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BaFe1,019/Zn0 composites were fabricated in large scale via a simple solution method. The phase struc-
tures, morphologies, particle size, chemical compositions of the composites have been characterized by
X-ray diffraction (XRD), field emission scanning electron microscope (FESEM). The test of microwave
absorption was carried out by using the network analyzer Agilent HP-8722ES. The maximum microwave

loss reaches 37.5 dB and bandwidth with the loss above 10dB is about 4 GHz in the 13.7-18.0 GHz range
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which indicate that BaFe;,019/ZnO composites have potential applications as electromagnetic wave
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1. Introduction

Electromagnetic (EM) wave absorbing materials have attracted
increasing attention due to the expanded electromagnetic inter-
ference (EMI) problems arising from the expanding use of
communication devices, such as mobile telephones, local area
network systems, and radar systems. An extensive amount of
researches has been devoted to exploiting a type of microwave-
absorption materials with properties of a wide frequency range, a
strong absorption, a low density and a high resistivity in the GHz
range [1-9]. The conventional absorbing materials such as ferrites
and metallic materials have been studied widely [1-6].

Ferrites serve as better EM-wave absorbers compared to their
dielectric counterparts on account of their excellent magnetic prop-
erties [7]. The ferrites have been the subject of continuous interest
as well as the focus of many research studies in the last few decades
to be utilized as microwave absorbers in the gigahertz (GHz) range
due to its high saturation magnetization, large anisotropy field,
excellent chemical stability and good microwave absorption prop-
erties [8,9].

It is well known that the microwave-absorption properties
are determined by the relative permeability (u, =u' —ju”), the
permittivity (&,=¢&'—j¢”), the EM impedance match, and the
microstructure of the absorber [2]. The complex permeability and
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permittivity of ferrite materials can be easily changed by doping or
compositing with other materials, which are important in deter-
mining their high frequency absorption characteristics.

On the other hand, the ZnO-based nanocomposites, such as
Zn0/Si0, [10], Fe/ZnO [2], Ni/ZnO [11], ZnO/CoFe,04 [12], and
ZnO nanotrees [13], have recently aroused an increasing atten-
tion because of their good EM-wave absorption, ease of synthesis,
high-temperature steady, and lower cost.

In this paper, we have synthesized BaFe;,019 powder by sol-gel
auto-combustion method and co-precipitation way. Zinc oxide
was composited with barium ferrite by forced hydrolysis of zinc
acetate at surface of BaFe;,019 particles in Diethylene Glycol (DEG).
The crystalline structure, microstructure, microwave absorption
properties and the effect of ZnO on the surface of BaFe ;019 are
discussed. Our goal is to gain insight into the correlations between
the microstructure and the physical properties of the hybrid parti-
cles in order to further experiment its characteristics for different
applications.

2. Experimental
2.1. Preparation of barium ferrite powder

The starting materials of sol-gel auto-combustion method were iron nitrate,
barium nitrate, citric acid and ammonia, all of analytic purity. Appropriate amounts
of Fe(NOs);3-9H,0 and Ba(NOs),, in a Fe/Ba molar ratio of 11, were dissolved in a
minimum amount of deionized water. Citric acid was then added to the prepared
aqueous solution to chelate Ba?* and Fe3* in the solution. The molar ratio of citric
acid to total moles of nitrate ions was adjusted at 1:1. An ammonia solution was
added to adjust the pH value to 7.0. The solution was slowly evaporated at 80°C
until a viscous gel formed. The dry gel obtained after dried in 110°C was ignited
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in air and burnt out to form a brown-colored loose powder. Finally, this precursor
powders were calcined at 900 °C for 2 h.

2.2. Preparation of composite

The as-prepared BaFe;,019 powder was milled in a QM-BP Planetary ball milling
machine (Nanjing NanDa instrument Plant, China) at room temperature for 10 h. The
ball-to-powder weight ratio was 10:1. The milling was conducted using agate balls
with diameters between 5 and 13 mm. A little alcohol was added into the dispersing
liquid in order to avoid reaction between the powder and balls, and the adherence
of powders to canister. The milling speed was 520 rpm. The ball milled BaFe;,019
powder was then dispersing in 40 ml Diethylene Glycol forming BaFe;,019 colloidal
solution.

