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Abstract: In the current study, X-ray diffraction, scanning electron microscopy, and vibrating sample
magnetometer techniques were used to examine the impact of milling time on the microstructural and
magnetic characteristics of Fe30Co20Ni20Mn20Ti10 (at%) produced via mechanical alloying. Results
demonstrate that phase change is dependent on up to 30 h of milling. In terms of the hcp-Fe2Ti
intermetallic and the BCC-FeCoNiMnTi supersaturated solid solution, the system maintains its
two-phase structure at higher times. Additionally, the final average crystallite size was estimated to
be approximately 10 nm, and the lattice strain was found to be between 0.95 and 1.15%. As a function
of milling time, the magnetic properties are discussed with the microstructural and crystallographic
alterations. The collected powder after 100 h of milling has an Ms value of 28 emu/g and a Hc
value of 25 Am−1, which is consistent with exceptional soft magnetics. This is essentially due to the
Fe2Ti intermetallic and the BCC-Fe-based solid solution production, together with the refinement
of the crystallite size. Furthermore, the presence of paramagnetic Ti atoms in solid solution and the
development of high densities of defects and interfaces have been connected to the low value of Ms.

Keywords: nanostructure; high-entropy alloys; X-ray diffraction; microstructure; scanning electron
microscopy; vibrating sample magnetometry

1. Introduction

The term “high-entropy alloys” (HEAs) refers to alloys that have five or more pre-
dominant component elements. These alloys have attracted a lot of attention in recent
decades because of their exceptional mechanical qualities, which include excellent wear
and corrosion resistance, suitable oxidation resistance, high ductility, high toughness, and
high hardness [1–4]. These alloys were developed due to the complexity of their chemical
compositions [5]. More alloying elements, however, are possible because the alloy’s proper-
ties are notably improved when the alloy’s mixing enthalpy and entropy both increase [6].
Further, an equiatomic multicomponent alloy made of a disordered solid solution (SS) is
the foundation of HEAs. Compared to conventional alloys, random solid solutions are
more common than intermetallic compounds because of the high configurational entropy
of mixing, which rises with the number of constituent elements. As a result, HEAs allow
researchers greater latitude for developing novel alloys with unique features. On the other
hand, over a decade ago, Yeh et al. [7] and Cantor et al. [8] announced the formation of
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a novel class of multicomponent alloys known as high-entropy alloys (HEAs). A face-
centered cubic (FCC) or body-centered cubic (BCC) solid solution, or a duplex (FCC + BCC)
solution, is frequently formed by HEAs [9]. Certain additional HEAs have amorphous
structures [10].

