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Abstract
The present work aims to synthesize and designate 50% BaFe11.5Co0.5O19 /50% NBR nanocomposite with enhanced physical 
properties. First, the BaFe11.5Co0.5O19 hexaferrite was successfully synthesized by the citrate auto-combustion technique. 
Composite nanoparticles were synthesized by melt mixing technique in a Brabender Plasticorder. The structure and morphol-
ogy of the samples were investigated using X-ray diffraction (XRD), Fourier transform infrared (FTIR), Raman spectroscopy, 
X-ray photoelectron spectroscopy, atomic force microscopy (AFM), and scanning electron microscope (SEM). The average 
crystallite size is nearly 35 nm. The high values of Ms for BFCO can be clarified by Fe3+–O–Fe3+ super-exchange interaction 
in the present system. An investigation has found that substitution in M-type hexaferrite systems alters the valence states of 
Fe3+ ions to Fe3+ ions at the 2A sites (Ateia et al. in Appl Phys A 128: 884, 2022). This causes an enhancement of super-
exchange interactions that improves the hyperfine field at 2b and 12 k sites. The switching field distribution was computed and 
reported. Tensile strength (T.S), Young’s modulus (E), hardness (H) and Rheometric characteristics were enhanced after the 
addition of BFCO nanoparticles to NBR polymer. The obtained data from the present study revealed that the incorporation 
of 50% of BaFe11.5Co0.5O19 hexaferrite with 50% of NBR rubber enhanced the physico-mechanical and magnetic character-
istics of the prepared composites. This indicates that hexaferrites achieve not only appropriate magnetic properties for the 
prepared composites, but also strengthen the rubber matrix. The originality of this investigation is clarified by emphasizing 
the magnetization of NBR and to accentuate the good mechanical properties of the investigated nanocomposites.

Keywords  Hexaferrite · Magnetization of NBR · Nanocomposites · Switching field distribution · Effective anisotropy 
constant

1  Introduction

Nanocomposites are increasingly being studied for their 
properties, particularly those with unique features. Rub-
ber ferrite composites (RFCs) are an example of a mate-
rial with exceptional properties. Composites are created by 
incorporating ferrite fillers into natural and synthetic rubber 
matrices. [1] Ferrites are types of magnetic materials with a 
wide range of technological applications such as transformer 

cores, memory storage devices, circulators, and a variety of 
other recent devices that cannot be easily replaced by other 
materials due to their stability, high electrical resistivity, 
economy, and so on [2]. One of the ferromagnetic materials 
with distinct magnetic characteristics is BaFe12O19, which 
belongs to the M-hexaferrite (HF) group. Its crystal struc-
ture belongs to the P63/mmc space group and is made up of 
alternate layers of hexagonal (R) and spinel (S) layers, and 
the layers have the sequences of SRS*R*. Similar to S and 
R, the S* and R* layers are S and R with the c-axis rotated 
180 degrees. As illustrated in Fig. 1 [3], one unit cell of 
M-hexaferrite contains 38 O2− ions, two Ba2+ ions, and 24 
Fe3+ ions.

Due to its potential uses in a wide range of electrical and 
microwave devices, barium hexaferrite is one of the most 
significant groups of materials in the permanent magnet fam-
ily. Because of its high coercivity, remanent magnetization, 
high magneto-crystalline anisotropy, and large spontaneous 
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polarization, it has attracted the most commercial interest 
[4].

When ferrite fillers are mixed into a rubber matrix, they 
modify the elastomer's mechanical, magnetic, and other 
physical characteristics. The flexibility and moldability of 
RFCs as microwave absorbers and electromagnetic inter-
ference (EMI) shielding materials are important [5]. When 
a suitable polymer matrix is selected, ferrite filler may be 
included to create a composite with the required magnetic, 
and mechanical characteristics. Various rubbers, such as 
natural rubber (NR), acrylonitrile butadiene rubber (NBR), 
styrene butadiene rubber (SBR), and ethylene propylene 
diene monomer (EPDM), are widely used in the preparation 
of such RFCs [6]. Moreover, NBR is a member of a large 
family of unsaturated copolymers comprising acrylonitrile 
and butadiene. It belongs to a group of rubbers that are flex-
ible at low temperatures, resistant to aging, and resistant to 
water, oils, and solvents.

