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Experimentally obtained magnetic signals for a Fe–O nanocrystalline press compact were fitted using a phenomenological approach.
This method considers the individual properties of microvolumes and their statistics. It also helps avoiding complex calculations
while focusing on local fundamental magnetic characteristics without considering internal processes. Currently, the precise estimation
of internal processes in local areas is nearly impossible. They depend on fluctuations in the anisotropy field, texture degree, and
phase ratio. A cubic compact (103 mm3 volume) was fabricated by pressing magnetite particles mixed with 20% iron by weight in a
high-energy milling machine. After characterizing the compacts by X-ray diffraction (XRD), their magnetic signals were measured
to obtain the saturation magnetization (Ms = 0.97 T), residual magnetization (Mr = 0.456 T), and coercivity (Hc = 0.685 kOe). The
results suggest that the particle anisotropy fields relate to the effective anisotropy constants from the interaction between iron and
magnetite particles. It is also found that single domains formed by iron particles contribute to high coercive states. This confirms
that increasing the degree of texture results in an increment of the relative remanence and coercivity.

Index Terms— Iron oxide, magnetic properties of materials, nanocrystalline powder, press compacts.

I. INTRODUCTION

NOWADAYS, there is a big interest in developing novel
magnets or improving the existing ones because of

their various applications in energy storage, communication,
medicine, and basic scientific research [1], [2], [3], [4]. In most
cases, the discovery of novel magnets occurs empirically,
based on the analysis of numerous experimental data, while
the theoretical justification is often contradictory [5], [6], [7].

The classical Barnett theory suggests that the magnetization
curve (magnetic induction versus magnetic field strength)
can be described by the initial magnetization, coercivity, and
remanence parameters [1], [2]. However, a better approach
for understanding and predicting the magnetic properties of a
material is the theory of micromagnetism, which includes the
local distribution of the magnetic moments to the equation of
the total energy for ferromagnets [1], [8], [9]. In other words,
the micromagnetism theory considers microscopic domains to
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explain the magnetic behavior of bulk materials based on the
interaction of elementary magnetic moments [1], [8], [9]. The
theory describes well the processes of magnetization reversal,
domain structure, coercive force, and magnetic susceptibility
[1], [8], [9].

A disadvantage of the micromagnetism approach is the
use of simplified models, which do not always reflect actual
conditions in materials, i.e., it is limited to very small fields H
and ideal crystals. In fact, real crystals have structural defects,
such as impurity atoms, vacancies, dislocations, cracks, mul-
tiple phases, and so on, which make the modeling to be
more complex. Besides, the micromagnetism theory does not
consider the structure and properties of the domain boundaries,
the orientation, or influence of the defects on the magnetic
properties of the material, especially for polycrystalline mate-
rials. Consequently, there is still no understanding of the origin
of effects, such as highly coercive states or magnetization
reversal processes in hard magnetic materials.

In this work, we introduce a phenomenological approach
considering the individual magnetic properties of microvol-
umes and their statistics to eliminate the need of precise
calculations. The approach considers local fundamental mag-
netic properties without analyzing internal processes in the
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Fig. 1. Boundary separating two domains.

local regions. Since describing the hysteretic properties of real
materials should be phenomenological, the present work com-
pares the experimental hysteresis with the modeling for Fe–O
alloys compacts with adequate criterion for the correctness
solution.

II. METHODOLOGY

A. Theoretical Considerations

Within the framework of our phenomenological theory,
a magnet is an ensemble of multi-domains, in which two
processes occur under the influence of an external magnetic
field: the reorientation of the magnetic moments of the indi-
vidual domains in the direction of the external field and the
displacement of the boundaries of neighboring domains [10].

The theory requires to know the exchange interaction
constants, magnetic anisotropy constants, geometric con-
stants of the sample, and angular dependences. For example,
considering two neighboring domains with equal volumes,
as represented in Fig. 1, V1 = V2 = V ; in the absence of
an external field, the sample is demagnetized (M = 0).

