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ABSTRACT: Honeycomb cores (HCs) coated with graphite and multiwalled carbon nanotubes (MWCNTs) filled in a thermoplastic
resin are proposed as microwave absorbers. The MWCNT contents varied from 0.2 to 0.6 wt % in a graphite-filled (15 wt %) ther-
moplastic resin. The HCs were coated with three different types of coating materials for the sake of comparison: graphite, MWCNTSs,
and graphite plus MWCNTs. The dielectric properties [the real and imaginary parts of complex permittivity (¢’ and ¢, respectively)]
and reflection loss (RL) of all of the coated HCs were measured and compared. We observed that the permittivities and RL increased
significantly with increased weight percentage of the MWCNTSs in the graphite-filled thermoplastic resin. The RL measurements
showed a maximum loss of —20 dB around 7 GHz and a bandwidth of 2.7 GHz at —10 dB in the HCs coated with the 0.4 wt %
MWCNT plus graphite. There was also a shift in the RL peak position from the x band to the ¢ band after the increase of MWCNT
content. We also observed from the measurements that a combination of graphite and MWCNTS resulted in a broadband microwave
absorber; a bandwidth of 13 GHz was observed for 80% RL when the MWCNT content increased to 0.6 wt % in the graphite-
incorporated resin. The possible mechanism that increased RL with the incorporation of MWCNTS in the graphite-mixed thermoplas-
tic resin is discussed. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40891.
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have been prepared with carbon black,” metal magnetic particles
(MMPs),* a mixture of MMPs and carbonyl iron/nickel fibers,’
and a carbon slurry filled in the HCs.® In a report,” HCs coated
with carbon black mixed in various chemicals resulted in maxi-
mum attenuation of —20 dB. HCs coated with MMPs* up to
90 wt % resulted in a maximum reflection loss (RL) of —45 dB
but a very narrow bandwidth. In a similar work,” HCs were
filled with MMPs and carbonyl iron/nickel fibers at 40 wt %;
the resulting RL was —10 dB over a very narrow frequency
range. HCs coated with lossy dielectric or magnetic fillers incor-
porated in polymer composites are one of the most useful
structural materials for the fabrication of parts of modern war

INTRODUCTION

Radar-absorbing structures (RASs) are lightweight multifunc-
tional structures, which not only absorb the incoming micro-
waves from radar but are also used for load-bearing
applications. They often replace the higher density structural
material of a traditional aircraft and result in much lighter
structures.' Honeycomb core (HC) as a RAS is widely used
because of its high strength-to-weight ratio and stiffness; this
provides low-density support for absorbing materials. The
advantage of honeycomb RAS is the depth without additional
weight.> A honeycomb RAS consists of a top skin that is trans-

parent to microwaves and a lower skin made of a carbon fiber/
epoxy composite, which acts as a perfect reflector. The cores of
the honeycomb between these two skins are coated with an
absorbent material (uniformly coated or with a gradient in the
thickness of the coating). The microwaves, once they have
entered the coated honeycomb, are barely able to come out
because of internal reflections and subsequent absorption. In
the available literature, honeycomb-based microwave absorbers
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planes.”

Research has focused on polymer composites filled with nano-
particles for quite a long time and their microwave absorption
properties in the frequency region of 2-18 GHz.>'* The use of
carbon-based nanofillers in polymeric matrices has arisen dur-
ing the last decade with tailored electromagnetic properties, par-
ticularly in the microwave range. Among various carbon-based
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Figure 1. Manufacturing process of the honeycomb coating with thermoplastic resin filled with MWCNTs and graphite: (a) mixing of the MWCNTs in

the resin, (b) HCs, (c) coating of the honeycomb by a dipping method, and (d) photograph of the coated honeycomb after drying and curing in the

oven for 7 h at 105°C. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

nanostructures, multiwalled carbon nanotubes (MWCNTs) have
become very attractive for the development of novel polymer
composites because of their enormous mechanical strength and
higher electrical and thermal conductivities.'" MWCNTs have
the tendency to form percolated networks,'> and these network-
like structures aid in the improvement of the electrical proper-
ties of the composites. However, network structures cannot be
achieved with a very low concentration of MWCNTs. Attempts
to use binary fillers in the polymer matrix have been made to
improve network structures and hence to achieve a better per-
formance in composites.'>'* In previous studies, RASs have
been developed through the incorporation of MWCNTs as
dielectric fillers in woven glass fiber/epoxy composites. These
structures were in the form of multilayers, Salisbury screens
with a dielectric spacer, and composites with the uniform filling
of the MWCNTs."” In that approach, the concentration of
MWCNTs was varied to achieve the desired level of the complex
permittivity for maximum microwave absorption. The disad-
vantage of these structures is their thickness (2-5 mm or even
more), and this results in an increase in the weight.

