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Abstract: The effect of non-magnetic oxides such as Al2O3, TiO2 and ZnO on the microwave absorption properties 
of magnetoplumbite barium hexaferrite (BaFe11.8Co0.2O19) is analyzed. Barium hexaferrite nanoparticles are 
synthesized through the sol-gel auto-combustion method. BaFe11.8Co0.2O19-Al2O3, BaFe11.8Co0.2O19-TiO2 and 
BaFe11.8Co0.2O19-ZnO composites are synthesized in a 1:1 ratio through mechanical mixing and heat treatment. 
The epoxy composites are fabricated with 50% loading of BaFe11.8Co0.2O19-Al2O3, BaFe11.8Co0.2O19-TiO2 and 
BaFe11.8Co0.2O19-ZnO in epoxy matrix followed by room temperature curing. The powder XRD analyses showed 
homogeneous distribution of BaFe11.8Co0.2O19 and Al2O3 in BaFe11.8Co0.2O19-Al2O3 composite while TiO2 and ZnO 
phases dominate in BaFe11.8Co0.2O19-TiO2 and BaFe11.8Co0.2O19-ZnO composites, respectively. Scanning electron 
microscopy shows the evenly distributed BaFe11.8Co0.2O19 and Al2O3 in BaFe11.8Co0.2O19-Al2O3 composites. The 
electromagnetic characterization calculated from experimental permittivity and permeability shows reflection loss 
RL ≤ -10 dB (≥ 90% absorption) for a very small thickness of 0.5 mm over the entire X-band (8-12 GHz) for 
BaFe11.8Co0.2O19-Al2O3 composites. BaFe11.8Co0.2O19-TiO2 and BaFe11.8Co0.2O19-ZnO show RL < - 8 dB with a 
thickness of 2.5 mm over the frequency range 8–9.7 GHz and RL < - 8 dB with a thickness of 3.6 mm over 8.7-
11.1 GHz, respectively. Further, when compared with BaFe11.8Co0.2O19 alone (RL < -7 dB at 3.2 mm in 8-11 GHz), 
the BaFe11.8Co0.2O19-Al2O3 composite is superior both in terms of the thickness of the coating as well as the 
percentage absorption in the X-band. 
Keywords: Barium hexaferrite; Alumina; Titania; Zinc oxide; Electromagnetic absorption; X-band.  

 
 
1. Introduction 

 
Electromagnetic (EM) wave radiation in the gigahertz (GHz) range is the frequency for wireless communication 

tools and localized network systems and has been extensively used in recent days. The excessive use of EM waves 
in industrial, commercial and military applications is causing electromagnetic interference (EMI) pollution which 
is hazardous for human health. On one hand, electromagnetic interference pollution deteriorates the lifetime of 
communication devices e.g. cell phones, laptops and Bluetooth gadgets, commercial appliances e.g. microwave 
ovens and integrated electrical circuits present in automobiles. On the other hand, electromagnetic interference 
pollution causes several health problems such as anxiety, headache, sleeping disorder, etc. Electromagnetic wave 
absorption materials can absorb the microwave radiation energy generated from communication devices, 
commercial appliances and others and thereby attracted considerable attention as a promising candidate to replace 
metallic materials [1-5]. 

The fundamental of the electromagnetic absorbing materials is to successfully decrease the reflection of 
electromagnetic signals over the wide frequency range. The microwave absorber materials should absorb in the 
wide frequency range and sufficiently tough in a small thickness of materials. Therefore, the absorbing material 
should be such that the incident wave can penetrate the absorber material by a larger degree, i.e. zero reflection 
(impedance matching characteristics) and the electromagnetic wave inflowing the material should be entirely 
attenuated and absorbed within the limited depth of the materials, i.e. zero transmission (attenuation characteristics) 
[1]. 

