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Abstract: Hybrid composite materials based on an aluminium phosphate matrix with silicon
carbide whiskers and multi-walled carbon nanotubes were studied in a wide frequency range
(20 Hz to 36 GHz). It was demonstrated, that the addition of the silicon carbide whiskers enhances the
dielectric permittivity and conductivity. This was explained by the difference in tunnelling parameters.
Hybrid ceramics with nanotubes and whiskers also exhibits substantially improved electromagnetic
shielding properties. The hybrid ceramics with 10 wt. % silicon carbide whiskers and a 1 mm thick
1.5 wt. % carbon nanotube layer, show higher than 50% absorption of electromagnetic radiation.
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1. Introduction

Composite materials are widely used in several engineering applications, including biomedical [1],
aerospace [2], and specific electromagnetic [3,4]. For the researchers composites are especially
interesting because their features drastically depend on the preparation technique and the initial
compounds’ properties [5–7]. Another appealing aspect is the theoretical and numerical modelling of
composites as ordered, for instance layered [8,9], corrugated [10], or disordered [11,12] media.

Composites filled with more than one type of inclusions, or hybrid composites, have received
a good deal of attention in recent decades [13–15]. This is because, on the one hand, the combination of
fillers provides the multifunctional materials with advanced properties in comparison with one-type
filled conterpartners [16,17]. On the other hand, the interaction between fillers may determine the
synergetic effects [18,19]. In the case of multi-walled carbon nanotubes (MWCNT), the frequent choice
of the second filler is graphene nanoplatelets or graphene oxide [20–23], which allows the combination
of different shielding properties [24]. At the same time, composites filled with a combination of
carbonaceous and inorganic inclusions have been given less recognition [25,26].

In the meantime, for practical applications, the high hardness, good wear and corrosion resistance
of ceramics matrices are important (for example alumina, Al2O3), which makes them attractive for
further investigations. In particular, it has been demonstrated that MWCNT/alumina phosphate
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composites show advanced thermal, mechanical, and electrical properties in comparison with
polymer-based composites [27,28].

The addition of SiC nanoparticles results in substantially improved mechanical properties of
ceramics [29]. Ceramics with SiC also exhibit good microwave shielding properties [30].

However, the investigations of the electromagnetic properties of hybrid ceramics with
carbon and SiC nanoinclusions are rather rare [31]. The aim of this paper is to investigate the
electromagnetic properties of aluminium phosphate-based ceramics with carbon nanotubes (CNT)
and SiC nanoinclusions and to find the synergy effect, if any.

The paper is organised in the following way: firstly we discuss in detail the sample preparation
procedure; next the dielectric permittivity of the hybrid and one-component samples in wide frequency
range is presented with the focus on the comparison at low frequencies. Finally, we present
the numerical approach for the shielding properties calculation for the free-standing film in the
GHz range and compare the results with experimentally measured data. The impact of SiC loading is
discussed both for the low frequency and GHz ranges.

2. Experimental

MWCNT were synthesized via the chemical vapor deposition (CVD) method. Aligned MWCNT
arrays were grown on silicon substrates as a result of the thermal decomposition of toluene at
a temperature of 800 ◦C. The preparation method details can be found in [32], for example, and scanning
and tunnelling electron microscopy of the nanotubes used have been presented in our previous
works [27,33].

Commercially available [34] silicon carbide whiskers were used for ceramics preparation.
Whiskers have a diameter less than 2.5 µm, and the average length of 50–80 µm.

Aluminium phosphate ceramic matrices are made of two components: A filler is a homogeneous
mixture of Al2O3 and AlN with mass ratio m(Al2O3):m(AlN)=9:1, and a binder, a dissolution of the
aluminium hydroxide in a diluted phosphoric acid with a mass fraction of 60%. The molar ratio of
H3PO4/Al(OH)3 is equal to 3. A binder and filler were mixed together and a 10 mm diameter, 1 mm
and 2 mm thick tablets were formed. After 24 h treatment at ambient conditions, samples were heated
to 300 ◦C.

During the mixing procedure MWCNTs and SiC whiskers were added and a series of hybrid
samples with 10 wt. % of SiC, and 0.5, 1, 1.5, 2 wt. % of MWCNT was prepared. For comparison,
a second series filled only with MWCNTs of the same fraction was fabricated (see Figure 1).

Figure 1. Scanning electron microscopy of the sample: SiC whiskers (a) and (b) MWCNTs embedded
into phosphate martix.

Frequency dependencies of complex dielectric permittivity were measured using an HP4284A
precision LCR meter in the frequency range 20 Hz–1 MHz, by a vector network analyser Agilent
8714ET in the frequency range 1 MHz–3 GHz, and using a waveguide technique with a scalar network
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analyser R2-408R (ELMIKA, Vilnius, Lithuania) in the range of 26–37 GHz. The real part of complex
electrical conductivity σ′ was calculated as σ = ωε0ε′′, where ε0 is the permittivity of vacuum.

3. Results and Discussion

3.1. Radio Frequency Range

Typical frequency dependencies of dielectric permittivity and electrical conductivity for ceramics
loaded with MWCNTs and hybrid MWCNT + SiC whiskers inclusions are presented in Figure 2.
The frequency dependence of these parameters is caused by low frequency dispersion [35,36], which is
typical for the disordered media. At low frequencies (below 129 Hz) the dielectric permittivity is high
(higher than 100) for all the investigated samples.
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Figure 2. Comparison of (a) dielectric permittivity and (b) conductivity of the hybrid samples and
MWCNT-filled samples as a function of frequency.