When an external field H is applied, the domain wall shifts
to the right by δx . Thus, the condition for the stability of the
new boundary position can be written as

δWstab = δ(W + WH ) = 0 (1)

where W represents the energy of all internal magnetic inter-
actions, and W H is the energy of the magnet’s interactions
with an external field

δWH = −

(
−→
M1 −

−→
M2

)
−→
H Sδx

= −[MS H cos θ − MS H cos(π − θ)] × Sδx (2)

where
−→
M1 and

−→
M2 are the magnetizations of the neighboring

domains, MS is the saturation magnetization, θ is the angle
between vectors

−→
M1 and

−→
H , and S is the area of the domain

boundary.
From (1) and (2), we obtain

δW = −δWH = 2MS H(cos θ)Sδx . (3)

Hence, the field H(x), for which the position of the domain
wall at x is equilibrium, is given by

H(x) =

(
∂W
∂x

)
1

2SM S cos θ
. (4)

A displacement of the domain wall by an amount ∂x will
cause the appearance of magnetization in the sample

δM = 2MS(cos θ)
δV
V

=
2MS(cos θ)S · δx

V
. (5)

From (4) and (5), the magnetic susceptibility can be
obtained

χ =
∂ M
∂ H

=
(2SMS cos θ)2

V ∂2W
∂x2

. (6)

For reversible displacements of the domain wall, the
quasi-elastic force W energy is defined as

W = γ · x2

where γ is the elasticity coefficient of the domain boundary.
Then

χ =
(2SMS cos θ)2

γ · V
. (7)

In a previous work [10], the calculation of the interaction
energy of the domain wall in Sm–Co–Cu–Fe–Zr alloys was
reported considering the specific crystal structures that arise
in the alloy after optimal heat treatment. For the critical
field of domain wall separation, the following expression was
provided:

Hc =

√
2A

/
π MS (8)

where A is the matrix anisotropy constant and MS is the
saturation magnetization of the sample.

Substituting the corresponding values A = 2 × 106 J/m3 and
MS = 0.85 G, the value Hc = 13.8 kOe is obtained, which is
twice the experimental value of Hc [11].

The processes of magnetization reversal and magnetic hys-
teresis of hard magnetic materials are irreversible generating
magnetic hysteresis caused by [10] as follows: 1) delay in
shifting domain boundaries; 2) delay in the formation of
a stable magnetization reversal nucleus; and 3) irreversible
processes of rotation of the magnetization vector in single-
domain particles. Crystalline particles, as main components
in real materials, can serve as the basis for modeling the
processes of magnetization of materials. The particle volume is
taken to be the volume contained between the positions of the
domain wall before and after its displacement. It is assumed
that the geometric shape of the particles does not affect the
calculations. The proposed technique for modeling an ensem-
ble of particles makes it possible to display the magnetization
of microvolumes using arrows and the direction of magneti-
zation of the microvolume, whereas the length indicates the
contribution of this microvolume to the total magnetization.

Fig. 2 shows the schematically change of the magnetization
in a cubic piece (microvolume) of the material under the
influence of an external field, acting parallel to the Z-axis
in both negative and positive directions. If the microvolume
is in a multi-domain state, then the magnetization vector M
is directed parallel to the easy magnetization axis. When
the magnitude of the magnetization vector (M/MS) reaches
its maximum value (saturation magnetization), the microvol-
ume becomes a single-domain state [Fig. 2(a)]. As the field
increases, the direction of the magnetization vector of the
microvolume begins to change, but its length remains constant,
as shown in Fig. 2(b).

The angle θ between the Z-axis and the direction of the
magnetization vector is calculated by

cos θ =
M
MS

(9)
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Fig. 2. Schematic representation of changes in the magnetization in a
microvolume in a multi-domain state. (a) Change in the length of the arrow
(vector of magnetization) with increasing the external field. (b) Rotation of
the arrow as the external field increases. (c) Diagram of a model ensemble of
microvolumes. Microvolumes are arranged in the form of cubes (the arrows
indicate the magnetic moments for the microvolumes). (d) Photography of the
press compact obtained by high-energy milling of Fe–O powder.

where M is the projection of the magnetization vector onto the
Z -axis and MS is the module of the saturation magnetization
vector.