The microwave absorption of absorbing materials is determined by complex permittivity (εr) and complex 
permeability (μr) that describes the interaction of absorbing materials with an electric field ( 𝜀𝜀𝑟𝑟 = 𝜀𝜀′ +
𝑗𝑗𝜀𝜀′′;  tan 𝛿𝛿𝜀𝜀 = 𝜀𝜀′

𝜀𝜀′′
) and magnetic field (𝜇𝜇𝑟𝑟 = 𝜇𝜇′ + 𝑗𝑗𝜇𝜇′′;  tan 𝛿𝛿𝜇𝜇 = 𝜇𝜇′

𝜇𝜇′′
), respectively, where ε′ and μ′ are the real part, 

ε′′ and μ′′ are the imaginary part and tan δ represents the loss tangent. The principle of an electromagnetic wave 
absorber is determined by the reflection loss (RL) that is to develop the reflection reduction by impedance matching. 
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The mechanism of reflection loss is governed by dielectric loss and magnetic loss. Dielectric loss happens due to 
polarization relaxation and conduction loss, whereas, magnetic loss occurs due to eddy current effect, natural 
resonance and domain wall resonance. The proper combination between dielectric and magnetic losses is the 
precondition to achieve efficient microwave absorption [6]. 

M-type barium ferrite is the best candidate material as electromagnetic absorption in the microwave region, due 
to high Curie temperature (TC ~ 723 K), high saturation magnetization (72 emu/g), high coercivity (0.67 T), high 
uni-axial magnetic anisotropy (17.2 kOe) along c-axis and high microwave magnetic loss and excellent chemical 
stability [7-10]. The external doping at Ba2+ and Fe3+ sites of hexagonal ferrite further improves the magnetization 
and the magnetic anisotropy of barium hexaferrite. The effect of single doping [11-17] by transition metal ions and 
a few rare-earth ions and co-doping [18-26] by a combination of them are investigated. While Fe3+ is substituted 
by non-magnetic ions such as the Zn2+ tetrahedral position, it produces a domain that opposes the magnetic moment 
at the octahedral position causing an increase in saturation magnetization and a decrease in the coercive field. On 
the other hand, the substitution of Fe3+ by magnetic ion e.g. Co2+ with 3 μB magnetic moments, causes a decrease 
in both saturation magnetization and coercive field. The lower effective magnetic moment of Co2+ (3 μB) in 
comparison with Fe3+ (5 μB) is the reason behind the decrease in saturation magnetic moment due to Co-doping. 
Further, the lower positive charge on Co2+ in comparison with Fe3+ causes a reduction in crystal field strength and 
magnetic interaction among the magnetic ions resulting in the low coercive field in Co-substituted barium 
hexaferrite. 

We have explored the effect of particle size on magnetic and electromagnetic properties of Co-doped Barium 
hexaferrite (BaFe11.8Co0.2O19) that showed broader absorption in the range of 8-18 GHz (X-band) with RL ≤ -7 db 
for the samples with particles size ≤ 20 nm [27]. In this paper, we report the effect of non-magnetic oxides as 
additional filler on the electromagnetic properties of barium hexaferrite. The effect on microwave absorption of 
barium hexaferrite on the inclusion of highly insulating Al2O3, high dielectric TiO2 and conducting ZnO is explored 
in non-magnetic oxide/epoxy composites of BaFe11.8Co0.2O19-Al2O3, BaFe11.8Co0.2O19-TiO2 and BaFe11.8Co0.2O19-
ZnO, respectively. 
 
2. Experimental details 
 
2.1 Synthesis 

For the synthesis of BaFe11.8Co0.2O19, high purity precursors Ba(NO3)2 (Alfa Aesar, 99%), Fe(NO3)3.9H2O (Alfa 
Aesar, 98%), Co(NO3)2.6H2O (Sigma Aldrich, 98%) and citric acid (Alfa Aesar, 99.5%) were used. The 
polycrystalline powder of BaFe11.8Co0.2O19 (BFC) was prepared by the sol-gel auto-combustion method. An 
aqueous solution of the above metal nitrates was mixed with citric acid with metal to the citric acid molar ratio of 
1:1 to form the sol with pH<1, which resulted in gel formation upon boiling at 353 K. While the temperature was 
raised to 423 K, auto-combustion took place with the ignition of viscous gel followed by the formation of the 
ferrite particles. The powder was ground and kept at 773 K for 3 hours in the muffle furnace, followed by 1073 K 
for 5 hours and 1473 K for 3 hours with several intermittent grinding. The described process produced 
BaFe11.8Co0.2O19 [27].  

