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High-density polyethylene composites filled with
micro- and nano-particles of nickel ferrite:

magnetic, mechanical, and thermal propertiesy
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With the increasing demand of new magnetic materials for modern technological application alternatives to
conventional magnetic materials, the development of lightweight polymer magnetic composites has

become a prominent research area. For this perspective, a new magnetic material was developed using

30 wt% nickel ferrite micro and nanoparticles as fillers for a high-density polyethylene matrix. The
development process began with the synthesis of NF-micro and NF-nanoparticles using solid-state and
co-precipitation techniques, respectively, followed by extrusion molding and injection molding. The
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success of the synthesis process and the purity of the spinel structure phase were confirmed.

Additionally, using the extrusion process produced polymer magnetic composite materials with a good
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1. Introduction

The development of magnetic materials for modern technology
applications has become a prominent research area due to the
rapid growth of electronic devices in different fields." In
particular, spinel ferrite materials, with their good magnetic,
structural, optical, and electrical properties, make them desir-
able for several applications.>® Generally, spinel ferrites are
a group of mixed oxides that have a characteristic general
formula MFe,Q,, in which M can be Fe Co, Ni, Zn, Mn, or other
metal cations.*® The unit cell of spinel ferrite is face centered
cubic (fcc).® Spinel ferrite can be divided into three groups
depending on its crystal structure, normal, inverse, and mixed
inverse spinel.” Normal spinel is created when tetrahedral sites
are occupied by M** and octahedral sites are occupied by Fe*".
On the other hand, when tetrahedral sites are occupied by
Fe**and octahedral sites are shared by an equal amount of Fe**
with M**, an inverse spinel structure is formed.® In the case of
mixed ferrites, the cations occupy both tetrahedral sites and

“Materials Science, Energy and Nanoengineering Department (MSN), Mohammed VI
Polytechnic University (UM6P), Lot 660 - Hay Moulay Rachid, Ben Guerir, 43150,
Morocco. E-mail: mounir.elachaby@umé6p.mamailto

*Moroccan Foundation for Advanced Science, Innovation and Research (MASCIR),
Rabat Design Center, Rue Mohamed El Jazouli, Madinat El Irfane, 10100 Rabat,
Morocco. E-mail: h.elmoussaoui@mascir.ma

“Institut Néel, CNRS et, Université Joseph Fourier, BP 166, F-38042 Grenoble Cedex 9,
France

DOI:

+ Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4ra02643h

(EST)

18750 | RSC Adv, 2024, 14, 18750-18763

distribution of magnetic particles within the polymer matrix, resulting in good magnetic properties and
enhanced mechanical properties of the polymer magnetic materials.

