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ABSTRACT

Carbon nanofibre (CNF)/Al,O; composites with concentrations

between 1 and 9 vol.% of CNF were prepared by the traditional ceramic
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processing route followed by spark plasma sintering. The dielectric
properties of these composites have been studied in a broad frequency
range from mHz to the infrared range. Unlike conventional composites, the
percolation threshold in this system is more complex depending on the
particles topology. Positive and negative variations by several orders of
magnitude in the low frequency ac conductivity have been detected for
concentrations near the threshold at ~2 vol.% of CNF. To explain these
results, a modified percolation model has been proposed which takes into
consideration the effect of the concentration of the filler on the

microstructure of the composite.

1. INTRODUCTION

Composites formed by a dielectric ceramic matrix and a conductive
filler are very interesting materials since their physical properties, such as
optical, electrical and magnetic properties as well as tribological, corrosion-
resistance and wear properties can be tailored, which makes them attractive
for-many new electronic, optical, magnetic and structural applications [1-
4]. In particular, the introduction of carbon based nanoparticles, such as
CNTs or CNFs, in polymeric or ceramic matrices has led to the
development of materials for a wide variety of new applications [5,6], and
devices based on tunable electrical conductivity [7], piezoresistivity [8],

magnetoresistivity [9] or electromagnetic shielding [10,11]. However, from



a technological point of view, CNFs offer several advantages compared to
CNTs. CNTs are subject to much stronger Van der Waals forces than
CNFs, so it becomes necessary to disperse or functionalize CNTS,
increasing production costs. Also, the cost of the CNFs is in the range of
some hundred euros per kg, whereas the cost of CNTs rises to hundreds of
euros per gram. Besides their functional aspects, machining of ceramic
materials is quite a hard and expensive task. In this regard, the use of
Electro Discharge Machining (EDM) allows cutting very complicated
pieces. However, EDM requires bulk ceramic items with an acceptable
level of conductivity [12]. In this regard, the inclusion of CNFs is a
convenient solution. Due to the shape of these nanoparticles, just a few per
cent of these fibers are required to turn dielectric ceramics into conducting
composites, but keeping unchanged most of the mechanical properties of

the ceramic materials.

In order to prepare efficient composites, it is necessary to control
both mechanical and electric properties by keeping the carbon phase
concentration as low as possible. In this regard, it is well known that the
minimum amount of the conductive phase required to turn the whole
composite conducting is determined by the percolation threshold. This
mathematical concept states that inclusions inside a matrix remain isolated

just until the critical concentration is reached. At this point all particles



become connected, forming the so-called infinite cluster. Conductivity and
dielectric constant show a critical behavior when the fraction of the
conducting phase reaches the percolation threshold [13,14], which has been
the subject of interest of many studies [15-17]. Specifically, electric
conductivity shows a steep change by several orders of magnitude near this
percolation threshold from the value corresponding to the dielectric
component to that of the conducting phase. According to the percolation
theory, as the concentration of the conductive phase in a dielectric matrix
rises, the composite keeps its insulating character but its resistivity slightly
decreases. However, once the critical concentration is reached, the material
becomes dc conducting. It has been shown both experimentally and
theoretically that the percolation threshold strongly depends on the aspect
(length-to-diameter) ratio of the conductive particles [18-20]. Hence, it is
not surprising that a number of experimental studies have verified the
potential of CNTs as a conductor filler resulting in very low percolation
thresholds [21,22] and most of the studies have been carried out with CNTs

in polymer matrices [23-26].

According to the classical percolation model, it is implicitly assumed
that topology of the composite is not modified when the concentration of
one of the components varies. However in real ceramic systems, fillers may

strongly modify the growth rate. In fact, it is well known that the presence
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of inclusions modifies the surface energy of the ceramic grains. When the
particle size of the filler is much smaller than that of the matrix grains, the
small particles are able to hinder the grain growth of the larger ones,
inducing the so-called pinning effect [27]. A similar effect has. been

previously observed in carbon/polymeric composites [28].

In this work the electrical properties of spark plasma sintered CNF-
alumina composites are studied in a broad spectral range, from mHz to the
infrared range, for concentrations of CNFs between 1 and 9 vol.%. The
conduction percolation threshold and the changes in the microstructure of
the composites are discussed. Besides the technological importance of
these systems, alumina/CNF can be considered to be a model to study the
correlation between conductive and microstructural properties of ceramic

carbon nanocomposites.



