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Abstract. The combination of cobalt ferrite and natural rubber has a potential to enhance the functional properties
of rubber ferrite composites available on the market. In this study, cobalt ferrite was synthesized by the sol-gel
method with tapioca starch as a cheating agent and then incorporated into natural rubber using an internal mixer. The
curing characteristics, magnetic hysteresis, complex permeability, and permittivity of the rubber ferrite composites
were studied as a function of the loading from 0 to 25 phr. The cure time and scorch time tended to reduce with the
addition of non-reinforced cobalt ferrite fillers. The remanent and saturation magnetizations were linearly
proportional to the cobalt ferrite loading, consistent with the rule of mixture. On the other hand, the increase in cobalt
ferrite loading from 5 to 25 phr slightly affected the coercive field and the complex permeability. Using the
maximum loading of 25 phr, both real and imaginary parts of the permittivity were significantly raised and reduced
with the frequency in the 10-300 MHz range.
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1. Introduction

Attentions in cobalt ferrite (CoFe,04) have considerably been raised in the past few years by
the reports of its inclusion in functional core-shell structures and composites (Mmelesi et al. 2021,
Zeng et al. 2021). Electromagnetic properties are already implemented in a bulk form, and cobalt
ferrite nanoparticles have numerous biomedical and environmental applications as reviewed in the
literatures (Jauhar ef al. 2016, Srinivasan et al. 2018). Composite productions allow opportunities
to combine its remarkable characteristics with the outstanding properties of other materials. Based
on electromagnetic wave absorption by spinel ferrites, composites for radio frequency (RF) and
microwave shielding were proposed by combining with carbon in the forms of graphite (Ismail et
al. 2019), carbon nanotube (Wang et al. 2019) and graphene (Zhang et al. 2019). Recently, a
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composite was prepared by spin-coating cobalt ferrite on porous silicon (Kalifa et al. 2020). From
cobalt ferrite-barium titanate multiferroic nanocomposites, the product properties were obtained
(Mahalakshmi et al. 2019) and magnetoelectric sensors were developed (Kumar et al. 2020,
Shariati et al. 2020).

To fabricate functional composites, polymers possess mechanical properties and weight
suitable for embedding particulate fillers. However, different fillers affect the structures and
properties of polymer composites (Garigipati and Malkapuram 2020, Kalmagambetova and
Bogoyavlenskaya 2021). Besides, composite properties are regulated by interfaces between filler
and matrix (Wang et al. 2021a). Assorted properties were obtained by filling cobalt ferrites in
various polymeric matrices, including polyurethane (Hunyek et al. 2013), polypropylene (Hunyek
et al. 2019), and epoxy resin (Yang et al. 2021). The mechanical properties of cobalt ferrite-epoxy
composites were improved by adding silica as co-fillers (Megahed et al. 2021). Biodegradable
composites composed of cellulose, polyaniline, and cobalt ferrite nanoparticles were developed for
electromagnetic applications (Abou Hammad et al. 2019). Furthermore, cobalt ferrite and
polyaniline were included in composites developed for supercapacitor electrodes (Das and Verma
2019).

For this study, natural rubber is selected to combine with cobalt ferrite because of its distinct
elastic properties and local availability in many countries. Rubber ferrite composites are easily
processed with a high commercial production rate. The products based on synthetic rubbers and
other ferrites in the market are implemented as flexible magnets and electromagnetic wave
absorbers. The functionality of cobalt ferrite and the benefits of natural rubber previously
described can enhance the demands of rubber ferrite composites. In forms of environmental-
friendly composites, the product can be extended to other applications of cobalt ferrite, including
the removal of dyes and heavy metal ions (Shapkin et al. 2020). The loadings used in this study
are 5-25 phr (part per hundred rubber) because it was reported that the mechanical properties of
natural rubber were severely degraded by the ferrite loadings of 30 phr and over (Malini et al.
2003). The study on the effects of the cobalt ferrite loading on curing, dielectric, and magnetic
properties provides essential information for commercial production of this rubber ferrite
composite in the future.

