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In this study, we prepared Ni-Zn-Cu Fe,O, ferrite/ethylene propylene diene
monomer (EPDM) rubber nanocomposites with enhanced mechanical and elec-
trical properties. First, Ni-Zn-Cu Fe,0, ferrite nanoparticles were synthesized
with a tailored composition of NiZng3Cugp.)Fe;O4). Subsequently, these
nanoparticles were incorporated into the EPDM rubber matrix through a two-
roll mixing mill. Scanning electron microscopy and x-rays diffraction techniques
were used to explore their morphology and structure. Fourier-transform infrared
spectroscopy was used to identify metal-oxygen bonds in the nanoparticles and
their incorporation in the nanocomposites. Similarly, curing properties, includ-
ing optimum cure time, scorch time, and torque profiles, were evaluated using a
moving die rheometer. While, mechanical properties of these composites, such
as tensile strength and Young's modulus, were determined with a universal test-
ing machine. Tensile strength improved from 0.11 MPa to 0.22 MPa (100%
increase), whereas, the Young's modulus increased from 0.03 MPa to 0.052 MPa
(86% increase). Additionally, we investigated the dielectric properties of these
nanocomposites, encompassing permittivity, resistivity, and dielectric constant,
using a dielectric properties analyzer. Our findings revealed a significant reduc-
tion in dielectric resistivity of nanocomposites (from 33.2 GQ to 23.38 G€2) upon
the introduction of Ni-Zn-Cu Fe,0, ferrite nanoparticles, indicating the forma-
tion of a continuous nanofiller network within the EPDM matrix. Interestingly,
as the nanofiller loading increased, both dielectric permittivity and dielectric
constant exhibited a gradual rise. The permittivity value increased from 2.31 to
2.39 (Fm '), while the dielectric constant increased from 0.0091 to 0.0179.

Highlights
« Synthesized Ni-Zn-Cu Fe,0,; tuned composition NiZn g 3Cug 2)Fe;04¢2).

« Integrated ferrite into EPDM; optimized mixing for enhanced properties.
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1 | INTRODUCTION

In the realm of advanced materials, the synergy of diverse
constituents often yields remarkable outcomes, opening
new horizons in technology and engineering. Among
these multifaceted materials, nanocomposites, formed by
incorporating nanoscale fillers within a polymer matrix,
stand out as versatile platforms for tailoring a spectrum
of properties."* The synthesis of nanocomposites, a well-
established discipline, provides a strong ground for
enhancing the mechanical and electrical properties of
materials. Such improvements hold the promise of trans-
formative applications across diverse domains, such as
electronics, telecommunications, automotive, and
aerospace.>”

Ethylene propylene diene monomer (EPDM) stands as
a pivotal player in the field of unsaturated polyolefin rub-
ber, holding significant commercial importance.>®
Renowned for its significant resistance to various environ-
mental factors, including water, ozone, brake fluid, radia-
tion, and adverse weather conditions, EPDM is highly
regarded for its versatility and resilience.”® This rubber
not only demonstrates chemical resistance but also
exhibits good electrical properties when vulcanized, mak-
ing it a preferred choice for a wide range of applications.’

One important advancement in the EPDM domain
involves a gel-free process wherein diene vinyl norbornene
is integrated into the EPDM backbone, resulting in a ter-
polymer with significantly improved properties.’®** This
polymer exhibited extensive utility in cable and wire appli-
cations, contributing to improved performance and dura-
bility. Beyond this, EPDM finds its footing in various
sectors such as automotive manufacturing, where it
is employed in body seals, mounts, roofing materials,
weather-stripping, hoses, ducts, tubing, and tire produc-
tion."* Additionally, EPDM molded rubber has proven
invaluable in the development of dampeners and bum-
pers, effectively mitigating vibrations in vehicles."* This
comprehensive versatility and resilience of EPDM mark
its paramount role in various industries, making it a focal
point of interest in the field of materials science and
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« Employed SEM, XRD, and FTIR; revealed morphology, structure, and

« Evaluated curing using MDR; unveiled optimal time and torque profiles.
« Explored dielectric properties; demonstrated reduced resistivity, heightened

electrical properties, ferrite/EPDM rubber, mechanical properties, nanocomposites,

engineering. In recent years, the widespread use of EPDM
rubber, especially in high-performance products, has
surged."> However, the current electrical and mechanical
properties of EPDM fall short of meeting growing
demands.'® Recognizing this limitation, it becomes imper-
ative to enhance the electrical and mechanical characteris-
tics of EPDM rubber.”'* Various studies have highlighted
the production of rubber nanocomposites achieved
through the incorporation of various materials, including
clays,"" carbon nanotubes,'””'® and graphene.'” These
investigations have primarily focused on enhancing the
mechanical, thermal, electrical properties, and morpholog-
ical characteristics of EPDM nanocomposites. Besides
these nanofillers, the incorporation of nanoparticles into
rubber matrices has sparked a surge in the development of
polymeric nanocomposites, driven by their desirable prop-
erties. Such nanocomposites possess a distinctive set of
characteristics, including high tensile strength, enhanced
flame retardancy, reduced gas permeability, and height-
ened thermal stability.”*** In specific, metal oxide-based
nanoparticles have emerged as particularly noteworthy
due to their extensive applications. Several metal oxide
nanoparticles, including CaO, ZnO, TiO,, CeO,, Fe,0s,
and Fe,O, have found utility in a wide array of fields,
including sensors, catalysis, environmental remediation,
and optoelectronic materials.>**® Numerous synthesis
methods have been developed for producing these nano-
particles, including thermal decomposition method,*’
solution combustion method,”® microwave processing,*
sonochemical method,* coprecipitation method,** and
sol-gel method.*> Among these metal oxide-based nano-
particles, ferrites represent a class of materials character-
ized by their remarkable properties of high permeability
and moderate resistivity. These unique properties render
them highly valuable in a diverse range of electronic
devices, particularly those designed to harness higher fre-
quencies, withstand elevated temperatures, maintain cost-
efficiency, or exhibit enhanced corrosion resistance. Com-
prising iron oxide along with one or more additional
metals (MFe,0,, where M being Mn, Zn, Cu, Co, Ni, etc.)
in precise chemical compositions, ferrites have emerged as
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pivotal components in diverse applications.**** Specifi-
cally, Ni-Zn ferrites are well known for their high electri-
cal resistivity, substantial relative magnetic permeability,
minimal magnetic coercivity, low hysteresis, and eddy cur-
rent losses even at a frequency as high as 10 kHz. Further-
more, Ni-Zn ferrites possess impressive mechanical
hardness, robust chemical stability, and a remarkable
resistance to corrosion, exhibiting their potential as filler
for preparing various polymer nanocomposites.*>>°

Bezerra et al.”’ prepared nanocomposites of PA-6 by
incorporating NiFe,0, ferrite using a combination of
melting and compression molding techniques, targeting a
filler loading of 60%. Nevertheless, it was only at the 10%
ferrite concentration that a satisfactory dispersion was
achieved. Luna et al.*® reported synthesis of PA6/EPDM-
MA/Ni, sZn, sFe,0, nanocomposites with addition of
7 parts per hundred rubbers (phr) of Nij sZng sFe,04. In
their work, significant improvement in thermal, mechan-
ical (increased from 40.6 MPa to 44.2 MPa), and magnetic
properties of final nanocomposites was achieved. Fur-
thermore, in Co-CaFe,0,/EPDM rubber nanocomposites,
the incorporation of ferrite has demonstrated a signifi-
cant impact on the structural, morphological, magnetic,
thermal, mechanical (tensile strength was improved from
2.03 MPa to 8.50 MPa), and rheological properties of
EPDM rubber.>® Likewise, Mn-Zn ferrites have been
incorporated into the EPDM matrix, resulting in the
nanocomposites with high tensile strength (improved
from 5.8 MPa to 7.2 MPa) and excellent dielectric proper-
ties (dielectric constant was increased from 2.4 to 8.1),
intended for use as a microwave absorber material.** In
another related study, Barium ferrite/EPDM rubber com-
posites have been synthesized and employed as radar
absorbing material (RAM) due to their enhanced permit-
tivity and permeability (improved from 2 to 18 GHz) in
comparison to pure EPDM rubber.*!

In various studies, it has been reported that doping of
Cu into Ni-Zn Fe,0, ferrite resulted in improved struc-
tural, morphological, magnetic, and electric proper-
ties.*>** To the best of our knowledge, Cu dopped Ni-Zn
Fe,0, ferrites have not been incorporated before in
EPDM rubber for improving its mechanical and electrical
properties.

