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Abstract. Different from traditional microwave absorbing nanoparticles as fillers in

non-mechanical coatings, the BaTiO;/MWNTs/PBO ternary composites can be potentially
used as structural microwave absorption device in broader prospects, especially in aerospace
industry. BaTiOj; particles with diameter of 5—15nm were immobilized onto surface of
MWNTs via solvothermal synthesis. BaTiO;/MWNTs/PBO ternary composites with varied
compositions were then prepared via in-situ polymerization of
p-phenylenebenzobisoxazole(PBO) with uniform dispersion of BaTiO;/MWNTs
nanocomposites in the polymer-poly p-phenylenebenzobisoxazole(PBO)-matrix, a conjugate
polymer with splendid mechanical and thermal stability. The BaTiO;/MWNTs/PBO
composites possessed outstanding microwave absorbing performances in addition to
desirable mechanical properties and thermal stability.

Introduction.

The inevitable and unprecedented electromagnetic radiation
introduced by the rapid development of electronic technology
has become one of the most serious pollutions. Therefore,
researches on electronic microwave absorption materials have
attracted intensive attentions on improvement of intensity loss
of electromagnetic radiation. Additionally, the microwave
absorption materials play a key role in electromagnetic
shielding technical of aircraft in military fields'™.

It has been demonstrated that nanometer-scaled MWNTs is
a remarkably high-performance functional microwave
absorption material due to *® microscopic dimension effect,
macroscopic quantum orbital effect, negative resistance and
other characteristics of MWNT. The electronic microwave
energy can effectively transfer or dissipate to electric, thermal
or magnetic energy through MWNTs’'*. In order to further
improve the absorption performance, MWNTs were modified
with other absorbers such as mental particles (Fe, Ni, Ag etc.)
113 conductive  polymers(polyaniline)'*'®,  nano-scaled
ceramic (SiC, SiO,, BaTiO;, )!"?° and ferrite(Fe,0O; and

Fe;04)2'%  etc.?*?° Traditional studies were reported on
coatings such as epoxy resin’’, polyurethane®, and
PVDFE??3® blending with absorbers without mechanical
properties and low decomposition temperature under the 350.
In the previous study of our group®’, the v
-Fe,0;/ MWNT/PBO was reported as a high efficiency

microwave absorption composite with thermally stability over
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400°C owning to poly (p-phenylenebenzobisoxazole) (PBO)*!
possessing not only desirable thermal stability but also
mechanical properties and environmental stability*>>* To the
best of our knowledge, few studies were reported the
microwave absorb composites with both outstanding
mechanical property and thermal stability.

In this article, the surface of MWNTSs was modified with
nano-sized low-density BaTiOs;, possessing high dielectric
constant and environmental stability, via efficient solvothermal
method. Then the microwave-absorbing ternary
BaTiO;/ MWNTs/PBO composite was fabricated via in-situ
polymerization of PBO, and uniform dispersion of the
BaTiO3;/MWNTs could be thus achieved. With an overall
performance, the reflection loss reached the -45.5dB with
MWNTs/BaTiO3 (12%wt) at 9.7GHz and the widest absorbing
bandwidth obtained is ranging from 7.5GHz-15.7GHz covering
both higher and lower frequency superior to pure
BaTiOy/MWNTSs nanoparticles. It was reported'® that the
highest reflection loss (RL) of the BaTiOy/MWNTs
nanoparticle obtained then was —37.5 dB at a frequency of 10.4
GHz, and under —10 dB in the frequency range of  9.6-13.1
GHz range. The utmost tensile strength of the ternary
BaTiO3;/MWNTs/PBO composites could be as high as 145.9MP,
122.1% higher than pure PBO film. In addition, the composites
were thermally stable over 660 °C, potentially useful in extreme
environment for long period, such as in the field of aircraft of
complex condition.

