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a b s t r a c t

Electrical properties of pure epoxy and epoxy–hematite nanorod composites have been investigated. The
nanorods were synthesized by the forced hydrolysis method and further mixed with epoxy to obtain the
nanocomposite. TEM analysis revealed that they have an average diameter of about 8 nm, with an
average aspect ratio of 25. DC-conductivity and DC-current relaxation measurements showed a signifi-
cant influence of Fe2O3 nanorods on the DC-electrical properties of the epoxy matrix. However, the
observed effects of the filler below and above the glass transition are different. Because of their high
specific surfaces, nanorods affected segmental mobility of epoxy molecules to a large extent, which
resulted in an increase in the glass transition temperature (Tg) and a decrease in the real part of dielectric
permittivity in high frequency/low temperature region. It is further observed that at elevated tempera-
tures (above Tg) and low frequencies the real part of dielectric permittivity of the nanocomposite exceeds
that of the pure matrix, i.e. there is a transition towards microcomposite-like dielectric behaviour.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Nanostructured semiconductor–polymer hybrids have been
intensively studied in the last two decades because they provide
opportunities for preparation of novel high-performance materials
that exploit the synergism of the characteristic physical properties
of both components [1–4]. However, only recently attention has
been paid to possible applications of these nanocomposites as
dielectric materials [5–10]. It was suggested that using nano-
dielectric fillers in polymers can be beneficiary in terms of
improved discharge resistance, dielectric strength, thermal and
electric conductivity, etc. Furthermore, because of high specific
surface of nanoparticles, they can affect the polymer matrix to
a large extent even at quite low weight contents. In this way, it is
possible to obtain a material with better mechanical and thermal
properties while saving electrical insulation properties of the
matrix. Following these current trends, the present investigations
are focused on the electrical properties of the composites of epoxy
resin and a-hematite nanorods.

a-Hematite (Fe2O3) is a semiconductor that absorbs in the
visible part of electromagnetic spectrum Eg¼ 2.1 eV. It is non-toxic,
environmentally friendly material that is used as a pigment [11],
a component of the anti-corrosive coatings [12], a photo- and
ordinary-catalyst [13–15]. In our previous studies, a method for
incorporating a-Fe2O3 nanoparticles into a polystyrene matrix was
: þ381 113440100.
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introduced [16,17]. The characterization of the obtained nano-
composite films revealed a strong influence of the nanoparticles on
the thermal stability, the glass transition temperature and the
viscoelastic properties of the host polymer. Here, we present
a procedure for synthesis of a-Fe2O3 nanorods, which are further
used as a filler for the epoxy resin. One-dimensional (1D) hematite
nanostructures, such as nanowires, nanobelts and nanorods, have
been the subject of a number of recent investigations [18–20]. Most
of these studies concern the characterization of their structural and
optical properties. However, 1D nanoparticles, because of their
large specific surfaces, can also be regarded as an ideal choice for
the preparation of nanocomposite materials. For this reason, as well
as for the reasons mentioned above, we decided to introduce
hematite nanorods into the epoxy matrix and to investigate the
electrical properties of the obtained nanocomposite. In the first
part of the study structural characterization of the hematite
nanorods was carried out. In the second part, the influences of
several parameters, such as temperature, electric field and accel-
erated ageing on the electric and dielectric properties of the epoxy
film before and after inclusion of nanorods were investigated.
2. Materials and methods

2.1. Sample preparation

2.1.1. Preparation of hematite (a-Fe2O3) nanorods
Dispersions of a-Fe2O3 nanorods were prepared by ‘‘forced

hydrolysis’’, i.e. thermal hydrolysis of iron(III) chloride solution,

mailto:djokovic@vin.bg.ac.yu
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
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similar to the method described in the literature [21]. Hundred
milliliters of 5.4 M NaOH were added to 100 ml 2 M FeCl3 and the
solution was stirred at room temperature for 15 min. After that, the
solution was heated up to 100 �C and kept at that temperature for 8
days. The a-Fe2O3 nanorods were recovered by centrifugation at
3000 rpm for 15 min, washed out several times with water and
dried in vacuum.

