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a b s t r a c t

Results of broadband dielectric spectroscopy of epoxy resin composites containi
platelets (GNP) are presented in a wide temperature range (25e500 K). The as-p
were heated at temperatures above the epoxy glass transition and subsequently co
temperature. This annealing was proved to be a simple but powerful process to impr
electromagnetic properties of the GNP-based composites. The dc conductivity of epo
Annealing GNP is 68 times higher after annealing. Another benefit of the annealing is to lower substantially the
percolation threshold, from 2.3 wt% for as-produced samples to 1.4 wt%. In composites above the
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percolation threshold, the electrical conductivity is the result of tunneling between GNP clusters. For a
given GNP concentration, the tunnel barrier decreases after annealing.
1. Introduction

Polymer composite mixing bulk specific properties of the
matrixeflexibility, resistance to corrosion, good processability,
strong adhesion to different substrates, curing ability etcdand
conducting properties from the fillers (ferrites, noble metals, car-
bon and graphite nano- and microstructures) have received a lot of
attention during the last two decades [1]. These advancedmaterials
find more and more applications in aerospace, automotive, energy,
electronics, defense and health care sectors [2]. Among others, one
of the most promising fillers used to produce conductive polymer
composites is carbon in various forms: carbon black [3], graphene
[4], microsized quartz coated by graphene [5] vapor-grown carbon
fibers [6], multi-walled and single-walled carbon nanotubes [7,8],
onion-like carbon [9]. A reason for that is the light weight, the
chemical resistance and the high dc and ac conductivity of those
structures.
lyushch).
To explore the electromagnetic (EM) applications of composites,
it is important to measure and analyze their electrical conductivity
and effective permittivity. Several theoretical models can be used
for the analysis, such as the percolation theory [10], Max-
welleGarnett [11] and McLachlan [12] effective medium theories,
and the generalized McLachlan-Jonsher theory [13]. The latter
makes it possible to describe the frequency and concentration
dependence of the complex effective permittivity. In parallel,
computer simulations methods become more and more efficient
nowadays to predict the EM properties of composites. Novel
methods of calculation allow taking into account the geometry of
filler [14] and it influence on AC conductivity of composite [15],
make possible performing simulations for a wide range of volume
fractions, permittivity ratios and packing conditions [16]. Many
researchers have examined this subject by performing ab-initio
calculations, for example with density functional theory (DFT) [17],
or finite-element method (FEM) [18,19] and a combination of FEM
and Monte-Carlo simulations [20,21].

Carbon nanotubes (CNT) based composites are extremely
interesting for conductive applications. CNTs lead to very low
percolation threshold (0.03e0.5 wt% depending on the CNT origin,
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the wall surface quality, the functionalization, the dispersion state)
and yield huge effective permittivity and electrical conductivity
values at all frequencies [22] including microwave and terahertz
ranges. However, a drawback of carbon nanotubes is their higher
cost in comparison with other carbon nanostructures such as
different derivatives of graphite. Another serious disadvantage is
the possible toxicity of CNTs, which has been debated for long [23].
This problem seems less critical with bigger and/or less slender
carbon particles such as graphene nanoplatelets (GNP) [24].

GNPs are carbon nanostructures consisting of small stacks of
graphene sheets with overall thickness from 1 nm to a few tens of
nanometers, and lateral linear dimensions from a few micrometers
up to hundreds of micrometers [25]. Graphene nanoplatelets are
produced by thermal exfoliation of graphite intercalated com-
pounds [26]. By contrast with CNTs, the GNP production process is
easy and cheap. Without a proper surface treatment, GNPs might
have poor interfacial adhesion with polymers because of lack of
chemical bonding [24,27]. GNP functionalization can lead to better
interfacial adhesion to polymer that improves mechanical [28] and
thermal [29] properties of resultant composite, but at same time
may deteriorate its electrical conductivity. Chemical treatments
have been demonstrated improving the strength of interfacial in-
teractions [30,31] without changing significantly the EM properties
of their composites [24].

Exploring the EM properties of nanocarbon-based composites at
low temperatures (below 300 K) is very important, for it gives in-
formation on the main electrical transport mechanism [7,32e34].
Also, the variation of EM properties of polymer/carbon composites
with temperature are worth studying due to irreversible processes
occurring near and above the glass transition temperature of the
polymer matrices [35e37]. In this respect, the hysteresis of elec-
tromagnetic properties on heating and cooling cycles has already
been reported for composites with carbon black [38], onion-like
carbon [9] and CNTs [39]. Moreover, above the room temperature
the electrical conductivity and the effective permittivity of com-
posites above the percolation threshold can increase or decrease
with temperature [40,41]. These effect can be related with particles
redistribution or polymer matrix conductivity.