The magnetocrystalline texture of an ensemble of microvol-
umes is determined considering the value of the angle θ . If all
the microvolumes in the ensemble have an angle θ equal to
zero, then such an ensemble is considered perfectly textured.
If the angle is uniformly distributed over the interval from 0◦

to 90◦, the ensemble is called isotropic.
Based on the above, Fig. 2(c) presents a model of a perma-

nent magnet of the Fe–O system studied in this work. The
ensemble contains 1000 particles (microvolumes measuring
10 × 10 × 10), each one with a single-domain structure
and their own critical domain wall separation field (Hcr).
Under external magnetic fields lower than Hcr , magnetization
microvolume does not occur. With an external field H >

Hcr , the domain walls are separated, which corresponds to
the magnetization of the ensemble due to the growth of some
domains, whose magnetic moments make smaller angles with
the direction of the external field due to other domains whose
angles are greater than 90◦.

The key of the technology for producing press-compact
powder magnets is grinding an alloy with the right stoichio-
metric composition. This alloy is ground to an average particle
size less than 5 µm. This process helps achieve a nearly single-
domain state. Grinding SmCo5 alloys increases its coercive
force to 15 kOe, which is 5–10 times stronger than typical
values in alloys of the Fe–Ni–Co–Fe–Ti system [12].

B. Modeling

The interaction of particles was not considered for modeling
the magnetization processes. The initial parameters of the

ensemble were selected in a way that the experimental and
calculated hysteresis loops coincide. The saturation field of
the microvolume HS, the angle θ between the direction of the
external field and the light axis of the microvolume, and
the critical field of detachment of the domain wall from the
pinning site Hcr were taken as variable. The results of the
modeling were compared with experimental data for Fe–O
alloys.

A microvolume was defined as the part of the material
having a given set of parameters. The crystalline anisotropy
value is considered constant and, consequently, the anisotropy
field of the material and the saturation magnetization MS are
constant for the entire volume. The magnitude of the mag-
netostatic interaction field was determined using the method
proposed in [12], [13], and [14]. In brief, the hi field for a
magnetostatic interaction acting on the i th microvolume was
calculated using the formula

hi = h +
3

4π

n∑
j=1( j ̸=1)

mi Fi j (10)

where Fi j is the coefficient of interaction computed in [12].
Also, mi = Mi/Ms and h = (H/Hs) = 3H/4π Ms, where H
is the external field and mi is the saturation magnetization of
the i th microvolume.

Following the theory of micromagnetism to study the
magnetic properties of a bulk material, a continuum system
or magnetics is replaced by a set of discrete interacting
subsystems in the form of individual microvolumes or cubes
[see Fig. 2(c)]. In this approach, one of the main problems for
mathematical representation is to derive differential equations
for the magnetization field. The cubes are assumed to be small
enough, so that the magnetization can be assumed constant
(MS value) within each cube but can vary from cube to cube.
This approach is often used in numerical methods, such as the
finite element method (FEM) or the finite difference method
(FDM) to solve the problems in electromagnetism and other
areas of physics [9]. For example, it helps to determine the
magnetic field distribution in a homogeneous material. In this
approach, the general equation for the magnetization M is

∇
2−→M = −µ0

−→
H (11)

where µ0 is the magnetic permeability.
For the 1-D case, this equation can be written as

d2 M(x)

dx2 = −µ0 H(x). (12)

Furthermore, introducing a discretization grid with step 1x

xi = i1x . (13)

Then, at point xi , the approximation of the second derivative
becomes

Mi+1 − 2Mi + Mi−1

1x2 = −µ0 Hi . (14)

This difference operator leads to a system of linear equa-
tions for the values of Mi

Mi+1 − 2Mi + Mi−1 = −µ0 Hi (1x)2. (15)
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By solving the system of linear (15) for each discrete i th
element, the corresponding Mi values are determined for the
1-D case.

Similarly, for the 3-D case in the form of cube, the system
of linear equations is obtained by the following equation
introducing a discretization grid with step for each regarding
axis: 1x = 1y = 1z and following the approximation of the
second derivative:

Mi+1 − 2Mi + Mi−1 = −µ0 Hi (1x)2

Mi+1 − 2Mi + Mi−1 = −µ0 Hi (1y)2

Mi+1 − 2Mi + Mi−1 = −µ0 Hi (1z)2.

(16)

The magnetostatic interaction field is incorporated using
a mean-field approximation described by Schabes and
Aharoni [12], where each microvolume experiences a demag-
netizing field Hdemag = N M , where N is the demagnetization
factor determined from the geometry of the ensemble. This
is consistent with the method described by Schabes and
Aharoni [12] for the arrays of ferromagnetic cubes and
extended in [13] and [14].

