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Mechanical alloying (MA) with a high-energy planetary ball mill is used to
create nanostructured Nig,Co,,Mo;-alloy samples from pure elemental pow-
ders. The powders obtained are analysed using x-ray diffraction, scanning
electron microscopy, and vibrating-sample magnetometry techniques to in-
vestigate the microstructure, morphology, particle-sizes’ distribution, and
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magnetic properties as functions of milling time. The results show that x-ray
diffraction analysis suggests the formation of nanostructured f.c.c. solid so-
lutions, f.c.c.-NiCo(Mo), which become the dominant phase after 6 h of MA,
with decreasing crystallite sizes ranging from 15.1 nm to 9.78 nm and in-
creasing microstrain (0.41-0.66% ) with increasing milling time to 72 h. Mor-
phological observations utilizing scanning electron microscopy validate the
production of nanocomposite and reveal a progressive refinement in particle
size with milling time and a narrow particle-sizes’ distribution with an irregu-
lar shape for longer milling. The milling process induces significant changes
in the magnetic properties, where the magnetism of the combination is lost
due to the combined effects of crystallite-size reduction. After milling, the
remanence ratio M,/M, (= 4.1-107%) and coercive field (= 10.87 Oe) are found to
be declining. The findings indicate that the alloy has reached its maximum
level of magnetization and displays a very weak magnetic response.

s cTBOpeHHS HAHOCTPYKTypoBaHmX 3paskiB cromy Nig,Co;;Mo; 3 unctux
eJIeMEeHTapHUX MOPOIIKIB BUKOPHCTOBYBAJIM MeXaHiuHe JIeTyBaHHS 3a JOIIO-
MOTOI0 BHCOKOEHEPTeTUYHOrO IIJIaHEeTapHOro KyJboBoro miamHa. Omepskani
MOPOIIIKY AaHAaJi3yBaJii 3a JOIOMOTOI0 METOMIiB PEeHTIeHiBChKOI audpakriii,
CKaHiBHOI eleKTpPoHHOI MiKpocKomii i marHeTomeTpii 3 BiOpyBaJIbHUM 3pas-
KOM [IJIA JOCJIiPKeHHA MiKPOCTPYKTYpU, MopdoJiorii, posmoAiay JacTHHOK 3a
po3MipoM i MarLeTHHUX BJIACTHUBOCTEeH SK (PYHKI[INA yacy momeJsy. PesyabTaTu
IMOKAa3yIoTh, III0 PeHTIeHiBChKa AudpaKIiiiHa aHANi3a IPUIYCKAE YTBOPEHHS
HamocTpyKkTypoBaHux ['I[K-tBepaux posumuiB (I'IIK-NiCo(Mo)), aki craioTh
IOMiHyBaJbHOIO (Da30i0 micjs 6 rog MexaHiuYHOTO JieT'yBaHHSA, 3i 3SMEHIIIeHHAM
posMmipiB KpucTariTiB y gisimasoni Big 15,1 um 10 9,78 M i 36iabIIeHHAM MiK-
pozedopmariii (0,41-0,66% ) 3i 36imbIiIenHAM uacy momeay 1o 72 rog. Mopdo-
JIOTiuHi cImocTepekeHHsS 3 BUKOPHUCTAHHAM CKaHiBHOI eJIEKTPOHHOI MiKpPOCKO-
mii migTBepaAnIN BUPOOHUIITBO HAHOKOMIIO3UTY Ta BUABUJIM IIPOI'PECUBHE IIO-
IpiOHEeHHA PO3Mipy YaCTHHOK i3 YyacoM IIOMeJy Ta BY3bKUII PO3MOIiJ POo3MipiB
YaCTUHOK i3 HeIpaBUJIbHOIO (hOPMOIO I TPUBAJIOro momeny. IIporec momeny
BUKJIMKAE 3HAYHI 3MiHM B MATHETHUX BJIACTUBOCTSX, e MarHeTU3M KOMOiHa-
il BTpauaeThCcsa uepes KOMOiHOBaHUU edeKT 3MEHINIEHHS PO3Mipy KpucTaJi-
tiB. ITicaa moapibHeHHA OYJIO BUABJICHO, IO KOedillieHT 3aJIUITIKOBOI HAIIPYTHU
M,/M, (= 4,1-10"®) i xoepriuTusHe moJe (= 10,87 Oe) sMeHITyIOTbCA. BrCcHOB-
KM TOKAa3aJiu, IO CTOH JOCAT MaKCUMAJHLHOTO DPiBHSA HAMArHETOBAHOCTH Ta
IEeMOHCTPYE IysKe cJIabKuii MarHeTHUH BiATYK.