In this study, three different types of coated HCs were prepared:
graphite-coated, MWCNT-coated, and graphite plus MWNCTs.
The objective of the use of a combination of MWCNTs and
graphite was to use MWCNTs as an enhancer of the dielectric
properties (complex permittivity) of the graphite coating.

EXPERIMENTAL

Materials and Methods

The MWCNTs were purchased from Chengdu Organic Chemi-
cals Co., Ltd. (China). The outer diameter of the tubes was 15
nm, the length was 10-200 um, and the purity was greater than
95%. High-purity graphite powder with a particle size of less
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than 20 um was purchased from Sigma Aldrich (Germany). The
graphite powder was mixed in a thermoplastic resin in 15 wt %
with a high-speed mixer for 1 h. MWCNTs in 0.2, 0.4, and 0.6
wt % were dispersed in the graphite-mixed resin by sonication
for 1 h. Nomex honeycombs (core size = 5.5 mm) with a 5-mm
thickness were purchased from Armicore (China). Three differ-
ent types of coated HCs were prepared: graphite-coated,
MWCNT-coated, and graphite plus MWNCTs. These three
groups of honeycombs were labeled as honeycomb-graphite
(HC-G), honeycomb-carbon nanotubes (HC-CNTs), and hon-
eycomb—graphite—carbon nanotubes (HC-GCNTs), respectively.
Figure 1 shows the schematic of the manufacturing process. The
coated HCs were then left overnight at room temperature. Fur-
ther curing was done under a heating cycle at 105°C for 7 h in
an oven. The coated honeycombs were used in sandwich panels.
These panels were prepared with a carbon-fiber-reinforced
epoxy composite as a reflector plate at the bottom and a glass-
fiber-reinforced epoxy composite as a transmission layer on the
top. The carbon fiber/epoxy and glass fiber/epoxy composite
sheets were prepared with vacuum-assisted resin-transfer mold-
ing. The thickness of both composite sheets was 1 mm.

Characterization

The RL in the 2-18-GHz frequency range was measured by a
free-space method with an NRL Arch reflectivity test setup [Fig-
ure 2(a)]. The scattering parameter (S11) of the panels was
measured backed by an aluminum plate as a perfect reflector.
The samples were tested for the measurements of the complex
permittivity with a vector network analyzer in the frequency
range 8-12 GHz with the free-space method without a perfect
electrical conductor plate [Figure 2(b)]. The standard size of the
sample specimens for the holder was 190 X 190 mm®. The sys-
tem used spot-focusing horn lens antennas to minimize
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Figure 2. Free-space measurement system: (a) RL measurements and (b) complex permittivity measurements. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

diffraction effects. The surface morphology of the hybrid nano-
composites was investigated with scanning electron microscopy
(SEM; JED 2300). The direct-current (dc) conductivity of the
coated samples was measured with a four-probe method in lin-
ear geometry with a Keithley 2401 source and measurement
unit. Rectangular plates with dimensions of 50 X 25 mm? were
prepared.

RESULTS AND DISCUSSION

HC-GCNT Series

The dc electrical conductivity measurements of the honeycomb
coating as a function of the carbon nanotube (CNT) content is
shown in Figure 3. As shown, the conductivity increased with
increasing MWCNT content in the graphite-filled thermoplastic
resin. At a 0.6 wt % MWCNT content, there was a sudden
increase in the conductivity (ca. 72%); this was an indication of
the formation of a conductive network between the graphite
grains by the MWCNTS.