The effects of the condition’s parameters on the microstructure, magnetic, and me-
chanical properties of multicomponent HEAs alloys have been examined using a range
of preparation methods, including the melting and casting route [11–13], the powder met-
allurgy (PM) route (involving mechanical alloying (MA) [14–16], and consolidation by
spark plasma sintering (SPS)) and additive manufacturing (AM) processing techniques [17].
Table 1 summarizes various fabrication methods of a few HEAs [18–30] and their resulting
microstructures and the respective phase(s) obtained, as well as the corresponding me-
chanical properties. The SPS and MA procedures are rapid, economical with materials,
and energy-efficient. However, the PM synthesis of HEAs is hampered by contamination
from the milling media. On the other hand, the AM manufacturing method has drawn
greater interest lately as a way to get around the drawbacks of other synthesis techniques.
A flexible manufacturing method, additive manufacturing (AM) can create items with
complicated geometry, finer microstructures, mass customization, and economical material
use. HEA nanocrystals prepared by MA have gained a lot of attention in addition to bulk
HEAs, which make up the majority of HEAs synthesized so far. The incorporation of a
nanocrystalline structure greatly enhances the large compositional space and convoluted
dimensions of HEAs. Furthermore, nanostructured HEAs have been shown to have supe-
rior mechanical properties [31], improved thermal stability [32], and outstanding magnetic
behavior [33]. An established technique for producing distinctive nanoscale solid solution
structures and a replacement for arc melting and casting in the synthesis of high entropy
alloys is mechanical alloying [34,35]. Furthermore, MA has the benefit of prolonged solid
solubility, even in immiscible systems. This can be explained by the greater diffusion
rates caused by the powder components’ nanosize before the alloying process. Conse-
quently, MA increases configurational entropy while simultaneously providing increased
stability to solid solution phases in HEAs. Numerous studies have been conducted by
Murty and S. Ranganathan [36] to determine the effects of various milling parameters on
the microstructure and properties of HEAs. These variables include the kind of milling,
ball-to-powder ratio, milling speed, and milling time. There is a chance of improving
energy efficiency for the mass production of HEAs by altering the milling parameters, such
as the milling time, speed and process regulating agents, milling type (dry and wet milling),
and ball-to-powder ratio. Moreover, the development of high-density dislocations, grain
boundaries, and the micro-segregation of solutes at these defects may lead to an extended
solid solution [37]. Varalakshmi et al. [38] employed high-energy mechanical milling to
produce the first AlCrCuFeTiZn HEAs with a BCC structure and crystallite size of roughly
10 nm. They stated that the alloys remained stable throughout a 60 min annealing process
at 800 ◦C. The FeCoNiAlCr high entropy alloy powder was also created by Gómez-Esparza
et al. [39] using MA. After ten hours of milling, the powder showed a mixture of solid
solution phases of FCC and BCC. A HEA-FeCoNiB0.5Si0.5 alloy was successfully created
in a relatively recent work by mechanical alloying at 150 h with a single solid solution
structure, even though the thermodynamic requirements for creating such a phase were
not met [8]. The authors stated that two solid solutions were generated after 25 h of milling:
a major BCC supersaturated solid solution and a minor FCC supersaturated solid solution.
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Table 1. Various fabrication methods of certain HEAs and their resulting microstructures, the phase (s) obtained, and the corresponding mechanical properties.

HEA-Alloy

Observed Phase(s) Through
Different Processing Route(s) Strengthening Mechanism in Respective Processing Route(s) Effects on Mechanical Properties

Melting and
Casting MA + SPS AM Melting and

Casting MA + SPS AM Melting and
Casting MA + SPS AM

CoCrFeNiMn FCC [18] FCC [19] FCC + BCC [20] Solid solution
strengthening

Grain boundary
strengthening

Compressive
strength of
1987 MPa

Hardness of
646 HV

Tensile strength of
601 MPa

CoCrFeNiAl0.3 FCC [21] FCC + BCC [22] FCC
[23]

Grain boundary
strengthening

Solid solution
strengthening

Dislocation
hardening

UTS of 528 MPa
YTS of 275 MPa

Compressive
strength of
1907 MPa

Hardness of
625 HV

YS of 730 MPaUTS
of 896 MPa

AlCoCrCuFeNi FCC + BCC [24] FCC + BCC [25] BCC
[26]

Solid solution
strengthening

Grain boundary
strengthening,
solid solution
strengthening

Hardness of
515.5 HV

(5.056 GPa)
Compressive
strength of
1.82 GPa

Hardness of
8.13 GPa

Elastic modulus of
172 GPa

Ni1.5Co1.5CrFeTi0.5 FCC [27] FCC [28] Solid solution
hardening

Grain boundary
strengthening

YS of 896 MPa
Compressive
strength of
1502 MPa

Hardness of
515 HV

Hardness of
442 HV0.3 Tensile

strength of
1384 MPa Elastic

modulus of
216 GPa

FeCoCrNiMnTi0.1C0.1 FCC
[29]