2. EXPERIMENTAL

CNF-alumina powders having concentrations between 1 and 9 vol.%
of CNF were prepared as follows: the raw materials, Al,O; (Taimei TM-
DAR, >99.99% purity) with an average particle size of around 150 nm and
CNFs (Grupo Antolin Ingenieria) with the fiber diameter around 50 nm and
fibre length up to 30 um, were mixed in propanol and ball milled for 1
hour. The mixed powders were uniaxially pressed at 30 MPa and sintered
at a heating rate of 50°C-min™ in a spark plasma sintering apparatus (FCT-
HP D25/1) under an applied pressure of 80 MPa and in vacuum (10™
mbar). The final sintering temperature was 1500 °C and the holding time 1

min.

Powder X-ray diffraction analysis (D8 Advance, BRUKER) was
used to determine the crystalline phases of the sintered samples. The
microstructure of the sintered samples was characterized by Field Emission
Scanning Electron Microscopy (FESEM) on a QUANTA FEG 650.
Dielectric properties of the samples were studied by the infrared (IR)
reflectivity (Fourier transform IR spectrometer Bruker IFS 113v, specular
reflection attachment), time-domain THz transmission spectroscopy
(laboratory-made spectrometer based on an amplified Ti-sapphire

femtosecond laser system [29]), microwave (MW) dielectric measurements
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(open-end coaxial technique with Agilent E8364B vector network analyzer
in the 200 MHz — 8 GHz range) and standard low-frequency dielectric
measurements (High Performance Frequency Analyzer Novocontrol

Alpha-AN in the 10?— 10’ Hz range).

3. RESULTS AND DISCUSSION

X-ray diffraction analysis shows that, even at the highest CNF
concentration (Fig.1), only the diffraction peaks corresponding to alumina

and CNFs are present, indicating that no reaction has taken place.
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Figure 1. X-ray diffractograph for the sample with the highest (9 vol.%)

CNF content.



Field Emission Scanning Electron Microscopy images (Fig. 2a-c)
show large differences in the Al,O; grain sizes and CNF distribution as a
function of the CNF concentration in the samples. The sample with 1 vol.%
CNF has an average alumina grain size around 6 um (Fig. 2a) while once
the CNF content increases to 2 vol.%, the alumina grain size abruptly
decreases below 2 um (Fig. 2b). For larger CNF contents, the grain size
shows a smooth decrease (Figs. 2a-d). This indicates that the CNFs act as
pinning centers hindering the Al,O; grain growth. On the other hand, in
figures 2a to 2d it can be seen that fibers are placed in the Al,O; grain
boundaries and preferentially located in triple points. The decrease in the
alumina grain size when the CNF content increases from 1 to 2% leads to a
larger availability of positions for the CNFs to be located in the grain
boundaries. In other words, the CNF content increases globally in the
whole composite, whereas locally (in the grain boundaries) the CNF
concentration decreases. As a consequence, the electromagnetic properties

of the composites will become modified as shown below.
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Figure 2. FESEM images of (a) 1 vol.%, (b) 2 vol.%, (c) 3vol.% of CNF

composites and (d) alumina grain size vs. CNF volume concentration.

The near normal room-temperature IR specular reflectance spectra
of polished surfaces of CNF-Al,O; samples in the 30-3000 cm™ range are
plotted in Fig. 3. As alumina is strongly birefringent in this region, the

effective dielectric constant of the nanocomposites has three contributions:



two given by the alumina (ordinary and extraordinary components of the
dielectric tensor) plus that of the CNFs. In the case of the oxidic phase, the
low-frequency IR spectral region is dominated by strong resonances due to
optical phonons present. Moreover, as alumina is a uniaxial optical material
(R3c space group), group theory predicts that the response along the
ordinary axis presents 4 E, and 2 A,, modes for the extraordinary axis [30].
Therefore, the IR spectra of near-dense alumina composites (as well as in
hematites [31] or anatase [32]) are mostly dominated by the relative grain
orientation [33] rather than the CNF content. In figure 3 it is seen that,
although all samples have similar spectra dominated by two strong bands in
the 400-500 and 500-900 cm* (corresponding to the 4 E, and 2 A,, modes)

range, not all of them exhibit the same behavior.
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Figure 3. Reflectivity spectra in the IR range of Al,Os-CNF composites.