There were four different honeycomb samples: HC-G, HC-
GCNT (0.2), HC-GCNT (0.4), and HC-GCNT (0.6). The
¢ measurements and tangent loss of HC-G, HC-GCNT (0.2),
HC-GCNT (0.4), and HC-GCNT (0.6) are shown in Figure
4(a—c), respectively. The number in the parenthesis indicates the
concentration of MWCNTSs. Eor example, HC-GCNT (0.2) indi-
cates 0.2 wt. % MWCNTs concentration in the resin. The imagi-
nary permittivity (¢”), which is the dielectric loss factor,
contributed toward the absorption of the microwaves. As
shown, both the real part of the complex permittivity, or the
effective permittivity (¢/), and the ¢” significantly increased with
increasing MWCNT content in the graphite coating. The tan-
gent loss, which is a measure of the loss of microwaves in the
HCs, also increased with increasing MWCNT content. The fac-
tors taking part in the increase of ¢ and &” are discussed sepa-
rately in the following.

In our system, MWCNTs played the role of dielectric media. In
an applied field, mobile charge carriers in dielectric material
migrate, but their motion is restricted at the surfaces or at grain
boundaries. The accumulation of charge carriers at the interfa-
ces between the MWCNTs and the host matrix resulted in the
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polarization known as interfacial or space charge polarization. In
our system, nanotube polymer interfaces were abundant; this
resulted in significant interfacial polarization. The lattice imper-
fections of the MWCNTs also had strong effects on the dielec-
tric properties'® and, hence, on the microwave absorption
properties of the composite. In our samples, lattice imperfec-
tions, that is, twisted and interconnected MWCNTs [as can be
seen from the SEM image of as received MWCNTs in the inset
of Figure 5(a)] and foreign impurity atoms (as observed from
the X-ray diffraction spectrum of the as-received nanotubes not
shown here) collectively played the role of defects. These defects
acted as tiny dipoles or polarized centers under the electromag-
netic field and contributed toward the increase in ¢'. Therefore,
polarizations due to defects and interfaces were present in our
system and gave rise to the increase in ¢. By increasing the
MWCNTs concentration, we increased the number of tubes,
and as a result, both types of polarizations that is, interfacial
and defect polarizations also increased.

The increase in ¢’ with the addition of MWCNTs was also due
to two factors, that is, defects present in MWCNTs and the
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Figure 3. dc electrical conductivity measurements as a function of the
MWCNT content in the graphite-filled polymer.
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impurity atoms were the type of defects present in our
MWCNTs. According to the theory, these defects collectively
took part in the creation of additional energy states near Fermi
level,'” and electromagnetic energy was absorbed by the transi-
tion from these localized states to the Fermi level when the elec-
tromagnetic radiations were incident on the absorber surface.
The sufficient creation of such states resulted in increased con-
duction by electron motion to such states, and hence, &’

In the HCs coated with MWCNTs and graphite, resistive loss
was dominant because a relatively large amount of graphite
already produced a conducting network in the polymer. The
addition of MWCNTs enhanced this network (as was obvious
from the increase in conductivity) by bridging the graphite
sheets [Figure 5(c)]. These network or interconnections inter-
acted with incident radiation and led to a higher electromag-
netic absorption.
nanotubes, there was a rare chance for the nanotubes to form
their own networks. Hence, MWCNTS, because of their higher
aspect ratio and electrical conductivity and the presence of
defects contributed to microwave absorption in three ways: by
the formation of interfaces (interfacial polarization), by the
resistive losses through conducting network of CNTs, and
by the presence of defects (taking part in increasing both

Because of the small concentration of

The SEM micrographs of the coated honeycomb HC-GCNT
(0.6) are shown in Figure 5(a,b). The SEM image of the
MWCNTSs used in this study is also shown in the inset of Figure
5(a). Debonding between the matrix and graphite sheets (the
word sheet is used because of the microstructure of the graphite
grains) at different locations was also observed, as indicated by
an arrow in Figure 5(a). This revealed the dense structures com-
posed of many graphite sublayers. Although the graphite sheets
were dispersed in the matrix in the form of bundles, the degree
of dispersion was, in general, satisfactory. These graphite sheets
immersed in the polymer matrix are shown at high magnifica-
tion in Figure 5(b); this allowed the formation of the electrical
conducting network within the matrix. The MWCNTs were also
observed in the matrix connecting the sheets through the epoxy
matrix, as indicated by the circle and arrow. The circle high-
lighted the region where a nanotube bridged the graphite sheet
through the polymer matrix. A possible reason for the increase
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Figure 4. Complex permittivity of the MWCNT-added, graphite-coated
HCs as a function of the measured frequency: (a) ¢, (b) ¢”, and (c) tan-
gent loss.

