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Nanocomposites based on Cu-doped nickel zinc ferrite and lead zirconium titanate exhibited signi�cant microwave absorbing
properties in the X-band (8.2–12.4GHz) region. Coprecipitation and homogeneous precipitation methods were utilized to
synthesize Cu-doped nickel zinc ferrite (Cu0.2Ni0.4Zn0.4Fe2O4) and lead zirconium titanate (Pb(Zr0.52Ti0.48)O3) nanoparticles,
respectively. To develop nanocomposites, dispersion of these nanoparticles into epoxy resin (LY665) polymeric matrix was
carried out by using mechanical stirrer. Phase analyses of the nanoparticles were done by X-ray diffraction (XRD). Moreover,
morphological characterization was done by scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
Energy dispersive X-ray spectroscopy (EDS) con�rmed the chemical constituents present in the nanocomposites. Complex relative
permittivity (𝜀𝜀𝑟𝑟 = 𝜀𝜀′−𝑗𝑗𝜀𝜀′′) and complex relative permeability (𝜇𝜇𝑟𝑟 = 𝜇𝜇′−𝑗𝑗𝜇𝜇′′) values of the nanocompositesweremeasured in different
microwave frequencies in the X-band (8.2–12.4GHz) region by employing vector network analyzer (model PNA E8364B), and
return loss (dB) values were calculated to identify the microwave absorbing performance of the present nanocomposites. Brilliant
microwave absorbing properties have been achieved by the nanocomposites with theminimum return loss of−49.53 dB at 8.44GHz
when sample thickness was 3mm. For the present nanocomposites, mainly dielectric loss was responsible for loss mechanism.

1. Introduction

In recent decades, low-cost, light weight microwave absorb-
ing materials in the gigahertz frequency range have attracted
in both commercial and military purposes. e microwave
absorbing materials are employed to reduce the electromag-
netic re�ection from metal plates such as air cra�s, tanks,
ships, and electronic equipments [1–4].ese classes ofmate-
rials are very interesting because of their unique absorbing
properties ofmicrowave energy and used in different applica-
tions like reduction of radar (Radio Detection and Ranging)
cross-sectional area, television image interference of high rise
building, microwave dark-room, shielding of electromag-
netic interference [5–7], and so forth. In the present research
work, we focused on the development of radar absorbing
materials mainly for military purposes. To absorb microwave
energy, there are several materials that are acting as radar
absorbers including dielectric andmagneticmaterials [8–10].
Extensive literature survey has been carried out to prepare

radar absorbing materials with a high dielectric and mag-
netic loss [11–14]. Based on our knowledge, we have taken
Cu0.2Ni0.4Zn0.4Fe2O4 (Cu-NZF) nanoparticles as ferromag-
netic material and Pb(Zr0.52Ti0.48)O3(PZT) nanoparticles as
ferroelectric material. Both the particles have been mixed in
different compositions, that is, 3 : 1, 1 : 1, and 1 : 3 ratios by
using ball mill for 1 hour. Epoxy resin, polyurethane, poly
chloroprene, EPDM, and so forth can be utilized as polymeric
matrix. Epoxy resins have unique properties like excellent
adhesive, chemical and heat resistance, excellent mechanical
properties, and very good electrical insulating properties.e
composite materials were developed by distributing these
mixture particulates into epoxy resin matrix. To investigate
possiblemechanismofmicrowave power absorption, we have
measured complex relative permittivity (𝜀𝜀𝑟𝑟 = 𝜀𝜀′ − 𝑗𝑗𝜀𝜀′′), and
permeability (𝜇𝜇𝑟𝑟 = 𝜇𝜇′ − 𝑗𝑗𝜇𝜇′′) values of the nanocomposites
by employing vector network analyzer (model PNA E8364B).
According to transmission line theory, the return loss (dB)
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T 1: Compositions and maximum absorbing properties of the developed nanocomposites.