octahedral sites, represented by a general formula can be
written as (M;_;>"Fe}")[M;*>"Fe,_;>"]0, where ¢ is called the
degree of inversion.” Among the spinel ferrites, nickel ferrite
(NiFe,0,) is an inverted spinel magnetic ferrite material with
Fe’" ions distributed equally at octahedral and tetrahedral sites
and Ni*" jons only at octahedral sites.!*** Due to their high
resistivity, low coercivity, moderate saturation magnetization
and low hysteresis losses, nickel ferrites are categorized in the
class of soft ferrites. These soft magnetic materials also offer
other favorable properties, such as high permeability at high
frequency, mechanical hardness, and electrochemical stability.
Due to these features, these ferrites are successfully utilized in
a wide range of applications.”** Several techniques are used for
the synthesis of NiFe,0,, such as hydrothermal,**” sol-gel,**>°
and sonochemical,?"** co-precipitation is also used to produce
nickel ferrite nanoparticles.”***. The ceramic method is still the
most common and widely used technique for the production of
nickel ferrite particles, by mixing the oxidized raw materials and
sintering at high temperature.” Soft magnetic ferrites, in
general, and,nickel ferrite, in particular, possess useful prop-
erties such as a significant saturation magnetization, a high
electrical resistivity, low electrical losses, thus making them an
attractive class of magnetic materials suitable for a large
number of applications.?® Despite their valuable properties, soft
magnetic materials have limitations. They can be brittle,
making them susceptible to damage from mechanical stress
and impacts, which restricts their use in applications needing
high durability. Their fabrication and processing are energy-
intensive and costly, often requiring high temperatures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Additionally, they are dense and heavy, which is a disadvantage
in weight-sensitive applications.””*® For these reasons, modern
research focuses on developing new materials with low energy
consumption and excellent properties. These materials, which
are also lightweight, are particularly beneficial in applications
such as aerospace, automotive, and consumer electronics,
where weight reduction is critical. Additionally, properties of
polymer composites can be customized by varying the type and
amount of magnetic particles and the choice of polymer matrix,
leading to an optimal balance of magnetic, mechanical, and
thermal properties.”® Polymer composite materials are
a combination of two materials, a matrix polymer whose role is
to hold the reinforcement materials, and reinforcement mate-
rials, which transmit the loads to the matrix. Therefore, they
define most of the mechanical characteristics of the material,
such as resistance and rigidity, as well as the magnetic, optical,
and electrical properties of the final composite materials.”**°
Many researchers have attempted to synthesize polymer
magnetic composite materials. Direct mixing of the magnetic
particles with the polymer is the most conventional and easiest
way of preparing magnetic polymer composite materials. Melt
blending and grand solution blending are commonly employed
techniques for achieving this combination.** Wilson JL, et al.**
have synthesized polymer magnetic composite materials of
poly(methylmethacrylate) doped with varying concentrations of
iron nanoparticles for electromagnetic device application. I.
Kong, et al. used Fe;0, as a filler in matrix reinforced thermo-
plastic nature rubber (TPNR) to form polymer magnetic
composite materials using melt blending methods.** The same
technique has been used by Chung, et al. to produce a flexible
cross-linked shape memory polyurethane filled with ferromag-
netic particles of Fe;0,.** Other techniques for the creation of
magnetic polymer composite materials include methods such
as the suspension polymerization process used by Robson T.
Araujo, et al. to Synthesize of Poly(vinyl pivalate)-Based
magnetic nanocomposites with Fe,O, as a reinforcing mate-
rial for medical application.® In recent years, composite mate-
rials based on thermoplastic polymer matrix have attracted
researcher’s attention. Thermoplastic matrices are composed of
linear chains, which can be transformed in the molten state. In
various manufacturing processes, these thermoplastic matrices
are heated, then subjected to molding, injection, extrusion, or
thermoforming, and subsequently cooled. This ensures that the
final product maintains its intended shape. This operation is
reversible, enabling the thermoplastic matrices to be in
different forms. Moreover, they exhibit non-oxidizing proper-
ties, high corrosion resistance, and serve as excellent thermal
and electrical insulators. Owing to their lightweight nature,
high mechanical strength, and resilience against environ-
mental factors, thermoplastics emerge as ideal materials for
numerous applications.*® All these characteristics make them
a good choice for matrix materials in magnetic polymer
composite materials.

To the best of our knowledge, polymer magnetic composite
materials soft magnetic behavior produced by curing mixtures
of Fe;0, magnetic particles and elastomeric matrices have been
proposed. Therefore, this study introduces new magnetic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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composite materials using high density polyethylene (HDPE) as
a matrix and NiFe,O, microparticles and nanoparticles as
fillers, utilizing extruding molding. The main objective is to
investigate the effect of NiFe,O, magnetic particles on HDPE
and their impact on its magnetic and mechanical properties.
Additionally, a comparative study examines the effect of nano-
particles and microparticles on HDPE matrix.

2. Materials and methods

2.1. Materials

Chemicals with high purity were purchased from Sigma-Aldrich
and used without further purification. In the solid-state reaction
Nickel oxide (NiO) and Iron(m) oxide (Fe,Oj3) served as starting
materials. In the Co-precipitation method, Nickel chloride
hexahydrate (NiCl,-6H,0) and ferric chloride hexahydrate
(FeCl;-6H,0) were used as precursor materials, polyethylene
high density (HDPE) was used as the polymer matrix in order to
prepare the composite material.

2.2. Synthesis of NiFe,0, nanoparticles with co-
precipitation reaction

The Co-precipitation technique was employed to prepare NF-
nano particles. Firstly, 2.5 g of 0.21 M of CoCl,-6H,O and
5.7 g of 0.41 M of FeCl;-6H,O were dissolved in 50 ml of
distilled water separately using magnetic steering at room
temperature for 30 min. Thereafter, the two solutions were
blended into one solution and kept under magnetic steering.
The pH of the solution was adjusted to 11 by the addition of 3 M
NaOH. The solution was kept at a temperature of 80 °C for
60 min using magnetic steering. At the end of the synthesis,
a small amount of oleic acid was added to the solution as
a surfactant to minimize the agglomeration of the nano-
particles. The resulting precipitate was washed using a centri-
fuge to remove any sodium and chlorine compounds. The
precipitate was then dried at 100 °C overnight, and the resulting
powder was finally calcined at 400 °C for 2 hours. Fig. 1la
illustrates the synthesis steps.