increase in the conductive networks through the formation of
interconnected networks among graphite sheets. It was reported
in the literature that in the defected MWCNTS, the transport
mechnaism was controlled by the migration of electrons in the
MWCNT walls and by hopping electrons distributed in the
lattice-imperfect region.'® Lattice imperfections, that is, twisted
and interconnected MWCNTs, and the presence of foreign
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in the conductivity with the small incorporation of MWCNTs
was the formation of network among the disconnected graphite
sheets enhanced by the MWCNT bridging. The MWCNTs were
favored in the vicinity of the graphite sheets because of the n—n
interaction between the MWCNTs and graphite sheets. The
schematic in Figure 5(c) shows that the mechanism of such
interconnections between the graphite sheets through the
MWCNTs in the polymer matrix. The effect of this interconnec-
tion was also observed from the increase in the dc electrical
conductivity with increasing MWCNT content [Figure 3].

The RL measurements in the 2-18-GHz range of all four sam-
ples are shown in Figure 6. The HCs coated only with graphite
showed only a very small RL in the whole frequency range:
—6.37 dB (77%) was the maximum RL with a very narrow

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40891
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Figure 5. SEM micrographs of HC-GCNT (0.6) with (a) low magnification and (b) higher magnification. (c¢) Schematic showing the possible intercon-
nects formed between graphite sheets by the MWCNTs: (a) MWCNTSs + graphite and (b) graphite.

bandwidth. However, the addition of the MWCNTs in the
graphite resulted in a large increase in the RL and the band-
width. Moreover, all of the MWCNT-coated samples showed
two matching frequencies, one around 6.5 GHz and the second
around 11 GHz. The maximum RL in all of the MWCNT-
coated HCs appeared around 6.5 GHz (C band). The magnitude
of RL and the —10 dB (90% attenuation) bandwidth increased
with increasing MWCNTs up to 0.4 wt % (RL= —20 dB, —10
dB bandwidth = 2.7 GHz). These values decreased to —16.8 dB
and 2.46 GHz, respectively, in the HCs coated with 0.6 wt %
MWCNTs, whereas the highest bandwidth (13 GHz) for 80%
RL was observed in the HCs coated with 0.6 wt % MWCNTs.
The matching frequency also shifted to a lower frequency for all
of the samples after the addition of the MWCNTs in the coating
matrix. The results of the RL measurements are summarized in
Table I. The decrease in the maximum reflection loss [(RL) ]
with increasing MWCNTs above 0.4 wt % could be explained
by the following equation:

(RL),.. =20 log[1—4/(2+¢"(tan §+1/tan 3))] (1)

max

Equation (1) shows that the optimized &’ and loss tangents were
required to achieve the maximum RL; a very large value of ¢” led
to reflection instead of absorption, and a very small ¢’ did not
favor absorption.'® This was the possible reason that the honey-
comb with highest ¢’ showed a lower absorption as compared to
that filled with 0.4 wt % MWCNTs. Similarly, the filler concen-
tration also influenced the absorption bandwidth."”” The varia-
tions in the MWCNT content could be used to manipulate the
absorption bandwidth. These results show that 0.6 wt % of the
MWNCTs resulted in a higher bandwidth of 13 GHz for the 80%
RL of the microwaves. This work resulted in the enhanced micro-
wave absorption properties of HCs as compared to the previous
results of similar work in which HCs were coated or filled with
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lossy magnetic/dielectric materials in high weight percentages
through complicated and longer processes.” "

HC-CNT Series

The ¢ measurements and tan loss of the HC-CNTs for 0.4 ad
0.6 wt % in 8-12 GHz (x band) are shown in Figure 7(a—c).
The results of the 0.2 wt % MWCNT-coated honeycomb are
not included because it was difficult to coat with such a small
concentration and the results were also not reproducible. The
HCs coated with a higher concentration of MWCNTs in the
resin had higher values of ¢ and &”’. The tangent loss (¢'/¢"),
which ultimately determined the microwave losses, was also
higher for the HCs coated with 0.6 wt % MWCNTs. It was
observed in both samples that ¢ and ¢’ had a maximum at a
certain frequency because we tested ¢ for the sample; this

RL(dB)

—c— HC-GCNT(0.2)