This is so far the most effective microwave-absorbing
composites with balanced mechanical and thermal properties as
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well as environmental friendly properties, due to the special
morphological and structures features of the BaTiO3;/MWNTs
nanocomposites, and the synergistic effects of MWNTs and
BaTiO3'

Experimental

4, 6-Diaminoresorcinol dihydrochloride (DAR.2HCI)
was chemically synthesized according to the previous reports®*.
Terephthalic acid (TPA) was purchased from Shanghai
Reagents and ground to powder in a glove box prior to use.
Methanesulfonic acid (MSA) was obtained from Sigma-Aldrich
Chemical. Polyphosphoric acid (PPA), phosphorus pentoxide
(P,05), tetrabutyl titanate(Ti(OC,4Hy),), barium
acetate(Ba(CH;COO),)and other chemicals and solvent were
from Lingfeng Shanghai Reagents Co. Ltd. (China). MWNTs
were provided by Nachen Beijing Co. Ltd.(China).

Preparation of BaTiO;/MWNTs nanocomposites via

solvothermal synthesis. 0.6g MWCNTSs were oxidized by HNO;
at 120 °C for 24hours®. The product was washed copiously
with deionized water with high-speed centrifuge until the
supernatant was neutral, and then collected with Buchner funnel
followed by drying 60 °C. The oxidized MWNTs, 0.82g
titanium hydroxide (obtained through hydrolyzing 2.4g
Ti(OC4Hy), in ammonia) and 1.8g Ba(CH3;COO), were added
into mixed solution containing 30mL NH,CH,CH,OH and
30mL NH,CH,CH,NH,, and pH was adjusted to 12 by addition
of NaOH. The dispersion was transferred to a 100mL sealed
Teflon lined hydrothermal synthesis autoclave reactor, and the
reactor was kept at 200 °C in an oven for 12hours. The slurry
was centrifuged subsequently and washed copiously with
deionized water, 0.1M HCI and ethanol respectively until the
supernatant was completely clear. The slurry was then dried at
60 °C for 24 hours to obtain the power.
Synthesis of BaTiO;/MWNTs/PBO ternary composites via
in-situ  polymerization of DARe2HCl and TPA.
BaTiO;/MWNTs/PBO  composites were prepared via
polycondensation between DAR.2HCI and TPA in the presence
of BaTiO3/MWNTs. A typical procedure for preparation of
BaTiO3;/MWNTs/PBO (with mass ratio of 95/5) composite was
described as  follows: 3g (14.lmmol) DAR-2HCI,
2.37g(14.1mmol) TPA, 30.9 g PPA (80.6wt% P,05),11.89 g
P,0s, and BaTiO3/MWNTs were added into a 250mL glass
vessel equipped with a mechanical stirrer and nitrogen
inlet/outlet. Subsequently, the mixture was mechanically stirred
at 90 °C under nitrogen for 12 hours for complete removal of
hydrochloride. The mixture was stirred at 110 °C under vacuum
for additional 24hours, followed by being heated to 150 °C
gradually at rate of 5-10 °C/hour, and kept at this temperature
for another 12hours under continuous stirring. The crude
product was poured into distilled water, and purified by Soxhlet
extraction. The BaTiO;/MWNTs/PBO composites in the water
phase and were dried at 100 °C for 24h. PBO was also prepared
in the absence of BaTiO;/MWNTs for control purpose. This
process was schematically shown in scheme 1.

This journal is © The Royal Society of Chemistry 2012
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Scheme 1. Synthetic strategy of BaTiO;/MWNTs/PBO
composites (a) and the sketch map of the ternary composite(b)

Characterizations and measurements

FTIR. The successful synthesis of BaTiO3;/ MWNTs, PBO, and
BaTiO;/MWNTs/PBO composites were confirmed by Nicolet
Magna-IR550 FTIR analyzer using KBr disk method,

X-ray diffraction (XRD). (from Rigaku D/max 2550V with
Cu K, radiation).

Morphology and microstructure. BaTiO3;/MWNTs and
BaTiO;/MWNTs/PBO were probed by transmission electron
microscopy (TEM) (JEOL-2100F) and field emission scanning
electron microscopy (FE-SEM) (Hitachi S-4800).

Thermo gravimetric analysis (TGA). Performed on a DuPont
1090B thermal gravimetric analyzer at heating rate of
10 °C-min”' under nitrogen stream (20mL min™").