For the preparation of the composites of BaFe11.8Co0.2O19-Al2O3 (BFC-A), BaFe11.8Co0.2O19-TiO2 (BFC-T) and 
BaFe11.8Co0.2O19-ZnO (BFC-Z), high purity oxides Al2O3 (Alfa, Aesar, 99%), TiO2 (Alfa Aesar, 99.5%) and ZnO 
(Alfa Aesar, 99.99%) were used. The BFC-A, BFC-T and BFC-Z composites were prepared with a 1:1 ratio of 
BFC and other oxides in each case. The mixture of BFC and other oxide were ground in mortar pestle for several 
hours. Ethanol was used as grinding media for effective and homogeneous mixing. After milling, the powder was 
dried in the oven at 100 ⁰C. The dried powder was annealed at 700 ⁰C for 5 hours to form the composites of BFC-
A (BaFe11.8Co0.2O19-Al2O3), BFC-T (BaFe11.8Co0.2O19-TiO2) and BFC-Z (BaFe11.8Co0.2O19-ZnO).  

For electromagnetic characterization, BFC-A/epoxy, BFC-T/epoxy and BFC-Z/epoxy composites were 
fabricated.  The epoxy composites were fabricated using the epoxy resin Araldite LY5052 as the matrix material, 
whereas Aradur LY5052 was used as the curing agent. Epoxy resin and curing agent in the weight ratio of 10:3 
were used to obtain the complete polymerization. Metal oxides of BFC-A, BFC-T and BFC-Z were distributed 
uniformly in the epoxy resin with 50% loading under constant mixing and degassing under vacuum to remove the 
bubbles. The prepared slurry was then mixed with a curing agent and poured in a rectangular mould of dimension 
square block of 25 mm × 25 mm × 5 mm and degassing under vacuum is continued to remove the bubbles. The 
samples were post cured at room temperature for a few days before being taken for characterization. 
 
2.2 Characterization 

The phase determination was done through powder x-ray diffraction on M/s. Bruker D8 Advance x-ray 
diffractometer with Ni-filtered Cu Kα radiation. The morphology of the powder samples was investigated by 
scanning electron microscopy (SEM) using a Carl Zeiss EVO18 SEM. The EM material characterization 
measurements were carried out to extract the complex permittivity and permeability (ε'-iε", μ'-iμ") of the BFC 
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composites in the desired frequency range of 8–12 GHz. It is well known that the permittivity and permeability of 
a material are essentially a result of the electronic, ionic, and intrinsic electric dipole polarization, and associated 
magnetic properties. Moreover, these parameters depend on the size, structure, and geometrical morphology of the 
material. It was a waveguide system having a sample holder with specific dimensions as per the frequency range. 
The vector network analyzer was used to measure S-parameters and hence the permittivity and permeability of the 
material sample. The dimension of the pellets used for X-band (8-12 GHz) was 22.93 mm × 10.19 mm × 5.08 mm. 

 

 
Figure 1. XRD pattern of (a) BaFe11.8Co0.2O19 (BFC) nano-powder, (b) BFC-Al2O3 composite, (c) BFC-TiO2 
composite and (d) BFC-ZnO composite. 