The SiC whiskers addition leads to a significant increase of the permittivity and conductivity of
the composites (see Figure 3). The percolation threshold in both types of ceramic based samples is near
0.5 wt. %. Particularly above the percolation threshold, the DC conductivity of hybrid composites
is five orders of magnitude higher than the conductivity of composites filled only with MWCNT
inclusions. Moreover, the dielectric permittivity at 129 Hz is at least 1000 times higher for hybrid
composites than that of composites filled only with MWCNT.
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Figure 3. Dielectric permittivity (a) and (b) conductivity of the hybrid samples and MWCNT-filled
samples as a function of MWCNT concentration at the fixed frequency of 129 Hz.
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It was previously demonstrated, that the SiC whiskers/ceramics composites have a percolation
threshold at a concentration of 25 wt. %. That is the addition of 10 wt. % of SiC would not create
a percolation network.

To understand the underlying physics the following idea may be proposed. It has been
proven, that the conductivity of the MWCNT/ceramic composites has the tunnelling mechanism [33].
The tunnelling resistivity between two equivalent nanotubes can be calculated using the equation [37]:

ρ =
h2

e2
√

2mλ
exp

(
4πd

h

√
2mλ

)
, (1)

where λ is the potential barrier, and d is the separation distance. Next, if we add the SiC whiskers
in the system it should affect both λ and d. When these values decrease, the total conductivity of
the sample should increase drastically. To prove this idea, the low temperature measurements of
the conductivity of the ceramics loaded with 2 wt. % MWCNT + 10 wt. % SiC and 2 wt. % MWCNT was
done. The temperature dependences of the conductivity for the hybrid and one-component composites
are presented in Figure 4.
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Figure 4. Relative conductivity (σ/σ (100 K)) dependence on the temperature (symbols); fit with
the tunnelling law (solid lines).

The measured experimental data can be fitted with the tunnelling law for both cases as
one-component and hybrid composites [38]:

σDC = σ0e−
T1

T+T0 . (2)

Here T1 is the energy required for an electron to cross the gap between two conductive particles,
and T0 is the temperature above which the thermally activated conduction over the barriers begins
to occur. The values of the T1 and T0 are related to the microstructure of the composite samples,
and their ratio reads as T1/T0 = (π/2)

√
2me/h̄λ1/2d ∼ λ1/2d. The obtained values for the T1/T0 are

0.783 and 0.435 for the one-component and hybrid composite correspondingly. This difference proves
that the tunnelling potential barrier and/or separation distance is lower for the hybrid composite.
The increase of the tunnelling conductivity should also affect the percolation concentration value,
but due to the finite number of sample’s concentrations, it is difficult to determine it precisely.

3.2. GHz Shielding Properties

In the microwave frequency range both real and imaginary parts of the permittivity do not
demonstrate any significant frequency dispersion. Both of them increase with the concentration for the
one-component and hybrid composites.
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In order to check the shielding properties of the produced samples the following method was
used. Let us consider a thin planar layer in the free space with the electromagnetic irradiation incident
perpendicularly. The scattering parameters for such system are given by the equations [39]:

S11 =
−j[(kz/k2z)

2 − 1] sin(k2zτ)

2j(kz/k2z) cos(k2zτ) + [(kz/k2zz)2 + 1] sin(k2zτ)

S21 =
2(k2z/kz)

−2(k2z/kz) cos(k2zτ) + j[(k2z/kz)2 + 1] sin(k2zτ)

, (3)

where kz = 2π/λ and k2z = 2π
√

ε/λ are wave numbers in the vacuum and the sample’s media
correspondingly, and τ is the thickness of the layer. The absorption of the layer may be computed
as A = 1− (ST

11)
2 − (ST

21)
2. We obtain absorption of the planar layer as a function of the irradiation

frequency, sample thickness and the complex dielectric permittivity of the sample, A = A(ν, τ, ε∗).
To simplify the complex function we can take fixed frequency and sample thickness as ν0 = 30 GHz,
τ0 = 1 mm. The results are presented in Figure 5 as a dependence of the absorption on the real and
imaginary parts of permittivity.
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Figure 5. Electromagnetic irradiation (30 GHz) absorption of the planar 1 mm layer plotted as a function
of dielectric permittivity. Dots presents the experimentally measured values of the permittivity for
the pure MWCNT (open) and hybrid, SiC + MWCNT composites.

The addition of the SiC whiskers strongly improves the absorption and its value reaches 56%.
In contrast to highly reflective composites filled only with MWCNTs [40], hybrid SiC + MWCNT
composites provide shielding mostly by means of absorption.

4. Conclusions

Hybrid composite materials based on an aluminium phosphate matrix with SiC whiskers and
multi-walled carbon nanotubes were studied in a wide frequency range (20 Hz to 36 GHz). Although
the electrical percolation threshold is not lower in hybrid MWCNT/SiC ceramics in comparison with
one-component MWCNT filled ceramics, the broadband electromagnetic properties of ceramics are
substantially improved by the addition of SiC whiskers. Particularly close and above the percolation
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threshold, the DC conductivity of hybrid composites is 105 times higher than the DC conductivity
of composites filled only with the MWCNT inclusions and the dielectric permittivity at 129 Hz is
at least 1000 times higher for hybrid composites than for one-component composites loaded with
MWCNT of the same concentration. The difference was explained with the decrease of the tunnelling
separation and/or the potential barrier value. Hybrid ceramics with MWCNT and SiC whiskers
also exhibit substantially improved electromagnetic shielding properties. The hybrid ceramics with
10 wt. % of SiC whiskers and a 1 mm thick 1.5 wt. % MWCNT layer, show more than 54% absorption
of electromagnetic radiation, whereas the addition of just 1.5 wt. % of MWCNT leads to only 10%.
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