2.3. Synthesis of NiFe,0, microparticles with solid state
reaction

As illustrated in Fig. 1b, to synthesize NF-micro particles using
a solid-state reaction, the precursors were ground in stoichio-
metric amounts in an agate mortar for about 1 hour at room
temperature to get a homogenous mixture, then calcined at
1200 °C for 6 h in air. The prepared powder was then combined
with acetone and 532.5 mm stainless steel balls before being
sealed in a 250 ml stainless steel bottle. A Fritsch 6 pulverisette
was used for mechanochemical milling for 2 hours at 250 rpm
with a ball-to-powder mass ratio of 20: 1.

2.4. Composite preparation

To prepare magnetic composite material with a polymeric
matrix, 30% of each powder, previously synthesized through
solid-state and co-precipitation methods, was blended with
70% HDPE separately as showed in Fig. 1c. This blending

RSC Adv, 2024, 14,18750-18763 | 18751
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Fig. 1 Schematization of (a) co-precipitation method, (b) solid state route and fabrication of composite materials.

process was conducted using a Thermos Scientific Process twin
screw co-rotating extruder with a screw speed of 70 rpm. The
temperature profile was ranged from 170 °C to 190 °C. The
resulting melts were then cooled and quenched in a water bath,
followed by manual pelletization using scissors into granules
measuring of 2-3 mm in length. The composite materials were
molded using Micro-Presse injection Babyplast 6/12 Standard-
Chronoplast, the temperature setting for the injection press
barrel and the nozzle were 175 °C and 180 °C, respectively, the
mold was maintained at room temperature, and the cooling
time was set to 6 s.

3. Characterization techniques

3.1. X-ray diffraction (XRD)

The X-ray diffraction (XRD) analysis of the ferrite particles was
conducted using a D8-Discover diffractometer, BRUKER
(Nanotechnology Platform, MSN Laboratory). The CuK radia-
tion (1 = 1.5418°) is used to scan the samples in the range of 5-
80° with a step size of 0.01°, while the voltage and current are
set at 45 kV and 100 mA, respectively.

3.2. Fourier transform infrared spectroscopy (FTIR)

Fourier-transform infrared spectra of the synthesized powder
neat HDPE, and composite materials were recorded using
a FTIR, PerkinElmer Spectrum 2000 equipped with an ATR

18752 | RSC Adv, 2024, 14, 18750-18763

~ range,
1

accessory. Each spectrum was obtained in 600-4000 cm
with an accumulation of 16 scans and a resolution of 4 cm™

3.3. Raman spectroscopy

A Witec alpha-300RA apparatus with a 532 nm Nd:YAG laser was
used for the Raman investigations. Raman spectra were
acquired using an 1800 g mm ™' grating and a 0.95 numerical
aperture objective with a laser excitation intensity of 3 mW.

3.4. Scanning electronmicroscopy

The morphological properties of magnetic particles as well as
neat HDPE and HDPE/NiFe,0, are investigated using a Zeiss
EVO 10 scanning electron microscope (Carl Zeiss Microscopy,
GmbH, Jena, Germany).

3.5. UV-vis spectroscopy

UV-visible absorption spectra were acquired using a PERSEE
T8DCS within the wavelength range of 200-800 nm. This analysis
was conducted to investigate the optical properties of both the
particles and the composite materials, and to study the interac-
tions between the polymers and the reinforcing particles.

3.6. Vibrating sample magnetometer

Our study leverages a high-resolution Vibrating Sample
Magnetometer (VSM) with a remarkable 10" Am” resolution.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The instrument's magnetic field control spans £7 T, facilitating
precise measurements, while its temperature range of 1.8 to 400
K allows for a comprehensive exploration of magnetic proper-
ties across varying thermal conditions.

3.7. Thermogravimetric analyses (TGA)

The thermal properties of the composites were determined
using Discovery TGA (TA Instruments) over a temperature range
from room temperature to 700 °C under air, with a heating rate
of 10 °C min™".

3.8. Differential scanning calorimetry (DSC)

DSC analysis of HDPE and polymeric composites was per-
formed using TA instruments (Discovery DSC) to determine
melting temperatures and study the thermal properties of the
composite materials.