FeCrNiCoMn FCC [30] Grain boundary
strengthening

Increase in yield
strength from 200

to 350 MPa
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According to recent investigations [40,41], HEAs made of ferromagnetic materials
(Fe, Co, and Ni) frequently show good soft magnetic properties, as well as exceptional
mechanical qualities. It has been found through experiments that adding specific alloying
elements to HEAs significantly affects the microstructure, structure, and characteristics of
the resulting HEAs [42–44]. According to Zuo et al. [42], the saturation magnetization (Ms)
of the FeCoNi alloy decreased more sharply when Si was added (from 151.3 to 80.5 emu/g)
than when Al element was added (from 151.3 to 101.8 emu/g) [6]. In contrast to the Al
element, the addition of Si to FeCoNi considerably increased the electrical resistivity [43].
Additionally, Zuo et al. observed that the value of Ms increased from 18.14 to 147.86 emu/g,
80.43 emu/g, and 80.29 emu/g, respectively, with the addition of Al, Ga, and Sn to the
FeCoNiMn alloy [44]. Furthermore, recent magnetization experiments upon Al addition
to FeCoNiCr HEA have shown a progressive transition from a paramagnetic to a ferro-
magnetic magnetic state at ambient temperature [45]. In conclusion, there are significant
correlations between the alloying elements, the alloy’s final crystal structure, and the mag-
netic characteristics of HEAs. Moreover, the influence of an additional component on
phase formation and alloy characteristics, however, depends on several variables, including
atomic radius, crystal structure, and enthalpy of mixing with other components.

The current work aims to manufacture FeCoNiMnTi HEA and investigate the effect
of milling duration in the mechanical alloying process. X-ray diffraction (XRD), scanning
electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS), and
a vibrating sample magnetometer (VSM) were used to examine the phase development,
microstructure, and magnetic characteristics of the mechanically alloyed FeCoNiMnTi HEA
for 100 h.

2. Materials and Methods

A high-energy planetary ball mill (Fritsch Pulverisette P7, FRITSH GmbH, Idar-
Oberstein, Germany) was used to mechanically mill elemental powders of Fe, Co, Ni,
Mn, and Ti (purity = 99.7%; particle size ≤ 30 µm; from Alpha Aesar) in an argon at-
mosphere to achieve the desired composition Fe30Co20Ni20Mn20Ti10 (at %). Experiments
involving ball milling were conducted in a harder steel container. The milling speed was set
at 600 rpm, and the ball-to-powder weight ratio was kept at 0.47. Powder agglomeration
and adhering to the container walls and balls were avoided by using a milling sequence
that involved 10 min of milling followed by 5 min of idle time.

Using CuKα radiation, XRD measurements were performed on a Siemens D500
powder diffractometer (Siemens, Berlin, Germany) in (θ−2θ) geometry to characterize
the structural and microstructural alterations of the milled powders. A full pattern XRD
Rietveld fitting process revealed microstructural characteristics [46,47]. Using scanning
electron microscopy (SEM, DSM960A ZEISS, Carl Zeiss GmbH, Oberkochen, Germany)
in secondary electron mode at a voltage of 15 kV, the morphology of the alloy powders
was examined. A Vega Tescan energy dispersive X-ray spectrometry (EDS) (Siemens,
Berlin, Germany) was installed in the SEM. The software Image J (version 1.51j8, National
Institutes of Health, Bethesda, MD, USA) was used to calculate the powder’s particle size.

A superconducting quantum interference device from Quantum Design (Caledonia,
MI, USA) SQUID MPMS-XL was used to measure the saturation magnetization (Ms),
remanence (Mr), coercive field (Hc), and squareness ratio (Mr/Ms) of the as-milled and
heat-treated powders at 300 K with a maximum applied field of 50 kOe.