Key words: nanomaterials, mechanical alloying, particles’ morphology and
size, x-ray diffraction, magnetic properties.
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1. INTRODUCTION

The field of nanomaterials has expanded rapidly due to their supe-
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rior properties compared to traditional materials. These properties
arise from their high surface area and unique directional proper-
ties, which allow them to exhibit enhanced mechanical, electronic,
optical, or magnetic properties [1]. Among the various types of na-
nomaterials, soft magnetic nanomaterials (SMNs) have gained con-
siderable attention due to their distinctive characteristics, offering
exciting possibilities in magnetic applications [2].

One group of SMNs that has been receiving a lot of attention in
recent years is 3d-transition metal alloys. Owing to their unique
physical and chemical properties, these metals have garnered signif-
icant interest in various fields. Notably, elements such as nickel
(Ni) and cobalt (Co) possess exceptional ferromagnetic, quantum,
and electrical resistance properties [3]. Furthermore, when com-
bined with molybdenum (Mo) or other non-ferromagnetic elements,
these transition metals offer the desired characteristics at a sub-
stantially lower cost compared to their rare-element counterparts
[4]. This cost-effective advantage has led to a surge in researchers’
interest in studying and characterizing nanostructured metal alloys
in recent years.

Mechanical alloying (MA) is one of the most effective methods
for producing nanocrystalline SMNs. This process involves severe
plastic deformation of particles leading to particle size refinement
and shape changes [5]. It is effective in producing materials far
from their thermodynamic equilibrium, including amorphous alloys
and extended solid solutions. In recent years, nanocrystalline SMNs
synthesized through MA have gained significant development.

Nanocrystalline SMNs offer several advantages over their con-
ventional counterparts, including lower power loss, higher magnetic
permeability, and higher saturation magnetization [6]. These prop-
erties make them highly desirable for use in various magnetic ap-
plications such as magnetic sensors, magnetic data storage, and
magnetic refrigeration [7].

One such nanomaterial that has been studied in recent years is
NiCoMo. Produced through mechanical alloying, this nanomaterial
offers promising possibilities for magnetic applications. Investiga-
tions into the influence of milling time on its properties are cur-
rently underway [8].

In 2011, the nanostructure CoNi was examined at various time
intervals, observing the transformation of cobalt structure from
hexagonal close-packed (h.c.p.) one to face-centred cubic (f.c.c.) one.
As was completed, it was that refinement of particle size and the
formation of Co(Ni) and Ni(Co) solid solutions, alloy powder exhib-
its a soft ferromagnetic property, where the magnetic parameters
are susceptible to milling time [9].

In another study, the researchers employed the electrodeposition
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technique to fabricate effectively Ni—Co alloys, featuring various
morphologies, on porous Ni substrates. The results demonstrated
that the nanocone Ni—Co alloys supported on porous Ni outper-
formed other morphologies in terms of edge structures, surface ox-
idation, and metallic states [10].

In a study conducted by Hossein Raanaei and colleagues in 2020
[11], a nanostructured Fe—Co—Mn-Ti—B alloy was synthesized using
the ball milling method. The smallest grain size was observed after
80 hours of milling, while an increase in grain size values was not-
ed between 80 and 100 hours of milling time. A sharp decline in
saturation magnetization after 60 hours of milling could potentially
be attributed to the diffusion of non-ferromagnetic atoms into the
iron or cobalt structures.