The modeling program employs the fundamental package
NumPy in Phyton in order to solve the system of linear
equations. The solve banded function in Python is used to
solve a system of linear equations in the form

Ax = b (17)

where A is the banded matrix and b corresponds to the
right-hand from (16)–(18) linear equations (see diagram block
program in Fig. S1). A is defined as a tridiagonal matrix in
the program, as noted in Fig. S2.

With the aim to model the 10 × 10 × 10 cubic permanent
magnet (ensemble of 1000 microvolumes), the discretizational
step size is defined as

1x = 1y = 1z → dx = dy = dz = 1. (18)

Eventually, to plot the dependence of the magnetization
M on the field H, the phenomenological model of reverse
magnetization (PMRM) can be used (see [15] and Supporting
Material S1 and S2).

III. EXPERIMENT

A. Sample Preparation

A mixture of hematite (α-Fe2O3, 80%) and iron (α-Fe, 20%)
powder was milled during 4 h in an AGO-2U high-energy
planetary type ball milling with two sealed drums. No process
control agent (PCA) was used. The balls have a diameter of
(3–6) mm made of ShKh15 steel, 200 g into each drum. The
ratio of the mass of balls to the powder mass was 10:1. The
powder was pressed with a maximum load of 20 T using
a separable titanium compression mold. Alcohol was added
during compacting in a special cuvette to enhance powder
uniformity. No additional binder was used. The resulting press
compact had the shape of cube with dimensions of (10.0 ±

0.2) mm. A photography of the pressed-compact is shown in
Fig. 2(d).

The heating and thermomagnetic treatment (TMT) pro-
cesses were performed in air following the same procedure

reported in [7] and [16]. In brief, a homemade installation
consisting of an electric resistance furnace and an electromag-
net, using a process activation setting (Ustanovka Aktivacii
Processov, UAP-3, in Russian) magnetic mill (see Fig. S3).
The magnetic field strength between the concentrators was
about 8000 kA/m in a 10 mm gap. Heat treatment in air was
carried out using the same installation, but without turning on
the electromagnet. A magnetic system of SmCo5 permanent
magnets and a magnetic conductor yoke was used for TMT
in air. The temperature was maintained and controlled using
VRT and KSP-4 devices and a chromel–alumel thermocouple
XA with an accuracy of ±2 ◦C.

In the present work, the powder was compacted in the
presence of a magnetic field to obtain a crystalline texture
that allows for a residual induction of 9–10 kG. The press
compact was subsequently annealed at 1120 ◦C for 40 min.
The temperature then decreases to 850 ◦C at a rate of
1.5 ◦C/min and holds at this temperature for 20 min. The
sample was then cooled to room temperature at a rate above
150 ◦C/min. This technology is currently widely used in
the production of permanent magnets by powder metallurgy
[17], [18].

B. Measurements

The X-ray diffraction (XRD) patterns of the sample were
obtained using a DRON-4-07 diffractometer. A tube with a
cobalt anode [radiation wavelength λ K−αav = 0.179021 nm
(1.79021 Å)], in tube operating mode U = 40 kV, I =

30 mA; slots: 8 mm (from the tube), 1 mm (reception
on the circumference of the goniometer), 1 mm (in front
of the counter); monochromator C (graphite). The range of
diffraction angles 2θ varied from 20◦ to 80◦ with 2◦/min
speed and Bragg–Brentano configuration. Phase qualitative
and quantitative analyses were carried out according to the
standard technique. For quantitative phase analysis, the X-ray
program (PHAN%) was used [19]. This program is a mod-
ification of the Rietveld method [20] as it does not require
to specify the coordinates of atoms in the crystal lattice.
According to it, the experimental spectrum is described by
the sum of polynomial background and the theoretical spectra
of phases weighted by their volume fractions. During the
calculation, the program refines the lattice periods and the fine
crystal structure parameters. This includes the size of coherent
scattering regions and the magnitude of the root mean square
(rms) microstrain. It also considers the imaging geometry and
various alignment parameters. The program allows to take into
account the influence of texture, which makes it possible not
only to calculate the volume fractions of phases but also to
determine the crystallographic texture (pole densities). One of
the important features of the quantitative analysis is the ability
to determine the content of amorphous phase in amorphous-
crystalline objects.