4. Results and discussions

4.1. Characterization of the as-synthesized magnetic
particles

4.1.1. Structural characterization. X-ray results shown in
Fig. 2, the apparent of principal peaks (111), (220), (311), (222),
(400), (422), (511) and (440) indexed by standard JCPDS (00-044-
1485) confirm that the diffraction patterns of the synthesized
particles are in a good match with the cubic spinal structure of
NiFe,0,. Additionally, no peaks corresponding to impure phases
are detected. A small noise was recorded in the XRD patterns of
NF-nano due to the amorphous nature of the oleic acid used in
the synthesis.*” Crystallite size was calculated by Scherrer
approach size eqn (2) by taking the strongest peak of XRD
pattern. The lattice parameter (a) is calculated using eqn (1)
where (hkl) is the Miller index and (d) is the measured interplanar
spacing. The volume of the unit cell for the cubic system has
been calculated using eqn (3), with ac,, is the lattice parameter.

a=dh +k+P)"? (1)
@1 NF-micro
—— NF-nano
(440)
(221) (400) (511)
(111) (222) (422)

Intensity (a.u)

10 20 30 40 50 60 70 80
20 (°)

Fig. 2 XRD pattern of NF-micro and NF-nano powder.
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Table 1 Lattice parameter, volume of cell and crystallite size

Lattice Volume Crystallite
Samples parameter (A) of cell (A%) size (nm)
NF-micro 8.340 580.090 139.080
NF-nano 8.378 588.050 26
0.942
= (2)
B cos #
_ . 3
V = ey 3)

Lattice parameters and average crystallite size of the samples
are presented in Table 1, which shows that the crystallite size
calculated using eqn (2) by taking the most intense peak (311)
was found to be around 26 nm for nanoparticles and 139.08 nm
for microparticles. The results also indicate that there is
a difference between the values of the lattice parameters of
microparticles and nanoparticles, as we can notice that the
lattice parameters increase with the decrease in particle size.

Raman spectroscopy is used to investigate the physical
properties of NiFe,O, particles due to the strong correlation
between the crystal structure and the lattice vibration.*® The
Raman spectra of NF-nano and NF-micro particles are shown in
Fig. 3. This figure shows that the NiFe,O, particles have five
major bands. A, (682-683 cm™ '), E, (320-322 cm ™ ') and 3 T,
(552-556 cm ™!, 453-475 cm™ !, and 200-203 cm ™ ').* The Ay
mode corresponds to symmetric stretching of oxygen atoms
along Fe-O and Ni-O bonds in the tetrahedral site. E; mode is
related to symmetric bending of oxygen with respect to the
metal ion, T,y(3) corresponds to asymmetric bending of
oxygen,T,,(2) corresponds to asymmetric stretching of Fe (Ni)
and O in the octahedral site, T,,(1) is due to translational
movement of the tetrahedron (metal ion at tetrahedral site
together with four oxygen atoms).*® Additionally, the figure also

T24(2) NF-micro

—— NF-nano
El A
8 g
>
x
[72] T29(3)
g Tog(1) Eq
=]
£

Ag

T24(2) T24(3)

400 600 800

Raman Shift (cm'1)

]
200
Fig. 3 Raman spectra of NF-micro and NF-nano.
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Fig. 4 FTIR spectra of NF-micro and NF-nano.

show that the Raman mode shifted to a higher frequency and
the Raman peaks became narrower in the case of NF-micro, due
to cation redistribution and increases in crystallinity with the
annealing temperature.**.

FTIR spectra of NF-nano and NF-micro particles are pre-
sented in Fig. 4 in the range of 500-600 cm ™" at room temper-
ature. According to the literature,*»** the two FTIR absorption
bands are identified between 500 and 600 cm™" and between
300 and 400 cm™ " respectively. These bands are attributed to
the metal-oxygen stretching vibrations in the tetrahedral and
octahedral sites, corresponding to the characteristic of ferrite.
Moreover, additional vibrational bands associated with the H-
0-H bond were also observed at 3400 cm™*, 2927 cm™" and
1623 cm™?, signifying the stretching of absorbed water mole-
cules in the case of NF-nano particles synthesized using the co-
precipitation route.*>*¢

UV-visible spectroscopy proves to be a valuable method for
providing significant insights into the impact of crystallite size
on the band gap energy (E;) of spinel NiFe,0,. Fig. S11 shows
the UV-visible reflectance spectra of NF-nano and NF-micro
particles, recorded in the range of 200-800 nm. The spectrum
indicate that nickel ferrite exhibits a weak reflectance intensity
in both the UV and visible regions, aligning with findings
reported in several works in the literature.*”*®* The optical
band gap of NF-micro and NF-nano particles is calculated using
the Kubelka-Munk function of reflectance F(R) eqn (4) as
shown in Fig. 5.