2.1.2. Preparation of epoxy–hematite nanocomposites
In order to prepare the nanocomposites, a desired amount of

previously synthesized hematite nanorods was immersed into
diglycidyl ether of bisphenol-A (DGEBA) prepolymer. The mixture is
sonicated for 3 h in order to get a uniform dispersion of the nanorods
within the resin. After that, the curing agent aminomethyl 3,3,5-
trimethylcyclohexylamin was added with continuous stirring (the
epoxy-curing agent ratio was 3:1 by weight). Before they were taken
out from the mold, all samples were postcured at 110 �C for 10 min
in air. Finally, the mixture was cast into a flat glass mold and out-
gassed overnight. The obtained planar composite samples had an
approximate thickness of 1 mm. Because of the high aspect ratio of
the nanorods, the content of the inorganic phase in the composite
was chosen to be 2 wt.%. It should be noted that the mixing of the
resin and the nanorods was done in strictly controlled conditions
but, at the end, we could not prevent a certain particle agglomera-
tion. Pure epoxy plates were prepared in the same way.

2.1.3. Accelerated ageing
In order to investigate the effects of accelerated ageing on the

electrical properties of pure epoxy and epoxy–hematite nanorods
composites, the samples prepared above were further aged up to
270 h in an Emmerson single vessel oxygen apparatus at 90 �C and
5 MPa oxygen pressure.

2.2. Apparatus

Microstructural characterization of a-Fe2O3 nanorods was per-
formed on a Philips EM-400 transmission electron microscope
(TEM) operating at 100 kV. The samples for microscopy analysis
were deposited on carbon-coated copper grids. The X-ray diffrac-
tion (XRD) measurements of a-Fe2O3 nanorods were carried out on
a Philips PW 1710 diffractometer.

The morphological aspects of the epoxy–hematite interfaces at
fracture surfaces were investigated by scanning electron micros-
copy (Jeol 6460 LV). The samples were fractured after emersion in
liquid nitrogen. They were further covered with gold and examined
microscopically, at an acceleration voltage of 5 kV.

Differential scanning calorimetry measurements were carried
out on a Setaram DSC 151R thermal analyzer in a flowing nitrogen
atmosphere. The samples were initially heated from 25 to 127 �C at
10 �C/min, held at this temperature for 1 min to eliminate thermal
history effects, and then cooled to 25 �C at 10 �C/min. The reported
results are obtained in the second run, using the same experimental
conditions.

Electrical DC-conductivity measurements were performed in
a shielded cell using Agilent 4339B high resistance meter. Samples
were in the form of thin disks 0.9–1 mm thick and about 13 mm in
diameter. Electrodes were made on the major faces using silver
contact paste. In order to provide the samples the same thermal
history, all of them were annealed at 127 �C for 5 min and after that
cooled down to room temperature at a rate of 1 �C/min. Prior to
measurements, the samples were conditioned for 2 days at
a temperature of 23� 2 �C in desiccator with humidity of 50� 2%.
Two types of conductivity measurements were performed:

1. Specific conductivities of the pure epoxy and epoxy–hematite
nanocomposite films (aged and as-prepared) were measured as
a function of electric field in the range from 0.1 to 2500 V cm�1.
Each conductivity value was obtained in 15 s after the appli-
cation of a certain voltage. Prior to application of the next
chosen voltage, the sample was left to relax for another 15 s.
To check the effects of electrical ageing, three runs were
performed for each sample.

2. The temperature dependences of the specific conductivity of
the pure epoxy and the epoxy–hematite nanocomposite films
were measured in the range from 20 to 127 �C. The heating and
cooling rates were 2 �C/min. A constant current of 2 nA was set
during the measurements, with slight variations at the ends of
the temperature range because of technical reasons (the
resistivity changes during heating and cooling were up to
several orders of magnitude).

Agilent 4339B instrument was also used for the measurement of
the time dependence of electrical current at a constant voltage of
1000 V cm�1. The measurements were carried out at nine different
temperatures: 25, 35, 40, 60, 80, 100, 120, 140 and 160 �C.

Dielectric spectroscopy measurements were performed on an
Agilent 4284A instrument in the frequency range between 20 and
106 Hz and temperature range from 25 to 152 �C. The preparation,
the shape and the conditioning of the samples were the same.