The qualitative phase analysis was carried out according
to the standard technique, i.e., identification of the substance
in the mixture is carried out by a set of its interplanar distances
d. For this purpose, the determination of reflection angles θ

and interplanar distances is carried out from X-ray radiographs
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according to the Wolf–Bragg law using the following equation:

d =
nλ

2 sin θ
(19)

where n is the reflection order, d is the interplanar distance
(in m), λ is the wavelength of the used radiation (in m), and
θ is the diffraction angle (in degrees).

Relative error of diffraction angle measurement is calculated
by the formula

1a
a

=
cot θ
1θ

(20)

where 1a is the absolute error of period measurement (%) and
1θ is the absolute error of diffraction angle determination
(rad). The absolute error of the lattice period measurement
is 3 × 10−5 nm.

The average particle size D was calculated using the
Scherrer formula

D =
0.94λ

β cos θ
(21)

where β is the true physical line broadening of the investigated
sample calculated by the method of approximation and Fourier
analysis, in radians. The goodness-of-fit parameter (χ2) was
calculated based on the residual sum of squares between
the experimental and modeled XRD intensities. Using the
PHAN% software, χ2 was determined using the formula

χ2
=

∑[
(Iobs − Icalc)

2/σ 2
]

(N − P)
(22)

where Iobs and Icalc are the observed and calculated intensities,
respectively, σ is the standard deviation, N is the number
of data points, and P is the number of refined parameters.
Goodness-of-fit χ2

≈ 1.35 indicates a statistically reliable fit
for the refined model.

The magnetic properties were measured by using a Lake
Shore Cryotronics VSM 7400 vibration sample magnetometer
(USA). The coercive field (HC), residual magnetization (Mr),
and saturation magnetization (MS) were recorded. The error
in determining the magnetic moment was 10−6 A × m2. The
microstructure of the powder was studied using a scanning
electronic microscope SEM Hitachi S-4100 (Japan).

IV. RESULTS AND DISCUSSION

A. Microstructure and Structural Characteristics

Fig. 3(a) shows the micrography obtained by SEM of the
initial powder before processing in high-energy milling. The
original particle size of the powder is 45 µm in average.
During intensive milling with high rotation speeds, strong
friction between particles occurs, accompanied by localized
temperature increases, resulting in the metallic iron to directly
oxidize to hematite

4Fe + 3O2 → 2Fe2O3.

The XRD pattern obtained before grinding [see Fig. 4(a)]
shows that the initial state of the press compact consists
entirely of hematite–iron oxide α-Fe2O3 with a lattice of type
D5.1, hR10, a = 0.5034 nm, and c = 1.3747 nm (in hexagonal
coordinate system) [21], [22], [23].

Fig. 3. SEM images (a) initial sample and (b) sample processed in
high-energy mill during 4 h.

TABLE I
PHASE ANALYSIS BY XRD FROM THE INITIAL SAMPLE (PRESS

COMPACT) AND AFTER 4 h GRINDING PROCESS

Fig. 2(d) shows the press compact obtained after
high-energy milling Fe–O powders. The shape of the pressed
compact is cubic with lateral side (10.0 ± 0.2) mm. Fig. 3(b)
shows the SEM micrograph of the crushed pressed compact
obtained after 4 h grinding process.

Fig. 4(b) shows the XRD pattern of the press compact
after 4 h of grinding process under high-energy milling. The
average values of the block sizes calculated by Scherrer’s
technique (21) after grinding for 4 h were 150, 61, and 70 nm
for Fe3O4, FeO, and α-Fe, respectively. The obtained material
is nanocrystalline (see the crystallite size in Table I).

Mechanical activation, typically through high-energy ball
milling, induces this transformation by introducing defects
and increasing the internal energy of the hematite particles.
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Fig. 4. XRD patterns (a) initial sample and (b) sample processed in
high-energy mill during 4 h.

The process leads to a significant change in their structural
and phase state. After a 4 h treatment, the amount of α-Fe is
16%, while hematite decreased and Fe3O4 (about 80%) and
FeO phases appeared. The phase transformation of hematite
(α-Fe2O3) to magnetite (Fe3O4) during mechanical milling is
well described in [24], [25], and [26].