Polymer magnetic nano-composite materials are a group 
of smart materials consisting of ferrite magnetic materials 
combined with a conductive polymer matrix [6–8]. The final 
properties of nanocomposites are strongly dependent on the 
characteristics of the ferrite/polymer matrix. However, by 
applying ferrite magnetic materials with polymer compounds 
through processing technologies, new properties and tech-
nological abilities can be provided. The advantage of such 
nanocomposites is that their properties can be adapted to the 
requirements of numerous applications. They are suitable for 
additive devices because of their elasticity and easy moldabil-
ity, where elasticity and flexibility are important additional 

properties. Ferrite/rubber nanocomposites are able to sensi-
tively respond to vibrations and absorb oscillations of various 
wavelengths [9].

They can also change magnetic and mechanical properties 
at different levels of strain. The tunable properties of ferrite/
polymer nanocomposites can be achieved by selecting suit-
able magnetic materials and their concentrations. Conductive 
polymers, such as NBR, magnetic materials, especially hexa-
ferrite, can be used as efficient EMI shielding materials and 
have numerous other applications [5].

In this study, rubber magnetic nanocomposites were pre-
pared by mixing magnetic NPs of BFCO with NBR as polar 
rubber matrices. The physico-mechanical characteristics of 
the prepared composites were examined. The main goal is to 
improve the mechanical and magnetic properties of the pre-
pared samples.

2 � Methodology

2.1 � Material used

All chemicals Ba (NO3)3·6H2O (99%), Co (NO3)·0.6H2O, Fe 
(NO3)3·6H2O (98%), and citric acid [C4H8O7], and ammonia 
solution (33%) were obtained from (LOBA, India).

Fig. 1   The unit cell and spin 
configurations for BaFe12O19 
are as follows: Ba, O, and Fe 
atoms are represented by purple, 
red, and gold spheres, respec-
tively. The arrows show the 
atom’s local magnetic moment
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2.2 � Experimental technique

2.2.1 � Preparation of ferrite samples

The citrate auto-combustion technique was used to cre-
ate nanoparticles of cobalt-doped Barium hexaferrite. The 
proper quantities of the precursors were added to match the 
stoichiometric ratios of nitrates. These precursors were com-
bined with citric acid by adding distilled water dropwise 
while vigorously stirring. The pH was then adjusted to 7, 
and the temperature was elevated to 200 °C until all fumes 
were eliminated, as illustrated in (Fig. 2a).

2.2.2 � Preparation on NBR samples

NBR was selected as the rubber matrix. A laboratory two-
roll mill was used for mixing (470 mm diameter and 300 mm 
working distance). According to ASTM D3182-07, the slow 
roll has a speed of 24 rev/min and a gear ratio of 1:1.4. 
The two rolls were mildly heated to soften the elastomer 
matrix and facilitate mastication. Following the mastication 
process, additives (ferrite) were introduced to the elastomer 
matrix and homogenized using the two roll-mixing mills.

2.2.3 � Nanocomposite preparation

The investigated nanocomposite of 50% NBR/50% 
BaFe11.5Co0.5O19 was created using a Melt mixing process 
in a Brabender Plasticorder [1], as shown in Fig. 2b. For the 
optimal cure time, the nanocomposite was vulcanized in an 
electrically heated hydraulic press at 162 °C and a pressure 
of around 4 MPa (tc 90 min).

2.2.4 � Rheometric characteristics

The complete “Cure Curve” is produced as mentioned in 
the previous work [6]. This behavior is shown in Fig. 2c. 

The ML is torque with the lowest recorded value, MH is the 
maximum torque measured in the plateau curve, ts2 is the 
time necessary to reach 2 units above ML, indicating the 
time required to begin the process of cross-linking, tc90 is 
the time at which 90% of the cure has occurred, and CRI is 
the rate at which the compound's cross-linking and stiffness 
(modulus) grow after the scorch point

Phase 1: It describes how the rubber compound is pro-
cessed. Phase 2: It explains the rubber compound’s curing 
properties. Phase 3: It provides an excellent indication of 
the rubber compound's physical characteristics. According 
to E. Ateia et al. [7], one may infer from the figure important 
parameters that are in charge of the changes that take place 
during the vulcanization process.