In the current study, we have prepared Ni-Zn-Cu
Fe,0, ferrite/EPDM rubber nanocomposites, driven by
the ambition to propel the boundaries of material perfor-
mance. Here, we have used the sol-gel method to synthe-
size Ni-Zn-Cu Fe,0, ferrite nanoparticles with a tailored
composition. These nanoparticles, with a desired compo-
sition of NiZng 3yCuyg2)Fe;04(2), were subsequently inte-
grated into the EPDM rubber matrix using an internal
mixing method. The morphological and structural char-
acteristics of the prepared ferrite/EPDM nanocomposites

was examined using scanning electron microscopy (SEM)
and XRD analysis. Similarly, FT-IR spectroscopy was
used to evaluate the presence of various stretching vibra-
tions of various metal-oxygen bonds. To assess the curing
characteristics such as optimum cure time (tco), scorch
time (ts,), maximum and minimum torque, moving die
rheometer (MDR) was employed. Mechanical properties
of the prepared polymer nanocomposites, such as tensile
strength and Young's modulus, were deduced using uni-
versal testing machine (UTM). Similarly, dielectric per-
mittivity, resistivity, and dielectric constant of these
nanocomposites were determined from dielectric proper-
ties analyzer.

The prepared nanocomposites exhibited enhanced
mechanical strength, and the introduction of Ni-Zn-Cu
Fe,0, ferrite nanoparticles led to a reduction in dielectric
resistivity, confirming the formation of a continuous
nanofiller network within the EPDM matrix. Addition-
ally, an increase in nanofiller loading was observed to
correspond with a gradual rise in dielectric permittivity
and dielectric constant. These findings collectively indi-
cate that the prepared Ni-Zn-Cu Fe,0, ferrite/EPDM
nanocomposites hold significant potential as advanced
materials suitable for various mechanical and electrical
applications.

2 | MATERIALS AND METHODS

2.1 | Materials

All the chemicals like Nickel Nitrate (Ni(NO5),.6H,0)
(99.5%), Zinc Nitrate (Zn(NO3),.6H,0) (99.5%), Copper
Nitrate (Cu(NO3),.3H,0) (99.5%), ferric Nitrate (Fe
(NO3),.9H,0) (99.5%), citric acid (C¢HgO,) sodium
hydroxide (NaOH) ethylene propylene diene monomer
rubber (EPDM Rubber-8550) zinc oxide (ZnO), stearic
acid, sulfur, tetramethyl thiuram disulfide (TMTD), and
2-methyl-CBS-oxazaborolidine ~ (Corey-Bakshi-Shibata
catalyst, CBS) were purchased from Sigma-Aldrich and
were used without any further purification.

2.2 | Synthesis of NiZn 3)Cu2)Fe,0,
2(NiZCF) nanoparticles

The synthesis of nanoparticles with a targeted composi-
tion of NiZn 3Cup2Fe 040y, referred to as NiZCF
nanoparticles, was achieved via sol-gel method following
a reported procedure.** In this procedure, precise stoi-
chiometric quantities (1:0.3:0.2:2) of nickel nitrate, zinc
nitrate, copper nitrate, and ferric nitrate were sequen-
tially dissolved in 100 mL of distilled water under
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vigorous stirring. Subsequently, citric acid (5% solution in
water) was added into this mixture under continuous stir-
ring to achieve a homogeneous blend. The pH of the
resultant solution was maintained within the range of
6 to 7 by the addition of a NaOH solution. Subsequently,
the mixture was heated at 100°C to facilitate the evapora-
tion of water.

Upon gel formation, the material was dried by heat-
ing in an oven at 80°C for a duration of approximately
9 hours. Afterwards, the dried material was carefully
ground to obtain a loose powder. Compact nanoferrites
were then obtained through a sintering process con-
ducted at 1000°C for a period of 3 hours, followed by a
grinding step.

2.3 | Preparation of NiZCF/EPDM
rubber nanocomposites

The incorporation of ferrite nanofiller into rubber matrix
was achieved using two-roll mixing mill operating at a
speed of 60 revolutions per minute (r/min) and main-
tained at a temperature of 50°C. Initially, the elastomer
matrix was softened and masticated through slightly
heated rolls. Subsequently, homogenized composites were
formulated by introducing NiZCF using a two-roll mixing
mill at various parts per hundred rubber (phr) values of
1, 3, 5, and 8, giving a total four composite samples. Addi-
tion of nanofiller at a phr value of higher than 8 resulted
in a complete phase separation, thus it was not possible to
prepare samples with a phr higher than 8. This can be
attributed to a decline in filler-rubber interaction as higher
filler loadings result in agglomeration. In such cases, the
filler—filler interaction begins to exceed the filler-rubber
interaction, which can negatively impact the overall prop-
erties. A complete reaction recipe is given in Table 1.

Curing parameters were determined based on rheom-
eter data acquired using a MDR. The curing curve was
generated by identifying the point at which torque
reached its maximum value, defining the optimal cure
time (tcgo). The resulting nanocomposites were subjected
to vulcanization or compression molding, yielding test
samples measuring 120 mm x 120 mm with a thickness
of 1 mm. This molding process was executed using a
hydraulic compression press at a temperature of
150 + 1°C and a pressure of 20 kN for tcy, determination.
All procedures adhered to ASTM standards.*’

2.4 | Characterization

The structure and crystallinity of NiZCF ferrite particles
and NiZCF/EPDM rubber nanocomposites were studied

{
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TABLE 1 Ingredients for the synthesis of NiZCF/EPDM rubber
nanocomposite.
Parts per hundred

Serial # Ingredients rubber (Phr)

1. EPDM Rubber-8550 100

2. Zinc oxide 1

3. Stearic acid 1

4. Sulfur 2

5. TMTD 1

6. CBS 1

7. NiZCF 0,1,3,5,8

using Miniflex Benchtop powder x-ray diffractometer
(Rigaku, Japan) with Cu Ka irradiation (1 = 1.5418°A,
200 kV, 50 mA) in the range of 20 = 10°-80° (ASTM
standard D5187-91R02*). The average crystallite size,
with a precision error of +0.5 nm, was determined by
applying the Scherrer equation to the x-ray diffraction
(XRD) diffractogram.*®*’ The dispersion quality of the
filler(s) and their interactions at the interfaces within
the polymer matrix were meticulously examined through
field emission scanning electron microscopy (FESEM)
using a Hitachi S-4800 instrument from Tokyo, Japan. To
facilitate the analysis, the fracture samples (cross-sec-
tions) were affixed to standard specimen stubs using
double-sided adhesive tape. Prior to scanning, a thin
layer of gold was deposited onto the mounted samples
using a BIO-RAD SEM coating system. This gold coating
served to prevent electrostatic charging, as uncoated sam-
ples may lead to diminished resolution during the investi-
gative process (No specific ASTM standard, but standard
imaging procedures were followed). For structural and
compositional characterization of the prepared materials,
Fourier-transform infrared spectroscopy (FT-IR) was
employed using a Bruker Alpha Platinum ATR instru-
ment. The analysis was conducted within the wavelength
range of 4000-400 cm™ ', utilizing standard KBr beam
splitters (No specific ASTM standard, but standard FT-IR
techniques were followed). The curing characteristics of
the nanocomposites were determined using a Moving Die
Rheometer (MDR-3000) at a temperature of 150°C. A
cure curve was generated by plotting torque against time,
specifically when the torque reached its maximum
value*® (No specific ASTM standard, but standard MDR
testing protocols were followed). The mechanical proper-
ties such as tensile strength and Young's modulus were
determined by universal testing machine (UTM) accord-
ing to BS ISO 37: 2018 ASTM standard.*’ The dielectric
properties like dielectric permittivity, dielectric resistivity,
and dielectric constant were studied using dielectric
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properties analyzer I and II. Both Dielectric permittivity
and dielectric constant were measured using E4980A Pre-
cision LCR meter (Agilent Technologies, Inc.at 50 Hz fre-
quency) in accordance with ASTM standard D150-19.