The XRD pattern obtained after 4 h of treatment is hugely
different from the XRD pattern obtained before grinding.
Additional to the lines of the Fe2O3 phase detected, at the same
time, the peak characteristic of two other iron oxides appear:
FeO, with the B1 structure, and Fe3O4 with the H1.1 lattice.
Weak lines from α-Fe (A2) are also visible, indicating the
appearance of a small amount of this phase. Compared to the
first diffraction pattern before grinding process, the lines in
the second XRD pattern are broadened. This suggests that the
size of crystallites in the powder sharply decreases and strong
distortions of the crystal lattice of phases also appear due to
intense plastic deformation. XRD results are presented as sep-
arate, indexed figures, facilitating clearer phase identification.
Peaks corresponding to Fe3O4 (magnetite), FeO (wüstite), and

α-Fe were observed after milling, indicating transformation
from initial hematite.

The results of quantitative phase analysis of XRD data were
calculated and presented in Table I. The goodness-of-fit χ2

≈

1.35 is shown for both cases.
Based on the data of phase and XRD analysis data, we can

deduce that the phase composition of the powder, initially
consisting of Fe2O3 oxide, changes during grinding according
to the following scheme (the structural type of phases is
indicated in parentheses):

Fe2O3(D5.1) → Fe(A2) + Fe2O3(D5.1)

+ Fe3O4(H1.1) + FeO(B1).

The formation of Fe3O4 (magnetite) during high-energy
ball milling is primarily driven by mechanochemical reduc-
tion of hematite (α-Fe2O3) and reaction with metallic Fe,
both promoted by mechanical impacts and localized ther-
mal spikes. During milling, repeated collisions of the steel
balls generate shear forces and local temperatures exceeding
400 ◦C–500 ◦C, sufficient to partially reduce Fe3

+ in hematite
to a mixed-valence Fe2+/Fe3+ state, favoring Fe3O4 formation.
Additionally, metallic Fe introduced as a starting component
and further enriched by abrasion of steel media participates in
redox reactions, converting hematite into magnetite via

3(α-Fe2O3) + Fe → 4Fe3O4.

This process aligns with previous reports on mechanically
induced phase transformations in iron oxides [24], [25], [26],
[27] explains the dominant Fe3O4 phase observed in the XRD
pattern after 4 h of milling.

Therefore, it was shown that the process of grinding pow-
ders in a high-energy planetary ball mill leads to a change in
the initial phase composition. Such high-energy ball milling of
powders is called the mechanical alloying method and is well
described in a review by Koch and Whittenberger [28]. The
mechanical alloying method involves the synthesis of materials
by their high-speed milling, which occur due to phase trans-
formations caused by dispersion processes. As a result of such
processing, a cellular dislocation structure is formed inside the
powder particles, which leads to the formation of randomly
oriented “blocks” separated from each other by high-angle
boundaries, i.e., nanocrystalline grains [10]. This, in turn, leads
to changes in the magnetic properties of the obtained samples.

For the case of grinding hematite powders, the change in the
values of the coercive force and magnetization of the material
is primarily due to dispersed particles α-Fe [29], [30].

Thus, the principal possibility of obtaining a magneto-solid
composite material with nanocrystalline structure in the Fe–O
system has been demonstrated.

This study shows that although the size of the starting
powder component was in the order of microns, high-energy
milling for 4 h was enough to shrink the crystallite size to the
nanometer scale. This was confirmed by SEM micrographs
[Fig. 3(b)] and the Scherrer calculus in the XRD analysis
[see Fig. 4(b) and Table I]. Specifically, the Fe3O4 and α-Fe
crystallites decrease size after the powder is crushed, milled,
and pressing processes; 4 h of high-energy milling was enough
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TABLE II
MAGNETIC PROPERTIES OF Fe/Fe3O4 OBTAINED BY HYSTERESIS LOOPS

FOR THE 20%Fe + 80%Fe3O4 PRESS COMPACT AFTER 4 h GRINDING

PROCESS (EXPERIMENTAL DATA) AND CALCULATED USING

THE PMRM PROGRAM (MODELING RESULTS)

to obtain the crystallite sizes of ∼70 nm for α-Fe and ∼61 nm
for FeO. These sizes are consistent with the established
single-domain size limits for these phases.