2.3 � Characterizations and measurements

X-ray diffraction (analytical-x’pert pro, Cu Kα1radiation, 
λ = 1.5404 Å, 45 kV, 40 mA, Netherlands) was used to detect 
the phase formation. FT-IR spectrometers were used to 
measure Fourier transformed infrared (FT-IR) spectra in the 
wavenumber range of 4000–400 cm−1 (PerkinElmer 2000). 
For the morphological investigation, a HRTEM (HRTEM, 
JEOL/JME 2100) (TEM, JEOL, JSM 7001F) microscope 
and Field Emission Scanning Electron Microscope (FESEM, 
model Quanta 250) were employed. X-ray photoelectron 
spectroscopy (XPS) was utilized to analyze the chemical 
states of various elements in the produced samples using 
monochromatic X-ray Al K-alpha radiation. Magnetic prop-
erties were discussed through vibrating-sample magnetom-
eter. All tests for the mechanical parameters were conducted 
at a room temperature (25 °C). An average of 4 samples was 
taken for each measurements point.

(1)CRI =
100

(tc
90
− ts

2
)

Fig. 2   a–c Schematic of preparation method for BFCO and 50NBR/50BFCO nanocomposites, c A typical Cure Curve



	 E. E. Ateia et al.

1 3

118  Page 4 of 13

3 � Results and discussion

3.1 � Structure analyses

3.1.1 � XRD diffraction

Figure 3 shows the XRD patterns in which all indexed peaks of 
the graph of BFCO and NBR/BFCO correspond to ICDD card 
number [00-043-002] of BaFe12O19. It indicates that the pre-
pared samples are in single-phase without impurities. The 50% 
NBR/50% BFCO pattern appears to be a combination of the 
BFCO and NBR patterns, with humping between 15° and 25°.

The main diffraction peaks of NBR/BCFO are quite similar 
to the reflections from the as-prepared BCFO, indicating that 
the NBR coating does not cause any phase transition. How-
ever, due to the existence of the NBR coating layer, the inten-
sity of the peaks for NBR/BCFO is weaker than that of the 
parent sample, which indicates that both samples have been 
successfully prepared.

The lattice parameters (a, c) and volume (V) are calculated 
from the XRD pattern, and the crystallite size (D) is calculated 
from the Scherrer equation [7], and the obtained data are tabu-
lated in Table 1.

(2)
1

d2
=

4

3

(

h2+hk + k2

a2

)

+
l2

c2

The dislocation density δ is calculated for BFCO as 
an individual and mixed state, which is an indication of 
dislocations in the unit cell. The δ is obtained by following 
equation δ = 1/D2 and listed in Table 1.

It is found that NBR increases the c/a and the Vcell. This 
may be due to the crystal structure of BaFe11.5Co0.5O19 
being distorted after the addition of NBR. This structural 
deformation (stretching) may be explained by the change 
of diffraction angle (2ϴ) toward small values (Fig. 3) as 
well as the value of δ.

3.1.2 � Fourier transform infrared (FTIR)

Figure 4 reveals FT–IR spectra of rubber ferrite samples, 
pure NBR polymer and BFCO nano-powder samples in 
the wave number range of 200–4000 cm−1. From the pat-
tern, it is observed that the main absorption bands of HF 
appear between 400 and 600 cm−1 which is related to the 
stretching vibration of metal–oxygen in M-type HF for 
octahedral (B) and tetrahedral (A) sites, respectively [8]. 
The lower wavenumber peak is due to the stretching vibra-
tion of Fe–O in the B site. Other two peaks are due to the 
metal–oxygen stretching vibration in the A site.

