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Characterization of Multiwalled Carbon Nanotube
(MWCNT) Composites in a Waveguide

of Square Cross Section
Ravi K. Challa, Darko Kajfez, Veysel Demir, Joseph R. Gladden, and Atef Z. Elsherbeni

Abstract—Multiwalled carbon nanotube (MWCNT) composites
are characterized within 8–10 GHz using a waveguide of square
cross section. The complex permittivity is extracted and empir-
ical expressions are obtained as a function of frequency by mini-
mizing the difference between the measured and theoretical values
of the scattering parameters. Composites with CNT concentrations
ranging from 0%–20% are investigated. The square cross section
of the waveguide allows for different orientations of samples to test
the anisotropy of MWCNT composites.

Index Terms—Carbon nano-tube (CNT) composites, dielectric
measurements, scattering parameters, waveguides.

I. INTRODUCTION

CARBON nano-tube (CNT) composites have potential
electromagnetic and space applications due to their high

conductivity and absorption mechanisms. Some of the com-
plex permittivity and permeability extraction techniques for
CNT composites are reported in [1]–[3]. The objective of this
paper is to demonstrate the possibility of characterizing CNT
composites in a waveguide of square cross section, which
enables us to measure the complex permittivity and complex
permeability with all four possible rotations of the sample. If
the material was anisotropic, perhaps due to a partial alignment
of the CNTs, these rotations would display different results.

Multiwall carbon nanotubes (MWCNTs) consist of layers of
hexagonal graphene sheets of carbon atoms rolled into a seam-
less cylinder forming concentric layers. The MWCNTs used in
this study have outer diameters in the range of 8–12 nm and
10 layers on average. Lengths of the tubes range from 1 to
100 micrometers. To form the composites, raw MWCNTs were
mixed into a Nylon 6,6 polymer melt and extruded into sheets of
thickness 2.0 cm and width of 30 cm. MWCNT concentrations
ranged from 1.25 to 20% by weight.
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Fig. 1. Waveguide fixture and matched loads with a CNT composite sample of
thickness ` placed at the center of sample holder.

Complex permittivity is measured as a function
of frequency, concentration of CNTs, and orientations of the
sample relative to the co-axial probes inside the waveguide. We
tried to extract the permeability by the methods described in
[6] and we did not observe a departure from unity larger than 1
percent, therefore, the processing of all the data was performed
with the assumption that the relative permeability is unity. All
measurements were taken in the 8–10 GHz band.

II. EXPERIMENTAL PROCEDURE

The waveguide fixture consists of five sections which are con-
nected to each other with waveguide flanges: two matched loads,
two coaxial to waveguide transitions, and one empty waveguide
section, which is also used as a sample holder. Fig. 1 shows a
schematic diagram of the fixture. The matched loads are used
to prevent multiple reflections in the waveguide, which could
create interior resonances. The TRL calibration [4] takes into
account all the imperfections in the coaxial to waveguide tran-
sitions and in waveguide loads. All the measured S-parameters
are later shifted to the sample surface.

The measured scattering parameters have to be post-pro-
cessed in order to extract the material properties of the sample.
We numerically minimized the difference between the com-
puted and the measured S-parameters by varying the assumed
values of the real and imaginary parts of the relative permittivity
at each frequency. For low permittivities, the results compared
favorably with Nicholson-Ross-Weir (NRW) procedure [6], [7],
but for higher permittivities their procedure gave us inconsistent
results when the sample length exceeds one-half wavelength.
It is well known that NRW procedure gets into difficulties
when the length is multiples of half guide wavelength [7]. We
think our procedure has no such limitations. The details of our
measurement procedure can be found in [5].
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Fig. 2. Matched waveguide fixture with cables connecting to the network
analyzer.

Fig. 3. Square waveguide and a 1.25% MWCNT composite sample.