In a study by Tuncay Simsek et al. in 2021 [12], nanocrystalline
NiFeCoMo alloys were successfully synthesized through mechanical
alloying using elemental powders of Fe, Co, Ni, and Mo. Milling all
elements together in stoichiometric quantities for 60 hours resulted
in the formation of 95Mo5 and 90Mol0 alloys. In the first set of
alloys, it was observed that an increase in Mo content led to a re-
duction in crystallite size and lattice strain. The addition of Mo in
the alloy appeared to modify the particle morphology, transforming
particle shapes from irregular to layered one. As expected, Mo also
decreased the alloy saturation magnetization, with the saturation
magnetization of the alloy diminishing as the proportion of Mo in-
creased [12, 13].

In a study by M. Triki and colleagues in 2022, nanostructured
powder of the Ni,MnCo ternary alloy was successfully synthesized
using the mechanical alloying process. Structural analysis revealed
the formation of a solid solution within the face-centred cubic
structure phase. Furthermore, it was noted that milling for 24
hours did not influence the particle size, suggesting that the mix-
ture had achieved homogeneity by this point. Magnetic characteri-
zations conducted at room temperature led to the observation of a
newly emerged paramagnetic phase, which was influenced by the
antiferromagnetic behaviour of manganese [14].

In this work, we present an investigation of the production of
magnetic nanomaterials through mechanical alloying (MA), which is
an advantageous method to produce solid solutions and new
nanostructured materials [15]. the impact of the milling time on the
microstructure and magnetic properties of the mechanically alloyed
powder mixtures by tracking the development of its microstructure,
analysing the impact of crystallite size reduction on magnetic char-
acteristics, and observing the dissolution of an antiferromagnetic
element (Mn) [16]. To accomplish this, we used x-ray diffraction
(XRD) to identify precisely the formed phase and the crystal struc-
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ture, followed by the development of the morphology and micro-
structural changes of the particle powder by SEM—-EDX, evaluated
the particle size distribution by laser diffraction, and, finally, ex-
amined the magnetic properties using a vibrating-sample magne-
tometer (VSM).

2. EXPERIMENTAL PROCEDURE

In an argon atmosphere at room temperature, Ni—-Co—Mo polycrys-
talline samples were produced using a planetary ball mill (Fritsch
Pulverisette 7). As starting materials, high-purity elemental pow-
ders of nickel (99.999%), cobalt (99.99%), and molybdenum
(99.98% ) were purchased from Sigma Aldrich Chemical Company,
Inc., USA, by atomic weight calculations, these powders were
weighed and combined in a stoichiometric ratio using balls and jars
of hardened steel. The ball/mass ratio of the powder was about
15:1, and the rotation speed was 350 rpm. The synthesis was done
in 30-minute cycles of milling with 15-minute breaks to avoid an
excessive rise in temperature inside the vials. For each milling
time, the jars are opened only after a cooling period of 20 to 60
min. X-ray diffraction (XRD) was used to track the microstructural
and structural evolution of the mixture using a high-resolution dif-
fractometer model, the Bruker D8, in a geometry of (-2) Bragg—
Brentano and with CuK radiation (=0.15406 nm). The ICDD-PDF
4 + database and the PANalytical X’Pert HighScore Plus software
were used to identify the phases. Using the Williamson—Hall meth-
od, the crystallite size (Cs) and internal microstrains () of the sam-
ples were determined, followed by Rietveld refinement. The mor-
phology and chemical composition of the milled powder mixture
were investigated using a JEOL 6300 scanning electron microscope
(SEM) operating at voltage of 20 kV and equipped with an electron
dispersion spectrometer (EDS, also abbreviated EDX or XEDS) for
chemical composition [14]. The magnetic measurements were per-
formed at room temperature using a PCM MicroMag 3900 vibrat-
ing-sample magnetometer (VSM) with a magnet of 1 Tesla.

