ni are challenging to
distinguish from each other due to their similar crystal structures. The
three constituent elements, Fe, Ni, and Co, are transition metals that
belong to the same period (4th period) of the periodic table. They have
nearly identical values of atomic radii (rpe = 0.124 nm, r¢, = 0.125 nm,
and ry; = 0.125 nm), which allows for the substitution of one element
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with another without causing significant alterations in the crystal lat-
tice. Furthermore, the formation of solid solutions is facilitated by the
negative enthalpies of mixing (AHpx re.co = —1 kJ/mol, AHpix pe-Ni =
—2 kJ/mol, and AHpix co-ni = 0 kJ/mol) [40].

After 1 h of milling, the characteristic diffraction peaks (111) and
(011) of the initial elements overlap, but the (200), (002), (220), (112),
and (022) peaks remain distinguishable. These diffraction peaks exhibit
a significant reduction in intensity and a slight broadening. As the
milling time progresses, the diffraction peaks undergo pronounced
broadening and a reduction in intensity due to microstructure refine-
ment and the introduction of various structural defects (such as va-
cancies, dislocations, grain boundaries, stacking faults, etc.) resulting
from extensive plastic deformation. At 12 h of milling, the elemental Ni
and Co peaks largely become indistinguishable, and only the peaks for
the BCC Fe(Co, Ni) and FCC Co(Ni, Fe) solid solutions at around 44.68°
and 43.74°, respectively, are observed. This indicates the mixing of the
elemental powders at the atomic level. The slight shift in the peak po-
sitions to lower angles concerning the Fe (110) and Co (111) after 12 h of
milling suggests that the mechanochemical reaction between the start-
ing elements led to the formation of BCC and FCC solid solutions. This is
because mechanical milling favors the first-order strains acting on a
macroscopic scale by modifying the lattice parameter. Furthermore, the
shift in peak positions is attributed to the partial substitution of Fe atoms
by other transition metal atoms such as Co or Ni, as well as the partial
substitution of Co atoms by Fe and Ni atoms. Accordingly, Rietveld
refinement of the XRD patterns was conducted using BCC Fe, FCC Co,
and FCC Ni phases for 1 h of milling, and Fe-based BCC Fe(Co, Ni) and
Co-based FCC Co(Fe, Ni) solid solutions for 12 and 24 h of milling (see
Fig. 4). The crystal structure, the average crystallite size (<L>), weight
fraction, and root-mean-square (r.m.s.) microstrains (<c52 > 2) are
summarized in Table 1. The crystallite sizes of the initial Fe, Ni, and Co
elements exhibited a significant reduction from 152 to 370 nm to
approximately 42-113 nm after one hour of milling. As milling time
increased, the crystallite size reached 11 nm and 20 nm after 24 h of
milling for the BCC and FCC solid solutions, respectively, while lattice
strains increased to 0.45% and 0.20%.

Notably, this result contrasts with that obtained for the ball-milled
Fe50Ni15C030 powder, which had a lower crystallite size for the FCC
solid solution (~10 nm) compared to the BCC solid solution (~15 nm)
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o FCC-S
10}
W 0
5 : . . BCC-SS
8 1620112 h
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g 540 |
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17400 -
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Fig. 3. XRD patterns of the mechanically alloyed powders as a function of milling time (a), and the evolution of the main diffraction peak during the milling

process (b).
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Fig. 4. Rietveld refinement of the XRD patterns of the un-milled and milled powders for 1 h, 12 h, and 24 h. Experimental (dots), calculated (line), and difference
patterns (down) are displayed. Diffraction line positions of the identified phases are illustrated as small markers (|). GoF, Rwp, Rb, and Rexp are given in insets.

Table 1

Crystal structure, weight fraction (%), lattice parameter (a), relative deviation
(Aa), average crystallite size (<L>), and average lattice strain, (<62 > 1/2) of the
milled Feg ss5Nig.15C00.3 powders.

