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A series of polymer composites based on epoxy resin with a 5-40vol.% concentration of goethite (Fe,O;-H,0) nanorods was
produced. The electrical percolation threshold in these composites was determined as 30 vol.% of nanorods. The dielectric
properties of the composites both below and above the percolation threshold were studied in a wide temperature (200 K-450 K)
and frequency (from Hz to THz) ranges. The dielectric properties of composites below the percolation threshold are mainly
determined by the relaxation in a pure polymer matrix. The electrical properties of composites above the percolation threshold
are determined by the percolation network, which is formed by the goethite nanorods inside the polymer matrix. Due to the
finite conductivity of the epoxy resin, the electrical conductivity at high temperatures occurs in the composites both above and

below the percolation threshold.

1. Introduction

Nowadays, there is a great interest in polymer composite
materials filled with various nanoparticles, caused by the
ability to control their properties at the nanoscale and as a
consequence to apply them in different functional devices.
Electrically conductive polymer composites based on both
organic and inorganic nanofillers attract the attention of
scientists because of their potential applications, such as anti-
static materials [1] and electromagnetic coatings [2], solar
cells and biosensors [3], electromagnetic shielding, and
absorption of radiation in different frequency ranges [4].
Due to the low percolation threshold, as well as their
unique electrical, thermal, and mechanical properties,
various carbon fillers are popular and already studied
quite well in recent years [5-8]. However, materials
based on metal and metal oxide nanoparticles are also
gaining popularity because of their wide range of applica-
tions, from catalysis to nanoelectronics [9]. The range of

their potential applications, in particular, iron oxide nano-
particles, expands even more if one considers that in addition
to dielectric properties, they can have magnetic and ferro-
magnetic properties. Then, these particles can also be applied
in such areas as magnetic resonance imaging, tissue engineer-
ing, and drug delivery and also as hyperthermia agents [10].
Particularly, nanowires, nanorods, and others are interesting
composites with high aspect ratio magnetic particles [11, 12].
However, investigations of polymeric composites with
goethite (Fe,05;-H,0) nanorods are very rare enough [13].
Moreover, the investigations of goethite and siloxane com-
posites show the relatively small dielectric permittivity value
[13]. Therefore, it is important to determine the electrical
percolation threshold in composites with goethite nanorods
and find the relation between the electrical percolation
threshold and composite preparation technology.

The aim of this paper is devoted to the study of
the dielectric properties of epoxy resin composites filled
with goethite (Fe,O5-H,0) nanorods, which have the big
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(about 5) aspect ratio and particular magnetic properties
(please see for example [14]).

2. Materials and Methods

Commercial Epikote 828 epoxy resin and a triethylenetetra-
mine hardener (TETA) were used to prepare the composites.
The used resin allows the easy dispersion of various additives
and shows high mechanical and chemical resistance [1]. The
commercially available goethite (Fe,O;-H,O alpha, 98%,
50nm x 10 nm) nanorod powder was used as a filler [15].
This kind of nanomaterial is widely used in coating, plastic,
paint, and pharmaceutical fields. It is a yellow powder with
a rod-shaped structure, which is easily dispersed in the
polymer matrix and enables the production of composites
with high volume concentrations. The surface of Fe,0;-H,0
nanorod powder was observed by scanning electron micros-
copy (SEM) using a Helios NanoLab 650 microscope. The
SEM image of Fe,O;-H,0 nanorods is shown in Figure 1.
It can be determined that the aspect ratio of nanorods is
close to 5.