Sample code Composition (30% �ller) minimum return loss (−dB) Frequency (GHz) Matching thickness (mm)
Sample-1 Cu-NZF 29.85 8.79 3
Sample-2 Cu-NZF/PZT (3 : 1) 43.82 8.95 3
Sample-3 Cu-NZF/PZT (1 : 1) 49.53 8.44 3
Sample-4 Cu-NZF/PZT (1 : 3) 46.36 9.04 2.75
Sample-5 PZT 37.46 8.37 3

values were evaluated from the permittivity and permeability
values at a given frequency and a certain absorber thickness
by using the expression [15] 𝑅𝑅𝐿𝐿 = −20 log10[|(𝑧𝑧in −𝑧𝑧0)/(𝑧𝑧in +
𝑧𝑧0)|], where 𝑧𝑧in = 𝑧𝑧0(𝜇𝜇𝑟𝑟/𝜀𝜀𝑟𝑟) tanh[(−𝑗𝑗2𝑗𝑗/𝑗𝑗)(√𝜀𝜀𝑟𝑟𝜇𝜇𝑟𝑟)𝑓𝑓𝑓𝑓] is
the characteristic input impedance of absorber, 𝑍𝑍0 is the
free space impedance, f is the frequency of electromagnetic
wave, d is the thickness of absorber, and 𝑗𝑗 is the velocity
of light. To get superior microwave absorbing properties,
the characteristic input impedance of an absorber should
be equal to the impedance of free space with a certain
thickness of absorber, that is, 𝑍𝑍in =𝑍𝑍0. e better results
come when impedance match occurred. Characteristic input
impedance depends on permittivity, permeability, operating
frequency, and thickness of the absorbers. At a particular
operating frequency, permittivity and permeability values of
an absorber are the same but at different sample thickness,
the absorber exhibited different absorbing properties. At a
particular thickness, the absorber showed maximum return
loss; that is, impedance matching occurred at one particular
sample thickness. It is a well-known fact that permeability
values are less important at higher frequency in the GHz
range due to Snoek’s limit [16]. In case of the present
absorbers, the microwave power absorption occurs mainly
due to dielectric loss.

2. Experimental Section

2.1. Materials. Titanium tetrachloride (TiCl4), Zirconium
oxychloride (ZrOCl2⋅8H2O), urea (CH4N2O), and nickel
nitrate (Ni (NO3)2, 6H2O) of analytical reagent grade were
purchased from Merck chemicals (India). Copper nitrate
(Cu (NO3)2⋅6H2O), zinc nitrate (Zn (NO3)2⋅6H2O), ferric
nitrate (Fe (NO3)3⋅9H2O), lead chloride (PbCl2), and sodium
hydroxide (NaOH) of analytical reagent grade were obtained
from Loba Chemie (India). All the reagents have been used
without further puri�cation. �istilled water was used in all
the experiments.

2.2. Preparation of Cu0.2Ni0.4Zn0.4Fe2O4 Nanoparticles.
Coprecipitation method has been applied for the
synthesis of Cu0.2Ni0.4Zn0.4Fe2O4 nanoparticles [17].
Stoichiometric amount of Fe(NO3)3⋅9H2O,Co(NO3)2⋅6H2O,
Zn(NO3)2⋅6H2O, and Ni(NO3)2⋅6H2O salt solutions was
mixed thoroughly by using magnetic stirrer at 80∘C followed
by the addition of boiling NaOH solution (molar ratio of
OH/Cu-NZF was taken 8) with continuous stirring for

60 minutes at 100∘C to complete the reaction. e resulting
suspension was washed with water and with acetone several
times. Aer �ltration, the precipitate was dried at 60∘C and
calcined for 2 hours at 600∘C to promote formation of spinel
phase.

2.3. Preparation of Pb(Zr0.52Ti0.48)O3 Nanoparticles.
Pb(Zr0.52Ti0.48)O3 nanoparticles were prepared by
homogeneous precipitation method [18]. Stoichiometric
amounts of ZrOCl2⋅8H2O, PbCl2 were dissolved individually
in distilled water. In ethanol TiCl4 was poured slowly because
a violent reaction occurs when water is added to TiCl4 and
the three chloride ion solutions were mixed in a glass beaker.
Urea was used as precipitating agent for this reaction. Aer
heating at 90∘C for 1 hour, the clear reaction mixture turned
to turbid solution and the heating was continued for further
two hours. is precipitate was collected by �ltration, dried,
and �nally calcined this powder at 750∘C for 6 hours to
promote the formation of perovskite phase of lead zirconium
titanate.