(1-R)

FIR) = "3x

(4)

The absorption coefficient («) is directly proportional to the
Kubelka-Munk function F(R) and the equation used to deter-
mine the band gap of both particles.*

(ahv)" = A(hv — E,) (5)
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Fig. 5 (a) Plots (@hu)/2 vs. (b) photon energy (hv) for microparticles
and nanoparticles.

where A is a constant relative to the material, zv the energy of
a photon, the value of n depends on the type of transition. n =2
for direct transition and n = 1/2 for indirect transition, n = 2/3
for direct forbidden, and n = 1/3 for indirect forbidden.*® The
optical gap values for NF-micro and NF-nanoparticles were
determined to be 1.4 eV and 1.5 eV, respectively. This value was
found by plotting (ahv)"'* vs. hv, where the optical band gaps (E,)
are the intercepts with the energy axes as shown in Fig. 5a and b.
Notably, it's observed that the optical band gap of NF-micro
particles is marginally smaller than that of NF-nano particles,
suggesting a decrease in the band gap with an increase in
particle size. This decrease in the band gap could be attributed
to the basis of weak quantum confinement effects.**

4.1.2. Morphological characterization. The SEM images of
NF-micro and NF-nano are indicated in Fig. 6. In the case of NF-
micro particles synthesized through solid-state reaction, an
uneven distribution of morphology and particle size is evident.
Additionally, agglomeration within the sample is observed,
attributed to the magnetic characteristics of the particles.
Conversely, the figure illustrates that nanoparticles of NiFe,O,
prepared via the co-precipitation route exhibit a homogeneous
distribution of particles and a pronounced formation of ferrite
clusters. This behavior is attributed to the magnetic properties
of the particles and the combination of primary particles held
together by strong external interactions, such as van der Waals
forces.”

4.1.3. Magnetic characterization. The magnetic properties
of NF-micro and NF-nano particles, synthesized through solid-
state reaction and co-precipitation methods, respectively,
where investigated using a vibration sample magnetometer
(VSM). Fig. 7 shows the representative M (H) curves for both
types of particles, measured at room temperature. The curve
shows that all samples exhibit soft magnetic properties with
distinct hysteresis curves. The saturation magnetization,
remanence magnitude, and coercivity field for both NF-nano
and NF-micro particles are mentioned in Table 2. The value of
saturation magnetization is increased from 18.16 (emu g~ ') for
NF-nanoparticle to 49.94 (emu g~ ') for NF-micro particles, while

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 SEM image of NF-nano and NF-micro.
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Fig. 7 Magnetic properties of NiFe,O4 nano and micro particles.

the value of coercivity is decreased from 0.022 (Koe) for NF-nano
to 0.016 (Koe) for NF-micro. This results is related to the
particles size, as the grain size increase, the saturation
magnetization increases and the coercivity decreases.® The
reduction in saturation magnetization (Ms) observed with
smaller particle sizes in attributed to significant surface effects
in these nanoparticles. In nanoparticles, the surface to volume
ratio is so high that surface properties dominate the overall
characteristics. The nanoparticle surface is thought to consist of
canted or disordered spins that hinder the alignment of core
spins along the external magnetic field direction, leading to
a decrease in the saturation magnetization.* As particle size
increases, it supports the formation of domain walls. This
causes magnetization reversal to happen through domain wall
motion, resulting in lower coercivity. Therefore, as particle size
increases, the coercivity decreases.* Fig. S2at shows the M(T)

Table 2 Magnetic properties of NiFe,O4 micro and nanoparticles

View Article Online
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NF-micro

curve of NiFe,0, ferrite nanoparticles. A significant drop in
magnetization with increasing temperature indicates a sharp
transition from ferromagnetic to paramagnetic. The Curie
temperature (T.), determined from the peak of dM(T)/dT, is
measured at 840.19 k, which is slightly lower than 846.77 k
observed for NiFe,O, microparticles shown in Fig. 2. This
difference can be attributed to the finite size-scaling effect.**>”

4.2. Characterization of composite materials

4.2.1. Structural characterization. The FTIR spectroscopy is
used to investigate changes in chemical composition of neat
HDPE, NF-nano/HDPE, and NF-micro/HDPE, and the results
are shown in Fig. 8. The FTIR spectrum of neat HDPE shows the
presence of two bands at 2915 cm™* and 2819 cm™*, which
correspond to asymmetric and symmetric stretching vibrations
of single bond CH, single bond groups, respectively. At
1460 cm ™', there is a C-H bending band of CH, groups. As well
as at 720 cm ™ .*® All the observed peaks are present in both pure
HDPE and the composite materials. Notably, there are no
additional peaks are formed, and there is no shift in the posi-
tion of the peaks when compared to neat HDPE. This observa-
tion confirms the absence of any chemical interactions between
the matrix and the fillers, reaffirming the integrity of the
composite structure.*