Milling Phases ~ Weight (@ &) Aa (%) (<L>) <6?>1/2
time (h) fraction +107* +2 (%) +
(%) +1 (nm) 1072
ESC' 57.25 2.8665 - 204 0.002
0 ;fc 10.8 3.5248 - 370 0.004
EEC' 31.95 3.5441 - 152 0.004
ESC' 71.5 2.8653 —0.052 113 0.005
1 ;fc 9.3 3.5229 —0.053 80 0.005
ch' 19.2 3.5228 -0.6 42 0.004
Sgc' 94.8 2.866 —0.017 12 0.51
12 FCC-
ss 5.2 3.5899 1.292 40 0.89
sgc' 96 2.8619 -0.16 11 0.45
24 FCC-
ss 4 3.5855 1.168 20 0.2

after 30 h of milling with a milling speed of 400 rpm and a BPR of 10:1
[41]. The crystallite size, <L>, and r.m.s. microstrains, <6?>1 2, were
utilized to calculate the mean dislocation density using the following Eq.

[42]:
P = 21/3 (02)”2/(<L> x B) 1

where p is Burger’s vector describing the direction and magnitude of
lattice distortions. It equals a+/3/2 for the BCC structure and a+/2/2 for

the FCC structure. At the outset of milling (1 h), the dislocation density
values for Fe (6.10'* m’z), Co (1.10'° m’z), and Ni (8.10"* m~2) are
intermediate between those of screw (~1013 m_z) and edge dislocations
(~10'® m’z), which can be generated by plastic deformation [43].
Consequently, the dislocations generated during the milling process may
represent a mixture of edge and screw dislocations. After 24 h of milling,
the values of the density of dislocations are in the same order of
magnitude as that of edge dislocations for both the BCC (57.10'6 m™2)
and FCC (14.10'® m~2) solid solutions. The higher density of disloca-
tions in the mechanically alloyed powders facilitates the formation of
the solid solution by enhancing atomic diffusion at room temperature.
Similar results were obtained for the 24-h milled FesgCosg [44], 20-h
milled FegpAlyg [45], and 20-h milled FeCoNi alloys [46]. In the case
of the FesoCoy5Nizs powders milled for 100 h, the calculated dislocation
density was approximately p = 1.25 x 10 m~2 [47].

The lattice parameters of the Fe, Co, and Ni elements decrease after
the first hour of milling to approximately 2.8653 + 10~* A, 3.5228 +
107* A, and 3.5229 + 10~ A, respectively. The relative change in the
size of the unit cell of a crystal lattice can be quantified by the relative
deviation, which represents the difference in the cell parameter (a)
compared to a reference value (ap). This can be expressed using the
equation Aa (%) = (a - ag) / ap, where ap and a are the lattice parameters
from the ICSD file and for a given milling time, respectively. Conse-
quently, the relative deviation reaches as much as —0.052%, —0.053%,
and — 0.60% for Fe, Ni, and Co, respectively. The contraction of the
crystal lattice is a result of the heavy plastic deformation of the powder
particles and the introduction of several structural defects during the
milling process. The most significant relative deviations are observed for
the FCC Co compared to those of BCC Fe and FCC Ni, and this may be
attributed to stacking faults. In the case of the new BCC solid solution,
the lattice parameter is lower than that of pure Fe, deviating by
approximately —0.017% and — 0.16% for the milled powders after 12 h
and 24 h, respectively. However, the lattice parameter of the new FCC
solid solution increases to about 3.5899 A and 3.5855 A after 12 h and
24 h of milling compared to that of Co, resulting in relative deviations of
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about —1.292% and — 1.168%, respectively. These variations in lattice
parameters are indicative of the changes in the crystal structure and
composition resulting from the mechanical alloying process. The small
fluctuations in the weight fractions of the elemental powders compared
to the nominal composition may be attributed to the heterogeneity of
the analyzed powder mixture. Notably, there is an increase in the weight
percent of BCC Fe to approximately 71.5%, and this increase comes at
the expense of the weight fractions of Ni (9.3%) and Co (12.2%). This
increase can be attributed to the diffusion of both Co and Ni into the Fe
matrix. This assumption is consistent with the observed formation of
agglomerates in the SEM images. The weight fraction of the BCC solid
solution reaches 94.8% after 12 h of milling and then stabilizes at
around 96% after 24 h of milling. Since Fe and Co are miscible over the
entire concentration range, the predominance of the BCC solid solution
is primarily a result of the diffusion of Co atoms into the Fe lattice. It’s
worth noting that the diffusion of Co atoms into the Fe lattice occurs
faster than that of Ni atoms. Additionally, in Fe-Co alloys, Fe atoms can
be substituted with Co atoms, which leads to a decrease in the lattice
parameter, aligning with the findings reported in Table 1.