Mechanical properties. BaTiO;/MWNTs/PBO composites
were measured by Instron HY-0230. Tensile tests were

J. Name., 2012, 00, 1-3 | 2

Page 2 of 11



Page 3 of 11

performed on dog-bone-shape speciments at constant
cross-head velocity of Smm/min at ambient temperature.

Microwave measurements. The specimens were fabricated
with 80 wt% the above composite and 20 wt% paraffin wax,
because the paraffin wax is microwave-transparent and thus
low in permittivity and permeability. The mixture was then
pressed into hollow cylinders with outer diameter of 7 mm,
inner diameter of 3 mm and thickness of 3 mm. The microwave
parameters of the samples, complex permittivity and
permeability, were measured by a vector network analyzer
(Agilent 8505D) with testing frequency ranging from 2 to
18GHz. The reflection loss (RL) was calculated from the
measured parameters according to the transmission line theory.

Results and discussion
XRD patterns of BaTiOz;, BaTiO;/MWNTs nanocomposite and
BaTiO;/MWNTs/ PBO composites.

BaTiO,
O MWNTs
BaTiO /MWNTs/PBO
>
2
] W T
c -~
u]
— 7777
10 20 30 40 50 60 70 80

Theta(20)
Figure 1. XRD spectra of BaTiO;, BaTiO;/MWNTSs and
BaTiO;/MWNTs/PBO composites.

X-ray diffraction profiles of the BaTiO; , BaTiO;/MWNTs
and BaTiO;/ MWNTs/PBO composites were presented in Fig.
1. Compared to pure BaTiO;, the diffraction peaks of
BaTiO;/MWNTs nanocomposite at 26.3° confirmed the
presence of MWNTs, well resolved from other sharp signals
corresponding to XRD profiles of BaTiO; (JCDPS file
No0.31-0174). The BaTiO; was in its cubic crystal form in the
BaTiO;/MWNTs and free of impurities such as BaCO;. As for
BaTiO;/ MWNTs/PBO ternary composites, signals at 15.68°
(200) and 25.44° (010) indicated the presence of partially order
structure of PBO. It was known that the diffraction of pure PBO
is in 26.46° (010) ,the slight position shift resulted from the
rigid molecular motif into the composite. Although PBO
polymer matrix was about 95% (wt) in mass, the characteristic
peaks of BaTiOs/MWNTs could still be identified, indicating
its partial coverage by PBO. In addition, similar XRD profiles
could be observed for BaTiO3;/MWNTs/PBO nanocomposites
with other constitutions, well in accordance with the FTIR
results.

This journal is © The Royal Society of Chemistry 2012
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FTIR patterns of BaTiO;/MWNTs nanocomposite and
BaTiO;/MWNTs/ PBO composites.

MWNTs

BaTiO /MWNTs
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Figure 2. FTIR spectra of MWNT, BaTiO;/MWNTs (a)
nanocomposites; PBO, MWNTs/PBO, BaTiO;/MWNTs/PBO(b)
polymer composite

FTIR spectra of MWNT, BaTiO;/MWNTs hybrid
material, PBO, MWNTs/PBO, BaTiO;/MWNTs/PBO were
presented in Figure 2. Strong absorption at 563cm™ was
observed in clearly observed in spectra of BaTiO;/MWNTs
compared to that of MWNTs, confirming the presence of
BaTiO; as concluded from XRD. Similar characteristic
absorption could be identified in the IR spectra of
BaTiO;/MWNTSs/PBO at 566 cm'".

The structural integrity of PBO was confirmed by the
presence of formation of characteristic absorption of C=N
peaks at 1,624cm™ and that of C,-N at 1,362 cm™ on the
benzoxazole ring in PBO, MWNTs/PBO and
BaTiO;/MWNTs/PBO composite.Characteristic absorption of
carbonyl group at 1700cm™, was observed in the spectra of
PBO, yet in apectra of neither MWNTs/PBO nor
BaTiO;/MWNTs/PBO, indicative of successful synthesis of
PBO in BaTiO;/MWNTs/PBO via in-situ polymerization and
chemical bonding between BaTiO; and PBO. The absence of
chemical bonding in MWNTs/PBO could also be identified by
the presence of absorption from the carbonyl group of PBO. An
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illustration scheme was thus proposed to describe the

preparation process of BaTiO3;/MWNTs/PBO.