Both instruments (Agilent 4339B and Agilent 4284A) were
calibrated against Keithley 5155 standards (108–1013 U, DR/
DV¼�0.03%/V) at all voltage ranges.
3. Results and discussion

3.1. Structural and morphological characterization

3.1.1. Structural characterization of (a-Fe2O3) nanorods
TEM micrograph of the obtained a-hematite nanorods is

shown in Fig. 1(a). The size histogram in Fig. 1(b) shows their
average diameter to be 8 nm. With respect to diameter, nano-
rods exhibit much higher differences in lengths. The aspect ratio
goes up to 60 with the average value of about 25 (see the inset
in Fig. 1(b)). From Fig. 1(a) it can also be concluded that nano-
rods have a tendency to array parallel to each other and to form
bundle-like aggregates.

XRD spectrum of the nanorods is shown in Fig. 2. The observed
peaks correspond to 012, 104, 110 and 024 planes of the hematite
a-phase [22]. It should also be noted that, in comparison with the
standard powder diffraction pattern of bulk a-Fe2O3, there is an
increase in the intensity of the 012 peak (relative to 104 diffraction
peak), indicating preferential growth of nanorods along this
direction.

3.1.2. Morphology of the fracture surfaces
SEM micrographs of the fracture surfaces of the pure epoxy and

epoxy–hematite nanocomposite are shown in Fig. 3. There is an
apparent difference in the fracture behaviour of the two materials.
The fracture surface of the pure epoxy is relatively smooth and
featureless while a pronounced roughness was observed in the case
of the nanocomposite. On the other hand, the detailed scans of the
nanocomposite fracture surfaces did not reveal any apparent
micron-sized aggregates of the a-Fe2O3 nanorods which suggest
that they are well dispersed in the epoxy matrix.

3.2. DC-electrical properties

3.2.1. DC-electrical conductivity
Fig. 4 shows the dependence of specific conductivity of the pure

epoxy and the epoxy–hematite nanocomposite (aged and as-
prepared) from the applied field. It can be seen that prior to
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Fig. 1. (a) TEM micrograph of as-prepared a-Fe2O3 nanorods. (b) Diameter and aspect
ratio (inset) histograms of the nanorods. The number of particles counted for histo-
gram was 150.

Fig. 2. XRD spectra of nanorod powder (above) and the line spectrum of bulk a-Fe2O3

(below).
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accelerated ageing the conductivities of the pure epoxy and
the nanocomposite films gradually increase with increasing of the
electric field. However, in the case of the nanocomposite, the
conductivity changes are more pronounced. Obviously, there is
a certain contribution of the charge carriers from the filler to the
conductivity of the material. Both materials are quite stable with
respect to electrical ageing, i.e. there are no significant changes in
the conductivity values (of one specific field) after the second and
the third run. It can also be noticed in Fig. 4 that accelerated
(oxidative) ageing induces an increase in the specific conductivity
of the pure epoxy as well as of the nanocomposite. However,
the conductivity of the aged nanocomposite film is less dependent
on the previous charging history. This implies that the nano-
structured hematite can improve to a certain extent the long-term
stability of the epoxy with respect to repetitive application of
electric field.

The specific conductivity changes of the pure epoxy and the
epoxy–hematite nanocomposite during the heating-cooling cycle
are shown in Fig. 5(a). Although both materials exhibit conductivity
hysteresis, a slightly different behaviour below and above the glass
transition temperature (w50–60 �C) can be noticed (the influence
of the nanorods on the glass transition temperature of the matrix
will be discussed further in the text). Up to the glass transition
temperature, the magnitude of changes of the specific conductivity
of the pure epoxy is much higher than that of the nanocomposite,
while an opposite effect can be observed after the materials begin
to soften (Fig. 5(a)). Eventually, in the investigated temperature
range, overall conductivity changes of about five orders of magni-
tude are noticed for both materials. After their accelerated ageing,
this trend is more or less preserved, as it can be seen in Fig. 5(b).
However, the differences in the conductivity hystereses of the two
films are less pronounced. It should be noted that the results in
Fig. 5 suggest that below the softening point the matrix contributes
more to the overall conductivity of the nanocomposite. A slower
increase in the DC conductivity of the nanocomposite could be
explained by the lower mobility of the epoxy segments in the
presence of high specific surface fillers. Nevertheless, the change in
the curing conditions, probably due to an increased proportion of
hardener in the vicinity of nanorod surfaces [5], could also
contribute to the observed DC-conductivity behaviour of the
nanocomposite. In order to check this assumption, DSC measure-
ments of the pure epoxy and the epoxy–hematite nanocomposites
were performed. DSC heating curves of the two materials are
shown in Fig. 6. It can be seen that the DSC heat capacity curve of
the pure epoxy exhibits a typical glass transition shoulder with the
glass transition temperature (taken as the onset of the slope) of
about 48 �C. On the other hand, the heat capacity curve of the
nanocomposite is smooth, showing no apparent phase transitions
in the temperature range investigated here. This result has been
checked on several different samples. The softening transition of
the nanocomposite is obviously too broad to be observed, which
could be the result of the change in the conformation of the epoxy
segments close to the surface of nanofiller. For this reason, we
decided to estimate the glass transition temperature of the pure
epoxy and the epoxy–a-Fe2O3 nanocomposite indirectly, using
a modified empirical Vogel–Tammann–Fulcher–Hesse (VTFH)
equation [23]:

sDC ¼ sDC0 exp
�
� DT0

T � T0

�
; (1)

where sDC0, D and T0 are fitting parameters. The VTFH equation
describes well the dependence of the specific conductivity as well
as the dipole relaxation times on the reciprocal temperature in the
regions close to the glass transition. Therefore, by fitting experi-
mental results in Fig. 5 to Eq. (1) it is possible to obtain parameters
T0 (the so-called Vogel temperature) and D (strength parameter)
which are related to the glass transition temperature, Tg, by the
following empirical expression [24,25]:
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Fig. 4. The DC-conductivity dependence of (a) the pure epoxy and (b) the epoxy–hematite nanorod composite on the applied electric field. The full symbols and the open symbols
represent the obtained conductivity values for the unaged and aged (270 h) samples, respectively.

a b

Fig. 5. The DC-conductivity dependence of the pure epoxy and the epoxy–hematite nanorod composite on temperature (a) before and (b) after 270 h of accelerated ageing.

Fig. 3. SEM micrographs of the fracture surface of (a) pure epoxy and (b) epoxy–hematite nanorod composite.

D. Dudić et al. / Polymer 49 (2008) 4000–4008 4003



Fig. 6. DSC heat capacity curves of the pure epoxy (ER) and epoxy–a-Fe2O3 nano-
composite (EH).
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Tg ¼ T0ð1þ 0:0255DÞ: (2)

Fig. 7 shows the dependences of specific conductivity on the
reciprocal temperature for unaged samples (from Fig. 5(a)), while
the fits to Eq. (1) are given by the solid lines. The obtained fitting
parameters and the corresponding glass transition temperatures
estimated through Eq. (2) of all four samples (unaged and aged) are
presented in Table 1. In the case of the unaged samples, the results
in Table 1 show that the glass transition of the epoxy matrix in the
presence of a-Fe2O3 nanorods is shifted by 9� towards higher
Fig. 7. Dependence of ln sDC on the reciprocal temperature for the pure epoxy and
epoxy–a-Fe2O3 nanocomposite. The fit to Eq. (1) is shown by solid line.

Table 1
Parameters of Eq. (1) obtained from the curves in Fig. 7

Sample Unaged

sDC0 (S cm�1) To (K) D Tg (�C

ER 8.4� 10�5 308.9 1.41 47.0
EH 2.9� 10�5 320.7 1.07 56.4

The glass transition temperatures (Tg) were obtained using Eq. (2).
temperature compared to pure epoxy (from 47 to 56 �C). This
means that a-Fe2O3 nanoparticles indeed reduce the mobility of the
matrix bellow the softening point and consequently slow down the
conductivity increase with increasing temperature observed in
Fig. 5(a). In Table 1 it can further be noticed that the accelerated
ageing induces an increase in the glass transition temperature of
the pure epoxy and the nanocomposite. However, since the
difference in the transition temperatures is similar to that of the
unaged samples, the ageing obviously does not significantly affect
the interaction of the matrix and the nanorods. Regarding the faster
increase of the specific conductivity of the nanocomposite above
the softening point, it is probably a result of an easier orientation of
the matrix segments (dipoles). This effect can facilitate the transfer
of a certain number of the charge carriers introduced by the filler,
which in turn gives rise to the overall conductivity. As it will be seen
bellow, the DC-current relaxation behaviour is also affected by the
change in the mobility of the matrix segments in the presence of
a-hematite nanorods.