2.4. Development of Microwave Test Plate. Epoxy resin
(LY556) was used as polymeric matrix due to its superior
mechanical properties, better adhesive property, and so forth.
e prepared nanoparticles were dispersed in epoxy resin
matrices at 80∘Cwith the help ofmechanical stirrer for 1 hour
and cured at 75∘C for 30 minutes by using ethylene-di-amine
as a hardener. Filler concentration was kept as 30% in all the
samples and thickness of the samples was 2.25–3mm. Total
�ve samples were fabricated in different compositions; Table
1 contains the compositions of the absorbers. Cu-substituted
nickel zinc ferrite (Cu-NZF) was dispersed in epoxy resin
matrix to develop Sample-1. Cu-substituted nickel zinc ferrite
(Cu-NZF) and lead zirconium titanate (PZT) nanoparticles
have been mixed at the ratios of 3 : 1, 1 : 1, and 1 : 3 by
ball milling for one hour and then by dispersing these
mixed powder particulates in polymeric matrices. Samples-
2, -3, and -4 were prepared, respectively. Horizontal type
common ball mill was utilized for mixing the nanoparticles
and ball to powder weight ratio was taken as 10 : 1. Sample-
2 contained 22.5% Cu-NZF, 7.5% PZT, Sample-3 had 15%
of both �llers, and Sample-4 contained 7.5% Cu-NZF, 22.5%
PZT. Lead zirconium titanate was spread into polymeric
matrix to develop Sample-5. e samples were cut exactly as
rectangular shapes of size (0.9 × 0.4) inch2 to �t into �-band
waveguide for microwave measurement.
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3. Characterization

e phase analysis of the nanoparticles was investigated by
X-ray diffraction (XRD), Rigaku X-ray Diffractometer, and
ULTIMA III with Cu K𝛼𝛼 radiation (𝜆𝜆 𝜆 𝜆𝜆𝜆𝜆𝜆𝜆Å). Scanning
electronmicroscope (SEM), VEGA-TESCAN, was utilized to
identify surface morphology of the nanocomposites. Energy-
dispersive X-ray spectroscopy (EDS) attached to SEM and
this experiment was performed to recognize the chemical
constituents of the samples. To determine the particle size and
shape of the �llers, transmission electron microscope (TEM)
was utilized using a JEOL JEM-2100 microscope. TEM study
has been done in 200KV. e scattering parameters corre-
sponding to re�ection (S𝜆𝜆 or S22) and transmission (S2𝜆 or
S𝜆2) were analyzed by utilizing vector network analyzer (PNA
E8364B). Complex permittivity and permeability values were
calculated from S𝜆𝜆 and S2𝜆 values by means of materials
measurement soware (Agilent soware module no. 85071)
loaded in the vector network analyzer [19].

4. Results and Discussion

4.1. Structure and Morphology Analysis. XRD patterns of
Cu0𝜆2Ni0𝜆𝜆Zn0𝜆𝜆Fe2O𝜆 and Pb(Zr0𝜆𝜆2Ti0𝜆𝜆𝜆)O3 nanoparticles
are shown in Figure 1.emain peak ofCu0𝜆2Ni0𝜆𝜆Zn0𝜆𝜆Fe2O𝜆
are at 2𝜃𝜃 𝜆 30𝜆22∘, 35.61∘, 37.22∘, 43.35∘, 53.72∘, 57.22∘,
62.77∘, 71.24∘, 74.16∘, and 75.18∘ revealing typical spinel
structure [20]. e main peak of Pb(Zr0𝜆𝜆2Ti0𝜆𝜆𝜆)O3 is at 2𝜃𝜃 𝜆
2𝜆𝜆90∘, 31.10∘, 38.67∘, 44.65∘, 50.49∘, 55.46∘, 56.33∘ and 65.53∘
determining it is tetragonal perovskite structure (JCPDS PDF
no. 01-070-4060) and the peaks at 2𝜃𝜃 𝜆 30𝜆22∘, 34.98∘, and
60.06∘ originate due to ZrO2 which is formed during the
formation of PZT [21]. e other peaks of ZrO2 are merged
with the peaks of lead zirconium titanate.

Figure 2 shows the SEM images of fracture site of Sample-
3 in secondary electron detector (SE detector) and back-
scattered electron detector (BSE detector). SEM image in SE
detector showed the dispersion of nano�llers in the polymeric
matrix; different sized nanoparticles were well distributed
into the polymeric matrix (Figure 2(a)). From the SEM image
in BSE detector, the bright spots were nicely seen, which
clearly demonstrate the dispersion of the heavy particles into
the polymeric matrix (Figure 2(b)). Figure 3 represents the
EDS of Sample-3 and this experiment was performed from
region A in Figure 2(a). EDS analysis has been carried out
to identify elemental composition of the prepared materials.
eEDS attached to SEMcon�rmed the presence of chemical
constituents, for example, oxygen (O), carbon (C), lead (Pb),
zirconium (Zr), titanium (Ti), copper (Cu), nickel (Ni),
zinc (Zn), and iron (Fe) (Figure 3). To ensure electrical
conductivity of the polymer nanocomposites, a thin layer of
gold was sputtered on fracture surface of the samples. Due to
this, gold (Au) was present in the EDS spectrum.