3. RESULTS AND DISCUSSION
3.1. Structural and Microstructural Analysis

X-ray powder diffraction (XRD) examined samples’ phase struc-
tures. Figure 1 shows the XRD patterns made of typical Nig,Co,, Mo,
alloy without any impurities. The process was carried out in high-
power planetary ball mill. Diffraction peaks, where 11 initially
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Fig. 1. Evolution of the XRD patterns of Nig Co,,Mo; powdered mixture as
a function of milling time.

sharp peaks were found for the composite samples at 37.231°,
40.486°, 44.475°, 51.828°, 65.433°, 68.665°, 73.740°, 75.846°, and
76.348°, 92.890°, 98.384°, can be indexed well for (111), (110),
(111), (200), (220), (531), (211), (220) and (220), (311), (222)
Nigy,Co,7Mo; aircraft with cubic hull centre (JCPDS No. 00-004-0850
and 00-015-0806). We observe the presence of overlapping peaks
originating from the fact that f.c.c. Ni, Co, and Mo phases have
similar lattice parameters.

It is evident that a solid-state reaction takes place as the milling
time progresses. Additionally, the diffraction peaks are observed to
broaden and their relative intensity diminishes with an increase in
milling time. This is attributed to the persistent reduction in parti-
cle size and the introduction of lattice strain. Consequently, all el-
emental diffraction peaks vanish following the solid-state substitu-
tion process, wherein Mo and Co atoms replace their positions with-
in the Ni host lattice.

The vanishing of the Mo peaks becomes increasingly apparent af-
ter 24 hours of milling, while the solid Ni—Co phase starts to
emerge distinctly at the locations of the diffraction peaks at 20:
44.319°, 51.671°, 76.161°, 92.521°, and 97.920°. These peaks corre-
spond to the Miller indices of (111), (200), (220), (311), and (222),
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respectively. Through continuous observation, the diffraction
peak’s position reveals a progressive shift towards smaller angles,
accompanied by a reduction in intensity and a broadening of the
peak. This evolution is attributed to the conversion of a heteroge-
neous microcrystalline blend into a homogeneous nanocrystalline
mixture, ultimately yielding a uniform single-phase Ni80Col7Mo3
alloy. This alloy exhibits a face-centred cubic (f.c.c.) structure and
belongs to the Fm3m (No. 225) space group.

In Figure 2, it is clear that the lattice modulus (a) increases with
milling time from 2.673 A initially before milling to 3.539 A. This
is justified by the progressive formation of a homogeneous NiCo
alloy during milling a process characterized by an increase in the
lattice parameter of the f.c.c. structure because of an increase in
the degree of the solid solution of Mo and Co atoms in the Ni host
lattice. The growth of the lattice parameter is reflected by the shift
of the diffraction peaks towards small angles. Moreover, this is
clear from Mo being an element with a larger atomic radius and, a
low amount of in alloy system. The dissolution of Mo in the Ni lat-
tice is more stable. This is the most probable reason why the solid
solution process showed gradual peak shifts to lower angles as the
milling continued [14, 18].

The crystal size and lattice strain in the milled powders were de-
termined jointly from the diffraction spectra related to the differ-
ent milling times using the famous Wailliamson—Hall equation,
which is expressed as follows: PBcos® = KAD ' +&esin6, where A is
the wavelength of the x-rays used, K is a constant whose value is
approximately 0.9, 0 is the Bragg angle, 3 is the full width at half
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Fig. 2. Evolution of the lattice parameter a of the f.c.c. cubic lattice for
each (hkl) as a function of milling time.
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maximum (FWHM) of a diffraction peak (usually, the most inten-
sive peak).