3 | RESULTS AND DISCUSSION

3.1 | Fourier transform infrared
spectroscopy analysis

In Figure 1A,B, the FT-IR spectra of NiZCF nanoparticles
and NiZCF/EPDM rubber nanocomposite (5phr) are
furnished, spanning the wavelength range from 4000 to
500 cm~'. The structural characteristics of the ferrite
nanoparticles are confirmed by the presence of two
prominent absorption bands at 880 and 660 cm™’, as
shown in Figure 1A. These bands can be attributed to the

stretching vibrations of Fe—O bonds located at both

(A)

Fe-O Octahedron

|Fe-O Tetrahedron —

(B) -

Transmittence (%)

Fe-O Octahedron
Fe-O Tetrahedron

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

FIGURE 1 Fourier transform infrared (FT-IR) spectrum of
NiZCF and NiZCF/ethylene propylene diene monomer (EPDM)
rubber nanocomposites at 5 phr.

the octahedral and tetrahedral sites within the ferrite
structure.

A noteworthy observation consistent with earlier
studies, is the impact of charge imbalance when Zn*t
ions are replaced by Cu®" ions. This phenomenon results
in the migration of some Fe*" ions from tetrahedral sites
to octahedral sites, resulting in an increased stretching
vibration of Fe**—0O~2 bonds. This migration process has
been extensively discussed and elucidated in the litera-
ture.”>! This structural modification is an important
aspect contributing to the distinctive FT-IR spectra of the
NiZn, ;Cu, ,Fe,0, nanoparticles.

The FT-IR spectrum of NiZCF/EPDM rubber nano-
composites (Figure 1B) displays absorption bands at
880 and 660 cm ', confirming the successful incorpora-
tion of NiZCF ferrite nanofiller into the EPDM rubber
matrix. The absorption bands at 2922 and 2848 cm ™" cor-
respond to asymmetric and symmetric stretching vibra-
tions of the C—H bond, while the bands at 1450 and
1370 cm ™! indicate C—H bending vibrations.*®>*

3.2 | X-rays diffraction analysis
Figure 2 presents the XRD diffraction patterns of both
NiZCF nanoparticles and their nanocomposite with
EPDM rubber at 5 phr. Notably, diffraction peaks for
both NiZCF and NiZCF/EPDM rubber nanocomposites
correspond to cubic spinal structure. These peaks were
successfully compared and indexed using the JCPDS card
number 10-0235.°%>7%°

For NiZCF nanoparticles, diffraction peaks are
observed at 20 values of 32.8, 37, 42.1, 43.2, 60.1, and

10000
NiZCF Ferrite)
f\ NiZCF/EPDM Nanocomposite
8000{ | \
- o
= ! \
< { \
; 6000 ‘\ ‘ H
= |
z N o
[ | Al A
2 { Wi Jittd ol A
= 4000 J/ AR LY SN
Wr § " -
2000
0 T T T
20 40 60 80
20°

FIGURE 2 X-rays diffraction (XRD) diffractogram of NiZCF
nanoparticles and NiZCF/ethylene propylene diene monomer
(EPDM) rubber nanocomposite (5 phr).

85U8017 SUOWWOD BAIERID 3(dedl|dde ayy Aq peussnob ke saoiie YO ‘8sn Jo se|n. 1oy Akeld8ul|uQ A8|IA UO (SUONIPUOO-PUB-SWBH D" A3 1M AseIq 1 Ul|UO//:Sthiy) SUOIIPUOD PUe SWis | 8U18eS *[7202/80/2z] Uo AriqiTaulluo A8|im ‘BIIPS N A1sieAlun uoydes Aq £0582°9d/Z00T 0T/I0P/W00 A8 |1 ARe.d 1 jpul {U0'SUO 01 [ndedsty//:Sdny wouy peapeojumoa ‘2T ‘vZ0Z ‘69508YST



PARVEEN ET AL.

#]2) INSPIRING Polymer 10725
1: PLASTICS [ Y
PROFESSIONALS  COMPOSITES WI LE

62.5°, corresponding to crystal planes (220), (311), (400),
(511), and (440) respectively.*® All these peaks are pre-
sent exactly at same positions in the XRD diffractogram
of nanocomposite. In addition to these peaks, XRD dif-
fractogram exhibits a broad peak of high intensity at a
small angle (26 = 20°). Additionally, low-intensity peaks
are observed, which can be attributed to the polymer
ingredients. The average crystallite size (D) was found to
be 8.10 nm, it was calculated using Scherer's formula.**
Remarkably, the collected data indicates that the pure
NiZCF nanoparticles did not undergo any structural trans-
formation during the composite formation. This is evident
from the consistent peak positions in the diffractogram of
composites and virtually unchanged particle size com-
pared to pure NiZCF nanoparticles. Furthermore, the
NiZCF nanoparticles and NiZCF nanoparticles/EPDM
rubber nanocomposite exhibit nearly identical lattice
values, signifying that the structural integrity remains
unaltered. This successful preparation of the nanocompo-
sites is corroborated by previous publications in the field.*®

3.3 | Scanning electron microscopy
analysis

In Figure 3, SEM micrographs of NiZCF nanoparticles
are exhibited, revealing their morphology as roughly con-
glomerated and spherical with an average particle size of
102 nm. While, Figures 4 and 5 illustrates SEM images
of the nanocomposites (3 phr and 5 phr, respectively),
depicting a distinct two-phase structure. Here, NiZCF

nanoparticles are homogeneously dispersed throughout
the EPDM rubber matrix. This distribution highlights the
effective adhesion between the two phases, a phenome-
non known to significantly influence the properties of the
resulting nanocomposites, as elucidated by Newnham.’’

The SEM analysis reveals a rough morphology for the
EPDM rubber matrix in the provided micrographs.”® This
texture results from the favorable physical interactions
between the rubber matrix and the nanoferrites, as obvi-
ous from Figures 4 and 5 (3 phr and 5 phr, respectively).

Increased mechanical and electrical properties observed
at 3 and 5 phr filler loadings can be attributed to the uni-
form dispersion of the filler within the EPDM matrix. SEM
analysis revealed a well-dispersed morphology of the nano-
filler at these concentrations, indicating strong interactions
between the filler and the polymer matrix. This uniform
dispersion promotes efficient stress transfer between the
filler and the matrix, resulting in enhanced mechanical
properties such as tensile strength and Young's modulus.
Additionally, the increased filler-matrix interface area facili-
tates improved electrical conductivity and dielectric proper-
ties. However, at 8 phr filler loading, a decline in both
mechanical and electrical properties was observed. This
deterioration can be attributed to phase separation phe-
nomena, where excessive filler loading leads to agglomera-
tion and poor dispersion within the matrix. This highlights
the importance of maintaining an optimal filler loading to
achieve the desired balance between dispersion and rein-
forcement in nanocomposite materials.

Similarly, Figure 4D displays the EDX spectrum of
NiZCF/EPDM rubber nanocomposites (3 phr), confirming

FIGURE 3

Scanning electron microscopy (SEM) micrographs of NiZCF at different magnifications (200 nm-5 pm).
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200 nm

FIGURE 4 Scanning electron microscopy (SEM) micrographs of NiZCF/ethylene propylene diene monomer (EPDM) rubber
nanocomposite (3 phr) at different magnifications (200 nm-4 pm).

FIGURE 5 Scanning electron microscopy (SEM) micrographs of NiZCF/ethylene propylene diene monomer (EPDM) rubber
nanocomposite (5 phr) at different magnifications (200 nm-10 pm).

the presence of Ni, Zn, Cu, and Fe elements in the pre- rubber nanocomposites, providing a visual under-
pared nanocomposites. standing of their structural characteristics and the

These SEM results offer important insights into effective dispersion of nanoparticles within the polymer
the microstructure of both NiZCF and NiZCF/EPDM  matrix.
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3.4 | Curing characteristics

Table 2 presents the rheometer properties of both pure
EPDM rubber and the NiZCF/EPDM rubber nanocompo-
site. It reveals important curing characteristics, including
the optimum cure time (tcgg), scorch time (ts,), maxi-
mum torque (My), minimum torque (M), and torque
change (AM) of EPDM rubber, which are influenced by
the incorporation of ferrite nanofillers, as illustrated in
Figure 6A,B. Table 2 depicts that the My, My, and AM of
the composite exhibit higher values in comparison to
pure EPDM rubber from 0 to 5 phr. This can be attrib-
uted to the increased surface area of the composites,
resulting from enhanced rubber-ferrite interactions.
However, at 8 phr, a decline in all these values was
observed, which can be correlated with decrease filler-
matrix interactions at high loading. These findings align
with similar observations in Ca—Co ferrite/EPDM nano-
composite reported elsewhere.’® Figure 6B illustrate a
notable decrease in both scorch time (ts,) and cure time
(tcgp) compared to pure EPDM, indicating accelerated
sulfur curing in the presence of loaded ferrite nanoparti-
cles. This acceleration can be attributed to several factors.
First, the high surface area of the NiZCF nanofiller facili-
tates increased interaction with the sulfur curing agent
(TMTD), promoting more efficient crosslinking within

TABLE 2 Rheometric

{
PROFESSIONALS  COMPOSITES

the rubber matrix. Additionally, the presence of transi-
tion metal ions on the surface of the nanoparticles may
catalyze sulfur vulcanization reactions, further enhancing
the curing process. Moreover, the nanofiller's dispersion
within the EPDM matrix creates a heterogeneous envi-
ronment that facilitates nucleation and propagation of
crosslinks, leading to faster curing kinetics. Overall, these
mechanisms collectively contribute to the observed
changes in curing characteristics.*®

These results highlight the impact of ferrite nanopar-
ticles on the curing properties of the nanocomposite,
showing the potential for improved material performance
due to enhanced interactions between the rubber and fer-
rite components.