3. Results and Discussion
3.1. SEM Analysis

An overview of the SEM images of the alloyed Fe30Co20Ni20Mn20Ti10 (at%) powder
mixtures acquired before (Figure 1a) and after high-energy mechanical milling for 4, 10,
20, 50, and 100 h of milling is provided in Figure 1b–f. Following a 4 h milling process,
the powdered particles were cold-welded into larger ones with sizes ranging from 85
to 180 µm (Figure 1b). Nevertheless, because titanium is the softest and most ductile



Metals 2024, 14, 1302 5 of 17

metal, the titanium particles are severely deformed and can serve as a bonding agent
to bind the hardest particles into agglomerates. Particles shapes might be polygonal or
spherical. According to other reports [48,49], the final microstructure is the consequence
of two deformation mechanisms: plastic deformation associated with cold-welding in
ductile powders and fracture in hard powders, after milling periods of 10, 20, and 50 h
(Figure 1c–e). The microstructure appears to be very fine after 100 h of milling, which
could be the result of intense grain fracture as the grains get harder due to the progressive
dissolution of metallic elements to form supersaturated solid solutions and the increase in
work hardening (after severe plastic deformation and high level of crystallographic defects)
(Figure 1f).
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Figure 1. SEM images of the MA Fe30Co20Ni20Mn20Ti10 powder mixtures as a function of milling
times: (a) 0 h, (b) 4 h, (c) 10 h, (d) 20 h, (e) 50 h, and (f) 100 h.

3.2. XRD-Analysis

Figure 2 displays X-ray diffraction patterns of the Fe30Co20Ni20Mn20Ti10 powder
mixtures as a function of milling time. Figure 3 also displays the Rietveld refinements
of the XRD patterns. There was always a goodness of fit (GOF) refinement parameter of
1.11. Controlling the alloying process was made possible by the subsequent diffraction
patterns. The X-ray pattern of the unmilled powder is also given for comparison. Before
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milling, the following peaks were measured: BCC-Fe (Im–3m; a0 = 2.8667(1) Å), HCP-Co
(P63/mmc; a0 = 2.5071(1) Å and c0 = 4. 0713(1) Å), FCC-Ni (Fm–3 m; a0 = 3.5260(1) Å),
BCC-Mn (I-43 m; a0 = 8.9125(1) Å), and HCP-Ti (P63/mmc; a = 2.9064(1) Å and c = 4.6667(1)
Å) (Figures 2 and 3).

 
 Figure 2. (a) XRD patterns (up) of the MA Fe30Co20Ni20Mn20Ti10 powder mixtures as a function of

milling times (in the bottom (b) a typical broadening and shifting of (110)BCC peaks).
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Figure 3. X-ray diffraction experimental patterns and the associated Rietveld theoretically adjusted
MA Fe30Co20Ni20Mn20Ti10 powders collected after selected milling times.

The metal peaks gradually vanished during milling, indicating that metals were
dissolved in the Fe lattice by the MA (Figure 4). Furthermore, the profiles of the Fe
diffraction peaks—particularly the (110) peak—become more asymmetrical and their low-
angled shoulders broaden as the milling time increases. This could be explained by the
appearance of broad, weakly intense peaks to the left of the Fe peaks. These shoulders
can be ascribed to recently identified iron-based phases known as supersaturated solid
solutions [16,50]. These phases exhibit characteristics with α-Fe in terms of structure, but
they are distinguished by larger cell units, which means they have a slightly higher crystal
parameter. Following 2 h of milling, the solid solution BCC-Fe(Mn)(Im–3m; a = 2.8679(1) Å;
wt = 13%) initially appears. It continues for a maximum of 10 h, with a lattice parameter of
a = 2.8674(1) Å and a proportion of 24%. Furthermore, after 8 h of milling, the development
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of a BCC-Fe(Co) phase (Im–3m; a = 2.8666(1) Å, wt = 20%) takes place and can last for up
to 10 h, with a lattice parameter of a = 2.8659(1) Å and a fraction of 28%. At this stage,
with minority proportions of Co (a = 2.4411(1) Å, c = 4.0679(1) Å, and wt% = 8%) and Ni
(a = 3.5685(1) Å, and wt = 10%), we were able to adequately fit the binary solid solutions
BCC-Fe(Ni) (Im–3m; a = 2.8681(1) Å; wt = 15%) and BCC-Fe(Ti) (Im–3m; a = 2.9787(1)
Å; wt = 14%). After 20 h of milling, BCC-Fe(Co,Mn) (a = 2.8746(1) Å) and BCC-Fe(Ni,Ti)
(a = 2.8680(1) Å) were formed with proportions of 59% and 31%, respectively.
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When we increase the milling time to 30 h, we see the formation of the BCC-
Fe(Co,Ni,Mn,Ti) supersaturated solid solution, which has a phase proportion of about
45% and a lattice parameter of 3.6047(1) Å. Simultaneously, we refined the Fe2Ti inter-
metallic with a 55% proportion adopting the C14 hexagonal (structure MgZn2 type cell)
with lattice parameters a = 4.7967(1) Å and c = 7.8330(1) Å). Even during longer milling
times of 50, 80, and 100 h, one can observe that Fe2Ti intermetallic remains, despite its
proportion decreasing (from 55% for 30 h to 28% for 100 h). The Fe2Ti intermetallic is
now understood to fall into a specific composition range, designated as AB2.