 
3. Results and discussion 
 
3.1 Powder X-Ray diffraction analyses 

The XRD patterns of BFC, BFC-A, BFC-T and BFC-Z composites are shown in Figure 1. Figure 1a shows 
powder x-ray diffraction patterns BFC (BaFe11.8Co0.2O19) that is found to be phase pure. Most of the peaks are 
indexed as M-type barium hexaferrite with P63/mmc space group (PCD No. 1714630). This along with the TEM 
micrographs (Figure 2) concludes the formation of phase pure barium hexaferrite nano-particles [27]. Figure 1b 
shows the XRD pattern of BFC-A (BaFe11.8Co0.2O19-Al2O3). The BFC-A XRD patterns display all the crystal 
planes attributed to the crystal structure of M-type barium hexaferrite (PCD No. 1714630) along with all the peaks 
of the rhombohedral system of α-Al2O3 with space group R-3c, e.g. (012), (104), (110), (113), (024), (116), (214) 
and (300) (JCPDS File No. 85-1337). The absence of any other phase indicates the composite formation of 
BaFe11.8Co0.2O19-Al2O3. 

Figure 1c exemplifies the diffractogram of sintered powder of BFC-T (BaFe11.8Co0.2O19-TiO2) pertaining to 
BFC and TiO2 in a 1:1 ratio. Similar to BFC-A, all the observed peaks of the x-ray diffraction patterns can be 
indexed with the M-type barium hexaferrite system with space group P63/mmc and tetragonal TiO2 (JCPDS File 
No. 86–1157) with space group I41/amd. The sharp and strong peaks of stable tetragonal TiO2 phase are present 
and signify that the samples have crystalline phase, and no other phases of TiO2 are observed. The predominant 
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peaks of TiO2 in comparison with BFC exhibit a higher scattering phenomenon of TiO2 rich zone in comparison 
with BFC rich one. 

The composition of the BFC-Z (BaFe11.8Co0.2O19-ZnO) composite is studied by XRD pattern and it is 
represented in Figure 1d. It is validated the presence of both M-type barium hexaferrite and wurtzite ZnO (JCPDS 
No. 80–0075) with space group P63mc in the XRD pattern. Similar to BFC-T, the more intense peaks of ZnO in 
comparison with BFC indicate the higher scattering phenomenon of ZnO-rich zone in comparison with BFC-rich 
one. 

On closure look on the powder XRD pattern of BFC-A, BFC-T and BFC-Z, it can be observed that, in BFC-A, 
there is a homogeneous distribution of hexaferrite and alumina phases in the composite matrix. However, in both 
the cases of BFC-T and BFC-Z, the TiO2 and ZnO phases predominate, respectively. 

 
Figure 2. Low resolution transmission electron microscopy (LRTEM) image of BFC 

3.2 Scanning Electron Microscopy (SEM) analyses 
Figure 3 shows the scanning electron micrograph of BFC-A, BFC-T and BFC-Z composites and the 

corresponding EDX recorded to understand the composition of the composites as shown in the inset. The SEM 
images of the BFC-A composite show well distribution of Al2O3 plates and BaFe11.8Co0.2O19 nanoparticles (Figure 
3a). In agreement with the XRD pattern, the SEM images confirm the homogeneous distribution of hexaferrite and 
alumina in the BFC-A composites.  

 
Figure 3. SEM micrograph of (a) BFC-Al2O3, (c) BFC-TiO2 and (d) BFC-ZnO composites. Inset shows the EDX 
of (a) BFC-Al2O3, (c) BFC-TiO2 and (d) BFC-ZnO composites, respectively 
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The SEM image of the BFC-T composite shows the BaFe11.8Co0.2O19 nanoparticles evenly distributed all around 
the TiO2 particles. It is clear from the morphology that BFC-T composites have TiO2 matrix as the major 
component with particle size ranging from 2-10 μm (Figure 3b). BFC-Z composite also shows similar features like 
BFC-T (Figure 3c). The hexagonal nano-platelet of Ba-hexaferrite is evenly distributed in the columnar wurtzite 
grains of ZnO. 