3.5 | Mechanical properties

The assessment of mechanical properties, elucidated
through stress—strain curves, is important in characteriz-
ing the quality and characteristics of rubber composites.
Among these properties, tensile strength and Young's
modulus stand out as key parameters, shedding light on
the behavior of the prepared composites. As depicted in
Figure 7, an increase in filler loading within the EPDM
rubber matrix correlates with a corresponding rise in

0 phr (Pure EPDM) 1 phr 3 phr 5 phr 8 phr

characteristics with respect to phr of
filler loading in NiZCF/EPDM rubber My, (Nm) 222 1.83 235 2.56 244
nanocomposites. My (Nm) 12.85 12.92 12.96 12.88 12.40
AM (Nm) 10.63 11.09 10.61 10.32 9.96
tcop (min) 29 7.19 9.19 6.76 11.72
ts, (min) 24.08 6.81 6.60 3.71 3.50

(A) . - . -112 (B

26] —®— M (Nm) —o—M;; (Nm)—=— AM (Nm) [ 130 (B) 301 —tc, s, e

2.5 F11.0 \

244 -10.8 251 \ 20
Chadl 106 £ £ 20 \ £
4 < E \ 15 &
€22 - \ =
.- L1045 £ 15 \ £
2.1 ‘ \ 10

\ -

2.0 - 10.2 104 \ - //

191 -10.0 ‘ — ~ ;

1.8- 51

T T T T T - 9-8 T T T T T “
0 2 4 6 8 0 1 3 5 8
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FIGURE 6 (A) phr versus maximum torque (My), minimum torque (My), and torque change (AM) (B) phr versus scorch time (ts,) and

cure time (tcyg).
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FIGURE 7 Tensile strength and Young's modulus of phr
synthesized NiZCF/ethylene propylene diene monomer (EPDM) ) ] o )
FIGURE 8 Dielectric resistivity of NiZCF/ethylene propylene

rubber nanocomposites as a function of increasing phr of ferrites.

both tensile strength and Young's modulus. This phenome-
non can be attributed to the reinforcement effect imparted
by the NiZCF nanofillers. Consequently, the mechanical
properties experience enhancement due to the significant
interactions between the rubber matrix and the filler, indi-
cating a uniform and homogeneous dispersion of nanofiller
in the matrix, as depicted by SEM micrographs. Compara-
ble outcomes have been reported in the context of Mn-Zn
ferrite nanocomposites.**° Notably, within the filler load-
ing range of 0 to 5 phr, tensile strength and Young's modu-
lus showed significant improvement, increasing from
0.11 MPa to 0.22 MPa and 0.03 MPa to 0.05 MPa, respec-
tively. This corresponds to a percentage increase of 100%
for tensile strength and 86% for Young's modulus. How-
ever, a decline was observed in both tensile strength and
Young's modulus at 8 phr, which can be attributed to the
agglomeration of ferrite particles at higher loading levels.
The accelerated sulfur curing process, indicated by
decreased scorch time (ts,) and cure time (tcog) compared
to pure EPDM (Figure 6A,B), contributes to the observed
mechanical enhancements. The high surface area of the
NiZCF nanofillers facilitates enhanced interaction with the
sulfur curing agent, promoting more efficient crosslinking
within the rubber matrix, resulting in improved mechani-
cal properties. These findings highlight the significant role
of filler loading in modulating the mechanical properties
of the nanocomposites and provide valuable insights into
their behavior under different loading conditions.

3.6 | Dielectric properties

The dielectric properties of the prepared nanocomposite
were measured in term of dielectric resistivity, dielectric

diene monomer (EPDM) nanocomposites as a function of
increasing phr of ferrite loading.

permittivity, and dielectric constant. That all are discuss
below:

3.6.1 | Dielectric resistivity

As shown in Figure 8, incorporating conductive ferrite
into an insulating EPDM rubber nanocomposites facili-
tates the formation of a continuous network, ultimately
reducing the resistivity of the material. An interesting phe-
nomenon occurs after the addition of a certain amount of
filler: resistivity experiences a sudden and significant
decrease. This marks the point at which further filler addi-
tion does not produce substantial changes in resistivity, a
phenomenon known as the percolation limit.

Prior to reaching this limit, the NiZCF nanoparticles
are dispersed in an isolated fashion within the polymer
matrix. It is well established in previous reports, once the
percolation limit is reached, the resistivity stabilizes and
remains constant. This stability arises from the formation
of a continuous network of ferrite particles through an
aggregation process.®’ However, in our study, an unex-
pected phenomenon occurs at 8 phr. The dielectric resis-
tivity increases sharply at this point. This abrupt increase
can be correlated with the agglomeration of NiZCF nano-
particles at 8 phr. In the specific case of the NiZCF/
EPDM rubber nanocomposite, the incorporation of ferrite
initially leads to a reduction in the resistivity of EPDM
rubber. Remarkably, the percolation limit for this com-
posite is determined to be 5 phr, where the uniform dis-
persion of filler in the rubber matrix was achieved which
is also clear from the SEM results (Figures 4 and 5).
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These observations highlight the electrical behavior
of the nanocomposite, its transition from dispersed parti-
cles to a continuous conductive network, and the unex-
pected resistivity change at 8 phr due to ferrite
nanoparticle agglomeration. These findings align well
with previous research in the field of nanocomposites,
substantiating the concept of the percolation limit.*

3.6.2 | Dielectric permittivity

Figure 9 exhibits the variation in permittivity as a function
of filler loading. As obvious from the Figure 9, as the filler
loading increases from 0 to 5 phr, dielectric permittivity
gradually rises. This phenomenon can be attributed to the
presence of various polarization mechanisms, including
molecular, ionic, electronic, and interfacial mechanisms,
within the prepared composite material.

At lower frequencies, interfacial and dipolar polari-
zation mechanisms dominate, while atomic and ionic
polarization mechanisms become more pronounced at
higher frequencies.®>®> In the case of NiZCF/EPDM
rubber nanocomposite, ferrite nanoparticles contain
ions such as Ni*2, Zn*2, Cu*?, Fe'?, and Fe™ which
are surrounded by O 2 ions. When an external electric
field is applied, these electric dipoles align themselves
with the field, leading to dipolar polarization. As ferrite
nanoparticles loading increases in the EPDM rubber
matrix from 0 to 5 phr, more electric dipoles become
available, enhancing the dipolar polarization and con-
sequently the dielectric permittivity of the composite
material.**

Dielectric Permitivity ‘
2.0 | |
0 1 3 5

phr

N N L
¥ w KN

Dielectric Permitivity (Fm™)
N~
[

FIGURE 9 Dielectric permittivity of NiZCF/ethylene
propylene diene monomer (EPDM) rubber nanocomposites as a
function of increasing phr of ferrite loading.
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Figure 9 shows that the permittivity value increases
from 2.31 to 2.39 (Fm™ ') with the incorporation of fer-
rites into the composite. This observation aligns with
similar findings reported for ferrite/EPDM rubber nano-
composites.”>®® Furthermore, At the interfaces between
the ferrite nanoparticles and the EPDM rubber matrix,
interfacial polarization occurs. This polarization mecha-
nism involves the movement of charges at the interface
in response to the applied electric field. The hopping of
electrons within and across boundaries also contributes
to interfacial polarization, further influencing the permit-
tivity of the composite materials.** However, at 8 phr, the
value of dielectric permittivity decreased, which again
can be correlated with the agglomeration of NiZCF nano-
particles at 8 phr.