In particular, zooming in the 480-540cm™ region (Fig. 4) shows a
different behavior of the 1 vol.% CNF sample compared to the other
samples. At a first glance one can suppose that the carbon content is
responsible of this change. However, it should be noted that the effective
refractive index of carbon materials, as, by instance graphite [34,35], is
smaller than this of alumina precisely in the IR reststrahlung region.
Therefore the only relevant role of CNF in this spectral region is the
modification of the alumina grains. In this sense, the study of the IR
reflectivity of pure alumina ceramics and its modeling using different
effective medium models has revealed that the feature around 500 cm™ is
related to the grain size and topology of the ceramics [31]. It should be
noted that a similar peak also appears in a-Fe,Oz; (which is isostructural
with the a-Al,O3) where it was attributed to the geometrical interaction
between the adjacent longitudinal E, and A,, modes. The position and
shape of this peak are very sensitive to the particle shape. In the case of 1
vol.% CNF sample, the reflectance maximum is compatible with a
spherical grain shape. However, for higher CNF concentrations, in which
the pinning effect modifies the alumina growth rate, matrix grains change
their spherical shape to, very likely, a tabular shape. This is related to a

different structure of this sample, which correlates well with the FESEM
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images, in which much larger grain sizes were found for the sample of
1vol.% CNF. It should be reminded that alumina grains present an
isometric aspect (sphere-like geometry) for large particle size while they
transform into tabular plates on decreasing their size (with the shortest axis

parallel to the ¢ crystallographic axis) [36-38]
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Figure 4. Reflectivity spectra in the 480-540 cm™ range of the Al,0;-CNF

samples.

The room temperature conductivity spectra in a broad frequency range of
10°-2.6-10" Hz are presented in Fig. 5. The dielectric response of Al,Os-
CNF compounds was measured at low, MW and THz frequencies. The
standard low-frequency capacitance measurements were carried out with

Ag electrodes deposited on both sides of the samples and the complex
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dielectric response in the range of 10%-10° Hz was obtained. Open-end
coaxial technique was used in the 200 MHz — 8 GHz range. After that, all
the samples were thinned down to ~0.5 mm and the time-domain THz
transmission spectroscopy [39] was used to measure the complex
transmission from which the complex dielectric response was directly

calculated in the range of 0.15 — 2.6 THz.

The ac conductivity spectra are shown in Fig. 5a. All the samples
show a conductivity plateau at low frequencies, which in the samples with
percolated conductivity should correspond to the dc conductivity. The
plateau should broaden with increasing CNF concentration, but our data are
somewhat cut on approaching 1 MHz since on increasing conductivity the
instrumental resonance due to leads inductance is approaching. Moreover,
for higher conductivity near 10* S/cm the sample resistance becomes
comparable” with the contact leads resistance so that the conductivity
saturates for the CNF content higher than ~5 vol.%. At higher frequencies
the conductivity starts further increasing and tends to some saturation in the
IR range (above the THz range). In Fig. 5b we present the corresponding

real permittivity data, measured in the same frequency range.
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Figure 5. (a) ac conductivity of Al,Os-CNF samples and (b) real part of the

complex permittivity of Al,03-CNF samples.

As shown, the permittivity increases with decreasing frequency and
increasing CNF concentration. At low frequencies the measurements are
reliable only at low concentrations (up to 3 vol.% CNF), since in order to
obtain reliable permittivity data the losses should not become too high
(tand should not increase above ~100). Let us note that the increase in

14



permittivity even above the percolation threshold is a usually observed
feature connected with the increasing conductivity vs. frequency behavior
via Kramers-Kronig relations [40]. It indicates that the effective bulk
conductivity of the neat CNF is not of a Drude-metal type, but rather of a
universal disordered conductor type [41] due to averaging of the strongly
anisotropic conductivity of the graphitic carbon [42,43].

The most remarkable feature shown in figure 5ais that the 2 vol.%
CNF sample shows a smaller conductivity than the 1 vol.% CNF sample.
This feature is not due to any sample labeling errors or a faulty processing,
but it actually corresponds to a physical phenomenon which can be found
in ceramic-based composites close to the percolation [44, 45]. Besides that,
the most pronounced gap on the CNF concentration (in the log scale)
appears for the dc plateaus between 2 and 3 vol. % CNF samples. In order
to analyze the properties of ceramic composites with carbon inclusions
around-the percolation threshold, the standard percolation theory must be
modified by taking into account the specific properties of this kind of
composites. It should be considered that a relatively small proportion of
inclusions modifies the grain growth rate of the ceramic matrix. This
phenomenon, known as pinning, implies that the grain size of the matrix is
reduced as the concentration of inclusions increases. In dense ceramics, in

which the matrix particle size is much larger than that of inclusions, the
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only available volume for the inclusions is the one around the intergranular

surface (Fig. 6).
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Figure 6. Schematic representation of the microstructure of a composite
showing matrix grains (large clear circles), inclusions (red circles) and the

space available for them (grey areas).