Figure 4(a) shows the TEM image of Cu-NZF nanopar-
ticles. Cubic-sized Cu-NZF nanoparticles were formed with
different sizes. e maximum particle size of ferrite was
∼100 nm. From TEM image of PZT (Figure 4(b)), it was seen
that that the average particle sizes were ∼35 nm and they
were almost spherical. Figure 4(c) shows the TEM image of
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F 1: XRD patterns of (a) Cu0𝜆2Ni0𝜆𝜆Zn0𝜆𝜆Fe2O𝜆 and (b)
Pb(Zr0𝜆𝜆2Ti0𝜆𝜆𝜆)O3 nanoparticles.

Sample-3, it shows that the cubic and spherical nanoparticles
were closely associated with each other, which could be due
to interaction between dielectric and magnetic dipoles.

4.2. MicrowaveAbsorbing Properties. emicrowave absorb-
ing properties of the developed nanocomposites with differ-
ent thicknesses in the X-band region are shown in Figures
5(a)–5(e). Samples-1, -2, and -3 showed minimum return
loss of −29.85 dB at 8.79GHz, −43.82 dB at 8.95GHz, and
−49.53 dB at 8.44GHz, respectively, when thickness of the
samples was 3mm (Figures 5(a), 5(b), and 5(c)). Samples-4,
-5 achieved minimum return loss of −46.36 dB at 9.04GHz
and −37.46 dB at 8.37GHz when sample thickness was 2.75
and 3mm, respectively, (Figures 5(d) and 5(e)).

From the above results, it was seen that with increasing
thickness, the dip of return loss values shied toward lower
frequency region. e present nanocomposites achieved
better microwave absorbing properties when thickness of the
samples was 3mm; that is, 3mm thickness was the matching
thickness for the present absorbers. All the nanocomposites
showed excellent microwave absorbing properties and out
of these �ve samples, Sample-3 showed better absorbing
properties. e mechanism of absorption has been clearly
resolved with the help of real and imaginary parts of permit-
tivity, permeability values. In the present research work, the
nanocomposites achieved better microwave absorbing prop-
erties compared to NiZn-NiCuZn ferrite/epoxy resin [22],
Cu-doped Ni-Zn spinel ferrite/paraffin [20], ZnO/CoFe2O𝜆
nanocomposites [23], and (Co2+-Si𝜆+) substituted barium
hexaferrite composite [24] systems.

4.3. Permittivity and Permeability Spectra. Real and imag-
inary parts of permittivity and permeability are the most
important parameters to elucidate the possible mechanisms
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10 µm

(a)

10 µm

(b)

F 2: SEM images of Sample-3 (a) in secondary electron
detector (SE detector) and (b) in back scattered electron detector
(BSE detector).

F 3: EDS analysis of Sample-3.

(a)

(b)

(c)

F 4: TEM images of (a) Cu0.2Ni0.4Zn0.4Fe2O4 (Cu-NZF)
nanoparticles, (b) Pb(Zr0.52Ti0.48) O3(PZT) nanoparticle, and (c)
Sample-3.

of microwave power absorption. Figures 6(a) and 6(b) show
the real (𝜀𝜀′) and imaginary (𝜀𝜀′′) parts of permittivity and
Figures 6(c) and 6(d) show the real (𝜇𝜇′) and imaginary (𝜇𝜇′′)
parts of permeability, respectively. e 𝜀𝜀′ and 𝜇𝜇′ values stand
for electric and magnetic energy storage parts while 𝜀𝜀′′and
𝜇𝜇′′values stand for electric and magnetic energy loss parts.
e storages of electric and magnetic energy are caused by
polarizations of electrical and magnetic dipoles. Dielectric
and magnetic losses are caused by relaxation phenomena of
dipoles resulting dissipation ofmicrowave energy as heat.e
real parts (𝜀𝜀′) of permittivity of Sample-1, -2, -3, -4, and -5
were approximately 3.8, 3.9, 4, 4.16, and 4.5 respectively. e
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F 5: Microwave absorbing properties of (a) Sample-1, (b) Sample-2, (c) Sample-3, (d) Sample-4, and (e) Sample-5 with different
thicknesses.
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F 6: (a) Real (𝜀𝜀′) and (b) imaginary (𝜀𝜀′′) parts of relative complex permittivity; (c) real (𝜇𝜇′) and (d) imaginary (𝜇𝜇′′) parts of relative
complex permeability of prepared samples.