Figs. 2 and 3 show the physical appearance of the measuring
equipment. The measured samples were all thick,
except for the 20% sample which was 0.53 mm thick. For each
and every sample, co-polarization is measured when the sample
holder along with the sample is rotated 0 , 90 , 180 and 270 .
Material parameters are extracted for each rotation individu-
ally. We also measured the cross-polarization produced by CNT
composites and found no measurable cross-polarization above
our noise floor of .

An important source of errors in permittivity measurements
is the air gap between the sample and the waveguide walls. This
error becomes significant for high values of complex permit-
tivity. A good way of correcting for the air gap is to fill the
gap with a conductive paste [8]. We used the conductive paste
Ten20, for which we measured the complex permittivity to be

. For practical reasons, the sample with the sur-
rounding paste was inserted at one end of the waveguide holder.

III. EXPERIMENTAL RESULTS

Measurements were conducted using a square waveguide fix-
ture of 20 20 mm cross section, over the frequency range from
8 to 10 GHz, with the Network Analyzer model HP8510C. Mul-
tiwalled Carbon Nanotubes of concentrations 0%, 1.25%, 2.5%,
5%, 10%, and 20% were mixed with Nylon 6.6 by Ensinger In-
dustries. The measured two-port S parameters have been refer-
enced to the sample surfaces and then processed by minimiza-
tion described in [5].

Figs. 4 and 5 show the real and imaginary parts of the com-
plex permittivity measured for 1.25% to 20% MWCNT com-
posite sample between 8 and 10 GHz. It is to be noticed that for
the 20% concentration the imaginary part of the permittivity is
larger than the real part, which means that the loss tangent of
this material is larger than unity.

Fig. 4. Real part of permittivity of 1.25%–20% concentrated MWCNT com-
posite sample measured.

Fig. 5. Imaginary part of permittivity of 1.25%–20% concentrated MWCNT
composite sample measured.

Fig. 6. Real and imaginary parts of the permittivity. The inset shows the pro-
gressive anisotropy with increasing concentration for the real part showing max-
imum possible error for each concentration.

Fig. 6 shows the mean values of real and imaginary parts of
permittivity as a function of concentration for two angular ori-
entations. The values shown are the results of the minimization
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procedure averaged over the entire frequency band 8 to 10 GHz.
Due to four-fold symmetry of the square waveguide, similar re-
sults are obtained when the sample is rotated for 0 –180 and
90 –270 . The results for and should be iden-
tical to each other, and those for and like-
wise. The actual difference of results can thus be used as an es-
timate of the measurement uncertainty. At the center frequency
of 9.0 GHz, the larger difference for the real part of permittivity
varies from 0.5% to 2.4% when MWCNT concentration ranges
from 1.25% to 20%. At the same frequency, the larger differ-
ence for the imaginary part of permittivity varies from 3.7% to
3.8%, for the same range of MWCNT concentrations.

The difference in permittivity measured as a function of
suggests that the orientation of MWCNTs in the composite is
not completely random, thus producing some anisotropy. The
shear flow of the polymer melt during the extrude process could
well account for this slight anisotropy.

It can be seen in Fig. 6 that the real part of permittivity can
be well approximated with a linear function of the form:

, where is MWCNT % concentration. The imag-
inary part however fits well with a quadratic polynomial:

. The anisotropy of the real part shown in
the inset of Fig. 6 exhibits a roughly linear trend with slope of
0.25% concentration and intercept constrained to pass through
the origin. Finally, the loss tangent increases with MWCNT
concentration following a linear trend of the form:

, as shown in Fig. 7.

IV. CONCLUSION

Complex permittivity of MWCNT composite is extracted as
a function of frequency. A square waveguide enables one to
measure the permittivity as a function of angular orientation of
the sample relative to the measuring coaxial probes which is not
convenient with a rectangular waveguide. A steady increase in
the real part of permittivity and a rapid increase in the imaginary
part of permittivity of composites as a function of MWCNT
concentrations are observed.

Fig. 7. Loss tangent as defined by the ratio of imaginary to real parts of the
permittivity.
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