To achieve maximum space filling, the size and order of the A and B atoms are essential

to the development of this stoichiometric phase. When RA
RB

=
√

3
2 = 1.225, the ratio of

atomic radii is ideal for this to be achievable [51]. Simultaneously, a thorough refinement by
Rietveld indicates that the proportion of the supersaturated solid solution Fe(Co,Ni,Mn,Ti)
increases from 45% at 30 h of milling to 72% at 100 h. At this time difference (during
an additional 70 h of milling), its crystalline parameter undergoes a relative variation of(

a100−a30
a30

)
× 100 = 0.5% (a30 and a100 are lattice parameters calculated for 30 and 100 h

milling, respectively). The reason for this lattice expansion might be attributed to the
continuous diffusion of Co, Ni, Mn, and Ti into the BCC-Fe matrix, which caused the
(110)BCC peak to be significantly displaced to the lower angle (Figure 2b). The increase
in the density of lattice defects, or dislocations, with their distinctive strain fields on the
nanocrystallite boundary, is another cause of this lattice expansion [52,53]. Additionally, the
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lattice parameter variations may be associated with lattice disorder resulting from antisite
defects (FeCo, FeNi, FeMn, FeTi, etc.). It has been stated that antisites and vacancies are the
primary causes of the disorders in the B2 structure. The lattice parameter reduces when
vacancies are the major defect; however, depending on the mismatch in the atomic volumes
of the alloy components, the lattice parameter may increase if antisites are the predominant
defect [54].

Since there were numerous defects during particle polishing with nanometric crys-
tallites and a wide grain boundary domain, a significant amount of enthalpy may be
maintained in nanocrystal alloys [55]. Therefore, the energy present in the deformation
and grain boundaries of the crystalline lattice can facilitate the rapid formation of a solid
solution. Moreover, the surface tension of nanometric crystals may cause the lattice to
distort, enhancing the solubility. For elements with comparable concentrations, Chen
et al. [55] found an inverse relationship between the melting points and alloying efficiencies.
At lowering melting points, an element’s diffusivity increases in the solid state [56]. The
alloying rates of elements with virtually melting temperatures, including Fe (1811 K), Co
(1768 K), Ni (1726 K), Mn (1792 K), and Ti (1941 K), are closely linked to the element’s soft-
ness [55]. Moreover, the alloying rate of an element increases as the element concentration
decreases [57]. Therefore, Ti → Mn → Co → Ni → Fe should be the order in which the
elements in the FeCoNiMnTi HEA diffuse.