This supports our interpretation that the enhanced coercivity
arises from single-domain particles, consistent with micromag-
netic theory and previous experimental results in mechanically
alloyed systems [31], [32].

B. Magnetic Analysis

The magnetic properties, such as coercivity, residual mag-
netization, and saturation magnetization, of the obtained
press compact processed during 4 h in high-energy mill,
were determined from hysteresis loops. The experimen-
tal results show that the saturation magnetization reaches
0.97 T, the residual magnetization is 0.456 T, and the
coercive force is 685 Oe (see Table II). The experimen-
tal loops are typical of materials with a single magnetic
phase.

To fit the experimental data, as well as to find out which
phase in the annealed powder is responsible for the high
coercive state of the material, an ensemble of particles sim-
ulating the Fe/Fe3O4 mixture was considered following the
phenomenological modeling described above. Since α-Fe and
Fe3O4 have different magnetic crystallographic anisotropy
constants in magnitude and sign, the possible relations of the
anisotropy fields of the phases were calculated from the exper-
imental data. The program was adjusted to vary the parameters
of the ensemble particles and, thus, to achieve the magnetic
properties of the ensemble that corresponds to the experimen-
tal material. In this way, the magnetic behavior was analyzed
by comparing the hysteresis loops. The experimental loop was
recorded on a hysteresis graph with a recorder in a field
of 5 kOe, the data of which were loaded into the PMRM
program.

Fig. 5 shows both experimental and calculated hysteresis
curves for the Fe/Fe3O4 system, based on the following change
in the phase ratio, in %: Fe/Fe3O4 = (5/95), (10/90), (20/80),
(30/70), (40/60), and (50/50). Changing the phase ratio (with
other parameters unchanged) affects the properties of the
ensemble: an increase in the Fe fraction leads to a monotonic
increase in the coercivity (from 581 Oe at a Fe fraction of
5% to 953 Oe at Fe 50%). On the other hand, the increase
in the Fe fraction does not significantly affect other magnetic

Fig. 5. Comparison of hysteresis loops for different Fe/Fe3O4 contains. The
black points are experimental data obtained for 20%Fe + 80%Fe3O4 press
compact and the red lines are calculated loops using a PMRM program, based
on the change in the phase ratio (in %) for Fe/Fe3O4: (a) 5/95, (b) 10/90,
(c) 20/80, (d) 30/70, (e) 40/60, and (f) 50/50.

characteristics, such as residual magnetization and saturation
magnetization, which is evident from the data in Table II and
Fig. 6.

When using the PMRM program, it was assumed that
the texture value A = 0.35, where A = (B∥

r − Br−)/B∥

r ,
which corresponded to the experimental conditions. Here, B∥

r

is the residual magnetic induction when the external magnetic
field is applied parallel to the sample plane, whereas B⊥

r is
perpendicular to the sample plane.

Table II and Fig. 6 present the values of the coercive force
HC , residual magnetization Mr, and saturation magnetization
MS obtained from calculated data for each composition.

A comparison of the experimental hysteresis loop from
compact after 4 h grinding process with the calculated
ones shows their satisfactory agreement. Some discrepancy is
explained by the fact that when the phase ratio changes, the
effective anisotropy constants also change, which contributes
to the change in magnetic properties, which was not considered
in the modeling.

For example, for the sample Fe/Fe3O4 = 20/80, the experi-
mental value of coercivity (0.685 kOe) is close to, but slightly
higher than, the calculated value (0.648 kOe, see Fig. 6). This
discrepancy arises from simplifications in the model: it uses
fixed anisotropy constants and does not fully account for the
magnetoelastic or interparticle exchange interactions present in
real samples. Similarly, the experimental value of remanence
[Mr (T) = 0.456 T] is slightly lower than the modeled one
(0.494 T). This may be due to imperfect texturing in the
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Fig. 6. Dependence of magnetic characteristics on iron content in the
Fe/Fe3O4 system from calculated and experimental data.

real sample. The modeling assumes a Gaussian distribution of
magnetization angles with a defined texture parameter (A =

0.35). Remarkably, for the saturation magnetization Ms (T),
the experimental and calculated values match well (∼0.97 T),
suggesting that this phase ratio reflects more accurately the
real composition. Thus, changing anisotropy fields also greatly
affects the magnetic properties of the ensemble. A simultane-
ous increase in the anisotropy fields of both phases, which
corresponds to an increase in the proportion of iron, leads to
an increase in the coercive force. The residual magnetization
does not change. Also, the magnitude of the saturation field

TABLE III
COMPARATIVE OF MAIN MODELING ASPECTS BETWEEN PMRM

APPROACH AND TCMH MODEL

increases. A simultaneous decrease in the anisotropy fields
for both phases leads to a decrease in the coercive force and
a decrease in the saturation field.