In this sense, it can be shown that the apparent volume concentration
of the particles fe; increases as a ratio of core and shell diameter (Fig. 6)

[46]:

R

fo=f_— 1
eff 3r ()

Therefore, the local dielectric constant (or conductivity) of the grain
boundary can be calculated using a modified effective medium model. For

the model, the Bruggeman approximation was chosen [47], assuming that
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the depolarization factors of both matrix and inclusions are identical so

that:
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Finally, the dielectric constant of the whole composite can be calculated by

the Maxwell-Garnett approach [48,49].

(&) =(¢)eo 2(¢ )gg e (3)

This is so because we have assumed that the matrix particles, of radius (R-
2r) are completely coated by a layer of dielectric constant [50] <&>gg. This
geometry determines that the relative concentration of the pure matrix

phase in the composite is

v, _[R(D)-1T . &
fm_V - R(f)s ~1 3R(f) (4)

Consequently, apart from the geometric conditions it is necessary to have a
good knowledge of the dielectric constant of the components. For this case
we have a good insulator as it is the alumina ceramic and a conductive
phase. In the case of alumina, we have assumed the simplest model for low

frequency regime (for frequencies below the optical phonons)
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Where =10 and 0=10™ S.cm™ are the low frequency permittivity and
conductivity respectively, € ;=8.85.10"* F-cm™ is the vacuum permittivity
and w the angular frequency. In the case of CNF we have not found any
realistic model for this material. The conductivity of this material is quite
high and decreases with the frequency. In the case of an electron free
plasma, the conductivity should present a " dependence, but in the case of
carbon conductors the exponent usually presents a non-integer value. The
most striking dielectric features of some carbon materials is that, at lower
frequencies, both real and imaginary part of dielectric constant take
positive and very high values. In fact, several works report different
measurements on polymer/CNT or CNF composites [51-54] which present
this increase of the real part of the permittivity at lower frequencies. Those
data, which present a similar behavior to that of figure 5b referring to £ ()

fits quite reasonably to a power-law vs. the frequency.

&' o (@) c ™ (6)
This type of dispersion is usually associated to a Williams-Watts model
[55] and has been found in many different materials. In this sense, we have

chosen a double power law complex dielectric constant as follows
éone (@) x @™ +ibaw™ (7)
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Where the numeric values of the coefficients are «=0.65, a= 1.6-10",

=1.2 and b=5.3.10"".

According to the micrographs of figure 2 (a, b and c) the average particle
size of carbon agglomerates has been taken to be 2r=250 nm while the
alumina particle size 2R(f) is given in the figure 2d. The results of the
calculations are shown in the figure 7 a and b. It can be seen that the
theoretical conductivity of 1 and 2 vol.% CNF samples at low frequency
are around 107 and 10™ S.cm™ respectively,-in fair agreement with the
experimental data. The rest of the samples present high values of

conductivity all along the whole spectral range.
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Figure 7..Simulations considering the different experimental alumina grain

sizes and concentrations of CNFs.

As it happens in the experimental data, the 2 vol% CNF sample presents a
much lower conductivity than the rest of the samples. A similar feature can
be observed in the case of the real part of the dielectric constant, where its

value is much smaller than the rest of the sample series. This can be

20



understood if we assume that alumina grains limit the available volume for
CNF. According to equation (1), it can be inferred that 2 vol.% CNF
sample presents an effective volume concentration of just f.+=0.0188 where
we have assumed that alumina grains grow without any hindering
mechanism. According to the fitting for measurements of figures 5 a
percolation threshold of f;,.=0.0233 were obtained, so that 2 vol.% sample
is below the effective threshold concentration. However, in the case of
1vol.% CNF sample, the effective filling factor, according to equation (1),
is nearly identical to effective percolation threshold. This is due to the fact
that, once the CNF concentration increases above 1 vol.%, ceramic grains
dimensions notably reduced due to a pinning effect caused by CNFs and
this effect results in an.increase of the available volume for the CNFs, so
that despite the increase in the nominal concentration, CNFs fall below the
percolation threshold in this specific sample. Finally in the case of the 3
vol.% CNF and above, conductivity and permittivity take again values

compatible with a percolated network of carbon particles.

4. CONCLUSIONS

The study of the dielectric properties of Al,O3;-CNF composites in a
wide frequency range showed a dc conductivity plateau at low frequencies

in all the 1-9 vol.% CNF samples with the percolation threshold near 2
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vol.% of CNF. It was found that the dielectric and conductivity properties
at low frequencies depend not only on the CNF concentration, but also on
the grain size and topology of the composites. In particular, the pinning
effect of small carbon particles on alumina grains modifies the spatial
distribution of the conducting phase. This effect has a significant influence
on the electromagnetic properties of this kind of composites in such a
manner that actually the percolation threshold is reached twice (below 1
and close to 2 vol.% of CNF) as the result of the change of local CNF

concentration.
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