 
3.3 Electromagnetic wave absorbing properties 

The complex permittivity (ε′, ε") and permeability (μ′, μ") spectra of BFC-A, BFC-T and BFC-Z are plotted as 
a function of frequency along with BFC for comparison in the frequency range of 8-12 GHz. The real part of 
complex permittivity and permeability are mainly related to the extent of polarization happening in the material 
and it implies the storage ability of the electric and magnetic energy. On the other hand, the imaginary part of 
permittivity and permeability accounts for dielectric and magnetic loss, respectively [1]. The complex 
permittivities (εr = ε′ - jε′′), complex permeabilities (μr = μ′ - jμ′′), dielectric loss tangent (tan δε = ε′′/ε′) and magnetic 
loss tangent (tan δμ = μ′′/μ′) spectra in 8-12 GHz for BFC-A/epoxy, BFC-T/epoxy and BFC-Z/epoxy composites 
are shown at Figure 4, Figure 5 and Figure 6, respectively, in comparison with BFC-epoxy composite. 

 
Figure 4. Measured (a) permittivities and (b) permeabilities in 8-12 GHz for BFC-Al2O3 compositions (red solid 
and open symbol) in comparison with (a) permittivities and (b) permeabilities of BFC (blue solid and open symbol) 
where solid symbols and open symbols represent real and imaginary parameters. The (c) dielectric loss tangent 
(tan δε) and (d) magnetic loss tangent (tan δμ) spectra for BFC-A in comparison with BFC. 

 
The real part of the complex permittivity of BFC-A is slightly higher than that of BFC while the imaginary part 

is slightly less up to 10.3 GHz and then equalizes (Figure 4a). This may be because of incorporation of insulating 
Al2O3 phases in the BFC-A composite. The ε′ is consistent with the frequency indicating that polarization of the 
dielectric dipole and oscillation of the electric field vector is in-phase with each other. The ε′′ is initially consistent 
with the frequency but suddenly increases at 10.3 GHz. This could be associated with the loss process through the 
oscillation of the dipoles [28]. Actually, dielectric loss undergoes different loss mechanisms with the increase of 
frequencies. At low frequency, the loss is calculated by the leak conductance and is independent of the frequency. 
At microwave frequency, the dielectric losses are associated with electric conductance and relaxation polarization 
loss. Therefore, the increase in the imaginary component of the permittivity may be the outcome of the increase 
of the electric conductance loss as well as the relaxation polarization loss. BFC has a better dielectric loss (tan δε) 
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than BFC-A composites (Figure 4c). The real part of the complex permeability of BFC-A is slightly lower than 
that of BFC while the imaginary part supersedes BFC above 10 GHz (Figure 4b). The lower value of μ′ in the case 
of BFC-A is due to the incorporation of non-magnetic Al2O3 in the magnetic ferrite matrix of BFC. Further, it is 
observed that μ′ gradually decreases as frequency increases that may be because of domain wall motion and 
relaxation. The magnetic loss (tan δμ) of BFC-A is better than BFC (Figure 4d). The peak observed at 10.3 GHz 
for BFC-A in both the imaginary part of permittivity and permeability can be attributed to domain wall 
displacement between BFC and Al2O3 grains. This phenomenon is reflected in the dielectric and magnetic loss 
spectra also. 

 
Figure 5. Measured (a) permittivities and (b) permeabilities in 8-12 GHz for BFC-TiO2 compositions (magenta 
solid and open symbol) in comparison with (a) permittivities and (b) permeabilities of BFC (blue solid and open 
symbol) where solid symbols and open symbols represent real and imaginary parameters. The (c) dielectric loss 
tangent (tan δε) and (d) magnetic loss tangent (tan δμ) spectra for BFC-T in comparison with BFC. 

 
In the case of BFC-T, both the real and imaginary parts of the complex permittivity of BFC-T are slightly lower 

than that of BFC (Figure 5a). On the other hand, BFC-T has a better dielectric loss (tan δε) than BFC up to 10 GHz 
(Figure 5c). The incorporation of highly dielectric material TiO2 in BFC-T composite is the probable reason behind 
it. The real part of the complex permeability of BFC-T is almost equivalent to BFC while the imaginary part is 
higher (Figure 5b). The magnetic loss (tan δμ) of BFC-T is also better than BFC up to 10 GHz (Figure 5d). The 
peak observed at 9.3 GHz for BFC-T in both the real and imaginary part of permeability can be ascribed to 
magnetic resonance and domain wall motion. This phenomenon is reflected in the magnetic loss spectra also. 

