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The novel three-phase composites with excellent electromagnetic wave absorption properties based
on the carbon black nanoparticles (CB) and BaTiO; (BT) nanoparticles embedded into
polyvinylidene fluoride (PVDF) were prepared by using a simple blending and hot-molding
technique. When the composites with filler content of CB 10wt.% and BT 5wt.% , the reflection
loss of the composite can reach -38.8 dB at 9.2 GHz, and reflection loss of less than -10 dB in the
frequency range is from 3.5 to 18.0 GHz with an absorber thickness of 1.5-5.0 mm. Compared with
the two-phase composites of CB/PVDF and BT/PVDF composites, the three-phase composites
showed more excellent absorption properties. The Debye relaxation theory was used to explain the

enhanced absorption properties.

Introduction

At the beginning of this century, the electromagnetic wave in
GHz range used in wireless telecommunication systems and high
frequency circuit devices, such as mobile phone, local area
network, satellite broadcast systems, et al. has been thought as the
fourth pollution. And more and more attention has been paid
towards finding suitable electromagnetic wave-absorbing
materials to prevent this phenomena.'™ The basic design theories
of radar absorbing materials (RAM), such as Salisbury screen
theory, Jaumann absorber theory, etc. were published from early
1950s onwards. But these theoretical studies abated, recently, the
main research topic being transferring toward the development of
loss material®® and many methods have been studied to improve
the reflection loss. Different methods have been used to improve
the EM wave absorption efficiency and broaden the effective
absorbing bands of the absorbers, such as adding optimized
absorbent,'® compounding different types of absorbents,'" '
using multi-layer structure.'” ' It has been indicated that
absorbers with nano-size, which have been investigated, possess
wider wave absorption bandwidth and larger reflection loss
(RL)."> '® In previous study, as a typical kind of microwave
absorption material, many nanostructures, such as CeOz,]7 CuS
nanostructures, ° B-MnO, nanorods,'® ZnO nanostructures,’
SiC fibers, " 3D a-MnO,?° and MnFe,0,4 nanoparticles® have
been reported. To date, much attention is being paid to carbon-
based materials in EM wave absorption field, especially for
carbon nanosheets and graphene nanocomposites.

However, from the existing reports that we can find,>® most
of the composites are prepared by paraffin wax. As wax is a kind
of soft material, possessing low melting point, which will restrict
the practical application of materials immensely. To solve this
problem, in our recent study, the paraffin wax was replaced by
PVDF, which is a polymer with flexible properties and can be
tailored to any shapes as you want.’® PVDF is chosen as
composite polymeric matrix materials in the fabrication of
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inorganic-organic nanocomposites also because of its specific
physical properties and excellent dielectric properties,” 's 2"

ss which can overcome the drawbacks of paraffin wax based

composites. Besides, our research also revealed that existence of
synergic effect between PVDF and nanofillers, which could
distinctly enhance the wave-absorption of nanocomposite.

At the meantime, the synthesis of nanomaterials is complicated
and their practical applications were restricted due to high cost
and complicated preparation processes of fillers. CB-N550 as
conductive powder is largely used owing to good absorption
performance in higher frequency range, *° meanwhile, it is light
and cheap enough. And the BaTiO; was also selected as an
absorber in recent report. For example, in our pervious study, the
nano-size BT can also adjust the dielectric properties,?’ so the
nano-size BaTiO; particles are also employed to improve the
dielectric and wave absorption properties.

In this paper, we firstly prepared the (CB+BT)/PVDF
composites by a simple blending method. Because of the
existence of nano-size BT particles in composites, they would
disperse in PVDF solution homogeneously and could not
agglomerate together. The enhanced wave absorption of
(CB+BT)/PVDF composites were also investigated.

Experimental

Commercially available and analytical-grade reagents were
used without further purification. The CB-N550 was purchased
from Shandong Jian’an Industrial Co., Ltd. And BT powder was
purchased from Beijing Shengbogaotai Optical Technology Co.,
Ltd. The composites were prepared by mixing the BT powders
(80-100 nm) with the polymer PVDF using a simple blending and
hot-molding  procedure. PVDF was dissolved in N-
dimethylformamide (DMF) at room temperature. After the
solution was transparent, various contents of Carbon Black were
added and then dispersed in fosters after the ultrasonic bath at
room temperature. After that, it was dried in the oven at 100 °C.
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The dried mixture was collapsed and compressed into wafers for
15 min at 200 °C under 10 MPa (prepressed for 5 min at the same
temperature, released the press for a while, and then repressed for
20 min, followed by cooling to room temperature under the same
pressure).