2. Materials and methods
2.1 Preparation and characterization of cobalt ferrite

Natural rubber Cobalt ferrite powders were obtained from a chemical reaction between iron
nitrate (Sigma Aldrich, 99.95%) and cobalt nitrate (Sigma Aldrich, 99.90%). Following the
procedure detailed in the literature (Hunyek et al. 2017), tapioca starch was used as a cheating
agent instead of sago starch. Tapioca starch was slowly dissolved in deionized water at a
weight/volume of 3:20 under constant stirring. Cobalt nitrate (Co(NQO3),e6H,0) and iron nitrate
Fe(NO3);09H,0 powders were then added to the solution in a weight/volume ratio of 1:4. The
solution with increasing viscosity was continuously stirred at 80°C for 10-12 h until turning into
the gel. The weight and derivative weight loss of the sol-gel derived product were measured by
thermogravimetry (TGA, Perkin Elmer TGA7) up to 1000°C. To enhance the crystalline cobalt
ferrite phase, the dried product was calcined for 10 h at the temperature determined by TGA. The
phase was confirmed by X-ray diffractometry (XRD, Philips X’Pert MPD).
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Table 1 Formulation of the mixes for preparing cobalt ferrite-natural rubber composites

Materials (phr)

Sample code

NR (ADS) Stearic Acid ZnO ZMP CBS Sulphur  Cobalt Ferrite
NROOCF 100 5 1 0.6 1.5 0
NRO5SCF 100 1 5 1 0.6 1.5 5
NR10CF 100 1 5 1 0.6 1.5 10
NRI15CF 100 1 5 1 0.6 1.5 15
NR20CF 100 1 5 1 0.6 1.5 20
NR25CF 100 1 5 1 0.6 1.5 25

2.2 Preparation and characterization of cobalt ferrite-natural rubber composites

Sol-gel derived cobalt ferrites were incorporated into natural rubber using an internal mixer
machine at temperatures between 90 and 100°C for 1 min. Six samples were prepared with varying
cobalt ferrite loadings from 0 to 25 phr and other ingredients as listed in Table 1. As an exception,
sulphur was subsequently added to the compound rubber using a two-roll mill. The sulphur
vulcanization is accelerated by the ZnO addition, which also improves the rubber compound
properties. The vulcanization behaviors of rubber ferrite composites were examined by oscillating
disk rheometer (ODR, TECH PRO rheoTECH OD+) to find the cure time used for forming the
product by compression molding. After their cure properties were determined, all composites were
hot-pressed in a hydraulic compression mold.

The morphology of the composites was inspected by scanning electron microscopy (SEM,
JEOL JSM6301F), and their magnetic properties were characterized by a vibrating sample
magnetometer (VSM). Both complex permittivity and permeability were measured as a function of
frequency from 10 to 1000 MHz by an impedance/material analyzer (Agilent 4291B).

3. Results and discussion
3.1 Thermal and phase analyses

The weight percent and derivative weight loss from TGA are shown in Fig. 1. After the initial
slight weight loss by removing adsorbed water (Mirzaee et al. 2014), the thermal behaviors of the
sol-gel product are divided into three regimes. Up to 550°C, the gradual weight loss was
approximately 23% of the initial weight. In the middle range from 550 to 600°C, a sudden weight
loss of 12% occurs, resulting in a sharp drop in the derivative weight loss curve. Similar
observations were attributed to the decomposition of starch (Ojogbo et al. 2018, Paluch et al.
2022) and other residual organic compounds (Mustafa et al. 2015). The further increase in
temperature over 600°C in the last regime only slightly changes the weight of the sol-gel product
since the crystalline spinel ferrite has been formed (Mustafa et al. 2015). These variations, related
to the decomposition and phase transformation, can be used to determine the temperature for the
calcination as 600°C.

The phase of sol-gel derived product is identified by an XRD pattern in Fig. 2. Characteristic
peaks at an angle of 30.1°, 35.4°, 37.0°, 43.0°, 53.4°, 56.9°, and 62.6° respectively correspond to
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Fig. 1 TGA curves of the sol-gel derived product from 100 to 1000°C
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Fig. 2 XRD pattern showing the cobalt ferrite phase

diffractions from (220), (311), (222), (400), (422), (511), and (440) planes of the cobalt ferrite with
a cubic spinel structure (JCPDS 22-1086). No impurity phase is detected, confirming that single-
phase cobalt ferrite is successfully synthesized by the sol-gel synthesis and subsequent calcination.
The crystalline size, evaluated from the XRD peak widths using Scherrer’s equation, was
approximately 46 nm, but the nanocrystals tend to agglomerate into microclusters.

3.2 Vulcanization characteristics of rubber-cobalt ferrite composites

The cure time corresponding to the cross-linking and the scorch time indicating the
processability time, important characteristics of the vulcanization process, are expressed in Fig. 3.
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Fig. 3 Scorch time and cure time of rubber composites with varying cobalt ferrite loadings from 0 to 25 phr

Both durations tend to decrease with increasing cobalt ferrite loading from O to 25 phr in this
study. In the middle range between 10 and 20 phr, slight increases are observed. This trend is due
to the interruption of the cross-linking process by ferrite fillers suggested in the literature (Malini
et al. 2003, Solomon et al. 2004, Ismail et al. 2007). Interestingly, the vulcanization process in
Fig. 3 is significantly shorter than those reported in rubber composites filled with barium ferrite
(Solomon et al. 2004) and nickel zinc ferrite (Ismail et al. 2007).