Morphology of BaTiO;/MWNTs nanocomposite

BaTiO;/MWNTs/ PBO composite

(by)

This journal is © The Royal Society of Chemistry 2012
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(b2)

Figure 3. The TEM images of BaTiO3/MWNTs (a,) and the
sketch image of BaTiO;/MWNTs (a,); The selected area
electron area (b;) and the SEAD diffraction (b,);
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Figure 4. The SEM images of surface morphology of pure PBO

and the BaTiO;/MWNTs/PBO composites(c and d); The SEM

images of the fracture surface of composite film(e and f).

MWCNTs with diameter about 40nm were decorated by
well-dispersed particles of BaTiO; with diameter about Snm, as
shown in bright-field TEM images (a;) and the sketch image
(ay). Additionally, the selected-area electron diffraction (SAED)
taken from an area containing a large amount of nanotubes (b;)
and it confirmed the identity of the nanoparticles and the
characteristic spacing were indicative of the cubic perovskites
structure of BaTiOs(b,) on the sidewalls of MWNTs , in good

agreement of the XRD results.

The fibril morphological features with comparably higher
brightness in SEM images could be interpreted as charging
from poorly conductiveBaTiOj; arranging evenly on MWNTs,
and were distributed randomly throughout the PBO matrix, as
observed in figure 4 (c). Compared to neat PBO, uniform
dispersion ofBaTiO3;/MWNTs could be achieved in PBO matrix,
and the borders of each phase could not be observed in SEM
images of BaTiO;/MWNTs/PBO, illustrating commendable
compatibility of the three components in the ternary composite .
In addition, SEM images of BaTiO;/MWNTs/PBO at higher
magnification presented in figure 4. (d) indicated that the PBO
covering the surface of BaTiO;/MWNTs network served as
bridge to bind the nanocomposites firmly. In the figure 4. (e)
and (f), the cross sections of the composites propagated layer
by layer, and the adjacent layers were interconnected by
BaTiO3;/MWNTs, reinforcing the tensile property of the films.

This journal is © The Royal Society of Chemistry 2012
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Additionally, on the edge of BaTiO;/MWNTs/PBO composites,
some MWNTs stretched out densely, and were tightly covered
by PBO matrix, possibly resulting from the uniform distribution.
It can be therefore concluded that, (1) MWNTs could be
decorated by spherical BaTiOs;with unambiguous edges via
solvothermal treatment and high crystallinity as confirmed by
XRD; (2) chemical bounding between BaTiO;/MWNTs
nanoparticles and PBO matrix contributed to the structural
integrity of the composites, as supported by FTIR and TGA.
Graphics should be inserted where they are first
mentioned (unless they are equations, which appear in the flow
of the text). They can be single column or double column as
appropriate.
Mechanical Properties of BaTiO;/MWNTs/PBO Composite
Films.

o
1

Young's modulus(GPa)
IS
—a—

!

0 2 4 6 8 10 12 14 16
Volume of fraction of BaTiO./MWNTs(%)
(b)
Figure 5. (a)Stress-strain curves for the BaTiO;/MWNTs/PBO
films with varied BaTiO3;/MWNTs-loading (wt%) ,(b) Plots of
Young’s modulus of the MWNT/PBO films with respect to the
volume fractions of BaTiO;/MWNTs

N
1
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WL

BaTiO3/MWNTs/PBO(5%,10%,12%,15%wt)

Figure 6. Tensile testing samples of the PBO and
BaTiO3;/MWNTs/PBO films with specified
BaTiO3;/MWNTs-loading (wt%).