Powder XRD data were collected on a Rigaku D/MAX 2200
PC automatic X-ray diffractometer with Cu Ka radiation (1)
0.154056 nm). The grain morphology and size was observed by
SEM (FEI Siron 200). The relative permittivities were measured
in the 2—-18 GHz range with an Agilent E8363B network analyzer.
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Fig. 3 XRD of pure PVDF, CB, BT and the (CB+BT)/PVDF membrane

w0 A general SEM overview of the sample of Carbon Black
particles was shown in Fig. la. It indicates that the product
mainly consists of mono-dispersed particles with the diameter
about 50-80 nm. The SEM image of BaTiO3 nanoparticles was
also given in the Fig. 1 b, from the image, it can be found that the
product is mainly nanoparticles with the diameter about 100 nm.

The specimen for dielectric properties measurement using

140 coaxial wire method were prepared by uniformly mixing the BT
or/and CB in a paraffin matrix or PVDF which was transparent to
EM waves and pressed the mixture into a cylindrical shaped
compact (®out=7.00 mm and ®in=3.04 mm). The relative
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permittivity € values were measured in the 2-18 GHz range
with an Agilent E8363B network analyzer. The frequency
dependency on the relative permittivity for all the composites, is
shown in Fig. 4a. The curves indicate that all the real permittivity
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Fig. 1 SEM images of (a) the Carbon Black Particles and (b) BT nanoparticles

1
€ decrease smoothly with the increasing frequency, except the
CB/PVDF with the filler loading 20 wt.%, which decreases from
96 to 20 quickly at the range 2-6 GHz and then decrease with the

increasing frequency; we think that this phenomena can be the
same with the percolative composites at low frequency, and the
polarization of molecules does not have enough time to catch up
with the change of applied electrical field’! As for the three
phase (CB+BT)/PVDF composites, the real permittivity is higher
than those of the BT in paraffin matrix and BT/PVDF in the all
frequency, and the real permittivity also increase with the
increase filler loading of BT and CB, which is the same with the
previous result?’ While, the curve of imaginary permittivity

o To investigate how the addition affect the dielectric properties
of composites, various contents of CB or/and BT powders were
mixed with PVDF to form BT/PVDF, CB/PVDF and
(CB+BT)/PVDF composites by a hot-press process. For
comparing, the CB and BT powders were also mixed with wax to
form the CB/wax and BT/wax composites. The SEM image of
composite in Fig. 2a indicates dispersion of BT and CB particles
and compact structure in the polymer, from the SEM image, the "
interface between BT+CB particles and polymer was eliminated. 160 & (shown in Fig. S1) shows the same variation tendency,
The shape of the BT and CB particles is still kept in the
composites after the hot-press. As shown in Fig. 2b, the elemental
maps of Ba, O, and Ti, which are on the surface of the
(CB+BT)/PVDF nanocomposites, also confirm the good
dispersion of the BT in PVDF.
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respectively, it worth noted that the imaginary permittivity &" of
CB/PVDF with the filler loading 20 wt.% keep higher than those
of other composites, which can be helpful to get a high dielectric
loss. Based on the data in Fig. 4a and Fig. S1, we also calculated
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the dielectric loss tangent (tana = A ') which is shown in
Fig. 4b, only dielectric tangent loss of the CB/PVDF exhibited a
strong peaks at about 6.0 GHz and keep higher than those of
other samples, which correspond to the peaks of imaginary
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permittivity & ", and the value of the dielectric tangent loss is
higher than 1.4. As for the other composites, dielectric loss of the
three phase (CB+BT)/PVDF composites is higher than those of
the BT in paraffin matrix and BT/PVDF in the all frequency, and
the real permittivity also increase with the increase filler loading
of BT and CB; the dielectric loss of the (CB+BT)/PVDF
composites with the CB and BT loading 10 wt.% and 5 wt.% are
higher than 0.4 in the frequency range of 2-18 GHz, while, the
(CB+BT)/PVDF composites with the CB and BT loading 20
wt.% and 10 wt.% is higher than 0.6, the high dielectric loss may
result in the excellent reflection loss. The dielectric loss
mechanism is mainly attributed to the relaxation process. And
interfacial polarization is one of the most important relaxation
process. In addition, PVDF is a strong dipole material due to the
existence of electrophilic fluorine in its molecular structure. So it
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Fig. 2 (a) Cross-sectional FESEM images of the (CB+BT)/PVDF membrane;
(b) the elemental maps of Ba, O, and Ti in the composites