Fe,0;-H,0/epoxy resin composites were produced by the
standard procedure for filler dispersion in a polymer matrix,
described in detail in [16-18]. Different samples with differ-
ent concentrations of Fe,0;-H,0 (namely, 0, 5, 10, 20, 30,
and 40vol.%) were obtained. During the first stage of the
procedure, the particles were mechanically crushed and stir-
red in ethanol during 30 minutes. The particles were, then,
dispersed in ethanol with an ultrasonic bath for 1 hour. The
resulting dispersion was mixed with the epoxy resin and
underwent ultrasonication by probe for 2 hours. Then,
ethanol was removed by evaporation and TETA (triethylene-
tetramine) hardener was added to the resulting mixture
(epoxy resin and Fe,O;-H,O particles) and mechanically
mixed for several minutes. The hardener was added in a ratio
of 1:10 with respect to the epoxy resin. After that, the mix-
ture was poured into molds, kept for 20 hours at room
temperature, and then placed for 2 hours in an oven at a
temperature of 100°C for the final polymerization step. The
above-presented composite preparation procedure parame-
ters (for example, the stirring time) were experimentally
determined as optimal for the best Fe,O;H,O nanorod
dispersion in epoxy resin matrix.

The complex dielectric permittivity in the frequency
range from 20 Hz to 1 MHz was measured using a LCR meter
HP4284A. Each measurement was followed by heating to
450K and then cooling to 200 K. Dielectric measurements
in the frequency range from 1 MHz to 3 GHz were performed
using a vector network analyzer Agilent 8714ET. Home-
made waveguide spectrometer was used for microwave
measurements in the frequency range from 24 to 39 GHz.
Thin-rod method was used in the waveguide [19]. A tera-
hertz time-domain spectrometer (Ekspla Ltd.) based on a
femtosecond laser was used in the terahertz frequency range
from 100 GHz to 3 THz. The spectrometer is based on a
femtosecond fiber laser (wavelength 1 ym, pulse duration less
than 150 fs) and a GaBiAs photoconductive terahertz emitter
and detector [20]. All measurements above 1 MHz were
made only at room temperature and only for composites
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FIGURE 1: Scanning electron microscopy image of Fe,O;-H,O
nanorods.

above the percolation threshold. Up to 10 samples were
tested for each concentration measured under the same
heating/cooling conditions, from which the average values
were calculated and those in the present paper.

The surface of Fe,O;-H,O/epoxy resin composite powder
was also observed by scanning electron microscopy (SEM)
using Helios NanoLab 650 microscope (see Figure 2). It can
be concluded that nanorods are dispersed very well.

3. Results and Discussion

3.1. Electrical Percolation Threshold. The concentration
dependence of the complex dielectric permittivity for
Fe,05-H,0O/epoxy resin composites at room temperature
and 129 Hz frequency is shown in Figure 3(a). The addition
of nanorods into the polymer matrix leads to an increased
dielectric permittivity according to the power law of perco-
lation in the form e oc (p, — p)~', where p is the filler con-
centration and p_ is the minimum concentration of the
filler at which a conducting network inside the composite
is generated (percolation threshold) [17, 21]. Approximation
of the real part of the dielectric permittivity according to the
percolation law is shown in Figure 3(b). This calculation
indicates that the electrical percolation for our composite is
reached when the filler concentration is 30 vol.%. This is also
confirmed by the conductivity plateau in conductivity spectra
for composites with 30vol.% and 40vol.%, while for lower
filler concentrations, this plateau is absent. In order to
increase the determination accuracy of p_, many more sam-
ples with different Fe,O;-H,O nanorod concentrations close
to the critical value are needed. The obtained percolation
threshold value is lower than predicted by Monte Carlo cal-
culations in a three dimensional space ~31.2vol.% [22, 23].

3.2. Temperature Dependence of Complex Dielectric
Permittivity. The temperature dependence of the complex
dielectric permittivity at 129 Hz for all the studied composites
is shown in Figure 4. At low temperature composites below
the percolation threshold (less than 30vol.%), it shows a
dielectric permittivity close to pure epoxy resin permittivity
and it is almost independent of temperature. The imaginary
part is quite noisy, because its values are of the same order
as the measurement’s accuracy at these temperatures.
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FIGURE 2: Scanning electron microscopy image of Fe,05-H,O Nanorods/epoxy composites with 40 vol.% filler concentration (at different

magnification levels).

15
| |
| |
10
t"i 1
“w
n
_ | |
T om °
T [}
[ ]

0 10 20 30 40

Concentration (vol.%)

!