The minimum torque shown in Fig. 4 is measured by applying the shear stress on the natural
rubber before it is completely vulcanized. It indicates the viscosity, which is a ratio of the shear
stress to the shear rate. The viscosity of rubber composites is increased with a number of
involvement points of the molecular chain and the molecular weight of the rubber. In the process,
the viscosity of the rubber composite depends on the mixing time and filler type. An extensive
mixing time reduces the viscosity because the molecular rubber chains are torn by shear forces
within the mixer. However, these composites were synthesized by blending dry natural rubber
sheets for only 10 min. Therefore, the factor influencing the viscosity of the rubber composite
should be cobalt ferrite filler. If the fillers are bonded to molecules of rubber-like carbon black or
modified clay (Hasan et al. 2020), the viscosity of the composite during mixing will be increased.
However, non-reinforced cobalt ferrite fillers do not bond with rubber molecules. When cobalt
ferrite was added to the compound rubber, the viscosity and hence the minimum torque did not
monotonically change with the loading from 5 to 25 phr. The cobalt ferrite fillers act as
interrupters reducing the number of involvement points and randomly reducing the minimum
torque.

The maximum torque also shown in Fig. 4 indicates elastic properties when vulcanized rubber
composites are subjected to a shear force A high maximum torque is due to high modulus
(stiffness) of the vulcanizate. Consistent with previous reports on ferrite fillers in natural rubbers
(Malini et al. 2003, Solomon et al. 2004), the increase in maximum torque with the cobalt ferrite
loading in this study confirms that the incorporation of the filler reduces the mobility of the
macromolecular chains and hence the elasticity of natural rubber matrix.
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Fig. 4 Maximum and minimum torques of rubber composites with varying cobalt ferrite loadings
from 0 to 25 phr

Fig. 5 Morphology of rubber composites with varying cobalt ferrite loadings from 0 to 25 phr

3.3 Surface morphology

From SEM micrographs in Fig. 5, surface morphologies of the rubber composites of varying
cobalt ferrite loading are different from the compound rubber (NROOCF). Without ferrite fillers,
the surface texture is relatively smooth but appears to have overlapping textures due to sample
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Fig. 6 Hysteresis loops of rubber composites with varying cobalt ferrite loadings from 5 to 25 phr

preparation. The cobalt ferrite clusters are visible even in the case of a minimum 5 phr loading
(NRO5CF). Some clusters settle in the groove, whereas others are randomly scattered. With
increasing loading from 10 to 25 phr, the size of clusters becomes larger than 25 um, with free
volumes also present in the composites. The free volumes increase the porosity, and the roughness
of the composites is highly dependent on the cluster size.

3.4 Magnetic hysteresis

Ferrimagnetic properties of the rubber ferrite composites were shown by hysteresis loops in
Fig. 6. For every composite, the magnetic field is increased with the applied magnetic field and
approaches saturation in the maximum 10 kOe field. The magnetizations and the coercive field
from hysteresis loops are shown in Figs. 7 and 8, respectively. Both saturation and remanent
magnetizations are linearly increased with increasing cobalt ferrite loading from 0 to 25 phr. The
results are consistent with the literature that the saturation magnetization of rubber ferrite
composites can be predicted according to the rule of mixture (Malini et al. 2001, Solomon et al.
2004, Hunyek et al. 2013).

On the other hand, the coercive fields of all rubber composites in this study are around 1400 Oe
and exhibit only slight reduction with the cobalt ferrite loading. In addition to magnetic anisotropy,
the coercive field is sensitive to the stress generated during the fabrication and heat treatment
(Malini et al. 2001, Solomon et al. 2004, Hunyek et al. 2013). Fig. 8 also shows the squareness
(the ratio of remanence to saturation magnetization) value of 0.46-0.47 because both remanence to
saturation magnetization are proportional to the cobalt ferrite loading. The squareness in this range
indicates the isotropic alignment of magnetic moments but is larger than those of other natural
rubber composites in previous reports (Malini et al. 2001, Solomon et al. 2004, Hunyek et al.
2013). As a control, a VSM measurement on the compound rubber without cobalt ferrite filler
(NROOCF) does not yield the hysteresis loop confirming a source of magnetic properties in the
composites.
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Fig. 8 Coercive field and magnetic squareness of rubber composites as a function of cobalt
ferrite loadings from 5 to 25 phr