3.2.2. DC-current relaxation
Fig. 8 shows DC current vs. time plots of the pure epoxy and

the epoxy–a-Fe2O3 nanocomposite obtained at different temper-
atures. At room temperature (25 �C), both materials exhibit
a typical DC-current relaxation behaviour. The DC current gradu-
ally decreases with time (Fig. 8). This is in agreement with the
results of Tuncer et al. [8] on the pure epoxy and the barium
titanate filled epoxy resin. However, at higher temperatures there
is a change in the current functional dependence on time. After
the initial decrease, the current starts to increase and exhibits
a weak peak at longer times (w1000 s). In line with the reduced
segmental dynamics observed after the introduction of a-Fe2O3

nanorods, this effect is observed at 40 �C in the case of the
nanocomposite, while the pure matrix shows the same effect at
35 �C. Fig. 8 also shows that at intermediate temperatures (60, 80
and 100 �C) the relaxation curves of the nanocomposite have
slightly different shapes than those of the base resin, which
should also be attributed to the presence of a-Fe2O3 nanorods.
Note that there is a change in the magnitude of the specific
current as the measurement temperature increases. The nano-
composite shows higher values of the specific current above
100 �C, which is in agreement with its higher values of the specific
conductivity observed in Fig. 5(a).
3.3. Dielectric properties

Fig. 9(a) shows the real part of dielectric permittivity of the pure
epoxy as a function of frequency and temperature. It can be seen
that at low frequencies 30 increases with increasing temperature. An
apparent step in 30 values can be noticed at 102–103 Hz and at
temperatures above 80 �C. In this frequency/temperature region
dielectric properties are largely controlled by charge transfer
processes (the conductivity relaxation and the space charge
polarization) [9,10,26]. The dielectric loss results (300 ¼ 4(f, T)) of the
pure epoxy in Fig. 9(b) support the former conclusion. In the low
frequency/high temperature regions there is a linear dependence of
log 300 from log f with a slope close to �1 (linear regression in the
Aged 270 h

) sDC0 (S cm�1) To (K) D Tg (�C)

8.3� 10�6 317.9 1.19 54.5
2.5� 10�6 323.1 0.91 59.5



Fig. 8. Current density vs. time relaxation curves of the pure epoxy (ER) and the epoxy–hematite nanorod composite (EH) recorded at different temperatures (25, 35, 40, 60, 80, 100,
120, 140 and 160 �C). During the relaxation measurements the samples are kept at a constant voltage of 1000 V cm�1.
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range from 101 to 103 Hz gives a value of �0.98). In order to illus-
trate it more clearly, we included log 300 ¼ 4(log f) curves taken at
120, 140 and 152 �C as the inset of Fig. 9(b). The value �0.98
obtained in the linear regression of log 300 ¼ 4(log f) curves is typical
for the presence of conductivity current relaxation [27]. According
to the model of Yamamoto and Namikawa [28], conductivity
current relaxation arises from the accumulation of charges at the
interfaces of regions with different conductivity within the bulk of
the sample under DC conditions (i.e. at low frequencies). These
processes are ensured through charge migration at contact surfaces
of the electrodes and the specimen. Taking into account the
mentioned model, the data in Fig. 9 suggest that the pure epoxy
matrix itself has a highly heterogenic structure.