3.6.3 | Dielectric constant

The dielectric constant serves as a valuable parameter for
studying the relaxation behavior of the nanocomposites.
Figure 10 provides insights into the variation in the dielec-
tric constant of NiZCF/EPDM rubber nanocomposites as a
function of increased filler loading fractions, ranging from
0 to 8 phr in the rubber matrix. Basically, the relaxation
behavior of polymer nanocomposites is intricately linked
to the interaction and distribution of the filler within the
rubber matrix.°” Similar observations have been reported
for other nanocomposites, such as nanographite/EPDM
rubber nanocomposites®® and CaO/EPDM rubber compos-
ites.°” The graph in Figure 10 reveals a clear trend: as the
ferrite loading increases from 0 to 5 phr, the dielectric

0.020

Dielectric Constant

0.000 I I | | I
0 1 3 5 8

phr

Dielectric Constant
o o
(=] (=]
o o
) N
1 1

(=]

S
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FIGURE 10
diene monomer (EPDM) rubber nanocomposites as a function of

Dielectric constant of NiZCF/ethylene propylene

increasing phr of ferrite loading.
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constant value also rises, indicative of improved physico-
chemical and hydrodynamic interactions between the
filler and the rubber matrix.® However, at 8 phr, a
decrease in the dielectric constant is observed, which can
be correlated with the agglomeration of ferrite nanoparti-
cles at 8 phr, a factor that is consistent with the observed
effect on electrical resistivity in the same material. This
deviation from the previously observed trend at higher
filler loading shows the complexity of filler dispersion
within the nanocomposite and its direct influence on elec-
trical properties.”””" These results demonstrate the signifi-
cance of filler loading in modulating the dielectric
constant and, by extension, the relaxation behavior of
NiZCF/EPDM rubber nanocomposites.

Remarkably, both the mechanical and electrical prop-
erties exhibited a similar trend: their values steadily
increased from 0 to 5 phr of filler loading and then
declined at 8 phr. This consistent behavior suggests
a notable correlation between filler loading and the
observed properties.

4 | CONCLUSIONS

In this study, we successfully prepared Ni-Zn-Cu Fe,04
ferrite/EPDM rubber nanocomposites, aiming to enhance
their mechanical and electrical properties. The tailored
composition of NiZn 3yCuyo 2)Fe,04 (2) ferrite nanoparti-
cles was synthesized via the sol-gel method and uni-
formly incorporated into the EPDM rubber matrix
using a two-roll mixing mill. Through comprehensive
characterization, we gained valuable insights into the
morphology and structure of the resulting ferrite/EPDM
nanocomposites. SEM and XRD analysis unveiled their
physical attributes, while FTIR spectroscopy identified
specific metal-oxygen bonds within the nanocomposites.
To evaluate their suitability for practical use, we exam-
ined crucial curing properties, including optimum cure
time (tcop), scorch time (ts;), and torque profiles, utilizing
a MDR. The values of tcgy and ts, presented a gradual
decrease with increase in filler loading from 0 to 5 phr.
Similarly, torque profiles increased from 0 to 5 phr. The
mechanical performance of the nanocomposites, evalu-
ated in terms of tensile strength and Young's modulus,
demonstrated increases of 100% and 86%, respectively,
compared to EPDM rubber without the addition of a
filler. Furthermore, the dielectric properties of these
nanocomposites, including permittivity, dielectric con-
stant, and resistivity were thoroughly investigated using a
dielectric properties analyzer. The values of dielectric per-
mittivity and dielectric constant were increased from 2.31
to 2.39 (Fm™ ') and from 0.0091 to 0.0179, respectively.
Meanwhile, resistivity was decreased from 33.2 GQ to

23.38 GQ upon the introduction of Ni-Zn-Cu Fe,0, fer-
rite nanoparticles, confirming the establishment of a con-
tinuous nanofiller network within the EPDM matrix.

In conclusion, these findings unveil the significant
potential of the prepared Ni-Zn-Cu Fe,O, ferrite/EPDM
nanocomposites. These materials exhibit enhanced
mechanical strength, reduced dielectric resistivity, and
tunable dielectric properties, rendering them promising
candidates for a wide range of mechanical and electrical
applications. Our study contributes to the ongoing
advancements in ferrite/EPDM rubber nanocomposites,
offering new possibilities for innovation in materials sci-
ence and technology.

AUTHOR CONTRIBUTIONS

The research project was a collaborative effort led by Asma
Anam Hanif, Nazia Parveen, Shahid Nazir, and Zulfigar
Ali. Asma Anam Hanif and Toheed Akhter conceptualized
the study, with methodology design primarily by them.
Validation was conducted by Toheed Akhter, Shahid Nazir,
and Zulfigar Ali. Asma Anam Hanif handled formal analy-
sis, while investigative efforts were shared between Asma
Anam Hanif and Toheed Akhter. Resource allocation was
overseen by Shahid Nazir, Zulfigar Ali, Asif Mahmood,
and Waheed Al-Masry. The original draft of the manuscript
was prepared by Toheed Akhter, Sadaf Ul Hassan, Aamal
Rehman, and Nazia Parveen, with subsequent review and
editing undertaken by Muhammad Maqgbool, Aamal
Rehman, Nazia Parveen, Shumaila Razzaque, Taewook
Kim, Soo-Kyung Han, and Chan Ho Park. Supervision
throughout the project was provided by Toheed Akhter,
Shahid Nazir, and Zulfigar Ali, with all authors consenting
to the final published version of the article.

ACKNOWLEDGMENTS

The authors would like to acknowledge the Researcher's
Supporting Project Number (RSP2024R43), King Saud
University, Riyadh, Saudi Arabia. This work was sup-
ported by the National Research Foundation of Korea
(NRF) grant funded by the Korean Government (MSIT)
(no. RS-2023-00251670) and Technology Development
Program of MSS (RS-2023-00251434).

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new
data were created or analyzed in this study.

ORCID
Toheed Akhter ‘© https://orcid.org/0000-0003-3852-0485
REFERENCES

1. Zhang Y-R, Wang B-C, Gao S-L, et al. Electrospun MXene
nanosheet/polymer composites for electromagnetic shielding

85UBD17 SUOWILLOD 3A 181D 3|ceal|dde auy Aq peusanoh are sap e YO ‘8sn Jo Sa|n 4oy Akeld 1T auluQ A8|IAA UO (SUOLIPUOD-PUE-SWLIBY WO A3 | 1M Alelq 1Bl |uo//:sdny) SUOIPUOD pue sWd | Y} 88S *[7202/80/2z] Uo Afiqiautjuo ABjIM ‘EIIpB N AisieAlun uoydes Ag £0582'2d/200T 0T/I0p/wod A8 | 1M Azeuq 1 jput|uo'suo 1iedt jgndadst//:sdny woly papeojumoq ‘2T ‘v20g ‘69508YST


https://orcid.org/0000-0003-3852-0485
https://orcid.org/0000-0003-3852-0485

PARVEEN ET AL.

INSPIRING
PLASTICS

rmer  WILEY-[27

10.

11.

12.

13.

14.

15.

16.

and microwave absorption: a review. ACS Appl Nano Mater.
2022;5(9):12320-12342. d0i:10.1021/acsanm.2c02713

. Amin I, Brekel H, Nemani K, et al. Ti3C2T x MXene polymer

composites for anticorrosion: an overview and perspective.
ACS Appl Mater Interfaces. 2022;14(38):43749-43758. doi:10.
1021/acsami.2c11953

. Guo H, Zhao H, Niu H, et al. Highly thermally conductive 3D

printed graphene filled polymer composites for scalable ther-
mal management applications. ACS Nano. 2021;15(4):6917-
6928. doi:10.1021/acsnano.0c10768

. He X, Wang Y. Recent advances in the rational design of ther-

mal conductive polymer composites. Ind Eng Chem Res. 2021;
60(3):1137-1154. doi:10.1021/acs.iecr.0c05509

. Theja MR, Ramshankar P, Sashikkumar M, et al. Investigation

into mechanical properties of EPDM/SBR-nanoclay nanocom-
posites. Mater Today Proc. 2022;59:1508-1512. doi:10.1016/j.
matpr.2022.01.395

. Refface A, Ward A, Khalaf A. Structural, magnetic and dielectric

properties of waste magnetic filler rubber nanocomposites. Polym
Bull. 2023;81:3081-3105. doi:10.1007/500289-023-04835-0