The evolution curve (see Fig. 3) of crystallite size refers to the
changes in the crystal structure and properties of a material over
time as it undergoes grinding or other forms of processing. In this
case, the material being studied is a Nig,Co;;Mo; powder mixture,
and the size of the crystals and the value of the microstrain are be-
ing tracked over time. As can be seen, the crystallite size sharply
decreased during the initial period of milling and then increased
and stabilized due to the predominant crushing and welding pro-
cesses, which were often used in repeated grinding [16]. The value
of the microstrain (¢) is also being tracked, and it is stated that the
value of € initially decreased, as the powder mixture was ground,
suggesting a more uniform crystal structure was being formed.

After the milling process, the crystal size of the face-centred cu-
bic (f.c.c.) phase NiCo(Mo) was found to be of 9.78 nm. This reduc-
tion in size is associated with an increase in microstrain, which is a

0.7
80 —m—Ni
—eo—Co - Ni
L —a— Mo 0.6 —e— Co
g 70 P —a Mo
= ol *—NiCo(Mo) 2 — NiCo(Mo)
& . 05F
N =
@ s0F =
@ % 04
E‘ 40+ o
S é 03
301
=
O 20} 021
10 + x 0.1F
1 L L 1 1 1 1 1 1 L 1 L L 1 L 1
-10 0 10 20 30 40 50 60 70 80 -10 0 10 20 30 40 50 60 70 80
Milling time, h Milling time, h

Fig. 3. Evolution of crystallite size and microstrain of Nig,Co,,Mo; powder
mixture as functions of milling time.

TABLE 1. Rietveld refinement R-factors of Nig,Co,;Mo; powdered mixture.

Milling time, h R, R, R,., Chi-square (GOF)
0 1.811 2.696 1.835 1.468
2 0.606 0.9 0.900 1.000
6 0.697 0.934 0.915 1.020
12 1.581 3.176 1.706 1.861
24 1.606 3.113 1.830 1.700
48 1.586 3.089 1.838 1.680

72 2.192 3.588 3.109 1.153
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result of the high-energy collisions between the balls and the recur-
ring events of cold welding, fracturing, and re-welding. In sum-
mary, the crystal evolution curve for the Nig,Co;;Mo; powder mix-
ture demonstrates that the milling process substantially influences
the materials’ crystal structure and properties, leading to altera-
tions in crystal size, volume, and microstrain. The specific conse-
quences of the observed changes in the materials’ properties depend
on the intended use of the NigCo;;Mo; powder mixture. The
Rietveld refinement technique was employed to analyse x-ray dif-
fraction (XRD) patterns using the PANalytical X’Pert High Score
Plus software [19]. The refinement procedure was as follows. The
background, displacement of the specimen, and scale factor were all
considered. The dimensions of unit cells, atomic coordinates, and
procedural parameters were then considered. The quality of the
Rietveld fitting was assessed (Table 1) after each iteration using
reliability R-factors, including the expected R-factor (R,,), profile
R-factor (R,), and weighted profile R-factor (R,,) [20].

The initial cell parameters, space group, and atomic coordinates
are obtained by matching reference patterns generated using a crys-
tallographic database. The Fourier series involves twelve refinable
coefficients, and the profile sharp refinement is characterized by
the pseudo-Voigt function. The pseudo-Voigt function, which is a
linear combination of Lorentzian and Gaussian functions, is em-
ployed to determine peak shapes. This function is particularly use-
ful for resolving strain and size contributions to peak broadening,
as it can effectively model a range of peak shapes that arise due to
various factors influencing the diffraction patterns. A good refin-
ing model should accurately reproduce the matched peak positions
and intensities. As illustrated in Fig. 4. There is a strong agree-
ment between the observed and computed patterns. The goodness of
fit is evaluated based on peak shape, peak position, structure, and
background, as shown in Table 1. The effectiveness of the refine-
ment process is further validated by comparing the current and re-
fined models, in line with the findings reported by various re-
searchers [19, 21].