Zn(Ac), in Diethylene Glycol (DEG) dispersion was obtained by dispersing
Zn(Ac); (3 g,16.3 mmol) in 80 mL DEG in the presence of PVP (2 mL, 4.17 mmol). The
solution was then mixed with BaFe;,019 colloidal solution in a 250 mL three-neck
round-bottom flask coupled with a condenser. After being degassed and purged with
argon 3 times, the mixture was slowly heated to 200 °C and kept at this temperature
for 60 min. The heat source was then removed and the solution was allowed to cool
to room temperature. Subsequently the black BaFe;,019/ZnO precipitate was sep-
arated by magnet from the product mixture and washed by ethanol several times.
The black precipitate was dried at 60 °C and then heated to 400 °C and kept at this
temperature for 1 h resulting BaFe1,019/Zn0O powder.

2.3. Measurements

The crystalline structure of the composite was investigated with X-ray diffrac-
tion (XRD). The XRD spectra of the powders were made to use Cu Ka radiation and
the diffraction points were recorded from 20° to 80°. Scanning electron microscopy
(SEM) examinations were performed employing a Hatchi S-4800, equipped with
an energy dispersive spectrometer (EDX). The specimen for measurement of EM
parameters was prepared by uniformly mixing 80 wt% BaFe;,019/Zn0O powder with
paraffin and made into a toroidal shape (¢ouc: 7.00mm and @i,: 3.04 mm), with a
height of 2.00 mm. The relative permittivity and permeability values of the specimen
were measured between 2 and 18 GHz using a network analyzer Agilent HP-8722ES.

3. Results and discussion
3.1. Crystalline structure analysis

Fig. 1 shows the XRD patterns of the pure barium ferrite,
BaFe1,019/Zn0 composite sample and ZnO. The diffraction peaks
shown in Fig. 1(a) can be well indexed to the hexagonal crystal-
structured barium ferrite (JCPDS file No. 39-1433). Fig. 1(b) shows
XRD pattern of the barium ferrite-zinc oxides composite. Com-
pared with Fig. 1(a), most diffraction peaks of the pattern show
well agreement with the pure barium ferrite XRD pattern. The
XRD pattern of zinc oxides is also given for comparison. It was
observed that peaks indicated byv in Fig. 1(a) match well with the
pattern of ZnO, which shows the existence of ZnO and indicates
that BaFe15,019/Zn0 heterostructure were formed during the ZnO
synthesize process.

3.2. Morphology

FE-SEM images of the as-prepared powders are shown in Fig. 2.
It can be seen from Fig. 2(a) and (b) that particle shape of BaFe 5,019
sample prepared by sol-gel auto-combustion method is mainly
granular and that the surface of particles is relative smooth. The
particle size is below 3 wm and the distribution of particle size is of
disparity. Fig. 2(c) and (d) shows microstructure and morphology
of BaFe2,019/Zn0O composite. Most of the particles show spheri-
cal shape and the average particle size is about 0.5 pm. It can be
seen that the barium ferrite powder is successfully coated with
nanosized zinc oxides. The surface of the as-synthesized powders
was constructed by heterogeneous nucleation of ZnO at the sur-
face of barium ferrite particles and looks very rough and granulated.
Although the synthesis process was carried out at relative low tem-
perature (200°C) and with the aid of ultrasonic wave dispersion,
further study is also needed to disperse the powder better.
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Fig. 1. XRD patterns of the as-prepared BaFe;,019 (a), BaFe12019/Zn0 composite (b)
and ZnO (c).