The objective of the present work was to check with comple-
mentary tools whether a thermal treatment may have significant
and positive effects on the EM properties of epoxy resin loaded
with small amounts of GNPs (up to 4 wt%). The paper is organized
as follows: All the experimental details are collected in Section II.
The results of broadband dielectric spectroscopy performed at
room temperature (subsection A), high (subsection B) and low
(subsection C) temperature are discussed in Section III. Conclusions
are drawn in Section IV.

2. Experimental

Graphene nanoplatelets were produced by micro-cleavage
exfoliation of expanded graphite. Expandable graphite was pro-
vided by Asbury® https://asbury.com/. Expandable graphite is
manufactured by treating the flake graphite with various interca-
lation reagents that migrate between the graphene layers in a
graphite crystal and remain as stable species. When exposed to a
rapid increase of temperature, these intercalation compounds
decompose into gaseous products as the result of high interlayer
pressure. The internal stress is strong enough to push apart
graphite basal planes along the c axis. Asbury expandable graphite
exhibits a micro and submicron lamellar structure, an example of
which revealed by SEM is shown in Fig. 1 (a). After micro-cleavage
exfoliation, induced by microwave irradiation [42e46], a porous
structure is visible in the SEMmicrograph reproduced in Fig.1 (b). A
gentle treatment with ultrasound bath destroys the superstructure,
releasing GNP.
In this work, series of composite samples were produced using

Epikote 828, a curing agent called A1 (i.e., a modified TEPA) and
0.25, 1, 2, 3 and 4 wt% of GNP filler. The procedure of composite
manufacturing is described in details elsewhere [8,38]. In sum-
mary, the resin was degassed under vacuum (1e3 mbar) for
12e14 h, then was put into an oven at 65+ C. In the meantime, the
GNPs were dispersed in propanol, and the suspension was sub-
mitted to an ultrasonic bath for 1.5 h. Afterwards, the alcoholic
suspension of GNPs was mixed with the resin. The obtained
mixture was placed inside an oven at 130e150+ C for evaporating
the alcohol. The curing agent A1 was added to the mixture of resin
and filler through slow manual mixing for about 7 min. The blend
was then poured intomolds of dimensions 1� 1� 7 cm3, and left as
such for 20 h for the curing process at room temperature, and
finally 4 h in an oven at 80+ C. When the process was completed,
the samples were removed from the molds. After curing at room
temperature, the samples were treated for 4 h in an oven at 353 K.

Dielectric properties of the samples where measured in the
frequency range 20 Hze1MHzwith a LCR HP4284Ameter. For low-
temperature measurements (25e300 K), the samples were placed
in the closed-cycle cryostat. Measurements at high-temperature
(300e500 K) were performed in a home-made furnace. All mea-
surements were performed in air with heating/cooling rate 1 K/min
without isothermal annealing. The samples cut from the
1� 1� 7 cm3 molded composite had a thickness of about 2mm and
the square-shaped cross section of area 30 mm2. Silver paste was
applied for contacting.

In the frequency range 1 MHze3 GHz, two different experi-
mental setups were used depending on the GNP concentration.
Samples containing 2 wt% and more GNP were analyzed by a co-
axial dielectric spectrometer with vector network analyzer Agilent
8714ET. Here, sample with typical area of 2 mm2 and thickness of
0.3 mm were studied. Epoxy composites with lower GNP concen-
tration were analyzed with E5071C ENA Network Analyzer setup.
For measurements of the scattering S parameters, an airline cell
containing toroidal sample was placed in coaxial line between two
ports of the vector network analyzer. The standard procedure was
used to convert the S parameters into the complex permittivity ε of
the material [47].