The mechanical properties of BaTiO;/MWNTs/PBO
films were recorded in Figure 5. The stress-strain curves (a) of
the films and the Young’s modulus (b) of the neat PBO and
BaTiO;/ MWNTs/PBO composites with different
BaTiO;/MWNTs loading were recorded, respectively.
Neglecting the added mass of BaTiO3;/MWNTs, the presence of
BaTiO;/MWNTs led to an increase in stress compared to the
neat PBO, and the stress at failure gradually improved by more
than 100% to 145, 9MPa (BaTiO;/MWNTs/PBO 15%wt),
compared to 65.7 MPa of PBO. The areas under the
stress-strain curves were integrated as the fracture work of
composites, and were compared with respect to volume
fractions of BaTiO3/MWNTs. The improved fracture toughness
was observed in the presence of BaTiO;/MWNTs, and the
highest with BaTiO;/MWNTs/PBO (15%wt). The enhanced
elongation upon addition of BaTiO;/MWNTs attributed to
chemical bonding between a BaTiO3/MWNTs and PBO matrix.
As of Young’s modulus, the value increased from 2GPa to over
5GPa, and this could be interpreted as the bridging effect of
BaTiOy/MWNTs. It was reported” that the effective stress
transfer was recognized in the polymer/CNT interface, and
therefore the BaTiO;/MWNTs could serve as a bridge to
prevent the break down under stress during elongation. To
conclude, the mechanical property of PBO could be reinforced
by the effective interfacial interaction between the PBO and
BaTiO;/MWNTs, and homogeneous dispersion of the
BaTiO;/MWNTs in a PBO matrix, maximizing the area of the
load transfer on the interface.

TGA patterns of BaTiO;/MWNTs nanocomposite and
BaTiO;/MWNTs/PBO composites.

This journal is © The Royal Society of Chemistry 2012
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Figure 7. TGA curves of PBO and BaTiO3;/MWNTs/PBO
composites
Table 1. Thermo stability of PBO and BaTiO;/ MWNTs/PBO
composites

Temperature at
Residual mass at Residual

Sample ID which residual mass
650 °C (%) mass (%)
reached 95%
PBO 591 92 67
BaTiOs/MWNTs/PBO
662 96 66
(5%wt)
BaTiOs/MWNTs/PBO
667 97 69
(10%wt)
BaTiOs/MWNTs/PBO
667 96 71
(12%wt)
BaTiOs/MWNTs/PBO
650 95 69
(15%wt)
The thermal degradation behaviors of PBO and

BaTiO;/MWNTs/PBO ternary composites were studied via
TGA, as recorded in fig 7. Under nitrogen atmosphere, apparent
mass loss was hardly observed below 660 °C and the residual
mass ratio of BaTiO;/MWNTs/PBO ranged from 95% to 97%
compared to only 92%for PBO, indicative of the remarkable
thermal stability of BaTiO;/MWNTs/PBO composites in
extremely high temperatures. In addition,
BaTiO;/MWNTs/PBO composites started degradation (at 95 %
mass loss) above 650 °C, well exceeding 591 °C for the neat
PBO, as shown in table 1. This improvement could be possibly
interpreted as the covalent chemical bonding.

Dielectric parameters of the PBO, MWNTs/PBO, and
BaTiO;/MWNTSs/PBO composites

J. Name., 2012, 00, 1-3 | 6
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Figure 8. Dielectric parameters of PBO and the
BaTiO3;/MWNTs/PBO composites with different ratio of
BaTiO;/MWNTs (a,b,c)

The frequency dependence of relative complex
permittivity parameters, real part €', imaginary part " and
dielectric loss tangent (tandg = &"/¢'), of the PBO and the
BaTiO;/MWNTs/PBO ternary composites with different ratios
of BaTiO3/MWNTs were recorded respectively in figure 8. In a
relative complex permittivity, €' and &" represent the storage

This journal is © The Royal Society of Chemistry 2012
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and loss capability in respond to microwave energy, and a rise
in €" is attributed to microwave absorption. As shown in figure
8 (a), both the real part €' and imaginary part €" of the complex
permittivity for the neat PBO remained almost constant over
the frequency range of interest, resulting in negligible dielectric
loss tangent (tan Jg).Upon addition of MWNTs, the dielectric
parameters changed dramatically. Similar characteristics were
shown in the figures of other simples except for the one with
15%wt BaTiO;/MWNTs. For the rest samples, €' dropped in a
gradient manner with increasing loading of BaTiO3;/MWNTs,
beginning from around 5 at 8GHz and extending to around 2 at
16 GHz, over the two microwave absorption regions.
Additionally, the &" of these samples significantly increased
from where the &' started to decrease, and finally reached the
peak around 10GHz, in a wide frequency range. The dielectric
loss tangent curves exhibited similar behavior as the €" curve.
Due to the absence of magnetic constituents, the real part and
imaginary part of complex permeability were about 1.0 and 0.0,
respectively. However, the single value of permittivity or
permeability cannot describe the microwave absorbing
properties directly, and therefore, the impedance matching and
further calculation of reflection loss must be considered
seriously.