. Lee H, Gupta A, Mekonnen TH. Fabrication of triblock elasto-

mer foams for oil absorption applications: effects of crosslink-
ing, composition, and rheology factors. ACS Appl Polym Mater.
2023;5(7):5016-5027. doi:10.1021/acsapm.3c00567

. Rahaman M. Superior mechanical, electrical, dielectric, and

EMI shielding properties of ethylene propylene diene mono-
mer (EPDM) based carbon black composites. RSC Adv. 2023;
13(36):25443-25458. d0i:10.1039/D3RA04187E

. Alabsy MT, Elzaher MA. Radiation shielding performance of

metal oxides/EPDM rubber composites using Geant4 simula-
tion and computational study. Sci Rep. 2023;13(1):7744. doi:10.
1038/s41598-023-34615-9

Chiarioni G, van Duin M, Pescarmona PP. Novel elastic rub-
bers from CO,-based polycarbonates. Green Chem. 2023;25:
7612-7626. doi:10.1039/D3GC02374E

Gupta A, Jonoobi M, Mekonnen TH. Simultaneous crosslink-
ing and foaming of ethylene-propylene diene terpolymers
(EPDM) organoclay composite foams. Polym Eng Sci. 2023;63:
3051-3065. doi:10.1002/pen.26427

Kouhi F, Vahidifar A, Naderi G, Esmizadeh E. Tire-derived
reclaimed rubber as a secondary raw material for rubber foams:
in the framework of circular economy strategy. J Polym Res.
2023;30(3):97. d0i:10.1007/s10965-023-03467-2

Zhang J, Mao X, Ma Z, Pan L, Wang B, Li Y. High-performance
polyethylene-ionomer-based thermoplastic elastomers exhibit-
ing Counteranion-mediated mechanical properties. Macromole-
cules. 2023;56:4219-4230.

Chotodowski J. Modelling and experimental identification of
spring-damping properties of the off-road vehicle rubber tracks,
rubber belts, and rubber-bushed tracks subjected to flexural
vibrations. J Terramech. 2023;110:101-122. doi:10.1016/j.jterra.
2023.08.007

Chakradhary VK, Akhtar MJ. Design of ultrathin radar absorb-
ing structure using CNF-barium ferrite based nanocomposites
for stealth applications. IEEE. 2019;986-988.

Cai L, Jing S, Feng Y. Effects of antioxidant on mechanical and
electromagnetic properties of carbonyl iron/ethylene propylene
diene monomer composites. J Mater Sci Mater Electron. 2020;
31:22587-22598. doi:10.1007/s10854-020-04771-z

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

{
PROFESSIONALS  COMPOSITES

Zeidi M, Park CB, Il KC. Synergism effect between Nanofibril-
lation and Interface tuning on the stiffness-toughness balance
of rubber-toughened polymer nanocomposites: a multiscale
analysis. ACS Appl Mater Interfaces. 2023;15:24948-24967. doi:
10.1021/acsami.3c04017

Zhang T, Xu H, Dai C, Zhang C, Zhang Y, Chi Q. Carbon
nanotubes and hexagonal boron nitride nanosheets co-filled
ethylene propylene diene monomer composites: improved elec-
trical property for cable accessory applications. High Voltage.
2023;1:1-10. doi:10.1049/hve2.12366

Marin-Genesca M, Garcia-Amorés J, Mudarra M, Massagués
Vidal L, Cafiavate J, Colom X. Insights into the structural and
dielectric behavior of composites produced from EPDM waste
processed through a devulcanization method and SBR. ACS
Omega. 2023;8(14):12830-12841. doi:10.1021/acsomega.2c08115
Devi M, Kumar A. Surface modification of reduced graphene
oxide-polyaniline nanotubes nanocomposites for improved
supercapacitor electrodes. Polym Compos. 2020;41(2):653-667.
doi:10.1002/pc.25396

Siqueira DD, Luna CBB, Araujo EM, Santos EA, Morais DDS,
Wellen RMR. Biodegradable compounds of poly (€-caprolacto-
ne)/montmorillonite clays. Mater Res. 2020;22:e20180813. doi:
10.1590/1980-5373-MR-2018-0813

Doagou-Rad S, Islam A, Merca TD. An application-oriented
roadmap to select polymeric nanocomposites for advanced
applications: a review. Polym Compos. 2020;41(4):1153-1189.
doi:10.1002/pc.25461

Narasimharao K, Mostafa MMM, Al-Amshany ZM, Bajafar W.
Mechanochemical synthesized CaO/ZnCo,0, nanocomposites
for biodiesel production. Catalysts. 2023;13(2):398. doi:10.3390/
catal13020398

Nikam A, Prasad B, Kulkarni A. Wet chemical synthesis of
metal oxide nanoparticles: a review. CrstEngComm. 2018;
20(35):5091-5107. doi:10.1039/C8CE00487K

Kassahun F, Taddesse AM, Teju E, Bogale Y. Magnetic
Al,03/Zr02/Fe;0, nanocomposite: synthesis, characterization,
and application for the adsorptive removal of nitrate from
aqueous solution. Groundw Sustain Dev. 2023;20:100873.
Mohammadpour A, Karami N, Zabihi R, et al. Green synthesis,
characterization, and application of Fe;O,4 nanoparticles for meth-
ylene blue removal: RSM optimization, kinetic, isothermal stud-
ies, and molecular simulation. Environ Res. 2023;225:115507.
Mirghiasi Z, Bakhtiari F, Darezereshki E, Esmaeilzadeh E.
Preparation and characterization of CaO nanoparticles from
Ca(OH), by direct thermal decomposition method. J Ind Eng
Chem. 2014;20(1):113-117. doi:10.1016/j.jiec.2013.04.018
Madhusudhana N, Yogendra K, Veena S. Photocatalytic degra-
dation study of Coralene blue BGFS azo dye by using synthe-
sized SrAl,O, nanoparticles and UV light. Eur J Sci Innov
Technol. 2023;3(1):259-268.

Horikoshi S, Serpone N. Microwave-assisted synthesis of
nanoparticles. Microwave Chem. 2017;248-269. doi:10.1515/
9783110479935-014

Glowniak S, Szcze$niak B, Choma J, Jaroniec M. Recent devel-
opments in sonochemical synthesis of nanoporous materials.
Molecules. 2023;28(6):2639. doi:10.3390/molecules28062639
Patifio-Ruiz DA, Meramo-Hurtado SI, Gonzalez-Delgado AD,
Herrera A. Environmental sustainability evaluation of iron
oxide nanoparticles synthesized via green synthesis and the

85U8017 SUOWWOD BAIERID 3(dedl|dde ayy Aq peussnob ke saoiie YO ‘8sn Jo se|n. 1oy Akeld8ul|uQ A8|IA UO (SUONIPUOO-PUB-SWBH D" A3 1M AseIq 1 Ul|UO//:Sthiy) SUOIIPUOD PUe SWis | 8U18eS *[7202/80/2z] Uo AriqiTaulluo A8|im ‘BIIPS N A1sieAlun uoydes Aq £0582°9d/Z00T 0T/I0P/W00 A8 |1 ARe.d 1 jpul {U0'SUO 01 [ndedsty//:Sdny wouy peapeojumoa ‘2T ‘vZ0Z ‘69508YST


info:doi/10.1021/acsanm.2c02713
info:doi/10.1021/acsami.2c11953
info:doi/10.1021/acsami.2c11953
info:doi/10.1021/acsnano.0c10768
info:doi/10.1021/acs.iecr.0c05509
info:doi/10.1016/j.matpr.2022.01.395
info:doi/10.1016/j.matpr.2022.01.395
info:doi/10.1007/s00289-023-04835-0
info:doi/10.1021/acsapm.3c00567
info:doi/10.1039/D3RA04187E
info:doi/10.1038/s41598-023-34615-9
info:doi/10.1038/s41598-023-34615-9
info:doi/10.1039/D3GC02374E
info:doi/10.1002/pen.26427
info:doi/10.1007/s10965-023-03467-2
info:doi/10.1016/j.jterra.2023.08.007
info:doi/10.1016/j.jterra.2023.08.007
info:doi/10.1007/s10854-020-04771-z
info:doi/10.1021/acsami.3c04017
info:doi/10.1049/hve2.12366
info:doi/10.1021/acsomega.2c08115
info:doi/10.1002/pc.25396
info:doi/10.1590/1980-5373-MR-2018-0813
info:doi/10.1002/pc.25461
info:doi/10.3390/catal13020398
info:doi/10.3390/catal13020398
info:doi/10.1039/C8CE00487K
info:doi/10.1016/j.jiec.2013.04.018
info:doi/10.1515/9783110479935-014
info:doi/10.1515/9783110479935-014
info:doi/10.3390/molecules28062639

w32 | \WILEY_ S e,

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

INSPIRING Pglymer

PARVEEN ET AL.