3.5 Complex permeability and permittivity

In Fig. 9, the complex permeability of rubber ferrite composites is minimal. At 10 MHz, the
real part is close to 1 and significantly raised by the loading of 15-25 phr. The imaginary part
(magnetic loss) does not exhibit a distinct variation with the loading but clearly increases with the
increasing frequency from 10 to 100 MHz. From 100 to 1000 MHz, the complex permeability
fluctuates within small regimes. Because the coercive field of cobalt ferrite is substantial, the
complex permeability of the composites is significantly influenced by the polymer characteristics.
A magnetic loss of greater than 4 was previously reported at 1 MHz in the cobalt ferrite in the
polypropylene matrix (Hunyek et al. 2019).



Effect of cobalt ferrite on curing and electromagnetic properties of natural rubber composites 9

1.20
—NROOCF
L -C~NROSCF
115 4 ~=~NR10CF
i I ~=NRI15CF
S | P ) =<=NR20CF
= 110 2 aeel ~O-NR25CF
= :
g :
£ 1.05
=W
G
o
T 1.00
=™
3
&~ 0.95
0.90 4 —_— b
10 100 1000
Frequency (MHz)
(a)
0.10
= 005 §
2‘ -
'—g 0.00
£
&
o -0.05
= —NROOCF
&~ .0.10 --NROSCF
g ~-NR10CF
B ~~NRISCF
g -0.15 -=NR20CF
- --NR25CF
-0.20 A -
10 100 1000
Frequency (MHz)
(b)

Fig. 9 Complex permeability of rubber composites with various cobalt ferrite loading as a
function of frequency; (a) the real part and (b) the imaginary part

In Fig. 10, the real part of permittivity (dielectric constant) of the rubber compound without
cobalt ferrite loading is 2.33 at 10 MHz and reduces to 2.25 at 1000 MHz. Likewise, the imaginary
part of permittivity (dielectric loss) is 0.067 at 10 MHz and decreases with frequency to the
minimal. The dielectric losses at 10 MHz in other composites containing cobalt ferrites were also
below 0.4 (Hunyek et al. 2013, Hunyek et al. 2019). At higher frequencies, fluctuations of
complex permittivity observed in all rubber ferrite composites, as well as the control (NROOCF)
and previous measurements (Hunyek et al. 2013), are seemingly caused by the parasitic effect of
the test fixtures. At every frequency, the complex permittivity increases with increasing cobalt
ferrite loading from 5 to 25 phr. It can be explained by the effect of frequency on the relaxation
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Fig. 10 Complex permittivity of rubber composites with various cobalt ferrite loading as a
function of frequency; (a) the real part and (b) the imaginary part

time of the polarization reversal and the Maxwell-Wagner effect, in which the permittivity of
composites is regulated by surface charges of the fillers induced during the polarization (Borah
and Bhattacharyya 2012). The permittivity of the rubber composites was dependent on the cobalt
ferrite loading due to the accumulation of surface charges. The preparation of composites by the
internal mixer technique results in negligible porosity and unlikely affects the charge
accumulation.

The modest dielectric and magnetic losses limit the high-frequency use of these rubber ferrite
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composites. The values can be enhanced in the microwave regime by incorporating cobalt ferrites
into graphite (Ismail et al. 2019), graphene (Zhang et al. 2019), single-walled or multi-walled
carbon nanotubes (Wang ef al. 2019, Khan et al. 2020). Multiple interfaces in the nanocomposites
are beneficial for electromagnetic wave shielding (Wang et al. 2021b). Such a characteristic could
be enhanced in the form of a laminated structure (He et al. 2022).

4. Conclusions

Cobalt ferrite powders, synthesized by the sol-gel method using tapioca starch as a cheating
agent and then calcined at 600°C, were incorporated into natural rubber compounds in an internal
mixer. The properties of the natural rubber composites with 5-25 phr cobalt ferrite are summarized
as follows.

1) The loading of cobalt ferrite into natural rubber tends to reduce both cure and scorch times.

Some cobalt ferrite particles were clustered together and randomly dispersed in the rubber

matrix.

2) The remanent and saturation magnetizations are proportional to the cobalt ferrite loading.

3) The complex permeability at 10-1000 MHz is minimal. The complex permittivity increases

due to the accumulation of surface charge with increasing loading of cobalt ferrite fillers. By

raising the frequency from 10 MHz to 1000 MHz, the real and imaginary parts tend to reduce.
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