(3)Vcell =

√

3

2
a2c

(4)D =
kλ

βcosθ

Fig. 3   XRD Diffraction pattern of pure NBR, BFCO and NBR/BFCO 
nanocomposite

Table 1   Lattice parameters (a and c), c/a ratio, crystallite size D, Dislocation density (δ) and, theoretical Density (dx) of BFCO and NBR/BFCO

Sample Theoretical values Calculated values

a (Ao) c(Ao) V(Ao)3 a (Ao) c(Ao) V(Ao)3 c/a D (nm) δ 10–4 (nm−2) dx (g.Cm−3)

BFCO 5.889 23.187 696.55 5.889 23.187 696.531 3.937 36.78 7.392 5.306
NBR/BFCO 5.889 23.187 696.55 5.871 23.413 698.988 3.987 35.936 7.744 3.555
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Fig. 4   FTIR of NBR, BFCO and NBR/BFCO nanocomposites
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According to the relevant investigation, these two specific 
absorption peaks are the typical fingerprint of the formation 
for M-type barium hexaferrites.

The peaks at 1874, 1550 cm−1 are due to N+–H stretching 
and bending frequencies, respectively [10]. While the peaks 
at 1442 cm−1, 2198, 3635 cm−1, 1640 cm−1 are due to C-H 
scissoring frequency [11], nitrile stretching frequency [12], 
OH groups, and OH bending, respectively [13].

Additionally, the detected peak at 2893  cm−1 can be 
attributed to the symmetric stretching vibration of meth-
ylene groups [14]. The observed peaks 3402, 3332, 3255, 
3255, 1373, 1311, 1087, 1026, 655 indicate hydroxyl com-
pound (OH) [16], On the other hand, the observed peaks at 
1651,1734, 2731, and 2075 Cm−1 are due to double bond 
carbon C = C, carboxylic acid (steric acid), aldehyde, and 
Transition metal carbonyls frequencies, respectively [15]. 
All observed peaks are corresponding to compounds of HF/
NBR composites, and no foreign peak is detected.

3.1.3 � Raman spectroscopy (RS)

Figure 5 displays the RS of BFCO, NBR, and NBR/BFCO 
obtained at room temperature in the range of 200–800 cm−1. 
On the basis of D6h symmetry, group theory analysis of 
hexaferrites yields 42 Raman active modes, which are 
dispersed in the form of irreducible representation as 
14E1g + 17E2g + 11A1g [16]. Raman modes have been 
detected at 200, 316, 404, 468, 504, 602, and 671 cm−1. The 
modes at 316, 404, 504, 602, and 671 cm−1 correspond to 
vibrations of the 12 k and 2a octahedral sites, the 4f2 B site, 
and the 2b bi-pyramidal site, respectively, due to A1g, E1g, 
A1g, A1g, and A1g symmetry [17].

The NBR rubber is identified, and its characteristic band 
appears at ≅ 496 Cm−1 corresponding to C = C2 rocking and 

scissoring [18], and 463, 237 Cm−1 corresponding to defor-
mation (C = C–C) and torsion (C–C), respectively [19].

Figure 5b illustrates the imaging of a substrate through 
RS, in the case of the NBR/BFCO nanoparticles. Good 
adhesion and high homogeneity between phases of the nano-
composite are observed.

3.1.4 � XPS analysis

XPS is a very effective technique for quantitatively investi-
gating the components present in a substance. This power-
ful approach may be used to investigate the composition 
and state of the elements, as well as the electronic structure 
and density of the states in the material. XPS measurements 
are utilized in the present work to investigate the chemical 
states of each element in BFCO. Figure 6a shows the BFCO 
whole-range XPS survey spectrum at energies ranging from 
0 to 1200 eV.

Only C, Ba, Fe, Co, and O peaks are detected. The C 
1 s peak at 286.24 eV is caused by contaminating carbon. 
[20, 21]. The element binding energy shows that the BFCO 
hexaferrites are single-phase with no extra impurity phases. 
The survey scan spectra Fig. 6a revealed peaks of Fe 2p, Ba 
3d, Co 2p, and O 1 s in the material. The binding energies 
of the Ba 3d5/2 and Ba 3d3/2 peaks are 779.62 and 794.74 eV, 
respectively, [20] as shown in Fig. 6b.

Two distinct significant Fe peaks are observed and 
depicted in Fig. 6c. The first significant peak (2p3/2) is sep-
arated into two peaks, one at 710.52 eV and the other at 
712.86 eV [22, 23].