3.3. The complex permittivity and permeability spectra

The frequency dependency on the real part (¢’) and the imagi-
nary part (&¢”) of the complex permittivity in the range of 2-18 GHz
for the as-prepared samples are shown in Fig. 3. The two samples
exhibit a similar variety trend of the real part and the imaginary
part of complex permittivity (¢, €”) as a function of frequency.
The real permittivity & fluctuates slightly in the whole frequency
range, while the imaginary permittivity &” shows an increase trend
in the whole frequency range. As can be seen in Fig. 3, there are
frequency-intervals in which the permittivity presents resonant
characteristics. The local maxima can be found before/after the res-
onant frequencies on the permittivity curve; three peaks can also
be observed near the resonant frequencies on the ¢” curve. These
phenomena are the typical characteristics of nonlinear resonant
behaviors [11]. As shown in Fig. 3, the &’ value of pure barium fer-
rite sample is larger than that of BaFe1,019/Zn0O composite, which
can be attributed to the differences on polarization and surface
composition of the two samples. The polarization in ferrites has
largely been attributed to the presence of Fe2* ions which give rise
to heterogeneous spinel structure to some extent. Since Fe2* ions
are easily polarizable, the larger the number of Fe2* ions the higher
would be the dielectric constant [14]. The pure BaFe;,019 sample is
likely to have more Fe2* than the BaFe;,019/Zn0O composites sam-
ple due to the ZnO shell on the surfaces of BaFe1,019/Zn0 particles,
therefore, the dielectric constant of BaFe;,019/Zn0O composites
sample is lower. In Fig. 3, the imaginary permittivity of compos-
ite is larger than pure barium ferrite in the range of 11-18 GHz,
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Fig. 2. FE-SEM images for BaFe;,019 particles and BaFe;,019/Zn0O composite.

which suggests that the dielectric loss of BaFe{,019/ZnO compos-
ite is higher than pure BaFe;,01g in the high frequency range. In
addition, the fluctuations of the real and imaginary permittivity in
the range of 2-18 GHz is ascribed to displacement current lag at the
heterogeneous interface, since the interfacial polarization process
at the interfaces between the core and the shell, and the associated
relaxation process give rise to a loss mechanism in Ba-ferrite/ZnO
heterogeneous system [2].

Fig. 4 shows the real (') and the imaginary part (un”) val-
ues of relative complex permeability for different samples as a
function of frequency in the 2-18 GHz range. It reveals that the
values of ' andu” of the two samples exhibit similar variation and
slight resonance absorption characters in the 2-13 GHz range, and
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Fig. 3. Frequency dependence of real (¢’) and imaginary (¢”) parts of relative

complex permittivity for the powders prepared: (a) & of BaFei2019, (b) & of
BaFe1,019/Zn0 composite, (c) &” of BaFe1,049, (d) ¢”of BaFe12019/Zn0 composite.

the p” values of BaFe;,019/Zn0O composite present a distinguish-
able resonance absorption peak in 13-18 GHz frequency range.
In general, for polycrystalline ferrites in an AC field, resonance
absorption peaks are mainly caused by two different resonance
mechanisms [15]: the resonance absorption peak at high frequency
is attributed to natural resonance, while the peak at low frequency
is attributed to domain wall resonance. It can be found in Fig. 4
that the Ba-ferrite/ZnO show different behaviors in the variation
of relative complex permeability from that of pure Ba-ferrite. As
shown in Fig. 4(a), the values of u’ experience two weak peaks first
after 13 GHz and then take a sudden dive between the frequency-
range of 15-17 GHz. In Fig. 4(b), the imaginary permeability of
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Fig. 4. Frequency dependence of real (') and imaginary (u”) parts of relative
complex permeability for the powders prepared: (a) u' of BaFe;2049, (b) u’ of
BaFe,019/Zn0 composite, (c) 1" of BaFe 2019 and (d) p” of BaFe;2019/Zn0O com-
posite.
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BaFe;,019/Zn0 exhibits a distinct peak at high frequency ranging
from 13 to 18 GHz. Compared with that of pure barium ferrite, the
higher natural resonance frequency of BaFe{;019/ZnO composite
is attributed to a larger surface anisotropic field, which is mainly
affected by the shell of ZnO nanoparticles attached to the BaFe{,019
particles. Due to the smaller size of ZnO, the surface anisotropic field
in the BaFe,019/Zn0 composite is larger than that in the pure bar-
ium ferrite, which leads to higher natural resonance frequency. The
surface anisotropy in BaFe;,019/Zn0O composite originates from
broken symmetry and surface composition and becomes the main
contributor to the effective anisotropy. Hence, the enhancement
of the surface anisotropies in nanosized ZnO particles provides
the essential contributions to the natural resonance frequency.
The effects of ferrite/ZnO combination on the real and imaginary
parts of permeability for the absorbing composites are demon-
strated. It is this resonance that gives the corresponding reflection
loss at matching frequencies according to the theory of the
absorbing wall [16].