S

To confirm the element of the composites, the XRD of pure '
130 PVDF, CB, BT and the composites of (CB+BT)/PVDF were
shown in the Fig. 3. From the XRD pattern, the peaks of BT and
the PVDF are still kept, which further confirmed the existed of
BT in the composites, while the peak of CB disappeared due to
the low filler content.
135
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may cause electronic dipole polarization, which is also beneficial

185 to dielectric loss.”!
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Fig. 4 Frequency dependence of the permittivity (a) and the dielectric loss (b)

for the pure PVDF, BT/Wax, BT/PVDF, CB/PVDF and (CB+BT)/PVDF
composites

To study the microwave absorption, we calculated the
reflection loss (RLs) of the electromagnetic radiation under the
normal incidence of the electromagnetic field. The normalized
input impedance (Z,) is given by:*

z,= J‘Z tanh{j(@)w/u,er }

Where, ¢, and p, (for CB hexagonal platelet, p, is thought as 1),

are the complex permittivity and permeability of the composite

absorber, respectively; f is the frequency; d is the thickness of the

absorber, and c is the velocity of light in free space. The

reflection loss (R) is related to Z;, as:>

R= 2010%2"”1
Z,+1

(M

(@)

Thus, the calculated RL of the composite absorbers with
different filler loadings under the same thickness 2.5 mm in the
range of 2-18 GHz can be obtained through Egs. (1) and (2)
(shown in Fig. 5a). It can be observed that the composites with
the different filler contents and the basic materials have a great
influence on the microwave absorbing properties and the
minimum RLs which correspond to the maximum absorptions.
As for BT, with the same filler content, the BT/PVDF shows
more excellent wave absorption property than the BT/wax; for
comparing, the RL of BT/PVDF from 2-18 GHz was also given
in the Fig. S2. It is worth note that the RL of the (CB+BT)/PVDF
composites is better than that of CB/PVDF, and the
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(CB+BT)/PVDF composites with the loading content of CB 10
wt. % and BT Swt. % shows more excellent RL value (-38.8 dB
at 9.2 GHz) than that of the composites with the loading content
of CB 20 wt. % and BT 10wt. %. Moreover, as shown in Fig. 4b,
it also confirms that sometimes high dielectric loss of absorber
may result in weak absorption.® In our composites, CB and BT
particles are well dispersed in the PVDF, which will increase the
dielectric loss; higher concentration of CB and BT particles may
result in higher conductivity, and bring into dielectric loss.
Besides, high concentration of CB and BT particles in this
composite also result in the occurrence of a significant skin effect
as its surface is irradiated by microwave,”* 3° which cause
damage to the wave-absorption of materials.

The three-dimensional presentations of RL were also shown in
Fig. 5b, and c, the images displayed the calculated theoretical
RLs of the (CB+BT)/PVDF composites with different thickness
(2-5 mm) in the range of 2-18 GHz with the different loading,
respectively. From the Fig. 5b and c, it indicates that the
microwave absorbing properties and the minimum RLs gradually
appear in different frequency and can be tunable by controlling
the thickness of the absorbers. The Fig. 5d also shows the
excellent absorption performances of the (CB+BT)/PVDF
composites with the loading content of CB 10 wt. % and BT 5 wt.
% and the minimum RL can be adjusted by controlling the
thickness in the frequeny range of 2-18 GHz. For comparison, the
(CB+BT)/PVDF composites with filler CB 20wt %, BT 10wt.%
in the frequency range of 2-18 GHz also calculated in Fig. S3. In
addition, according to Fig. 5d, the (CB+BT)/PVDF composites
attained a reflection loss of less than -10 dB in the frequency
range from 3.5 to 18.0 GHz with an absorber thickness of 1.5-5.0
mm, confirming that this kind of composite is a broadband wave-
absorbing material,®® which is quite beneficial to many
electromagnetic  shielding materials designed to reduce

250 electromagnetic waves over a wide frequency range.
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255 Fig. 5 (a) Microwave RL curves of the composites with a thickness of 2.5 mm;
The three-dimensional presentations of RL of (CB+BT)/PVDF composites (b)
and (c) at various thicknesses in the frequency range of 2-18 GHz with
different loadings of CB 10wt. %, BT 5wt.% and CB 20wt %, BT 10wt.%; (d)

The microwave RL curves of (CB+BT)/PVDF composites with filler CB 10wt
260 %, BT 5wt.% at different thicknesses in the frequency range of 2-18 GHz.
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The enhanced absorption mechanism is still not clear, but, for
dielectric loss material to absorb microwave, Debye dipolar
relaxation is an important mechanism. And the relative complex

25 permittivity can be expressed by the following equation,®’

_ gs — gao !