Raman spectra of HDPE, NF-micro/HDPE, and NF-nano/
HDPE are shown in Fig. S3. The Raman Peaks of HDPE are
found at 2882.25 cm ',2842.64 cm™', 2720.23 cm’,
1461.9 cm ', 1438.14 cm !, 1416.11 cm ', 1435.28 cm 7,
1299.58 cm ™%, 1171.14 ecm ™, 1123.30 cm ™, and 1062.87 cm ™
as shown in Fig. S3af.®” The peaks in the range between
200 cm™-800 cm ™' correspond to five active Raman modes of
nickel ferrite particles, as shown in Fig. S3b.T According to these
results, we can conclude that both NF-micro/HDPE and NF-
nano/HDPE composite materials have been successfully

Sample Grain size (um) M, (emu g™ M, (emu g ) H, (Koe) R T. (K)
NF-micro 20.180 49.940 1.50 0.016 0.012 846.77
NF-nano 0.005 18.160 0.30 0.022 0.170 840.19

© 2024 The Author(s). Published by the Royal Society of Chemistry
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prepared, and which confirms FTIR results. The addition of
ferrite particles to the HDPE matrix decreases the intensity of
the Raman peaks and affects the crystallinity of the materials
due to the incorporation of the particles into the HDPE matrix.

The optical characteristics of neat HDPE and composite
materials, as well as their gap energy, were investigated using
UV-visible spectroscopy. The UV-visible spectra of neat HDPE,
NF-micro/HDPE, and NF-nano/HDPE are shown in Fig. S4.7 A
large reflectance band of HDPE in the visible light rang can be
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seen in the figure. Moreover, it's notable that both neat HDPE
and the composite materials have a similar reflectance
behavior, with a significance lower reflectance in composite
materials due to the effect of magnetic particles on the reflec-
tance of polymeric matrix. To estimate the gap energy of the
composite materials, the Kubelka-Munk equation was used as
well as all the equations mentioned before in the study of the
UV-visible spectroscopy for magnetic particles, and the results
are shown in Fig. S5.1 it's can obviously notice from the figure
that the value of the optical band gap decreases with the addi-
tion of magnetic particles to the polymeric matrix, which is
connected in decrease of the reflectance intensity of composite
materials and explained by the change in polymer structure.®*
4.2.2. Morphological characteristics. The SEM-EDX images
of the cross section of neat HDPE, NF-micro/HDPE, and NF-
nano/HDPE composites shown in Fig. 9 were evaluated to visu-
alize the degree of filler dispersion within the polymer matrix.
The SEM image of neat HDPE shows a relatively smooth frac-
tured surface in association with terraced markings, indicating
weak resistance to crack propagation.®” In the case of the NF-
micro/HDPE composite, it is very clear that there is good
dispersion of filler in HDPE, the NF-micro particles were
uniformly distributed throughout the matrix, with minimal
agglomerates as shown in the figure. In most of the micrographs,
the added fillers can be seen as small white spots. For the NF-
nano/HDPE composite materials, we can notice that there is no
clear vision of the nanoparticles in the polymeric matrix, and the
cross-section surfaces of NF-nano/HDPE and pure HDPE are

NF-micro/HDPE | NF-nano/HDPE

NF-micro/HDPE | NF-nano/HDPE

NF-micro/HDPE

NF-nano/HDPE

Fig. 9 Cross section SEM-EDX micrographs of the elaborated composites.
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similar, which shows that the surface of the composite material
has not undergone any type of treatment or modification. Over-
all, both NF-micro and NF-nano particles serve effectively as
composite fillers demonstrate excellent dispersion within the
polymeric matrix, as confirmed by the EDX results.