Also, the PMRM program shows that the values of residual
magnetization and coercive force directly depend on the degree
of texture of the material. By setting the misorientation angle
with a Gaussian distribution with a mean value of 0 and
reducing the dispersion to 70, then the coercive force increases
to ∼0.8 kOe; and the relative remanent magnetization reaches
0.68 T.

C. Comparison With Recent Hysteresis Models

A relevant comparison can be drawn between our phe-
nomenological approach and other recent works. For example,
Taurines et al. [33] developed a thermodynamically consistent
magnetic hysteresis (TCMH) model applicable to both soft
and hard magnetic materials. While their model emphasizes
energy-consistent treatment of irreversible magnetization pro-
cesses and reproduces full and minor loops accurately, our
approach focuses on polycrystalline nanocomposites, where
grain orientation, domain interactions, and local anisotropy
distributions are dominant. Our model captures the coercivity
enhancement due to nanoscale structuring and texture in oxide
composites, whereas the TCMH model aims to accurately
reproduce hysteresis behavior in bulk and advanced commer-
cial magnetic alloys. The two approaches thus complement
each other in their scope and applicability.

Our findings also match well with other ones recently
reported in the literature. For example, Lileev et al. [29]
reported coercivities in the range of 0.5–0.7 kOe for nanocrys-
talline Fe–Fe2O3 systems prepared by similar mechanical
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activation techniques. Similarly, Gutfleisch et al. [31] and
Fiorani [32] describe coercivity enhancements in Fe-based
composites attributed to nanoscale domain formation and par-
ticle isolation. The observed saturation magnetization (0.97 T)
and remanence (0.456 T) in our samples are also comparable
to those for mechanically alloyed Fe–oxide systems with simi-
lar phase ratios. These results also confirm that nanostructuring
and controlled texturing are effective strategies for improving
magnetic performance in oxide-based hard magnetic materials.
A comparative summary is presented in Table III.

V. CONCLUSION

A phenomenological approach to model the hysteresis loops
of Fe–O nanocrystalline press compacts has been reported.
Iron oxide compact has been fabricated via high-energy
ball milling, following TMT. XRD and SEM analyses con-
firm the formation of magnetite (Fe3O4), α-Fe, and FeO
phases, with crystallite sizes ranging from 60 to 710 nm.
Mechanochemical reactions and thermal effects during milling
promoted the partial reduction of hematite and the formation
of ferromagnetic phases, particularly Fe3O4 and α-Fe. Mag-
netic measurements revealed enhanced coercivity (0.685 kOe),
remanence (0.456 T), and saturation magnetization (0.97 T),
promoted by the emergence of single-domain α-Fe grains and
the development of crystallographic texture. The experimental
coercivity values are similar to nanocrystalline Fe–oxide sys-
tems reported in the literature. The phenomenological model
successfully simulates the hysteresis loops of the Fe/Fe3O4
mixtures of different composition rates. The modeling assumes
uniform anisotropy and simplified magnetostatic interactions
and results in closely experimental and theoretical match. The
discrepancies between the measured and calculated loops are
attributed to microstructural inhomogeneities, localized stress,
and incomplete texture alignment, which are not considered
in the model. A detailed treatment of magnetostatic interac-
tions and finite-difference discretization has been provided to
enhance the model reproducibility. Overall, this study demon-
strates that high coercivity and tailored magnetic properties can
be achieved in Fe–O composites through phase engineering,
nanoscale control, and thermomagnetic alignment, whereas
the proposed modeling approach serves as a predictive and
interpretive tool for optimizing magnetic behavior in nanocrys-
talline oxide systems without relying on rare-earth elements.
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