3.2. Morphology Observation of Particles by SEM

The examination of powder particles was conducted using scanning
electron microscopy, which provided insights into particle morphol-
ogy, shape, size, and distribution, as illustrated in Fig. 5. It was
determined that the repetitive milling and welding actions involved
in the milling process tend to increase the contact surface between
the two components being ground, resulting in the formation of sol-
id solutions at lower temperatures.
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Fig. 4. Rietveld refinements of Nig,Co,;Mo; powdered mixture as a func-
tion of milling time.

Prior to milling, the nickel powder particles exhibit a spherical
shape, while cobalt particles appear smoother, and molybdenum par-
ticles are highly round and fine. After 72 hours of intermittent
milling, the composite particles (Nig,Co;;Mo;) display a distinct
shape, featuring a cap structure with some white regions. This cap
structure is a well-known characteristic of nickel particles. Addi-
tionally, the emergence of Fe,_,Cr, crystal powders is observed after
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24 h 48h 72h

Fig. 5. SEM micrographs of Nig,Co,;Mo; powdered mixture at a different
time of milling.

other formulations, which are produced by high-energy milling pro-
cesses.

Figure 6 illustrates the evolution of the morphology of
Nig,Co;;Mo; powder particles as a function of milling time. During
the initial two hours, the powder particles exhibit various dimen-
sions, indicating the presence of two processes: welding and fractur-
ing. The fracturing occurs due to ball-powder—ball and ball-ball
powder—wall collisions. During the milling process, welding is likely
as the powder particles appear large, which can be attributed to
their high plasticity, softness, and low-pressure shape, resulting in
a propensity to fuse and form larger particles.

Moreover, the presence of a laminar structure is observed. This
lamellar microstructure is typically seen in Ni-based compounds
produced by high-energy mechanical milling, and it arises from the
intermingling of pure elements and the relatively large proportion
of nickel, which is known for its flexible structure.

After 6 hours of milling, the powder particles display various ir-
regular shapes and sizes. The presence of large particles suggests
that the welding process is more dominant than the fracturing pro-
cess. As the milling time increases to 12 hours, a reduction in par-
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ticle size is observed, with some coarse particles remaining. This
change indicates the predominance of the fracturing process and a
significant decrease in particle size. Milling after 24 hours reveals
that the welding process is suppressed, and some fractured powder
particles exhibit inclusions. Following an additional 48 hours of
milling, the particle shapes become relatively homogeneous, reach-
ing a stable state characterized by a balance between fracturing and
welding. After intermittent milling for 72 hours, the welding pro-
cess is observed at this stage, where the powder particles appear
polished and regular, with an average size of approximately 22 pm,
as shown in Fig. 7, displaying semi-oval forms.

Grain size

No. of particule

0 20 40 60 80 100

Grain size, ym

B Grain size

\

60 80 100 120 140

No. of grains

Grain size, pm

[ Grain size

No. of grains

40 ) 8

Grain size, um

Fig. 6. SEM micrographs and corresponding histograms of particle-sizes’
distribution of Nig,Co,;;Mo; powdered mixture as functions of milling time.
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3.3 ANALYSIS BY EDS

Table 2 presents the evolution of the weight percentage of the nick-
el-cobalt—molybdenum alloy in the FeSoNiZo system after several
intermittent milling sessions. It is observed that additional peaks
appear after 24 hours of milling, attributed to iron and chromium.
However, these peaks disappear after 48 hours, suggesting that
their presence may be due to impurities introduced during the mill-
ing process. Subsequently, no other peaks are detected, except for
those corresponding to the elements initially present in the powder.
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Fig. 7. Average particle size of Nig,Co;;Mo; powdered mixture as a func-
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TABLE 2. Evolution of the chemical composition of Nig,Co,;Mo; powdered
mixture as a function of milling time.