The first peak is associated with the Fe2+ state, whereas 
the second one is associated with the Fe3+ state. There are 
also two satellite peaks at 716.53 eV and 719.57 eV [21]. 
The second main peak (2p1/2) is likewise separated into two 
peaks, each at 724.14 eV, and 727.36 eV [21]. The first peak 

Fig. 5   a–b Raman spectra for BFCO, NBR and 50% NBR/50% BFCO b optical micrographs of NBR/BFCO nanocomposites
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corresponds to the Fe2+ state, whereas the second corre-
sponds to the Fe3+ state. At 732.81 eV, more satellite peaks 
cantered [21, 24]. Figure 6d reveals two significant peaks 
at 779.8 eV and 794.95 eV, which relate to Co2+ 2p3/2 and 
Co2+ 2p1/2, respectively [25]. The existence of Fe2+ and Co3+ 
ions may imply a charge transfer between Fe and Co ions 
(Fe3+  + Co2+ ⇔ Fe2+  + Co3+) [26]. Figure 6e shows charac-
teristic peak of O 1 s, and this peak has been separated into 
three separate peaks. The peak at 529.42 eV (Oa) is attrib-
uted to intrinsic O2− ions, and the peak at 532.8 eV (Oc) is 
ascribed to an adsorbed O2− ions during sample processing 
[21, 24]. The peak at 530.7 eV (Ob) is caused by oxygen 
vacancies [27], and the concentration of oxygen vacancies 
is frequently estimated using (Ob/Ototal) [21].

3.1.5 � Microstructural features

HRTEM images of hexaferrite sample particles with of 
various sizes and shapes are shown in Fig. 7. The particles 
are typically hexagonal with rectangular shapes that match 
the hexaferrite structure [28]. The well-defined crystalline 
nature and single-phase nano-BFCO hexaferrites are shown 
by selected area electron diffraction (SAED) Fig. 7b.

The data are fitted to a Gaussian distribution, and the 
average particle size of the samples is 90.

Figure  8a–e shows SEM micrographs of pure NBR, 
BFCO and NBR/BFCO. A rough morphology is observed 
for pure NBR Fig. 8a, as expected. The nanocomposites 
morphology is characterized by a two-phase structure in 
which one component is dispersed in the other, forming a 
continuous matrix as detected in Fig. 8b–d). The morphol-
ogy of the two phases indicates that the interaction between 
the ferrite and rubber improves their adherence to one other. 
A few cavities, cracks, and pores can be found between the 
ferrite and rubber systems, proving the system's homogene-
ity. The SEM images correspond well with the RS results.

3.1.6 � Surface topography using AFM

AFM pictures of 50NBR/50BFCO nanocomposites are 
shown in Fig. 9a–b. The physical dimensions and thickness 
of the nano-samples can be easily derived from the profile 
of height. The average roughness (Ra) values for BFCO 
and 50BFCO/50NBR are 2.45 nm and 3.15 nm, respec-
tively. The root mean square (Rq) values for BFCO and 
50NBR/50BFCO are 3.33 nm and 4.28 nm, respectively.

The three-dimensional picture presented in Fig. 9a–b 
also records the distribution of particles on the surface. 
Two-dimensional structures have a maximum valley depth 
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Fig. 6    XPS spectra of the BFCO a full range XPS survey spectrum, b high-resolution spectrum for Ba 3d, c high-resolution spectrum for Fe 2p, 
d high-resolution spectrum for Co 2p, and e high-resolution spectrum for O 1 s
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Fig. 7   a–c a HRTEM micrographs b selected area electron diffraction, and c of BFCO hexaferrite samples

Fig. 8   a–d SEM micrographs of pure NBR, BFCO and NBR/BFCO
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of for BFCO and NBR/BFCO are 13.1 nm and 13.9 nm, 
respectively.