Different results have been obtained for the Fe-Co-Ni system
depending on the conditions of the manufacturing route (composition,
ball mill type, BPR, milling time, etc.). For example, the end product of
the ball milled FesoCo4oNijg (Wt%) for 90 h in the planetary ball mill
QM-3SP4 with a BPR of 15:1 and a rotation speed of 320 rpm consisted
of a single BCC Fe(Co, Ni) solid solution [48]. The Crystal structure of
the milled FesoCozgNigzg (Wt%) powders for 30 h in a high energy
planetary mill using a BPR of 10:1 and a rotation speed of 400 rpm was a
mixture of 65.64% BCC solid solution (a = 2.867 10\, <L > 18.6 nm) and
35.74% FCC solid solution (a = 3.535 f\, <L > 7.6 nm) [41].

4.3. Magnetic characteristics

The effect of severe plastic deformations (SPD) during the milling
process can be examined by microstructural analysis and magnetic
properties (Hc, Ms., Mr./Ms) measurements to establish quantitative
relationships between them. Nonetheless, the exact quantitative rela-
tionship may vary depending on the unique properties of the material,
the type of deformation, and the experimental setup used. Fig. 5 shows
the magnetization response of the mechanically alloyed powders to
changes in the applied magnetic field (M-H) at room temperature. The
hysteresis loops are narrow and exhibit a sigmoidal shape characteristic
of soft magnetic materials. The evolutions of the saturation magnetiza-
tion, coercivity, remanence, and squareness ratio as a function of milling
time are exposed in Fig. 6.

The saturation magnetization exhibits a two-stage behavior against
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Fig. 5. Field dependence of magnetization for the initial and milled powders
for 1, 12, and 24 h. The inset shows the enlargement of the central part.
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Fig. 6. (a) Evolution of Ms. and Hc versus milling time, and typical morphol-
ogies of the powder particles are shown in insets, and (b) variation of Mr. and
Mr./Ms. with milling time.

the milling time (Fig. 6a). Ms. drops from 190.34 emu/g for the initial
mixture to 156.34 emu/g after 1 h of milling and then rises to 166.34
emu/g and 206.50 emu/g after 12 h and 24 h of milling, respectively.
The saturation magnetization can be affected by several factors such as
the crystal structure, atomic and electronic structure, temperature, im-
purities and defects, etc. The decrease in Ms. during the initial stage of
milling may be due to crystalline defects and the decrease in the lattice
parameters of the magnetic Fe, Co, and Ni elements in good agreement
with the XRD results. Besides, mechanical strains may lead to the
reduction in Ms. because they alter the crystal structure and affect the
interatomic distances and the arrangement of magnetic domains. The
effect of mechanical strains is supported by the morphology of the
powder particles that experience severe deformation and flattening after
1 h of milling (Fig. 1). The subsequent rise in Ms. after 12 h and 24 h of
milling is due to the gradual formation of the Fe-Co-Ni alloy through the
dissolution of Ni and Co atoms in the Fe matrix and the development of
the Fe(Ni, Co) BCC solid solution as Fe, Co, and Ni promote strong
magnetic interactions between neighboring atoms, leading to higher Ms.
values. The increase in Ms. might also be related to the atomic disorder
and the change in the nearest-neighbor configuration of magnetic atoms.
The magnetic moment of Fe atoms depends on their local environment,
while that of Co atoms does not. The estimated magnetic moment values
are about 2.049 pp, 1.683 pp, 1.791 pp, and 2.223 pp for the O h, 1 h, 12
h, and 24 h, respectively. The decrease of the magnetic moment at the
beginning of milling can be associated with the contraction of the crystal
lattice owing to the SPD. However, the increase in the magnetic moment
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from 12 h of milling can be due to the solid solution formation via the
substitution of Fe atoms by Co atoms because the magnetic moment of
the Co atoms (1.70 pp) is higher than that of the Ni atoms (0.6 pg).