Milling time Mass, % | c Element
73.7 0.1 Ni(K,,;)

2 22.7 0.1 Co(K ;)
3.6 0.1 Mo(L;)

77.9 0.2 Ni(K,,;)

6 19.6 0.1 Co(K ;)
2.5 0.1 Mo(L;)

78.1 0.2 Ni(K,,;)

12 19.6 0.1 Co(K ;)
2.3 0.1 Mo(L,;)

78.4 0.2 Ni(K ;)

24 19.2 0.1 Co(K ;)
2.4 0.1 Mo(L,;)

78.5 0.1 Ni(K ;)

48 19.2 0.1 Co(K ;)
2.4 0.1 Mo(L;)

78.8 0.2 Ni(K ;)

72 19.0 0.1 Co(K ;)
2.2 0.1 Mo(L;)

The quantitative spectrometry results depicted in Fig. 8 reveal
that the chemical composition of the (Nig,Co;;Mo;) powders closely
resembles the starting composition, with a 5% increase in nickel
content and a slight decrease in the other elements. This observa-
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Fig. 8. EDS mapping of Nig,Co,;Mo; powdered mixture of (a) milled for 2 h
and (b) milled for 72 h.

tion indicates the absence of impurities and the minimal possibility
of contamination during the milling process, either from the mill-
ing balls or from the internal walls of the jars. Therefore, the final
composition obtained after 72 h of milling closely represents the
quantities initially introduced into the mill.

3.4. Magnetic Properties

Figure 9 presents hysteresis loops obtained from vibrating-sample
magnetometer (VSM) studies, or M—H-loop studies, for the milled
NigyCo,;Mo; powder as a function of milling time. The evaluation of
saturation magnetization, coercivity, and retentivity at room tem-
perature using a vibrating sample reveals hysteresis. The value in-
creases after two hours of milling and then gradually decreases.
This change can be attributed to structural distortions within the
particles. The weak ferromagnetic behaviour indicates the presence
of a small amount of Mo phase in the sample, which is not clearly
visible in the XRD pattern. The presence of molybdenum in a mate-
rial can influence magnetic hysteresis by modifying the magnetic
properties of the material. Mo can interact with the magnetic do-
mains, causing alterations to magnetic anisotropy and magnetic
saturation. This interaction can result in changes to the shape and
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Fig. 9. Evolution of M—H-hysteresis loops as a function of milling time
recorded at T =300 K. The inset is enlargement of low-filed region.

size of the hysteresis loop, as well as modifications to other magnet-
ic properties, such as magnetic permeability and magnetism. The
precise effect of molybdenum on magnetic hysteresis depends on
various factors, including the type of material, the concentration of
molybdenum, and the processing conditions. In some instances, Mo
can enhance the magnetic properties of a material, such as steel, by
increasing magnetic saturation and permeability. In other cases,
molybdenum can influence magnetic hysteresis, leading to reduc-
tions in magnetic saturation and magnetic permeability [22, 23].
Generally, small hysteresis losses are desirable properties for mate-
rials used in magnetic applications.

Figure 10 illustrates the variations in coercivity force as a func-
tion of the ball milling time. The coercivity curve for the Co,,Ni;,
alloy exhibits a peak value of 214.07 Oe after two hours of milling,
followed by a rapid decline from 131.65 Oe to 10.87 Oe. The de-
crease in H, reaches its minimum value after 72 hours of milling.
This reduction is attributed to the influence of small crystal size,
which supersedes the impact of microstrains as the powder particles
increase in size.

The particle size, observed by SEM to increase with milling time,
may also contribute to the low H, values. Coercivity (H,) can be in-
fluenced by numerous factors, including magnetic domain motion,
exchange interaction, magnetic anisotropy, demagnetization effects,
surface conditions, and material structure [24, 25]. These parame-
ters are influenced by crystalline alloys, microstrain, grain size,
dislocation density, and grain boundaries, as well as amorphous al-
loys’ residual stresses, free volumes, and microstructure [26, 27].
Furthermore, the substantial deformation of powder particles leads
to the formation of numerous nanocrystalline defects (primarily
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Fig. 10. Evolution of magnetic properties of powdered mixture as func-
tions of milling time: (a) coercivity; (b) saturation magnetization; (c) rem-
anent magnetization; (d) remanence-to-saturation ratio M,/M,.

stacking faults) within the primary structure, which subsequently
reduces coercivity [14, 28]. Loudjani et al. [9] made a similar note-
worthy observation following a magnetic study on the Ni;,Co,, bina-
ry alloy produced through mechanical alloying.