3.2 � Magnetic measurements

3.2.1 � VSM hysteresis loop

Figure 10a–d depicts the hysteresis loops of BFCO, NBR, 
and NBR/BFCO. The magnetization performance of BFCO 
and NBR/BFCO is comparable to that of hard magnetic 
materials [29]. The obvious M–H loops in Fig.  10a, c 

implies that BFCO & NBR/BFCO samples possess ferro-
magnetic characteristics, which should be attributed to the 
existence of BFCO NPs. The magnetic parameters such as 
saturation magnetization (Ms), coercivity (Hc) and remanent 
magnetization (Mr) are listed in Table 2.

Compared with pure BFCO, a significant decline in 
Ms and Mr values in the nano-composites samples can be 
ascribed to the decrease in the weight ratio of BFCO by add-
ing NBR, as shown in Table 2 [30].

The Fe3+–O–Fe3+ super-exchange interaction in the 
current system can explain the high Ms values for BFCO. 

Fig. 9   a–b AFM images for grain boundaries with comparable grain sizes for two samples of BFCO and NBR/BFCO
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An investigation has found that substitution in M-type 
hexaferrite systems alters the valence states of Fe3+ ions 
to Fe3+ ions at the 2A sites [31]. This causes an enhance-
ment of super-exchange interactions that improves the 
hyperfine field at 2b and 12 k sites. Additionally, the dis-
similarity of ionic radius between Co2+ (0.74 A°) and Fe3+ 
(0.64 A°) will affect the distance between different ions 
and consequently lead to strengthening the super-exchange 
interaction. Likewise, the preferred site occupancy of the 
substituted ions has a significant impact on the Ms values 
[32, 33]

Based on the Stoner–Wohlfarth (S–W) approach, the 
saturation magnetization (Ms) values can be deduced by 
extrapolating curves of M vs 1/H2 to approach 0 [32, 33]. 

Plots of M vs 1/H2 for 50 BCFO/50NBR hexa-nanoferrites 
are illustrated in Fig. 10a–f.

It is noticeable that the nano-hexaferrites exhibit Mr/Ms 
values around 0.5, which indicates the uniaxial anisotropy 
for the prepared samples according to the S–W approach 
[32, 33]. We note that the values of Ms are estimated via the 
following expression [32, 33]:

Consequently, β is a constant that relates to the magneto-
crystalline anisotropy. The effective anisotropy constant 
(Keff) can be deduced as follows [32, 33]:

(5)M = Ms

[

1 −
�

H2

]

(a) (b) (c)

(d)
(e) (f)

Fig. 10   a–d Magnetic hysteresis loops for BFCO, NBR and NBR/BFCO. e–f Fitting plot between M versus 1/H2 for BFCO and NBR/BFCO

Table 2   The area of the hysteresis loop, coercivity (Hc), saturation magnetization (Ms), remanent magnetization (Mr), exchange bias (EB), 
Squareness (Mr/MS), the effective anisotropy constant (Keff) and the anisotropy field (Ha)

Magnetic parameters Area (erg/g) 103 Hc (Oe) Ms (emu/g) (Mr) (emu/g) EB (Oe) Mr/MS Keff 
(emu Oe g−1)  × 103

Ha (Oe)  × 103

BFCO 665.300 4341 60.03 31.810 4.75 0.533 2599 87.170
50BFCO/50NBR 65.109 4462 5.764 3.001 2.6 0.529 99.8 35.238
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The Keff varies due to changes in magnetic anisotropy 
sources such as shape and surface anisotropies, as well as 
the strengthening (or weakening) of magnetic interaction 
among NPs. The addition of NBR with BCFO composites 
is the main causes for the detected change.

The anisotropy field (Ha) can be determined as follows 
[32]:

The calculated values of Ha are large, which implies that 
our produced composites are magnetically hard. From the 
table, it is noticeable that the Hc values are slightly increased 
by the addition of NBR compared to parent BCFO hexafer-
rite. It is highest for BCFO hexaferrite with values around 
4341 and 4462 Oe, for BCFO and BCFO/NBR, respectively. 
The increase in Hc is due to the defects in the composi-
tion and polymerization processes, which may act as pin-
ning centers during the magnetization reversal process [33]. 
Additionally, the interaction between the BCFO and NBR 
will change the surface charge density and the electron spin 
mechanism of the BCFO NPs and also reduce the resistance 
of the domain wall displacement of the BCFO in the NBR/
BCFO. This increase in NBR-coated BCFO suggests that 
the prepared nanocomposite products could be very promis-
ing candidates for a wide range of magnetic and mechanical 
applications. The Hc is intrinsically influenced by particle 
size, composition, defects, and the exchange interaction 
[34]. Moreover, the contribution of magneto-crystalline 
anisotropy to Hc is dominant in hard magnetic NPs. It can-
not be ignored, as it was in the case of soft ferromagnetic 
nanoparticles.