An additional observation in Figure 2 is the variations in the breadth of the diffraction
peaks due to the lattice strain and crystallite size. The estimated mean crystallite size as
a function of milling time is displayed in Figure 5. We can identify two distinct stages in
the evolution of crystallite size: the sizes gradually diminish before 20 h of milling as the
milling time increases, eventually settling within the 20–70 nm size population.
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The presence and disappearance of certain binary and ternary phases, each based on
the degree of solubility of the metals after their dissolution into one another, characterize
the production stage of the alloy represented by this population, as well as the other
free elemental components that exist in every composition. Due to the influence of the
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solid solution and the dynamic recrystallization of nanocrystals created by local heating
during the mechanical alloying process, the BCC-FeCoNiMnAl phase is formed after 20 h
(stage (II)) with a crystallite size of 40.5 nm greater than that of Fe(Co,Ni) (32 nm) and
Fe(Ni,Ti) (29 nm) obtained after 20 h of milling [55,56]. After that, at the 100 h milling
stage, it gradually decreases to a value of about 10 nm. Simultaneously, we note that the
intermetallic hcp-Fe2Ti crystallites that appeared after 30 h of milling have a size estimated
to be about 38 nm. After that, it decreases like that of BCC-Fe(Co,Ni,Mn,Ti) until its average
value reaches approximately 8 nm. Conversely, the lattice strain levels for all elements
rise progressively as a function of milling time during the first 20 h of milling (stage (I))
and reach values ranging from 0.7% (for Fe(Ti)) to 1.02% (for the Co element) (Figure 6).
The values of the microdeformations progressively increase in the same manner when the
MA process by-product is two-phase (after 20 h of milling), reaching a steady state after
80 h of milling with values of 1.15% and 0.95 for the phases BCC-Fe(Co,Ni,Mn,Ti) and
Hcp-Fe2Ti, respectively. As can be seen, all metallic systems generated by MA exhibit the
characteristic pattern of increasing lattice strain level and decreasing crystallite size as the
MA time increases [58].
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The competition between the high degree of dynamic recovery in the deformed
material and the rate of lattice strains produced by severe plastic deformation, following
high-energy mechanical milling, is responsible for the formation of the nanocrystalline
structure; in other words, this structure evolved from a dislocation cell structure. Lattice
strain increases are often caused by significant dislocation densities and an increase in grain
boundary proportion [57]. Dislocations are the main source of concern during the refining
process. The early stages of deformation are characterized by the existence of dislocation
cell blocks, which are divided by strong dislocation walls and contain dislocations grouped
cellularly within the blocks. The density of massive dislocation walls rises, the internal
dislocation structure becomes more random with less space for cellular structures, the size
of the cell blocks gets closer to that of a cell, and the density of severe dislocation walls falls
with increasing strain. The rise in residual strains in the material lattice may be attributed
to the stress field associated with the dislocations’ multiplication [59,60].

3.3. Magnetic-Analysis

A superposition hysteresis loop (M-H) for the MA Fe30Co20Ni20Mn20Ti10 powder com-
binations is shown in Figure 7 as a function of the selected milling time. Similar hysteresis
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loops were seen in all of the powdered samples, suggesting the presence of ferromagnetic
behavior in these materials. In addition, each hysteresis cycle showed a sigmoidal form
and a slight loss, which is consistent with the behavior observed in nanostructured samples
containing small magnetic domains [16,61]. Moreover, soft magnetic materials must have
exceptionally low hysteresis losses [16]. The reduced magnetization of the powder after
8 h of milling suggests the presence of the paramagnetic Ti atom, a substantial interatomic
distance between magnetic atoms, and a high degree of disorder/defect structure.
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Coercivity

The intrinsic structure of the material has a substantial structural function, even
though a large part of the intrinsic dependence of magnetic coercivity depends on mag-
netic anisotropy. Figure 8 illustrates how the behavior of the Hc changes as milling time
increases. The majority of hard magnetic materials have Hc values up to 2800 Am−1

(35.18 Oe), whereas the majority of soft magnetic materials have Hc values of less than
1000 Am−1 (12.58 Oe) [61]. Based on the values of Hc that are obtained throughout the
milling process (Hc~125 Am−1) (1.57 Oe), one can first determine the degree of softness
of the current materials. Furthermore, throughout the milling process, the two stages of
change in the coercivity behavior—referred to as stages I and II—can be seen. The magnetic
coercivity rises during the first 10 h (stage (I)) because extrinsic features, like micro-strain
and crystalline size, which act as pinning sites, predominate. Nanocrystalline size reaches
the critical value (about 15 nm) in 10 h, activating the Herzer model [62], which raises
coercivity to 125 A/m−1. According to this model, the structural correlation length (crys-
talline size) must be less than the exchange correlation length (Lex) for there to be magnetic
softness in nanocrystalline alloys. Herzer revealed that the random anisotropy model
explains the effective anisotropy energy even in nanocrystalline systems and predicted
that the coercivity (Hc) changes as the sixth power of the crystallite size (D) throughout
the range of D < Lex [63,64]. Furthermore, the Hc follows a 1/D-dependence law for
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D < Lex. The coercivity determined by grain boundaries can be expressed as follows, as
was previously described [65]:

Hc ≈ 3
γω

Ms
× 1

D
(1)

where γω is the wall energy and Ms is the saturation magnetization. The wall energy γω

can be estimated by the equation:

γω ≈
√

kBTcK1

a
(2)

thus

Hc = 3 ×
√

kBTcK1

aMs
× 1

D
(3)

where kB is the Boltzmann constant, K1 is the magneto-crystalline anisotropy, Tc is the
Curie temperature, and a is the lattice constant.
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The coercivity Hc starts to drastically decrease after 10 h of milling (it shows a polyno-
mial reduction: Stage II) and reaches 25 Am−1 after 80 h. The decrease in Hc is ascribed
to the crystalline size reduction effect, which overcomes the effect of microstrains in this
milling time range since the crystalline size decreases with milling time [66]. As was previ-
ously mentioned, the reduction in magneto-crystalline anisotropy brought on by crystalline
size refinement also makes it easier for the magnetization to rotate, which lowers Hc. The
material exhibits a soft magnetic behavior (Hc around 25 Am−1) and a very small crystallite
size (about 10 nm at 100 h of milling) after 80 h of milling. It is crucial to emphasize that
several factors, such as exchange interaction, magnetic anisotropy, demagnetization ef-
fects, surface conditions, and material structure, can affect the coercivity parameter [67,68].
The crystalline properties of alloys, microstrain, crystalline size, dislocation density, grain
boundaries, residual stresses, free volumes, and microstructure in amorphous alloys all
have an impact on the previously listed parameters [69,70]. Furthermore, a large number of
nanocrystalline defects, primarily stacking faults, are produced within the crystal structure
as a result of the notable deformation of the nanostructured powders. In the end, this
results in a reduction in coercivity [71,72].

Conversely, the changes in saturation magnetization (Ms) with milling time provide ad-
ditional insights into the mechanics of mechanical alloying. The characteristic that describes
the atomic source of magnetism is called saturation magnetization. It is mostly dependent
on the electrical structure of the atoms in the material and the chemical composition of
the immediate environment. Exchange, crystal-field interaction, inter-atomic hopping,
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and spin-orbit coupling are examples of quantum phenomena that are involved [73]. The
change in saturation magnetization for the Fe30Co20Ni20Mn20Ti10 powder mixture as a
function of milling times is shown in Figure 9.
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To facilitate more productive conversations, this graph has been divided into two regions:
Region I: At the early stage, up to 8 h, the Ms takes its greatest values between 80

and 90 emu/g (varying in an oscillatory way within this interval of values). At this stage,
changes in the fraction of the magnetic phases containing the magnetic components Fe,
Co, Mn, Ni, and Ti that are present in the solid solution phases are often associated with
variations in Ms. Because it raises the total magnetic moment per unit mass, the saturation
magnetization increases with the proportion of magnetic phases [74,75]. As demonstrated
by XRD examination, the Mn ([Ar]4s23d5 (M 5.9 B.M) atoms are dissolved into the Fe
([Ar]4s23d6 (4.89 B.M)) lattice at an early stage to form Fe(Mn) solid solution, which
increases the Ms, whereas the dissolution of Co ([Ar]4s23d7 (M 3.7 µB)) or Ni ([Ar]4s23d8