imaginary parts of permittivity (𝜀𝜀′′), that is, dielectric loss
for Sample-1, lied from 0.15 to 0.13 with a main resonance
peak at 9.58GHz. e 𝜀𝜀′′ value for Sample-2 lied from 0.225
to 0.22. e 𝜀𝜀′′value changed from 0.224 to 0.25 for Sample-
3. Samples-4 and -5 showed the dielectric loss values ∼
0.19 and ∼0.17, respectively. e real parts of permeability
(𝜇𝜇′) values of Samples-1 to -4 at relatively higher frequency
(10–12.4GHz) were close to 1.e 𝜇𝜇′ value for Sample-4 was
the highest and ranging from 1.16 to 1.01. e 𝜇𝜇′′ value of
Sample-1 was the highest and ranging from 0.13 to 0.03 with
a main resonance peak at 9.98GHz. As the Sample-5 was
purely dielectric, the 𝜇𝜇′and 𝜇𝜇′′values of Sample-5 were 1 and
0, respectively.

Lead zirconium titanate has permanent electric dipoles.
Since the nanocomposites were heterogeneous systems,
interfacial polarization happened at the interfaces between
nano�llers and polymeric matrices. e real part of

permittivity (𝜀𝜀′), that is, dielectric constant, is directly
depending on electric polarizations. Due to this the 𝜀𝜀′
values were increased with increasing the concentration
of PZT (from Sample-1 to -5). e 𝜀𝜀′′ values of the
nanocomposites showed a decreasing trend with frequency
and were not so linear with frequency due to relaxation
phenomena of dipoles. e nanocomposites achieved
excellent absorbing properties when both ferromagnetic and
ferroelectric materials were present. From Figure 6(b), it
can be concluded that absorbing performance of the present
nanocomposites was directly depending on the dielectric
loss part except Sample-4. Sample-3 exhibited the better
absorbing properties due to high dielectric loss than other
absorbers. In case of Sample-3, the permanent polarizations,
dominant polarizations, and their corresponding relaxation
phenomena should be high [23]. Sample-2 showed higher
dielectric loss values than Sample-4 but Sample-4 achieved
better properties than Sample-2 due to the relatively higher
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value of 𝜇𝜇′. From Figure 6(c), it was seen that the real part of
permeability (𝜇𝜇′) values of the absorbers showed a decreasing
trend with increasing frequency. At higher frequency the
external �eld changes rapidly, so that the realignment of
magnetic dipoles with external �eld is too di�cult. For
this reason the real part of permeability (𝜇𝜇′) decreases with
increasing frequency and imaginary parts of permeability
(𝜇𝜇′′) also decreased with increasing frequency. e magnetic
loss depends on saturation magnetization and coercivity
of magnetic material. Due to the Cu-substitution in nickel
zinc ferrite, the saturation magnetization is increased and
coercivity is decreased [22]. Magnetic �eld loss is caused
by eddy current loss and residual loss [25]. e magnetic
losses of the samples have small values and close to each
other. Permanent polarization, dominant polarization, and
the associated relaxation phenomena are responsible for loss
mechanism.

5. Conclusions

Development of nanocomposites based on Cu0.2Ni0.4Zn0.4
Fe2O4 and Pb(Zr0.52Ti0.48)O3 has been con�rmed success-
fully by XRD, EDS, and TEM analyses. Complex permittivity
and permeability values established prominently the possible
mechanism of absorption; that is, the relation between
permittivity and permeability with the microwave power
absorbing performance was elucidated precisely. All the
developedmaterials achieved attractivemicrowave absorbing
properties in the X-band region. Sample-3 exhibited the
minimum return loss of −49.53 dB at 8.44GHz when sample
thickness was 3mm.us, out of these �ve samples, Sample-
3 was the optimal microwave absorbing material. Impedance
matching and thickness matching effects are the most impor-
tant parameters to investigate attractivemicrowave absorbing
materials.
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