Real (30 ¼ 4(f,T)) and imaginary (300 ¼ 4(f,T)) parts of the
complex dielectric permittivity of the epoxy–a-Fe2O3 nano-
composite are shown in Fig. 10. It can be seen that their functional
dependence on frequency/temperature is similar to that of the
pure epoxy matrix (Fig. 9). Again, conductivity current relaxations
are present in low frequency/high temperature region with a slope
log 300 ¼ 4(log f) of �0.98 (see the inset of Fig. 9(b)). It should be
noted that in the investigated frequency range the results in Figs.
9 and 10 are in agreement with the results on epoxy–TiO2 [5],
epoxy–silicate [9] and epoxy–diamond [10] nanocomposites. On
the other hand, we cannot exclude the presence of interfacial
polarization at frequencies below 1 Hz (i.e. outside of the range of
the dielectric measurements in this study) observed by Nelson
and Fothergill [5]. Also, at the temperature above the glass tran-
sition (120 �C), they noticed that pure epoxy exhibits a peak in the
loss tangent at 0.1 Hz. At the same time, the epoxy–TiO2 nano-
composite showed low frequency dispersion or quasi-DC behav-
iour characterized by flattening of loss tangent at frequencies
below 0.1 Hz. Although we did not investigate the dielectric
properties in this frequency region, our DC relaxation curves in
Fig. 8 could offer some information about previously mentioned
low frequency (i.e. long relaxation times) processes. It has already
been discussed in Section 3.2.2 that increasing of the temperature
leads to the appearance of a peak in the relaxation curves at
approximately 103 s. Obviously, certain processes are thermally
activated at longer times. In order to make the exact comparison
between these thermally activated processes and the processes at
low frequencies (<0.1 Hz) stated above, it would be necessary to
determine their distribution of the relaxation times (si) by spectral
analysis of the relaxation curves J(t) in Fig. 8. Tuncer et al. [8]
applied non-parametric data inversion method in the analysis of
I(t) relaxation curves of the pure epoxy and the epoxy–BaTiO3

nanocomposites recorded at room temperature. From the esti-
mated distributions of the relaxation times they have concluded
that there is a difference between the filled and unfilled samples
at longer times. The mentioned numerical analysis is out of scope
of the present investigation; however, even a simple comparison
of J(t) curves in Fig. 8 implies that the long-time processes acti-
vated at high temperatures are strongly affected by the presence
of a-Fe2O3 nanorods.

In Fig. 11 the specific alternating conductivity (sAC) of epoxy–
a-Fe2O3 nanocomposite is plotted vs. frequency and temperature.
The low frequency/high temperature plateau observed in sAC

(Fig. 11) corresponds to the DC conductivity (sDC). This plateau of
the constant conductivity can actually be related to the linear part
of log 300 curve at low frequencies (Fig. 10, inset). Further increasing
of the frequency (in this high temperature region) leads to a change
in the mechanism of electric conduction. The functional depen-
dence of the observed constant sDC plateau values from the recip-
rocal temperature can again be described by the VFTH expression
(Eq. (1)). Fig. 12 shows the corresponding log sDC values (taken at
20 Hz) vs. 1/T curves of the pure epoxy and the nanocomposite. The
parameters obtained by fitting the experimental data to Eq. (1)
are given in Table 2. The glass transition temperatures estimated
by using Eq. (2) are also included. The obtained Tg values are a
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Fig. 9. (a) The real and (b) imaginary parts of dielectric permittivity of the pure epoxy
resin as a function of temperature and frequency. Inset: 300 vs. frequency at 120, 140 and
152 �C.

a

b

Fig. 10. (a) The real and (b) imaginary parts of dielectric permittivity of the epoxy–a-
Fe2O3 nanocomposite as a function of temperature and frequency. Inset: 300 vs.
frequency at 120, 140 and 152 �C.
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little bit lower than these obtained by direct DC-conductivity
measurements, Table 1 (unaged samples). However, in both cases,
the estimations gave a similar increase in the glass transition
temperature of the epoxy after the introduction of the a-Fe2O3

nanorods.
There is another effect that should be emphasized here, which

could also be the result of the altered mobility of the matrix
segments in the presence of nanorods (suggested by the formerly
observed increase in the glass transition temperature). It is the
change in the magnitude of the real part of the dielectric permit-
tivity of the epoxy–hematite nanocomposite ð30EHÞ with respect
to that of the pure epoxy resin ð30ERÞ. We illustrate this in Fig. 13,
where the relative change of dielectric permittivity (defined as
D30 ¼ 100ð30EH � 30ERÞ=30ER) is plotted vs. frequency and temperature.
It can be seen that D30 is about �10%, except in the range of
temperatures of 100–152 �C and low frequencies. This means that
in the low temperature/high frequency regions 30 of the nano-
composite decreases due to reduced segmental mobility of the
matrix, induced by a-Fe2O3 nanorods. The nanorods immobilize to
a certain extent the end-chain and/or the side-chain movement of
the epoxy molecules, which influences the molecular polarization
and consequently reduces the permittivity of the matrix. Similar
effects of the nanofiller on the dielectric permittivity of the epoxy
resin have been noticed by several authors/groups [5,8,9,10]. The
main difference between the present and the mentioned studies is
that the nanocomposite exhibits higher 30 values (D30 w 10–15%) in
the high temperature (above 100 �C) and the low frequencies
(below 102 Hz) region, as it can be seen in Fig. 13. We believe that
the main reason for the observed behaviour is the shape of our
a-Fe2O3 nanofiller. Fig. 1 shows that the nanorods have an average



Fig. 11. The specific alternating conductivity (sAC) of the epoxy–a-Fe2O3 nano-
composite as a function of temperature and frequency.

