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Abstract: This study develops an effective, simple, and low-cost method of metal organic chemical vapor deposition for

manufacturing carbonyl iron (CI)-coated hollow cenospheres (Ce) as new composites for microwave absorption. Structure and

morphology analyses demonstrate that the composites have a complete core/shell structure with Ce as the core and CI layers as

the shell. Compared with Ce, the composites have higher complex permeability and permittivity, indicating their improved

absorption capacity. The measured electromagnetic parameters are used to analog and calculate the reflectance curves of Ce
and Ce@CIl coating under the condition of thickness d=2 mm. The absorption peak of the Ce@CI sample shifts to the high

frequency, and the minimum reflection peak decreases to -26.2 dB. The frequency at less than -10 dB bandwidth increases to 6

GHz, which covers the entire Ku band.
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Cenospheres (Ce) are one of the most valuable added
fractions of coal fly ash. Ce has a hollow spherical structure
and can be applied in microwave absorption due to its su-
perior properties, such as light mass, good fluidity, and sta-
ble chemical performance, and low cost!'l. At present, re-
searchers use electroless plating or electroplating to coat
the surface of hollow Ce"*™*. Kim et al” fabricated conduc-
tive and magnetic microspheres through electroless plating
of Co, Co-10% Fe, Ni, and Ni-15% Fe films on hollow Ce
and investigated their high-frequency electromagnetic and
microwave absorption properties. However, electroless
plating or electroplating generally needs complex sensitiza-
tion, activation, and other treatments with high cost, slow
plating speed, long time, and easy introduction of other
impurities (such as phosphorus); as such, obtaining a pure
coating is difficult’™*.

Metal-organic chemical vapor deposition (MOCVD) is a
new technology that uses organometallic compounds and
has the following remarkable characteristics: low deposi-
tion temperature, fast deposition speed, strong deposition
flexibility, and controllable composition of synthetic mate-
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rials. The thickness, composition, and deposition of shell
growth can be precisely controlled by regulating these
process parameters 1.

Carbonyl iron (CI) is widely used in microwave absorb-
ing materials because of its simple preparation process, low
cost, and large magnetic loss ). CI has good dielectric
properties at high frequency, and the composite dielectric
constant can be effectively adjusted based on the CI content
of the composite '°". In the present study, a light and cheap
microwave absorption material is obtained using light
weight and fly ash hollow microspheres and Fe(CO);s as the
material source through chemical vapor deposition method
to grow CI in situ on the surface of hollow Ce. The micro-
morphology and electromagnetic properties of the samples
are determined before and after surface modification. The
microwave absorption properties of the modified hollow Ce,
as a new light and cheap microwave absorption material,
are also investigated.

1 Experiment

The experimental device is divided into three parts: metal
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organic supply system, fluidization reaction system, and tail
gas treatment system. The structural principle of the entire
device is shown in Fig.1.

The experimental procedures are as follows:

(1) A total of 10 g of hollow cenospheres were added into
the reactor. The gas valve (carrier gas cylinder) of nitrogen
cylinder was opened. Valves A and B were also opened. The
closure of valves C, D, E and F was ensured. The flow of
nitrogen with flowmeter 1 was adjusted, and the air tight-
ness of the device was checked. Ventilation was conducted
for 30 min to discharge air in the reactor and confirm the
intact air tightness of the device.

(2) The evaporator and reactor were heated. When the
evaporator temperature and the reactor temperature reached
80 and 180 °C, respectively, 30 mL of Fe(CO); was injected
into the evaporator. Valve B was closed, and the nitrogen
cylinder gas valve (fluidizing cylinder) was opened. Valves
C, D, and E were also opened, and the carrier gas flow was
adjusted to 30 mL/min with flowmeter 1. The gas flow with
flowmeter 2 was also adjusted to obtain sufficient fluidiza-
tion. The deposition time was controlled to 30 min. The re-
actor pipes were all covered with a layer of heat preserva-
tion sleeve to prevent gaseous Fe(CO)s from condensing at
low temperatures, resulting in the blocked pipes.

(3) After reaching the preset deposition time, the evapo-
rator was heated and the fluidized bed was stopped. Nitro-
gen was continuously injected. Valve D was closed, and
valve F was opened to control effectively the deposition
time and prevent the reaction from reaching beyond the
preset time (Fe(CO);s still evaporated during cooling). Other
experimental conditions would remain unchanged until the
temperature of the evaporator and the fluidized bed de-
creased to room temperature. The nitrogen flow was
stopped, and valves A, C, E, and F were opened. The reac-
tor was opened, and the reaction products were collected
into operation seal after grinding.
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Fig.1 Principle diagram of MOCVD device

The phase structure of the powder was identified by
X-ray diffraction (XRD; D/max-IIB, Japan). VEGA II
XMU INCA scanning electron microscopy (SEM) was em-
INCA 7718 en-
ergy-dispersive X-ray spectroscopy (EDS) was used to

ployed for morphological analysis.
analyze the element distribution in the sample. Complex
permeability and permittivity were measured using a vector
network analyzer (HP-8720ES) within the frequency range
of 2~18 GHz. The samples used for EM parameter meas-
urements were prepared by dispersing powders into paraffin
wax at a mass fraction of 40% and then pressing the mix-
tures into a compact toroidal shape with outer and inner
diameters of 7.0 and 3.0 mm, respectively.