I —2— HC-GCNT(0.4) ]
18 A —&— HC-GCNT(0.6) -
5 AA -
-20 |- Graphite: 15 wt.% 5
_22 [ 1 " 1 " 1 L 1 L 1 " 1 " [ A 1 " 1 i

2 4 6 8 10 12 14 16 18
Frequency (GHz)

Figure 6. Results of the RL measurements of the HCs coated with the
MWCNTs and graphite-filled polymer resin.
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Table I. Summary of the Results of the Complex Permittivity and RL Measurements of the MWCNTs and the Graphite-Coated HCs

Bandwidth (GHz)

Bandwidth (GHz)

MWCNT (wt %) f1 (GHz) RL (at f41) f2 (GHz) RL (at f2) for 90% RL for 80% RL
0 9.44 -6.37 13.36 =3 = =

0.2 6.64 -17.61 11.44 -7.22 2.46 4

0.4 6.56 -20.2 10.8 -7.36 2.7 4.25

0.6 6.72 -16.8 10.96 -9.94 2.46 13

f, and f5 are the matching frequencies where the first and second maximum of reflection losses appear.

included the honeycomb frame, absorbing coating, and air
holes. It was possible to have electric resonance because of the
magnetic (H) field or electric (E) field or both field oscillations
induced by their spatial distribution in the sample. The HCs
coated only with MWCNTs had lower values of the complex
permittivity compared to those coated with a mixture of graph-
ite and MWCNTSs. The probable reason was that at this smaller
MWCNT concentration, the formation of the insulating poly-
mer layer between the MWCNTs decreased the tunneling con-
ductivity, and this resulted in in a smaller &”.*° The case for &
was similar; this was higher in HC-GCNTs because of the com-
bined effects of the MWCNTs and micrometer-sized graphite.

The electron micrograph of HC-CNT (0.6) is shown in Figure
8(a). As shown, the CNTs were uniformly dispersed in the ther-
moplastic resin. The reason for the smaller complex permittivity
and RL in the HCs coated only with MWCNTs was the nonuni-
formity of the coating. As shown in the schematic in Figure
8(a), small islands of MWCNTs were formed; they could not
provide conducting networks. The RL measurements are also
shown in Figure 8(b). The RL increased by 0.6 wt % to —4.25
dB. The matching frequency was observed around 10 GHz.
Because the matching frequency and the magnitude of RL both
depended on the dielectric loss factor and the tan loss, the
smaller RL in the HC-CNT honeycombs was obvious.

2.4 r . r . 7 180, T - T T
(a) ——HC-CNT(0.4) (b) —— HC-CNT(0.4) ]
2.2 - = -HC-CNT(0.6) - ] 1.6 F | — - -HC-CNT(0.6) 4 ‘\ -
L \ |
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2.0 4 3 \ 1
1.2} A i
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Figure 7. Complex permittivity of the MWCNT-coated HCs as a function of the measured frequency: (a) ¢, (b) ¢’, and (c) tangent loss.
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Figure 8. (a) SEM micrograph of the HC-CNT (0.6) honeycomb sample.
(b) Results of the RL measurements of the HCs coated with the
MWCNT-filled polymer resin.

CONCLUSIONS

In this study, we used the MWCNTs and graphite powder for
honeycomb coating through a very simple and fast process for
electromagnetic absorption. We optimized the MWCNT con-
tent, that is, less than 1% when added in the graphite-filled
resin to achieve the maximum RL and higher bandwidth. The
—20-dB RL and 2.7-GHz bandwidth for —10 dB were achieved
with 0.4 wt % MWCNTs. The large RL of —20 dB with just 0.4
wt % was a pronounced result and highlighted the importance
of MWCNTS for the enhancement of microwave properties of
honeycomb absorbers, whereas the further addition of
MWCNTs to 0.6 wt % resulted in the increase of the absorption
bandwidth for 80% RL of microwaves. The absorption band-
width, RL, and matching frequency were all found to be
dependent on the concentration of MWCNTs in the coating
material. We suggest that the enhanced microwave absorption
properties by the small incorporation of MWCNTs were due to
their roles in the formation of interconnected networks among
the graphite sheets, which gave rise to direct tunneling between
adjacent sheets in the composite. The results presented here
indicate that such structures may be used as effective microwave
absorption materials for structural applications.
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