&-je

gr - g:o A
1+ 24T 3)

where f, &, &., and 7 are frequency, static permittivity, relative

dielectric permittivity at the high-frequency limit, and
270 polarization relaxation time, respectively. Thus, €' and &” can be
described by
' gs - gdv‘
8=8w+1+( R
T
“)
w_ 27f1(e, — &)
&'= L
I+ Q2af)’7? 5)

According to eqn (4) and (5), the relationship between €’ and &"
275 can be deduced,

(-575 Y (e =
2
Thus, the plot of & versus €” would be a single semicircle,
generally denoted as the Cole—Cole semicircle. Each semicircle
corresponds to one Debye relaxation process.38 To further

250 explain the enhanced absorption properties, Fig. 6a and b show
the &'-&¢” curves of the (CB+BT)/PVDF composites with filler
loading CB 10wt. %, BT 5 wt.% and CB/PVDF composites with

(gs _goo

5 ©)

filler content of 20 wt.%, respectively. For the semicircles
corresponding to the Debye relaxation process, the €'-€” plot of
285 composites exhibits a succession of semicircles, which can be
ascribed to relaxation phenomena due to the contribution of grain
(bulk), grain boundary and interface/electrode polarization. For
pure PVDF, there is an obvious Cole-Cole semicircle in the &'-g"
curve (shown in the Fig. S4), indicating the existence of Debye
200 relaxation process in the pure PVDF. However, five semicircles
are clearly found in the curve of (CB+BT)/PVDF composites
(shown in the Fig. 6a), representing the contribution of Debye
relaxation process of CB, BT, PVDF and the interface
polarization caused by interfaces existed between BT, CB and
s PVDF. As to the CB/PVDF composites, there are only three
semicircles in the curve (shown in the Fig. 6b), that is the Debye
relaxation process of CB, PVDF and the interface polarization
caused by interfaces between PVDF and CB, which also confirms
that the enhanced absorption is related to the number of the
300 semicircles, that is the Debye relaxation process.39 In our system,
the synergistic effect between the PVDF and CB, BT is also
helpful to enhance the wave absorption properties. Another
reason should be considered, CB particle is a conductor, which
can increase conductivity of the composites, and the increased
s0s filler content of CB in this composite will increase the
conductivity of the composite. According to the free-electron

1"
theory ¢'wo/2nqf (o is the electrical conductivity), increased
conductivity of composite could result in strong dielectric loss.40
Except for dielectric loss, another important wave absorption
310 mechanism is impedance matching characteristic. In general, too
high permittivity of absorber is harmful to the impedance match
and will result in strong reflection and weak absorption. That is
why the (CB+BT)/PVDF composites with filler loading CB 10wt.
%, BT 5 wt.% have more excellent wave absorption property than
15 that of composites with filler loading CB 20wt. %, BT 10 wt.%. 4
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Fig. 6 The €'-&” curve of (CB+BT)/PVDF composites with filler loading CB
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Conclusions

In this paper, three phase (CB+BT)/PVDF composites with
enhanced absorption properties have been synthesized. The
structure of the film was studied in detail and the dielectric
properties were also investigated. The results indicate that the
absorption properties of three phase (CB+BT)/PVDF composites
can also reach -38.8 dB at 9.2 GHz, the enhanced mechanism was
also explained. In our system, due to the interfaces and the
synergistic effect between the PVDF, CB and BT, the enhanced
absorption properties can be achieved. The (CB+BT)/PVDF
composites possess excellent microwave absorption performance
which is promising for applications in commercial, military and
scientific electronic devices, and the method is also suitable for
industrial production.
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Graphical Abstract

Three phase (CB+BT)/PVDF composites with enhanced absorption properties have been
synthesized. The results indicate that the absorption properties of three phase

(CB+BT)/PVDF composites also reach -38.8 dB at 9.2 GHz, the enhanced mechanism

was also explained.
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