PROFEssiONALs  COMPOSITES

coprecipitation method: a comparative life cycle assessment
study. ACS Omega. 2021;6(19):12410-12423. doi:10.1021/acso
mega.0c05246

Karmaoui M, Jorge AB, McMillan PF, et al. One-step synthesis,
structure, and band gap properties of SnO, nanoparticles made
by a low temperature nonaqueous sol-gel technique. ACS
Omega. 2018;3(10):13227-13238. doi:10.1021/acsomega.8b02122
Mane RS, Jadhav V. Spinel Ferrite Nanostructures for Energy
Storage Devices. Elsevier; 2020.

Jeong K-P, Yang S-W, Choi J-H, Kim J-G. Microwave absorp-
tion characteristics of U-type ferrite powders according to sub-
stitution elements and its compositions. Metals Mater Int. 2021;
27(8):2782-2790. doi:10.1007/s12540-020-00613-z

da Silva AL, Farias AFF, Pontes JRM, Rodrigues AM,
Costa ACFM. Synthesis of the ZnO-Nij sZn, sFe,04-Fe,0; mag-
netic catalyst in pilot-scale by combustion reaction and its appli-
cation on the biodiesel production process from oil residual. Arab
J Chem. 2020;13(11):7665-7679. doi:10.1016/j.arabjc.2020.09.003
Ghosh S, Sharma S, Li W, et al. Broadband and tunable micro-
wave absorption properties from large magnetic loss in Ni-Zn
ferrite. Adv Mater Technol. 2024;9:2301857. do0i:10.1002/admt.
202301857

Bezerra DC, Fernandes PC, Silva TRG, Aratjo EM,
Costa ACFM. Sintese de ferrita NiFe,O, e sua incorporacdo em
compositos de poliamida 6: Parte 1: caracterizagdo estrutural
por drx e mev dos pds e dos compositos. Polimeros. 2010;20:
389-394. doi:10.1590/50104-14282010005000053

Luna CBB, da Silva Barbosa Ferreira E, da Silva AL, Aratjo EM,
de Melo Costa ACF, Wellen RMR. Tuning the performance of
PA6/EPDM-MA nanocomposites reinforced with NigsZngs.
Fe,0,. Effect of the mixing protocol on mechanical, thermal,
thermomechanical, magnetic, and morphological behavior.
Polym Compos. 2022;43(7):4447-4462. doi:10.1002/pc.26704
Ateia EE, El-Nashar DE, Ramadan R, Shokry MF. Synthesis
and characterization of EPDM/ferrite nanocomposites. J Inorg
Organomet Polym Mater. 2020;30(4):1041-1048. doi:10.1007/
$10904-019-01237-6

Katiyar M, Prasad M, Agarwal K, Singh R, Kumar A,
Prasad NE. Study and characterization of EM absorbing prop-
erties of EPDM ferrite composite containing manganese zinc
ferrite. J Reinf Plast Compos. 2017;36(10):754-765. doi:10.1177/
0731684417690

Yongbao F, Tai Q, Chunying S, Xiaoyun L. Complex perme-
ability and permittivity and microwave absorption property of
barium ferrite/EPDM rubber radar absorbing materials in
2-18GHz. IEEE. 2005;2:4.

Slatineanu T, Iordan AR, Palamaru MN, Caltun OF, Gafton V,
Leontie L. Synthesis and characterization of nanocrystalline Zn
ferrites substituted with Ni. Mater Res Bull. 2011;46(9):1455-
1460. doi:10.1016/j.materresbull.2011.05.002

Sundararajan M, Kennedy LJ. Photocatalytic removal of rhoda-
mine B under irradiation of visible light using Col—xCuFe,0,
(0<x<0.5) nanoparticles. J Environ Chem Eng. 2017;5(4):4075-
4092. doi:10.1016/j.jece.2017.07.054

Saha P, Das S, Sutradhar S. Influence of Ni-Zn-Cu-ferrite on
electroactive p-phase in poly(vinylidene fluoride)-Ni-Zn-Cu-
ferrite nanocomposite film: unique metamaterial for enhanced
microwave absorption. J Appl Phys. 2018;124(4). doi:10.1063/1.
5038134

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

57.

58.

59.

60.

Raja N, Raju S. Extraction and characterization of Bismarck
palm fibres. Indian J Sci Technol. 2022;15(47):2680-2689. doi:
10.17485/1JST/v15i47.1624

Patterson AL. The Scherrer formula for x-ray particle size
determination. Phys Rev. 1939;56(10):978-982. do0i:10.1103/
PhysRev.56.978

Magbool M, Akhter T, Faheem M, Nadeem S, Park CH,
Mahmood A. CO, free production of ethylene oxide via liquid
phase epoxidation of ethylene using niobium oxide incorpo-
rated mesoporous silica material as the catalyst. RSC Adv.
2023;13(3):1779-1786. d0i:10.1039/D2RA07240H

Singh C, Ateia EE, Narang SB, Farag M, Singh J, El-Nashar D.
Development of Cog;Cag3Fe,04-EPDM nanocomposite for
microwave application: their rheometric behavior, surface
topography and electromagnetic parameters. Ceram Int. 2021;
47(5):7285-7290. doi:10.1016/j.ceramint.2020.11.034

Pauliuk S. Critical appraisal of the circular economy standard
BS 8001: 2017 and a dashboard of quantitative system indica-
tors for its implementation in organizations. Res Conserv Recycl.
2018;129:81-92. doi:10.1016/j.resconrec.2017.10.019

Charles Prabakar A, Sathyaseelan B, Killivalavan G, et al.
Photocatalytic dye degradation properties of zinc copper fer-
rites nanoparticles. J Nanostruct. 2019;9(4):694-701. doi:10.
22052/JNS.2019.04.011

Lépez J, Ortiz A, Muiioz-Mufioz F, et al. Magnetic nanostruc-
tured based on cobalt-zinc ferrites designed for photocatalytic
dye degradation. J Phys Chem Solid. 2021;150:109869.

Jacobo SE, Bercoff PG, Herme CA, Vives LA. Sr hexaferrite/Ni
ferrite nanocomposites: magnetic behavior and microwave
absorbing properties in the X-band. Mater Chem Phys. 2015;
157:124-129.

Rais A, Taibi K, Addou A, Zanoun A, Al-Douri Y. Copper sub-
stitution effect on the structural properties of nickel ferrites.
Ceram Int. 2014;40(9):14413-14419. doi:10.1016/j.ceramint.
2014.06.037

Umare S, Ningthoujam R, Sharma S, Shrivastava S, Kurian S,
Gajbhiye N. Mdossbauer and magnetic studies on nanocrystal-
line NiF,0, particles prepared by ethylene glycol route.
Springer. 2009;649-657.

Xiang J, Shen X, Song F, Liu M. One-dimensional NiCuZn fer-
rite nanostructures: fabrication, structure, and magnetic prop-
erties. J Solid State Chem. 2010;183(6):1239-1244. doi:10.1016/j.
j$5¢€.2010.03.041

. Tan X, Li G, Zhao Y, Hu C. The effect of Cu content on the

structure of Ni;  CuxFe,O, spinels. Mater Res Bull. 2009;
44(12):2160-2168. doi:10.1016/j.materresbull.2009.08.018
Venkatesh D, Vara Prasad B, Ramesh K, Ramesh M. Magnetic
properties of Cu®" substituted Ni-Zn nano-crystalline ferrites
synthesized in citrate-gel route. J Inorg Organomet Polym
Mater. 2020;30(6):2057-2066. doi:10.1007/s10904-019-01419-2
McKie C, McKie D, Newnham RE. Structure-Property Relations.
Vol 2. Springer; 1977:143-144.