Different Ms. values were obtained depending on the preparation
conditions. The obtained Ms. value of 206.5 emu/g after 24 h of milling
is lower than those reported for the ball-milled pure Fe (Ms = 213 emu/
g) and FesoCosp powders (Ms = 215 emu/g) for 40 h [49]. The Ms. =
206.5 emu/g is higher than that obtained for the mechanically alloyed
FesoNijgCoso powders using a BPR of about 15:1 and a rotation speed of
320 rpm with a maximum value of 153 emu/g after 25 h and a reduction
to about 134 emu/g after 90 h milling [48]. The synthesized NC
FesoNizoCozo powders (L = 23 nm) using a chemical reduction technique
exhibited a lower Ms. value of 41 emu/g in comparison to that obtained
for the same composition prepared by MA (Ms = 145 emu/g) [48].

The coercivity measures the material’s ability to resist magnetiza-
tion. The coercivity of ball-milled powders originates from several fac-
tors, such as composition, crystallite size, internal strains, impurities,
dislocations, non-spherical shapes, and surface irregularities. The in-
crease in coercivity (Fig. 6a) at the beginning of the milling time (1 h) to
Hc = 51.42 Oe can be due to the plastic deformation effect, accumula-
tion of internal stresses, and high levels of structural defects. Plastic
deformation caused by mechanical stress during the milling process can
have a significant impact on the behavior of the magnetic domain walls
and, thus, on the overall magnetic properties. Plastic deformation refers
to a permanent and irreversible change in the shape and structure of the
material, which is visible in the SEM image (Fig. 1a, h). Dislocations,
grain boundaries, and stacking faults can serve as pinning sites for
magnetic domain walls, affecting their immobilization, hindering their
movement, and increasing coercivity. The reduction in Hc to about
32.63 Oe after 24 h of milling can be mainly due to the decrease in the
crystallite size (Table 1) in agreement with the random anisotropy
model [50].

The Mr./Ms. ratio and Mr. exhibit the same tendency as a function of
milling time (Fig. 6b). The Mr./Ms. ratio can be affected by micro-
structure change in the mechanically alloyed powders. Remanent
magnetization indicates the stored magnetization in magnetic materials
even after the external magnetic field removal. However, the Mr./Ms.
ratio defines the degree of squareness of the hysteresis loop of a mag-
netic material by providing information about how well the material
retains its magnetization when an external magnetic field is applied and
removed. It is an insightful criterion for assessing the domain state,
distinguishing between single domains (Mr/Ms. > 0.5) and multi-
domains (Mr/Ms. < 0.1). The Mr./Ms. values (< 0.1) indicate that the
powder particles are multi-domains where the magnetization modifi-
cation can be due to the domain wall movement in relatively low fields.
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4.4. Theoretical study

Initially, the first crystal structure space group was chosen to
represent the Fe-Ni-Co phase. After several cycles, the convergence limit
0f 5.107° eV/atom was attained. The experimental results show that the
lattice parameters at room temperature are a = b = ¢ = 2.8660 A. The
calculated a = b = ¢ = 2.8664 A value is close to these values. These data
demonstrate that the computational simulation’s fundamental structure
was successfully chosen (Fig. 7). The X-Pert program found a compound
with the same formula FessCosgNijs.