On the other hand, both the real and imaginary parts of the complex permittivity of BFC-Z are slightly higher 
than that of BFC (Figure 6a) up to 10.5 GHz. The increase in complex permittivities due to the incorporation of 
ZnO is related with interfacial polarization arising from the accumulation of charge carriers at the interface region.  
According to Maxwell–Wagner effect, the reason behind the interfacial polarization is the accumulation of charge 
carriers between two components of the composites having varying dielectric constants and conductivity [29]. The 
incorporation of conducting ZnO in BFC-Z composite produces heterogeneous interfaces that enhance the 
dielectric permittivity. Further, according to free-electron theory, ε′′ is inversely proportional to resistivity and 
frequency. Conducting oxide ZnO forms a conducting net when introduced into the BFC-Z composites that lead 
to lower resistivity leading to higher ε′′. This is reflected in the dielectric loss factor where BFC-Z has a better 
dielectric loss (tan δε) than BFC up to 10 GHz (Figure 6c). The real part of the complex permeability of BFC-Z is 
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slightly lower than BFC while the imaginary part is higher (Figure 6b). The magnetic loss (tan δμ) of BFC-Z is 
also better than BFC up to 10 GHz (Figure 6d). 

 
Figure 6. Measured (a) permittivities and (b) permeabilities in 8-12 GHz for BFC-ZnO compositions (green solid 
and open symbol) in comparison with (a) permittivities and (b) permeabilities of BFC (blue solid and open symbol) 
where solid symbols and open symbols represent real and imaginary parameters. The (c) dielectric loss tangent 
(tan δε) and (d) magnetic loss tangent (tan δμ) spectra for BFC-Z in comparison with BFC. 
 
3.4 The reflection loss 

The principle of microwave absorption of a material is governed by two important factors; good impedance 
matching characteristics and a strong attenuation capability. The attenuation capability of the material is closely 
related to complex permittivity, complex permeability, thickness, conductance and the structure of the absorber. 
This eventually helps EM waves to penetrate the materials efficiently with minimal reflection at the interfaces. 
The reflections from the surface of the absorber are minimized if the characteristic impedance of the absorber is 
close to the free space impedance. Reflection loss (RL) correlates the impedance matching characteristics and 
attenuation capability of the absorber material. The reflection loss (RL) of electromagnetic waves was calculated 
from the relative permeability and permittivity at the specified frequency and absorber thickness as follows [1,6]: 

 

𝑍𝑍1 = �
𝜇𝜇𝑟𝑟
𝜀𝜀𝑟𝑟
𝑡𝑡𝑡𝑡𝑡𝑡ℎ �𝑗𝑗

2𝜋𝜋𝜋𝜋𝜋𝜋
𝑐𝑐 �𝜇𝜇𝑟𝑟𝜀𝜀𝑟𝑟� 

𝑅𝑅𝐿𝐿 = −20𝑙𝑙𝑙𝑙𝑙𝑙 �
𝑍𝑍1 − 𝑍𝑍0
𝑍𝑍1 + 𝑍𝑍0

� 

 
where, Z1 is material impedance, Z0 is the impedance of free space, f is frequency of the electromagnetic wave, d 
is thickness of an absorber and c is the velocity of light. 