-30 <
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—a—PBO

—&— MWNTs/PBO (5/95)

40 | —A—BaTiO,/MWNTs/PBO (5/95)
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Figure 9. Microwave RL for the PBO, MWNTs/PBO, and
BaTiOs/MWNTSs/PBO composites
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Figure. 10 Three dimensional and contour plot of the RL
versus Swt%(a) 10wt%(b) 12wt%(c) 15wt%(d)
BaTiO;/MWNTs with different thickness

BaTiO3;/MWNTs According to the theory of electromagnetism
absorption, the reflection loss (RL) of samples shown in fig can be
calculated using the formulas below:

Zin 1
dB) = 201 og|22 ]
RUdB) 9Nz 41

Zin =

Je o | (257

where c, f and t are the velocity of the electromagnetism
wave, the frequency of the electromagnetism wave and the wall
thickness of the absorber, respectively. The € and p are the

This journal is © The Royal Society of Chemistry 2012

complex permittivity and complex permeability tested by
network analyzer. The thickness of each sample was 3 mm. Fig.
10 shows the three dimensional plots and contour plots of
reaction loss (RL) in different thickness.

As shown in figure 9, it could be identified that that the
neat PBO barely had any microwave absorption at RL values
less than -5dB. The addition of 5%wt MWNTs could improve
the value mildly to -10 dB at most. Nonetheless, in the presence
of BaTiO3/MWNTs, RL-frequency plot for
BaTiO;/MWNTs/PBO composites demonstrated the analogous
dual-region curves except for the sample with 15%wt
BaTiO;/MWNTs. For the sample with S5wt%
BaTiO;/MWNTs/PBO, the RL-frequency curve had two peak
values,-20dB at 9 GHz and -35dB at 13.7GHz respectively.
With increasing BaTiO;/MWNTs fraction, the optimal RL peak
value at lower frequency gradually increase from -20dB to
-45dB (12%wt), and that at higher frequency decrease from
-35dB to -16dB (12%wt).However, for the composite with
15%wt of BaTiOs/MWNTs, RL-frequency curve with random
fluctuation was observed similar to that of MWNTs/PBO,
possibly due to non-uniform dispersion of BaTiO;/MWNTs.
The effective microwave absorption bandwidth ranged widely
from 7.5 GHz to 15 GHz particularly at moderate concentration
of 10wt %.To conclude compared to MWNTs, the unique
synergistic effect of BaTiO3 nanoparticles and MWNTs could
enhance the microwave absorbing behavior of PBO
significantly in a wide frequency range with dual-region in
optimal ratio. Low feed of BaTiO3;/MWNTs contributed to
absorption in lower frequency range, and higher fraction of
BaTiO;/MWNTs contributed to the absorption in higher
frequency range. Different from other microwave absorbing
coatings, the thickness of the BaTiO;/MWNTs/PBO
composites polymers were not among the prioritized concerns,
because this kind of materials could be processed as structural
support instead of coatings.

Microwave absorbing mechanism of BaTiO;/ MWNTs/PBO

composite
Microwave absorb cell
(microwave) a
2
B

Scheme 2. Microwave absorbing mechanism for
BaTiO;/MWNTs/PBO composite

It was reported®®®’ that microwave energy could be
consumed by transformation into other kinds such as electric
energy, magnetic or heat energy via different mechanisms in
microwave absorbers. MWNTs*** with high length-to-radius
ratio is a microwave absorber of intense research interests,
primarily attributed to the pores, lattice distortions and dangling
bonds, and therefore microwave can be repeatedly polarized to
trigger dielectric loss. In addition, according to the energy band
theory, when the size of conductive material was reduced to
nanometer scale’’, the original quasi-continuous energy
spectrum will split into discrete energy levels, which happened
to overlap with the range of microwaves, and this offered a
novel gap for microwave absorption. When
BaTiO;/MWNTs/PBO become a homogeneous dielectric
medium, it can produce multiple resonance absorption over a
wide microwave band.