K3
‘8"

(a)

16

I B e e e o L
0 5 10 15 20 25 30 35 40 45

Concentration (vol.%)

(b)

F1GURE 3: (a) Dependence of the complex dielectric permittivity of Fe,O5-H,O/epoxy on filler concentration at room temperature and 129 Hz

frequency. (b) A percolation law of the real part of permittivity & oc (30 — p) *** for Fe,0,-H,0/epoxy composites.

At high temperatures, the imaginary part of the dielectric
permittivity increases strongly even for composites below the
percolation threshold. Such behavior at high temperatures
(above 400K) is typical for epoxy resin composites [1] and
is related to the phenomenon of electrical conductivity,
which dominates in composites both above and below the
percolation threshold. The temperature dependence of the
complex dielectric permittivity at different frequencies for a

composite with 5vol.% filler concentration is shown in
Figure 5. The imaginary part of the dielectric permittivity
presents a maximum, in which position is frequency-
dependent. When the frequency increases, the maximum
expands and shifts towards higher temperatures.

The real part of the dielectric permittivity decreases with
increasing frequency. Such dielectric dispersion is typical for
epoxy molecule dynamics [1]. At high temperatures (above
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F1GURE 6: Frequency dependence of the complex dielectric permittivity of Fe,O,-H,0O/epoxy composites with 5vol.% filler concentration at

different temperatures.
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FIGURE 7: Temperature dependence of the average relaxation time
of Fe,05-H,0/epoxy composites. The solid lines correspond to the
approximations by Vogel-Fulcher law (see equation (1)).

350K), the complex dielectric permittivity and the loss

tangent &"/¢' sharply increases due to the appearance of
electrical conductivity.

TaBLE 1: Parameters of the Vogel-Fulcher law fit of the average
relaxation time.

Concentration (vol.%) In {7, s} Eglky (K) T, (K)
0 -274 2689 142
5 -20 1649 91
10 -18 773 152
20 -18 805 180

3.3. Frequency Dependencies of Complex Dielectric
Permittivity. The frequency dependence of the complex dielec-
tric permittivity at different temperatures for Fe,O0;-H,O/
epoxy resin composite with 5vol.% filler concentration is
shown in Figure 6. At temperatures above 25°C, the spectra
of the imaginary part of the dielectric permittivity presents
a maximum corresponding to the absorption peak. The
physical process that causes the absorption peak is the
reorientation of the dipoles. This behavior is typical for
composites below the percolation threshold, and it is due
to the dipole relaxation [18, 24].

On cooling, the maximum of ¢” expands and shifts
towards low frequencies, while at low temperatures (below
270K), it generally disappears. The frequency at the maxi-
mum of the imaginary part of the dielectric permittivity at
a fixed temperature, v, ., allow us to determine the average
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FIGURE 8: Room temperature broadband frequency dependence of complex dielectric permittivity of Fe,O,-H,O/epoxy composites with

different filler concentrations.

relaxation time by using the following equation: 7= 1/v .
On cooling, the relaxation time increases according to the
Vogel-Fulcher law (see Figure 7):

= Toe(EB/(kB(T_Tom, (1)

where 7, is the relaxation time at very high tempera-
tures, Ep is the activation energy, and T, is the glass
transition temperature.

Obtained parameters are presented in Table 1. In
composites, the glass transition temperature increases with
goethite nanorod concentration. This increase can be
explained by the strong interactions between epoxy resin
and (Fe,05-H,0) nanorods. Moreover, according to the
theoretical calculations, the density of composite could be
higher than the pure polymer density, and therefore the
increasing of the glass transition temperature with the filler
concentration could be observed [20].

The frequency dependence of the complex dielectric
permittivity in a wide frequency range at room temperature
is shown in Figure 8. The frequency range is wide (from hertz
to terahertz). However, measurements above 1 MHz were
performed only for composites above the percolation thresh-
old (30 and 40 vol.%). This choice was due to the fact that the
permittivity of composites below the percolation threshold at
room temperature is almost frequency-independent and its
value is close to pure epoxy resin permittivity [17, 20]. In

microwave frequency range, the value of complex dielectric
permittivity is very similar to the corresponding properties
of epoxy resin composites filled with iron nanowires and
nanoparticles [11].