(M 2.8 µB)) in the iron lattice can reduce the Ms.
Region II: MS gradually decreases with milling time from 10 to 50 h. The reason

for the rapid decrease is that the Fe2Ti intermetallic and Fe(Co,Mn,Ni,Ti) solid solutions
are formed when Ni and Ti dissolve in the Fe lattice. Ti metal is found to be weakly
magnetic (in comparison to other ferromagnetic materials), and as a result, the density of
the magnetic atom interactions is decreased when it dissolves in the lattices and reduces
the proportion of magnetic atoms. Due to the reduction in d-band charge transfer and d-d
hybridization, which reduces the number of polarization d states, there is less exchange
interaction between Ti atoms and Fe–Ti, which suppresses the Fe metal moment. Moreover,
the ordering kinetics are slowed down and the magnetization is slightly decreased by the
presence of the Ti element. The formation of high concentrations of defects and interfaces,
which severely limit the mobility of domain walls, is another factor contributing to this
decrease in Ms values [50,76].

Region III: After the mixture has stabilized with the production of a two-phase system
of BCC-Fe(Co,Mn,Ni,Ti) and the HCP-Fe2Ti intermetallic, Ms takes on more or less steady
values, ranging from 25 emu/g in 50 h to 28 emu/g in 100 h of milling. This occurs from
50 up to 100 h of milling times. A decrease in the interatomic distance between magnetic
atoms and the partial crystallization intermetallic phase may be the cause of the small rise
of 3 emu/g.

An essential magnetic measurement for determining the magnetic energy is the
remanence-to-saturation ratio (Mr/Ms). The majority of the changes in the Mr/Ms ratio
are caused by processing conditions, and the microstructural change that the metallic
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system experiences during mechanical alloying explains these variations. For all samples
processed by MA, the (Mr/Ms) ratio typically has a range of values between 0.032 and
0.066 (Figure 9). Nevertheless, it has been observed that in single-domain crystals with
uniaxial anisotropy, the reduced remanence is of the order of 0.5 [77]. This implies that
the magnetic crystals retain a multi-domain structure even if the crystallite sizes are in
the nanometer range. In addition, the Mr/Ms ratio increases from 0.032 before milling,
to 0.066 after 10 h, then decreases to 0.042 following 100 h of milling. Such behavior is
consistent with previously reported alterations in coercivity (Figure 8). The decrease in
domain wall energy and/or the phase change from coexisting multiphases before 10 h
of milling to a major BCC and HCP phase following 10 h are likely the causes of this de-
crease. By reducing the stress-induced anisotropy, the prolonged mechanical milling of the
powder mixture enhances the alloy’s magnetic softening process. On the other hand, the
Fe30Co20Ni20Mn20Ti10 alloy powder exhibits soft magnetic properties, with a remanence
ratio of 0.042, a saturated magnetization Ms of 28 emu/g, and a coercivity of 25 Am−1.

4. Conclusions

The impact of milling time on the microstructural and magnetic properties of
Fe30Co20Ni20Mn20Ti10 (at%) produced via the mechanical alloying method was inves-
tigated in the current study using X-ray diffraction, scanning electron microscopy,
and vibrating sample magnetometer techniques. The microstructural parameters were
estimated using Rietveld refinement. Analysis indicates that a milling period of up
to 30 h is necessary for phase change. At higher periods, the system preserves the
two-phase structure: BCC-FeCoNiMnTi supersaturated solid solution and HCP-Fe2Ti
intermetallic. Furthermore, the estimated final average crystallite size (D) was around
10 nm, while the lattice strain (α) ranged from 0.95 to 1.15%. The magnetic characteris-
tics were discovered to be connected to the microstructural changes. Following 100 h
of milling, the powder was collected and its Ms value of 28 emu/g and Hc value of
25 Am−1 were found to be consistent with outstanding soft magnetics. This is mostly
because of the formation of the BCC-Fe-based solid solution, the Fe2Ti intermetallic,
and the crystalline size refinement. Moreover, the low value of Ms has been linked to
the occurrence of high densities of defects and interfaces, as well as the existence of
paramagnetic Ti atoms in solid solution.
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