4.2.3. Thermal properties. The fabrication of polymer
products with high thermal stability is one of the main objectives
in the manufacturing of polymer materials, which is why the
addition of fillers to the polymeric matrix is known to improve
their thermal stability and alloy, these materials to be used in
different application.® To study the thermal stability and degra-
dation behavior of the composite materials, and to confirm the
presence of the expected magnetic particle content in the HDPE
matrix, thermogravimetric tests were carried out. Fig. 10 shows
the TGA/DTG test results obtained from neat HDPE, NF-nano/
HDPE and NF-micro/HDPE composite materials. Table S1f
provides the corresponding T max and T onset values for both
neat HDPE and composite materials, which were determined
from the TGA analysis curves. There was a marginal increase in
the onset temperature of HDPE by introducing the ferrite parti-
cles into it to form the composite. Further, samples with small
particle size had higher onset temperature. TGA analyses reveal
that neat HDPE and the composite materials are thermally stable
up to 420 °C although a small weight loss of 5% was reported in
this range which is most probably owing to the loss of water
molecules entrapped in the HDPE polymer and composite
materials as well as the decomposition polymer matrix.** The
second weight loss, ranging from 420 °C to 488 °C only a single
stage was observed, which corresponded to the entire weight loss,
which is attributed to the full degradation of the polymeric
matrix. In this part, the composite materials were lost only 59% of
their weight, which indicated the presence of magnetic particles
that were not degradable at this temperature.®® The figure shows
a small hump between 500 and 550 °C for the NF-nano/HDPE
composite. This is attributed to the synthesis technique used
for producing the magnetic nanoparticle surface. These residues
decompose at higher temperature, causing the observed hump.
In contrast, NF-micro particles synthesized via solid-state reac-
tion methods do not involve surfactants, thereby avoiding this
issue.®** Additionally, nanoparticles have a significantly higher
surface area to volume ratio compared to microparticles. This
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increased surface area can enhance the catalytic effect, promoting
further decomposition of the polymer matrix at higher tempera-
tures, which contributes to the observed hump.®*® The smaller
size and higher surface energy of nanoparticles can lead to
different interactions with the HDPE matrix, potentially causing
minor phase transitions or reactions at elevated temperatures.
These interactions are less significant in microparticles due to
their large size and lower surface energy.®¢**

Differential scanning calorimetry is used in this study to
evaluate the effect of magnetic particles on the polymeric matrix
HDPE. The DSC curve of neat HDPE and composite materials
are shown in Fig. 11, while corresponding values are detailed in
Table S2.1 The result shows that NF-nano/HDPE and NF-micro/
HDPE crystalline Fig. 11a, and melting peaks Fig. 11b, similar to
those of pure HDPE. This phenomena indicate that the original
crystal structure of the hosting matrix remains unchanged in
spite of the incorporation of magnetic particles.®® However,
a significant finding was the increase in the crystalline
temperature (T.) for the HDPE based NF-nano and NF-micro
particles. This was evident from the exothermic peak observed
during the cooling phase of the DSC graph in Fig. 11. Specifi-
cally, T.. values were recorded at 120.63 °C and 118.92 °C for NF-
nano/HDPE and NF-micro/HDPE respectively. This result indi-
cates that the existence of magnetic particles has initiated the
large crystallites formation of HDPE at higher temperatures as
compared to neat HDPE. Furthermore, the formation of the
melting peak of all composite samples obtained by the endo-
therm during the heating portion of DSC thermogram. The
addition of magnetic particles into HDPE matrix has retarded
the peak melting temperature (7;,,) to a higher temperature of
130.17 °C and 129.75 °C for NF-nano/HDPE and NF-micro/
HDPE respectively as compared to its incidence at lower
temperature 129.02 °C for neat HDPE, which made the
composites materials more thermally stable.” The crystallinity
Xe of neat HDPE, NF-nano/HDPE and NF-micro/HDPE was
determined using the following equation:

_ AHg,
Xe = AHW;

100% (6)

where AH.,, is the experimental melting enthalpy, AH is the
enthalpy of melting of 100% crystalline neat HDPE which is
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(a) TGA and (b) DTG curves of pure HDPE, NF-micro/HDPE and NF-nano/HDPE composites.
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292.6 j g~ ',7* and W is the weight fraction of HDPE.” From the
result, a deceasing trend of x. is observed with the incorpora-
tion of NiFe,O, nano and micro particles in HDPE matrix. This
is attributed to the fact that the magnetic particles are able to
disturb the continuity of the HDPE chains and thus introduce
more grain boundaries and defects in the hosting matrix.*
4.2.4. Mechanical properties. The integration of magnetic
composites based on polymer matrices into electromagnetic
applications requires not only excellent magnetic properties but
also superior mechanical properties. To investigate the
mechanical properties of the produced HDPE based NF-nano or
NF-micro particles, extensive tensile testing has been conduct-
ed, with detailed results depicted in Fig. 12a-c. These exami-
nations reveal that the mechanical properties of polymer

composites are significantly influenced by the incorporation of
particles, with the effect being particularly dependent on the
size of these fillers. It is clear from Fig. 12a the addition of both
nanoparticles and microparticles strongly enhances the stiff-
ness of the composite. This enhancement results from the
particles limiting the polymer chains' mobility, which stiffens
the material and improves its elastic response to applied stress.
Specifically, compared to microparticles, nanoparticles have
a greater surface area to volume ratio, which significantly
restricts the mobility of the polymer chain and causes a more
noticeable increase in Young's modulus.””*