σ
DC 

= σ
AC

(20Hz)

Fig. 12. Dependence of ln sDC(sDC¼ sAC at 20 Hz) on the reciprocal temperature for the
pure epoxy (ER) and epoxy–a-Fe2O3 nanocomposite (EH). The fit to Eq. (1) is shown by
solid line.

Table 2
Parameters of Eq. (1) obtained from the curves in Fig. 12

Sample Unaged

sDC0 (S cm�1) To (K) D Tg (�C)

ER 3.3� 10�5 288.9 3.55 41.0
EH 4.0� 10�5 300.7 2.85 49.1

The glass transition temperatures (Tg) were obtained using Eq. (2).

Fig. 13. Relative changes of D30 of the real part of dielectric permittivity (defined as
D30 ¼ 100ð30EH � 30ERÞ=30ER) after the introduction of a-Fe2O3 nanorods into epoxy resin
(ER).

Fig. 14. 300 vs. temperature plots of the pure epoxy (ER) and the epoxy–a-Fe2O3

nanocomposite (EH) at a fixed frequency of 960 kHz.
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diameter of about 8 nm but their length is already in sub-micron
or micron domain. It seems that above the glass transition
temperature (at low frequencies) the geometry factors start to
dominate over matrix–nanorod interaction. In other words,
a-Fe2O3 nanorods start to behave more like micron filler, which,
according to the literature, gives rise to dielectric permittivity of
the matrix [5].

The conductivity current relaxation and space charge polari-
zation are the dominant effects in the high temperature/low
frequency region. In order to investigate the effects of a-Fe2O3
nanorods on dipolar polarization process one must examine the
results obtained at higher frequencies. Fig. 14 shows the
temperature 300 plots of the pure epoxy and the epoxy a-Fe2O3

nanocomposite at a fixed frequency of 960 kHz. In these curves,
two characteristic shoulders (at approximately 65 and 80 �C) as
well as a peak at w120 �C can be noticed, which are slightly
shifted towards higher temperatures after the introduction of the
a-Fe2O3 nanorods. In agreement with the glass transition
temperature results presented in Tables 1 and 2, the observed
shift of 300 plot confirms the observed effects of nanorods on the
segmental mobility, not only in the vicinity of filler particles but
also on the material as a whole. On the other hand, the magni-
tude of the 300 values in Fig. 14 is much higher than these reported
in the literature [9,10], which implies that even at these high
frequencies (960 kHz) the contributions of the conductivity
relaxation and the space charge polarization cannot be
completely neglected.
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4. Conclusions

In this paper we investigate the influence of the hematite nano-
rods on the DC-electric and dielectric properties of the epoxy matrix.
The TEM measurements have shown that as-prepared nanorods
have an average diameter of about 8 nm and an average aspect ratio
of 25. Their XRD spectrum corresponds to a-hematite crystal phase.
Significant changes in the DC-conductivity behaviour of the epoxy
resin during the heating/cooling cycle were noticed after the inclu-
sion of a-Fe2O3 nanorods. The dependence of ln sDC¼ 4(1/T) was
studied in terms of the Vogel–Tammann–Fulcher–Hesse equation. In
the fitting procedure, an increase in the nanocomposite glass tran-
sition temperature of about 9 �C was found due to restricted
segmental mobility of the matrix induced by the filler.

Reduced mobility of the epoxy molecules after the introduction
of a-Fe2O3 nanorods has a profound effect on the dielectric proper-
ties of the matrix. The nanocomposite shows lower values of the real
part of the dielectric permittivity in high frequency/low tempera-
tures regions. At temperatures well above the glass transition,
(w100 �C) and at low frequencies 30 of the nanocomposite starts to
override 30 of the pure epoxy, i.e. a microfiller-like influence of the
nanorods on the dielectric properties of the matrix was observed.
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