(6)K
eff

= Ms

[

15�

4

]1∕2

(7)Ha =
2Keff

Ms

3.2.2 � The switching field distribution (SFD)

The SFD is defined by the following equation, which is 
another essential magnetic characteristic [35].

where ΔH denotes the full width at half maximum of the 
differentiated curve dM/dH shown in Fig. 11a–b). SDF 
equals 4636, and 4876 for BFCO and NBR/BFCO, respec-
tively. This value represents the energy barrier distribution 
in a nanoparticle system, which is accompanied by a parti-
cle coercivity distribution. In general, the SFD is linked to 
recording characteristics such as optimal bias current and 
noise.

The derivative curves give useful information on the mag-
netic characteristics of the system. The formation of two 
peaks in SFD, on the other hand, indicates a competition 
between strong dipolar interactions and exchange coupling 
[35].

3.3 � Rheometric and mechanical measurements

However, the mechanical parameters of the studied samples 
are checked after vulcanization at tc90. For the evaluation of 
the mechanical parameters of the examined NBR/BFCO, 
tensile strength (TS), elongation at break (EB), modulus 
(E), and hardness (H) are tabulated in Table 3. The addi-
tion of 50% weight of BaFe11.5 Co0.5O19 with 50% weight of 
EPDMNBR increases the mechanical parameters compared 
to the pure NBR samples. The addition of BFCO with NBR 
matrix increases the cross-linking between rubber mole-
cules, reducing their mobility and thus increasing the modu-
lus and strength [7]. At the same time, refining the “H” and 
other mechanical parameters. The results indicate that the 

(8)SDF =
ΔH

HC

(a) (b)

Fig. 11   a–b Switching field distribution for a BFCO b NBR/BFCO
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BFCO ferrite NPs act as good reinforcing material for NBR. 
This is due to the homogeneous dispersion of ferrite NPs in 
NBR matrix, which leads to an increase in the interfacial 
forces between ferrite and rubber. This can be attributed to 
the homogeneous dispersion of ferrite nanoparticles in NBR 
matrix, increase in the interfacial forces between BaFe11.5 
Co0.5O19 and NBR.

The Torque values such as ML (Minimum Torque) and 
MH (Maximum Torque), Time values such as ts2 (Scorch 
time) and tc90 (optimum cure time), Cure Rate Index (CRI), 
Tensile strength (T.S), Young’s modulus (E) and hardness 
(H) are enhanced after the addition of BFCO nanoparticles 
to NBR polymer listed as detected in Table 3.

4 � Conclusion

The major goal of this study is to improve the physical prop-
erties of the investigated composites and yield obtaining 
hard magnetic materials with good mechanical properties to 
get more applicable material. The obtained data indicate that 
the Ba Co0.5Fe11.5O19 nanoferrites act as good strengthening 
material for NBR. The addition of 50% weight of hexaferrite 
with 50% weight of NBR increases the mechanical param-
eters compared to the pure NBR samples. The originality 
of this investigation is clarified from emphasizing the mag-
netization of NBR and to accentuate the good mechanical 
properties of the investigated nanocomposites.

The addition of NBR with BCFO composites decreases 
the effective anisotropy constant (Keff) due to changes in 
magnetic anisotropy sources such as shape and surface ani-
sotropies, as well as the strengthening (or weakening) of 
magnetic interaction among NPs.

Finally, the preparation of magnetic material (Ba 
Co0.5Fe11.5O19) with a polymer (NBR) allowed for the crea-
tion of a nanocomposite that possesses mechanical as well as 
magnetic properties, opening variety of applications.
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