Analyzing the samples’ electronic characteristics was done using the
electronic density of states (DOS). Fig. 8a shows the total DOS of the
Fess5CosoNips alloy. From —10 to 20 eV, the DOS’s most significant peaks
may be seen. Fig. 8a depicts Fes5Co3oNiy5 with a clear up/down electron
spin separation, demonstrating the material’s ferromagnetic properties.

Fig. 8b illustrates the peak in spin-up for the Fe 3d state. The 3d
orbitals of Fe, Ni, and Co predominate in the conduction band.

According to Pauli’s exclusion principle, the difference between the
conduction electron populations’ spin-up and spin-down plays a key role
in controlling charge density. Measuring a crystal’s spin density as the
number of electrons per cubic meter is possible. The difference between
electrons spinning up and down is equivalent to the crystal cell’s integral
value in a mathematical sense.

The integration of “integrated spin densities”—the total amount of
electrons in a material provides a qualitative estimate of magnetic
ordering. The magnetic state may be determined by comparing this
value to the absolute magnitude in Table 2 [51]. Bohr magnetons (BMs)
are used to calculate the magnetic dipole moment. Integrated spin
density (ISD) values of 43.7681 and 47.2576 BM indicate that the ma-
terial is ferromagnetic. As seen in Fig. 9 the Fe atoms’ spin-up state in
Fess5CosgNips results in a weak magnetic field.

5. Conclusion

In this study, we conducted a comprehensive investigation of the
mechanical alloying process to synthesize nanocrystalline FessCo3gNijs
powders. Various characterization techniques, including X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), energy-dispersive X-
ray spectroscopy (EDX), and vibrating sample magnetometry (VSM),
were employed to examine the structural, microstructural, elemental
composition, and magnetic properties of the material during different
stages of milling. The XRD analysis unveiled the transformation of the
material into a coexistence of body-centered cubic (BCC) and face-
centered cubic (FCC) solid solutions after 24 h of milling, with BCC as
the dominant phase. The microstructural analysis demonstrated a sig-
nificant reduction in crystallite size, with the FCC and BCC phases

Fig. 7. Representation of the optimized structure.
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Fig. 8. Calculated PDOS for the FessCosoNiys structure: (a) DOS, and (b) integrated DOS.
Table 2
The simulated crystal unit cell’s magnetic ordering.
Parameter Ferromagnetic Paramagnetic Antiferromagnetic Ferromagnetic
2*Integrated spin density Nonzero, the same magnitude Zero Zero Nonzero
2* Integrated |spin density | Nonzero, the same magnitude Zero Nonzero Nonzero, larger magnitude

Fig. 9. FessCo3Nijs supercell spin density distribution (spin-up: red; spin-down: yellow). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

exhibiting average sizes of 20 nm and 11 nm, respectively. EDX analysis
confirmed the material’s elemental composition remained consistent
throughout the milling process, with minor fluctuations. The magnetic
properties of the material indicated soft magnetic behavior, character-
ized by sigmoidal hysteresis loops and a two-stage evolution of satura-
tion magnetization (Ms) and coercivity (Hc). The multidomain behavior
was evident from the remanence (Mr) and squareness ratio (Mr/Ms).

Additionally, computational simulations provided insights into the
electronic structure and magnetic properties, revealing ferromagnetic
behavior with differences in spin densities and magnetic moment values
for the Fes5CoszoNijs alloy.

This study offers a comprehensive understanding of the effects of
mechanical alloying on the structural, microstructural, and magnetic
characteristics of FessCo3oNijs powders. The material displayed favor-
able soft magnetic properties, making it promising for diverse technical
applications.
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