For the MWNTs decorated by BaTiO; nanoparticles,
quantum size effect and the polarization effect of
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MWNTs/BaTiO;*** were enhanced markedly, and the incident
microwaves could thus be scattered and consumed repeatedly,
superior to direct dispersion of MWNTs and BaTiO; in the
polymer separately. For the MWNT-based polymer composites,
the geometry of particles and the dispersion had dramatic
impact on microwave absorption. According to kinetic theory
of percolation, percolation threshold was influenced by aspect
ratio, surface modification and the dispersion of MWNTs in
polymer matrix. In this system, as shown in scheme 2, the
MWNTs/BaTiOj; interacted with each other via tunneling effect,
and the large aspect ratio introduced strong polarization effect,
and resulted in formation of conductive channel. The BaTiO;
nanoparticles, on the other hand, efficiently concerted with
synergistic polarization instead of a not a simple superposition
among each component, and nano effect of MWNTs, and
therefore, the microwave transformed into dielectric and
electric energy.

The fraction of MWNTs/BaTiO; had great influence on
the impedance matching and the microwave absorption
properties of the ternary composite. It was illustrated that with
increasing loading of MWNTs/BaTiO;, two adjacent
nano-scaled tubes tended to bind to each other, forming a larger
particle, more effective in absorption in low frequency range
instead of high frequency. In a certain range, low dose of
MWNTs/BaTiO; led to high-frequency microwave absorption,
while higher dose of MWNTs/BaTiO; led to low-frequency
microwave absorption, but beyond that range, the
RL-frequency curves behaved abnormally due to possible
conglomeration. The theory of impedance matching is too
complicated to be interpreted, until now there is no explicit
designing guidance*®*'. This study may offer additional
perspectives on designing multi-element and multi-layer
microwave absorption materials.

Conventionally, the microwave-absorbing materials were
applied as coatings, such as epoxy resin. Compared to epoxy
resin, the conjugated PBO matrix offers a smoother channel for
charge transfer. Accordingly, the microwave could be
efficiently transferred to absorbers via the PBO matrix. With
the synergistic effect of MWNTs, BaTiO; and PBO, the
composites were proved to be effective in absorbing
microwaves in a wide range with low RL values, and have great
potential in further application. The mechanism of underlying
this microwave-absorbing composite will be studied intensively
in the near future, and additional applications will be explored.
Conclusions

The MWNTs/BaTiO3/PBO ternary microwave-absorbing
composites with varied fractions of MWNTs/BaTiO; have been

successfully  synthesized by  in-situ  polymerization
withchemical bonding between PBO and BaTiO;. The
MWNTs/BaTiO; nanocomposites were fabricated by
solvothermal method. Compared to neat PBO and

MWNTs/PBO (5 wt %), the €' and €" of MWNTs/BaTiO3/PBO
changed dramatically when fabricated into ternary composites,
possible attributed to the enhanced interfacial polarization of
MWNTs/BaTiO3. The maximum value of reflection loss (RL)
was achieved at -45.5dB with 12%wt MWNTs/BaTiO; at
9.7GHz and the widest bandwidth was obtained ranging from
7.5GHz-15.7GHz. The utmost stress of composites reached
145.9MPa (122.1% improvement compared to PBO) and onset
of thermal degradation could be beyond 660°C. To best of our
knowledge, this is the first example demonstrating remarkable
structural microwave absorbing material associated with the
excellent mechanical and thermo stability properties. This
strategy is effective in promoting the microwave absorption in

This journal is © The Royal Society of Chemistry 2012
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materials. Additional optimization, such as modification of
MWNTs-based absorbers, compounding condition, etc., would
give rise to improved mechanical, thermal and microwave
absorption properties of the hybrid composites. The material
demonstrated in this study is a promising candidate for
aerospace application as structural scaffold to satisfy the
demands in extreme frequency ranges or over a wide
bandwidth.
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BaTi0;/MWNTs/PBO ternary composites with excellent microwave
absorption, mechanical properties and thermostability.