3.4. Electrical Conductivity. The electrical conductivity o was
calculated according to the following equation: o = weye”,
where w=2mv, v is the frequency, and ¢, is the dielectric
permittivity of vacuum. The frequency dependence of the
electrical conductivity, o(v), for Fe,O;-H,0O/epoxy resin
composite with 20 vol.% filler concentration at different tem-
peratures (at temperatures not lower than 370K, where any
relaxation related to the polymer matrix is observed in
dielectric spectra) is shown in Figure 9. In the investigated
frequency range, two separate regions can be observed
for electrical conductivity, namely, the region of the
frequency-independent plateau (at low frequencies) and the
frequency-dependent region (at high frequencies) [24]:

0 =0pc + AW, (2)

where o is the DC conductivity and Aw’ is the AC conduc-
tivity. The DC conductivity is due to a random distribution of
electrical charge carriers. The AC conductivity 0 . increases,
approximately, according to a power law with an almost
equivalent slope. The conductivity spectra can be fitted
with equation (2) very well, except the data at very low
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FIGURE 9: Frequency dependence of electrical conductivity of
Fe,0;-H,0/epoxy composites with 20 vol.% filler concentration at
different temperatures. The solid lines are the best fit according to
equation (2).

frequencies, where discrepancies appear due to blocking
contact effects [25]. This behavior of both DC and AC
conductivity can be addressed to the contribution of
electronic conductivity inside epoxy resin [1]. A similar
conductivity behavior was observed for all other investi-
gated composites (see Figure 10) and has good agreement
with the data presented in the literature for metal oxide
composites [10], as well as for composites based on, for
example, carbon filler [1, 16, 19, 26]. Another characteris-
tic feature is an increase of the DC conductivity with the
filler concentration (see Figure 10).

The temperature dependence of DC conductivity was
approximated by the Arrhenius law:

E
Opc =0y €Xp <_k_%>’ (3)

where o, is the preexponential factor and E, is the conduc-
tivity activation energy. Obtained parameters are present in
Table 2. In composites, the conductivity activation energy is
almost independent from filler concentration below the
percolation threshold, while above the percolation threshold,
it decreases with filler concentration. Similar results are
obtained for epoxy resin composites filled with carbon
nanotubes and carbon black [1, 27].

Thus, at high temperatures, because of the finite conduc-
tivity of the epoxy resin, electrical conductivity occurs in
composites both above and below the percolation threshold.

4. Conclusions

The dielectric properties of Fe,0,-H,O nanorods/epoxy
resin composites are presented in a wide frequency range
from hertz to terahertz at temperatures of 200 K-450K.
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FIGURE 10: Temperature dependence of DC electrical conductivity
of Fe,0,-H,0/epoxy composites with different filler concentrations.

TAaBLE 2: Parameters of the Arrhenius law fit of the DC conductivity.

o, (S/m) E,/ky (K)
Pure resin 0.8-10° 13225
5vol.% 0.2-10* 10480
10vol.% 0.8-10° 10073
20 vol.% 0.4-10* 10438
30 vol.% 0.2-10° 9973
40vol.% 0.3-10° 6921

The percolation threshold of Fe,O;-H,O nanorods/epoxy
resin composites was about 30 vol%. The dielectric properties
of composites below the percolation threshold are mainly
determined by relaxation in a pure polymer matrix. The
dielectric properties of composites above the percolation
threshold are determined by the percolation network, which
is formed by the filler particles inside the composite. At low
frequencies, the DC conductivity is produce by the random
distribution of electric charge carriers and increases with
the concentration of inclusions. At high temperatures,
because of the finite conductivity of the epoxy resin, the
electrical conductivity occurs in the composites both above
and below the percolation threshold.
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