Regarding tensile strength (Fig. 12b), the improvement
observed with the addition of filler particles is mainly due to the
enhanced load transfer between the polymer matrix and the
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Fig. 12 Tensile test of neat HDPE and the elaborated composite materials.
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filler. Due to their small size and large surface area of the
nanoparticles, their interaction with the polymer matrix is
further improved. This improved adhesion promotes a more
efficient load distribution throughout the composite, resulting
in considerably higher strength than the microparticles. The
apparent difference in performance between nanofillers and
microfillers emphasizes the important role of surfaces in
promoting stronger interactions between polymers and fillers,
leading to better mechanical properties.””®

Moreover, the incorporation of filler particles affects the
composite's ductility, evident from the decrease in strain at
yield (Fig. 12c). This reduction indicates that the plastic
deformability of the material is reduced, while the brittleness is
increased due to the addition of fillers. In particular, due to the
large surface area of the nanoparticles, they interact more
effectively with the polymer matrix. This improved interaction
significantly reduces the plastic deformability of the composites
by facilitating efficient load transfer and restricting the mobility
of the polymer chains.”

4.2.5. Magnetic properties. Magnetic hysteresis loops for
magnetic composite material samples are plotted in Fig. 13. The
result shows the magnetic behavior of NF-micro/HDPE and NF-
nano/HDPE composite materials when exposed to an external
magnetic field at room temperature. The highest saturation
magnetizations value was obtained for the NF-micro/HDPE and
NF-nano/HDPE samples is 22.13 emu g ' and 4.5 emu g
respectively, reveal that magnetic particles are well distributed
and dispersed within the polymer matrix Additionally, the
maximum magnetization value is directly proportional to the
amount of magnetic particles present in the polymer matrix.” If
we compare between magnetic properties of nano/micro parti-
cles presented in Fig. 7 and magnetic properties of composite
materials, we found that remananent magnetization (M)
increases when the magnetic particles are incorporated in
polymer matrix and also reveal small change in terms of the
coercive field (H.). These results indicate that there is a change
in the magnetic properties when the particles are included in
the composite.” The value of the coercive field (H,.), showed in
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Fig. 13 Hysteresis loops of magnetic composite materials.
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Table 3 Summary overview of magnetic parameters of composites
materials

Sample M;(emug™) M,(emug') H,(Koe) R
NF-micro/HDPE 22.138 5.30 0.04 0.20
NF-nano/HDPE 4.50 0.5 0.03 0.1

Table 3, is slightly different, reaching a value of 0.04 Koe and
0.02 Koe for NF-micro/HDPE and NF-nano/HDPE respectively,
which show that booth composites materials have soft magnetic
behavior and that they require a low resistance to demagneti-
zation, so it doesn't require a strong opposing magnetic field to
demagnetize.* Remnant ratio of NF-micro/HDPE and NF-nano/
HDPE have a value of 0.2 and 0.1 respectively which is a value
significantly below 1, which demonstrates that the materials
exhibit weak ferromagnetic behavior. The reduction in magne-
tization observed in NF-micro/HDPE and NF-nano/HDPE
composites is directly associated with the quantity of
magnetic particles present in the composite materials.

5. Conclusion

The study show a new and coast effective technique, to produce
a lightweight, high performance polymer magnetic composite
materials based on high-density polyethylene as matrix for NF-
nano and NF-micro particles fillers, using extrusion molding. It
was found that the magnetic properties of magnetic particles are
significantly impacted with the synthesis process. A good distri-
bution of magnetic particles within the HDPE matrix was well
demonstrated with the scanning electron microscopy (SEM). The
mechanical properties of the composite materials are signifi-
cantly affected by the presence of magnetic particles, influencing
both flexibility are rigidity. A comparative analysis shows that,
unlike NF-micro particles, NF-nano particles exhibit a more
integrate more thoroughly into the polymer matrix, because of
their large surface area, which lead to significantly reduces the
plastic deformation of the composites due to the efficient transfer
of loads and the associated mobility limitations of the polymer
chains. The Vibrating Sample Magnetometer (VSM) results for the
composite materials reveal that a uniform distribution of parti-
cles within the HDPE matrix alters the magnetic properties. The
result also highlight the soft magnetic behavior of the composites
and their low susceptibility to demagnetization. Overall, the
developed polymers magnetic composite materials have offer
a great properties, suggesting a promising future in several
application (automotive, aeronautic, electromagnetic devises,
etc.). Further research on polymer magnetic composite materials
in spanned for the future, with a focus on optimizing the weight
percentage of magnetic particles to achieve an optimal balance
between magnetic and mechanical properties.

Data availability

The data that support the findings of this study are available
from the corresponding author, Mounir El Achaby, upon
reasonable request.
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