3.4. The reflection loss

According to the transmission-line theory, the reflection loss
(RL) of electromagnetic waves was calculated from the relative
permeability and permittivity at the given frequency and absorber
thickness using the following equations [2,17]:

1/2 27fd 1/2
g (Br (27fdN (e
Zm_ZO(er) tanh[J( c )<5r> } W
Zi -7,
RL=201 ”‘70‘ 2
o8 Zin"‘ZO ( )

where fis the frequency of the electromagnetic wave, d is the thick-
ness of an absorber, c is the velocity of light, Z, is the impedance of
free space, and Z;, is the input impedance of absorber.

According to Egs. (1) and (2), the simulations of the reflection
loss of the two composites with a thickness of 6.8 mm are shown in
Fig. 5a. The BaFe ,019/Zn0O-paraffin composite possesses a strong
microwave absorption property. However, the BaFe;,019-paraffin
composite only gives weak absorption. Fig. 5b shows simulations of
reflection loss of BaFe;,019/Zn0O-paraffin composite with different
thicknesses in the 8-18 GHz range. The result has reflected that an
optimal RL of —37.5 dB is reached at 16.1 GHz for a layer of 6.80 mm
thickness, while the absorption exceeding —10dB is obtained in the
13.7-18.0 GHz range for an absorber thickness of 6.2-9.9 mm.

It is interesting that there is only one reflection loss peak of
the composite in the whole frequency range and the correspond-
ing frequency of optimal RL is higher than that of the other barium
(strontium) ferrite composites reported in several literature, i.e.,
SrFe15,049/ZnFe;04 composite (8.7 GHz) [19], La-substituted stron-
tium ferrite (9 GHz) [8], Ba-ferrite/PVDF composites (12.4 GHz)
[20], ferrite-PU composites (12 GHz) [21], although the value
of permittivity of BaFe,019/ZnO composite is relatively lower.
According to the analysis above, it has been determined that
the electromagnetic absorption of the paraffin-BaFe;019/ZnO
sample is mainly ascribed to the combination of dielectric loss,
which is associated with intrinsically dielectric properties and
structures of the sample, as well as the magnetic loss, which
is attributed to nature resonance and strong interface coupling
interaction between BaFe;,019 and ZnO. In addition, the crystal
defects can be introduced into barium ferrite and the dispersity of
BaFe;,019 can be improved through the fast, strong and repeat-
ing impact, high-energy ball milling process, which also can be
contributors of electromagnetic reflection loss in BaFe{,019/Zn0O
composite.
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Fig. 5. Frequency dependences of reflection loss (RL) for the three samples: A, B,
and C.

4. Conclusions

In summary, M-type hexagonal barium ferrite powder was pre-
pared by self-propagating high-temperature synthesis method and
co-precipitation method, respectively. BaFe1,019/ZnO composite
are successfully synthesized by high-energy ball milling and sub-
sequently forced hydrolysis of zinc acetate at surface of BaFe{3019
particles in DEG. The average particles size of composite is 0.5 pm.
The maximum microwave loss reaches 37.5 dB and bandwidth with
the loss above 10dB is about 4 GHz in the 13.7-18.0 GHz range.
The calculated results indicate that BaFe;,019/Zn0O composite have
the potentials to be utilized for fabricating electromagnetic wave
absorbers.
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