Figure 10, a, b display the progression of saturation magnetiza-
tion (M,) and remanent magnetization (M,) as functions of milling
time. In the initial stage of the curve for both M, and M,, it is ob-
served that M, increases in value and then stabilizes. This trend can
be attributed to the reduction in magnetocrystalline anisotropy
caused by the refinement of crystallite size, which facilitates the
rotation of the magnetic vector and suggests the formation of a
crystalline magnetic phase. Meanwhile, M, remains relatively con-
stant throughout the process. In the first hours of milling, M, in-
creases after 24 hours, reaching a value of 321.686 emu/g, accom-
panied by a decrease in the value of M, to 19 emu/g after 48 hours
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of milling. This reduction in M, may be attributed to the decrease
in crystallite size, as suggested by previous research [29, 30]. Amils
et al. demonstrated that the ball-milling process generates a high
density of defects [31]. In our study, the decrease in the coercive
field as a function of milling time could be ascribed to the influence
of the extremely small grain size. Subsequently, the value of M, is
increasing to 78.382 emu/g after 72 hours of milling that may be
associated with the crystallite size resulting from the milling pro-
cess, by correlating this finding with the XRD results. The varia-
tions in domain structure, average particle size, and crystal anisot-
ropy can also be employed to elucidate the difference in crystallite
size. Figure 10, d presents M,/M,, another important magnetic pa-
rameter, as a function of milling time. During the initial hours of
milling, M,/M, experiences a slight increase and subsequently de-
creases, attaining a value of approximately 0.004 after 72 hours of
milling.

The observed behaviour, which is contrary to what is typically
expected in polycrystalline materials, may likely be attributed to
the small magnetic particles that are generally single domains.
These particles exhibit an extremely low remanence ratio and nearly
zero coercive field [14]. This intriguing observation has also been
reported in previous studies [32]. From these findings, it can be in-
ferred that the nanostructured Nig,Co;;Mo; alloy demonstrates high-
ly soft magnetic behaviour. Such materials are commonly utilized in
electronic components where low coercive fields and superior mag-
netic permeability are desired, such as inductors, transformers, and
electric motors [33].

4. CONCLUSION

In this research, Nig,Co,;Mo; nanostructured powder mixtures were
produced through high-energy mechanical alloying (MA) at differ-
ent times, and subsequently analysed using XRD, SEM, and VSM
techniques. The structural investigation unveiled the formation of
the solid solution, which was achieved after 24 hours of milling,
resulting in the development of a face-centred cubic structure
phase. The SEM and EDS analysis confirmed the refinement of the
milled particles as a consequence of the milling time, demonstrating
that a homogenous mixture is formed from uniformly sized and
rounded agglomerations of grains. This study observed a notable
reduction in particle and crystallite size, along with an increase in
lattice parameter and microstrain, as the milling time increased.

As a result of magnetic characterizations carried out at room
temperature, a new paramagnetic phase emerged, influenced by the
antiferromagnetic activity of manganese. On the other hand, it was
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found that the reduction in grain size also affected the magnetic
behaviour of the mixture due to a significant increase in magnetic
disorder states and the appearance of single domains. Based on
these findings, the magnetic properties and behaviour of the
nanostructured Nig,Co,;Mo; become magnetically saturated as a
function of milling time, which is essential in magnetic materials
processing for potential large-scale industrial production in the fu-
ture.

The authors would like to thank Prince Sultan University for
their support.
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