2 Results and Discussion

2.1 XRD analysis

Fig.2 shows the satisfactory XRD patterns of Ce and
Ce@CI. Ce anastomosis was very good, and no peaks cor-
responding to impurities were found. Sharp XRD peaks
were found in the crystal plane. After the CI was coated on
the surface of Ce, the diffraction peaks of Ce and a-Fe
phase (JCPDS 06-0696) were observed in the sample, indi-
cating that no other impurity phase was generated except
for Ce and a-Fe phase. In addition, the Ce@CI composites
had similar diffraction peaks to those of Ce and CI, but the
intensity of the peaks of the composites decreased (Fig.1).
Moreover, a peak at approximately 260=44.6° was observed,
indicating that the shell layer was composed of CI.
2.2 SEM analysis

The SEM image of the Ce and Ce@CI samples are
shown in Fig.3. Based on the SEM images, Ce powder has
regular sphere-like crystals with smooth surfaces and the
average particle size is 30 um (Fig.3a). Particles stacked on
top of each other were uniformly coated with CI (spherical
particle distribution on the surface of Ce, Fig.3b), and the
average particle size is 30.5 pm. Fig.3c is a part of Fig.3b
with four times magnification. CI particles (little spherical
particles) were found on the Ce particle surface. Moreover,
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Fig.2 XRD patterns of Ce and Ce@CI core-shell powder
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EDS analysis shows that the major components of the
Ce@CI samples are O, Si, C, Al, and Fe (Fig.3d).
2.3 Complex permittivity and permeability

The complex permittivity and permeability of Ce pow-
der and Ce@CI composites are shown in Fig.4. In Fig.4a
and Fig.4b, the real and imaginary complex permittivity
(¢', &") of Ce and Ce@CI exhibited significant variation
with frequency. In addition, the values (¢, ") of Ce@CI
composites were higher than those of Ce within the range of
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Fig.3 SEM images of Ce powders (a), Ce@CI powders (b, c),
and EDS analyses of Ce@CI (d)

2~18 GHz. The CI shell could greatly increase the con-
ductivity of the samples and contribute to the improve-
ment of permittivity. According to Fig.4a and Fig.4b, the
reason of Ce@CI dielectric enhancement mainly comes
from the dielectric relaxation of heterogeneous inter-
face!''l. Secondly, polar groups (hydroxyl, carbonyl, etc.)
can reduce the band gap, which leads to the increase of the
conductivity and contributes to the enhancement of the
dielectric constant!"?!. Fig.4c shows the real and imaginary
complex permeability(u’, ¢") of Ce@CI as a function of
frequency within 2—18 GHz. The data of Ce are not shown
in Fig.4c due to its ¢' and ¢" values that were almost 1 and
0, respectively. The u' and " values of Ce@CI gradually
changed with increasing frequency within 1.3~1.89 and
0.58~1.39, respectively.

A general loss of microwave magnetic material could be
primarily due to eddy current losses, magnetization vector
rotation, natural resonance, and magnetic domain wall re-
sonance''*). Magnetization vector rotation only occurs in a
strong magnetic field. Moreover, the magnetic domain
wall resonance contribution at the microwave frequency
was very small and thus could be neglected'". Therefore,
the magnetic loss of Ce@CI was primarily caused by eddy
current losses or natural resonance. If Ce@CI magnetic
loss was only from the eddy current loss, then f'(u')>u"
should be constant!". The values of /'(u')?u" versus the
frequency of Ce@CI are shown in Fig.4d. The value
showed a constant value trend as the frequency increased.
Hence, the natural resonance loss could be ruled out. Fur-
thermore, Ce@CI magnetic loss was primarily dominated
by eddy current. From Fig.3, we can see the CI layer is
formed by the aggregation of carbonyl iron particles.
Conductivity of CI layer varies with carbonyl iron density,
the higher the density, the higher the conductivity!'>.
Therefore, eddy current loss is the main loss mechanism.
2.4 Microwave absorption properties

Microwave reflection loss (Rp) was calculated by trans-
mission line theory!'® '":

in__ Z 0
zZ,+Z,

R, =20log (1)

N
]

in

zo(&);’ tanh (—jzndf VEH, ] )
£, c
where Z;,, is the normalized input impedance of a
metal-backed microwave absorption layer, Z;= 377 Q is the
intrinsic impedance of free space, ¢ and y, are the relative
complex permittivity and permeability, respectively, f is the
frequency of the EMW, d is the thickness of absorber, and ¢
is the velocity of light in a vacuum.

The microwave reflection loss of Ce@CI composites
and Ce powders under the condition of thickness d=2 mm
are shown in Fig.5. CI coating on Ce could effectively
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Fig.4 Real permittivity (a), imaginary permittivity (b), complex permeability (c), and /' (x) 1" values versus frequency of Ce@CI (d)
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Fig.5 Microwave reflection loss of Ce@CI composites and Ce

powders

improve the absorbing properties of Ce, particularly at
high frequencies (12~18 GHz). After surface modification
of Ce, the minimum reflection peak reduced to —26.2 dB,
and less than —10 dB bandwidth increased to 6 GHz,
which covered the entire Ku band.

3 Conclusions

1) CI coating on Ce can effectively improve the absorb-
ing properties of Ce, particularly at high frequencies (12~18
GHz).

2) After surface modification of Ce, the minimum reflec-
tion peak reduced to —-26.2 dB, and less than —-10 dB

bandwidth increased to 6 GHz under the condition of
thickness d=2 mm.

3) Compared with other methods used to modify Ce, the
current research develops a unique, simple, and low-cost
method to obtain Ce@CI with good absorption properties in
engineering.
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