To analyze the reflection coefficient (dB) of the developed BFC-A, BFC-T and BFC-Z composites for X-band 
frequencies (8-12 GHz), the material layer is placed over the perfect electric conductor (PEC) plate. Since the 
transmission through the PEC plate would be negligible, one can relate the absorption performance of the coating 
in terms of the reflection coefficient. We have reported previously, BFC alone with a coating thickness of 3.2 mm 
shows RL ˂  -7 dB in 8-11 GHz which corresponds to the absorption close to 80% [27]. Figure 7 shows the reflection 
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coefficient (dB) of BFC-A, BFC-T and BFC-Z composites simulated from the experimental permittivity and 
permeability. It is apparent that the material BFC-A shows low reflection for a very small thickness of 0.5 mm 
over the entire X-band. The RL ≤ -10 dB corresponds to the absorption of 90% or more for the incident 
electromagnetic (EM) waves. On the other hand, the BFC-T shows RL < -8 dB with a thickness of 2.5 mm over a 
narrow frequency range 8–9.7 GHz which corresponds to the absorption greater than 80%.  Similarly, BFC-Z 
shows reflection RL < -8 dB with a thickness of 3.6 mm over a narrow frequency range of 8.7 to 11.1 GHz. Table 
1 summarizes the results of reflection loss of the developed composites in comparison with BFC alone. The 
corresponding absorption performance of the materials is shown in Figure 8. Therefore, the reflection coefficient 
analysis conclude that BFC-A performs better in much lower thickness and results in absorption of 90% or more 
for the entire X-band frequencies. This can easily be correlated with the structural analyses that show homogeneous 
distribution of insulating Al2O3 and magnetic BaFe11.8Co0.2O19 phases in BFC-A composite according to powder 
XRD and SEM micro-structural analysis. Further, when compared with BFC alone, the BFC-A is superior both in 
terms of the thickness of the coating as well as the percentage absorption in the X-band. The absorption of BFC-
A composite (RL ≤ -10 dB at thickness of 0.5 mm) is 10% higher than BFC alone (RL < -7 dB at thickness of 3.2 
mm) in 8-12 GHz in much lower thickness [27]. Therefore, it can be concluded that the addition of insulating 
Al2O3 in the Ba-hexaferrite matrix drastically improves the electromagnetic absorption properties at a nominal 
thickness (less weight penalty) of coating and therefore BFC-A can be considered as a potential candidate of radar 
absorbing material for stealth applications. 
 

 
Figure 7. Reflection coefficient of the developed materials coating over conducting plate with different thickness 
(a) BFC-Al2O3, coating thickness = 0.5 mm, (b). BFC-TiO2, coating thickness = 2.5 mm and (c) BFC-ZnO, coating 
thickness = 3.6 mm. 
 

 
Figure. 8. Absorption performance of (a) BFC-Al2O3, (c) BFC-TiO2 and (d) BFC-ZnO composites in X-band 
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Table 1. The reflection loss, percentage absorption and thickness of the material 
Compositions Reflection loss (RL) 

(dB) 
% Absorption Frequency 

(GHz) 
Thickness (mm) 

BaFe11.8Co0.2O19-Al2O3 ≤ -10 ≥ 90 8 – 12 0.5 
BaFe11.8Co0.2O19-TiO2 < -8 > 84 8 – 9.7 2.5 
BaFe11.8Co0.2O19-ZnO < -8 > 84 8.7 – 11.1 3.6 
BaFe11.8Co0.2O19 < -7 > 80 8 – 11 3.2 

 
4. Conclusions 

 
In this paper, we have discussed how the presence of non-magnetic oxides such as insulating Al2O3, highly 

dielectric TiO2 and conducting ZnO affect the magnetic and electromagnetic properties of Co-doped barium 
hexaferrite. Incorporation of non-magnetic oxide in the ferrite matrix causes composite formation where there is 
equal distribution of heterogeneous phases in the case of BaFe11.8Co0.2O19-Al2O3. On the other hand, TiO2 and ZnO 
phases predominate for BaFe11.8Co0.2O19-TiO2 and BaFe11.8Co0.2O19-ZnO composites, respectively. This correlates 
well with the electromagnetic properties of BaFe11.8Co0.2O19-Al2O3, which shows reflection loss ≤ -10 dB (≥ 90% 
absorption) for a very small thickness of 0.5 mm over the entire X-band. Further, BaFe11.8Co0.2O19-Al2O3 
composite not only over perform the other two composites, it also proves superior to BaFe11.8Co0.2O19 nanoparticles 
both in terms of the thickness of the coating as well as the percentage absorption in the X-band. 
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