Ginil Mon S, Jaya Vinse Ruban Y, Vetha RD. Synthesis of
kaolinite-filled EPDM rubber composites by solution intercala-
tion: structural characterization and studies on mechanical
properties. Appl Nanosci. 2011;1(3):131-135. doi:10.1007/
$13204-011-0018-z

Sim L, Lee C, Ramanan S, Ismail H, Seetharamu K. Cure char-
acteristics, mechanical and thermal properties of Al,O; and

85U8017 SUOWWOD BAIERID 3(dedl|dde ayy Aq peussnob ke saoiie YO ‘8sn Jo se|n. 1oy Akeld8ul|uQ A8|IA UO (SUONIPUOO-PUB-SWBH D" A3 1M AseIq 1 Ul|UO//:Sthiy) SUOIIPUOD PUe SWis | 8U18eS *[7202/80/2z] Uo AriqiTaulluo A8|im ‘BIIPS N A1sieAlun uoydes Aq £0582°9d/Z00T 0T/I0P/W00 A8 |1 ARe.d 1 jpul {U0'SUO 01 [ndedsty//:Sdny wouy peapeojumoa ‘2T ‘vZ0Z ‘69508YST


info:doi/10.1021/acsomega.0c05246
info:doi/10.1021/acsomega.0c05246
info:doi/10.1021/acsomega.8b02122
info:doi/10.1007/s12540-020-00613-z
info:doi/10.1016/j.arabjc.2020.09.003
info:doi/10.1002/admt.202301857
info:doi/10.1002/admt.202301857
info:doi/10.1590/S0104-14282010005000053
info:doi/10.1002/pc.26704
info:doi/10.1007/s10904-019-01237-6
info:doi/10.1007/s10904-019-01237-6
info:doi/10.1177/0731684417690
info:doi/10.1177/0731684417690
info:doi/10.1016/j.materresbull.2011.05.002
info:doi/10.1016/j.jece.2017.07.054
info:doi/10.1063/1.5038134
info:doi/10.1063/1.5038134
info:doi/10.17485/IJST/v15i47.1624
info:doi/10.1103/PhysRev.56.978
info:doi/10.1103/PhysRev.56.978
info:doi/10.1039/D2RA07240H
info:doi/10.1016/j.ceramint.2020.11.034
info:doi/10.1016/j.resconrec.2017.10.019
info:doi/10.22052/JNS.2019.04.011
info:doi/10.22052/JNS.2019.04.011
info:doi/10.1016/j.ceramint.2014.06.037
info:doi/10.1016/j.ceramint.2014.06.037
info:doi/10.1016/j.jssc.2010.03.041
info:doi/10.1016/j.jssc.2010.03.041
info:doi/10.1016/j.materresbull.2009.08.018
info:doi/10.1007/s10904-019-01419-2
info:doi/10.1007/s13204-011-0018-z
info:doi/10.1007/s13204-011-0018-z

PARVEEN ET AL.

INSPIRING
PLASTICS

rmer _ WILEY-272

61.

62.

63.

64.

65.

66.

67.

ZnO reinforced silicone rubber. Polym-Plast Technol Eng. 2006;
45(3):301-307. doi:10.1080/03602550500373683

Gupta KK, Abbas SM, Goswami TH, Abhyankar AC. Micro-
wave absorption in X and Ku band frequency of cotton fabric
coated with Ni-Zn ferrite and carbon formulation in polyure-
thane matrix. J Magn Magn Mater. 2014;362:216-225. doi:10.
1016/j.jmmm.2014.03.040

Jha N, Sarkhel G, Mahapatra SP. Morphology, barrier and
electrical properties of oil-extended EPDM/nanographite nano-
composites. Mater Today: Proc. 2021;45:3850-3856. d0i:10.1016/
j-matpr.2020.06.082

Tamayo-Vegas S, Muhsan A, Tarfaoui M, Lafdi K, Chang L.
Effect of CNT additives on the electrical properties of derived
nanocomposites (experimentally and numerical investigation).
Mater Today: Proc. 2022;52:199-205. doi:10.1016/j.matpr.2021.
09.361

Sunny V, Kurian P, Mohanan P, Joy P, Anantharaman M. A
flexible microwave absorber based on nickel ferrite nanocom-
posite. J Alloys Compd. 2010;489(1):297-303. doi:10.1016/j.
jallecom.2009.09.077

Biswas S, Panja SS, Bose S. Tailored distribution of nanoparti-
cles in bi-phasic polymeric blends as emerging materials for
suppressing electromagnetic radiation: challenges and pros-
pects. J Mater Chem C. 2018;6(13):3120-3142. doi:10.1039/
C8TCO0002F

Jaafar M. Development of hybrid fillers/polymer nanocompo-
sites for electronic applications. In: Hybrid Nanomaterials.
2017:349-369.

Jesica Anjeline C, Mali DP, Lakshminarasimhan N. High
dielectric constant of NiFe,04,-LaFeO; nanocomposite:

68.

69.

70.

71.

{
PROFESSIONALS  COMPOSITES

interfacial conduction and dielectric loss. Ceram Int. 2021;
47(24):34278-34288. doi:10.1016/j.ceramint.2021.08.338

Saritha A, Joseph K. 7-melt rheological properties of layered
double hydroxide polymer nanocomposites. In: Thomas S,
Daniel S, eds. Layered Double Hydroxide Polymer Nanocompo-
sites. Woodhead Publishing; 2020:281-310.

Mahmood NQ, Marossy K, Baumli P. Effects of nanocrystalline
calcium oxide particles on mechanical, thermal, and electrical
properties of EPDM rubber. Colloid Polym Sci. 2021;299(11):
1669-1682. doi:10.1007/s00396-021-04888-5

Igbal A, Lee SH, Siddigi HM, Park OO, Akhter T. Enhanced
dielectric constant, ultralow dielectric loss, and high-strength
imide-functionalized graphene oxide/hyperbranched polyimide
nanocomposites. J Phys Chem C. 2018;122(12):6555-6565. doi:
10.1021/acs.jpcc.8b00493

Abhisha VS, Sisanth KS, Parameswaranpillai J, et al. Compre-
hensive experimental investigations and theoretical predictions
on the physical properties of natural rubber composites. J Appl
Polym Sci. 2022;139(47):€53197. doi:10.1002/app.53197

How to cite this article: Parveen N, Hanif AA,
Hassan Su, et al. Tailored Ni-Zn-Cu ferrite/ EPDM
nanocomposites: Synthesis, characterization, and
multifaceted properties for mechanical and
electrical applications. Polym Compos. 2024;45(12):
10720-10733. d0i:10.1002/pc.28503

85U8017 SUOWWOD BAIERID 3(dedl|dde ayy Aq peussnob ke saoiie YO ‘8sn Jo se|n. 1oy Akeld8ul|uQ A8|IA UO (SUONIPUOO-PUB-SWBH D" A3 1M AseIq 1 Ul|UO//:Sthiy) SUOIIPUOD PUe SWis | 8U18eS *[7202/80/2z] Uo AriqiTaulluo A8|im ‘BIIPS N A1sieAlun uoydes Aq £0582°9d/Z00T 0T/I0P/W00 A8 |1 ARe.d 1 jpul {U0'SUO 01 [ndedsty//:Sdny wouy peapeojumoa ‘2T ‘vZ0Z ‘69508YST


info:doi/10.1080/03602550500373683
info:doi/10.1016/j.jmmm.2014.03.040
info:doi/10.1016/j.jmmm.2014.03.040
info:doi/10.1016/j.matpr.2020.06.082
info:doi/10.1016/j.matpr.2020.06.082
info:doi/10.1016/j.matpr.2021.09.361
info:doi/10.1016/j.matpr.2021.09.361
info:doi/10.1016/j.jallcom.2009.09.077
info:doi/10.1016/j.jallcom.2009.09.077
info:doi/10.1039/C8TC00002F
info:doi/10.1039/C8TC00002F
info:doi/10.1016/j.ceramint.2021.08.338
info:doi/10.1007/s00396-021-04888-5
info:doi/10.1021/acs.jpcc.8b00493
info:doi/10.1002/app.53197
info:doi/10.1002/pc.28503

	Tailored Ni-Zn-Cu ferrite/EPDM nanocomposites: Synthesis, characterization, and multifaceted properties for mechanical and ...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Materials
	2.2  Synthesis of NiZn(0.3)Cu(0.2)Fe2O4 (2)(NiZCF) nanoparticles
	2.3  Preparation of NiZCF/EPDM rubber nanocomposites
	2.4  Characterization

	3  RESULTS AND DISCUSSION
	3.1  Fourier transform infrared spectroscopy analysis
	3.2  X-rays diffraction analysis
	3.3  Scanning electron microscopy analysis
	3.4  Curing characteristics
	3.5  Mechanical properties
	3.6  Dielectric properties
	3.6.1  Dielectric resistivity
	3.6.2  Dielectric permittivity
	3.6.3  Dielectric constant


	4  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