The microwave measurements in the 26e37 GHz frequency
range (Ka-band) were carried out with a scalar network analyzer
R2-408R (ELMIKA, Vilnius, Lithuania). For small concentrations
(2 wt% and lower), parallelepiped samples of typical thicknesses
1.2 mm were precisely cut to fit the waveguide cross section.
Samples with higher concentrations were shaped in cylinders of
diameter d ¼ 0.4 mm. The EM response of the composites were
measured as the ratios of transmitted/input (S21) and reflected/
input (S11) signals. The conductivity was recalculated from the S
parameters via methods described elsewhere [48,49]. For shielding
measurements 2 mm thick parallelepiped samples were precisely
cut to fit the waveguide cross section 7.2 mm � 3.4 mm. The
reflectance(R), the transmittance (T) and the absorbance (A) were
calculated from S-parameters in following way: T ¼ S221, R ¼ S211,
A¼ 1�R�T.

Measurements at frequencies ranging from 100 GHz to 2 THz
were performed in transmission mode using a time-domain THz
spectrometer TERAVIL T-SPEC based on an femtosecond laser sys-
tem. Large-area, polished parallel plates of 0.5 mm-thickness were
investigated.

https://asbury.com/


Fig. 1. Lamellar structure of expandable graphite (a) and (b)worm-like GNP structure after exfoliation process.
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3. Result and discussion

3.1. Room temperature

The frequency dependence of the real part of the effective
permittivity and the conductivity measured at room temperature is
presented in Fig. 2.

Both the static effective permittivity and dc conductivity in-
crease with increasing concentration of GNPs and reach 300 and
3 mS/m respectively for composite with 4 wt% of GNP inclusions.
For these composites the low frequency dispersion of the real and
the imaginary part of the permittivity can be described by Jonsher
law [50,51]:(

ε
� � ð�iutÞn1�1; u>uc;

ε
� � ð�iutÞnlfd�1; u<uc;

(1)

where u¼2pn is the angular frequency uc is the critical frequency,
nlfd<n1<1. Below 10 kHz a frequency independent conductivity (dc-
conductivity) is observed for epoxy loadedwith 3 and 4wt% GNP. In
this case the conductivity can be described as a sum of dc- and ac-
conductivity terms. Since s ¼ ε

00
ε0u, the imaginary part in Eq. (1)

can be presented as (Fig. 2 (b), solid curves) [52]:

s ¼ sdc þ sac uð Þ; (2)

where sdc is the dc conductivity and sacðuÞ is the ac conductivity.
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Fig. 2. Real part of the effective permittivity (left) and conductivity (right) of epoxy resin and
The data indicate that the critical concentration between two
conduction regimes lies between 2 and 3wt% GNPs. Its value can be
evaluated using the usual formula describing the conductivity s

versus the filler concentration pGNP near the percolation threshold
pc [53]:8>>>><
>>>>:

s ¼ s0

�
pGNP � pc

pc

��s

; p< pc;

s ¼ si

�
pc � pGNP

pc

�t

; pGNP >pc;

(3)

where s0 is the matrix conductivity, si is the inclusions conduc-
tivity, s and t is the critical exponents.

Fitting the conductivity of the epoxy composites below the
percolation threshold i.e. 0, 0.25, 1 and 2 wt% with first equation of
Eq. (3) at a fixed frequency, here 117 Hz, yields pc ¼ 2.3 wt% and
s ¼ 1.8. The critical exponent exhibits slightly higher value than
universal one [53,54]. Such values can be also found in variety of
composite materials [55,56] and can be explained by inverse Swiss
cheese model [54].

3.2. High temperature

The epoxy resin becomes conductive at high temperature. As a
result, a dc plateau was observed in the conductivity frequency
spectra of all composites, above and below the percolation
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GNP/epoxy composites against frequency for different concentrations in logelog scale.
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Fig. 3. Temperature dependence of (a) the effective permittivity at 129 Hz and (b) the dc electrical conductivity measured on heating (solid symbols) and on cooling (open symbols)
composite samples with different GNP concentrations.
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threshold. The temperature variation of the permittivity and the dc
conductivity of samples is presented on Fig. 3 (b).

The dc conductivity of composites with a low concentration of
GNP (0.25 and 1 wt%) demonstrates some small hysteresis on
heating and cooling, and can be fitted with Arrhenius law. For
composites above the percolation threshold (3 and 4 wt%), three
different dc conductivity regimes can be identified on heating: 1) at
low temperatures (below 360 K), the dc conductivity is almost
temperature independent; 2) in the intermediate temperature
regiondabout 360 Ke390 K for the composite with 4 wt%
GNPdthe dc conductivity decreases with increasing temperature
due to thermal expansion of the epoxy matrix, which slightly in-
creases the distance between conductive clusters; 3) at higher
temperatures (above the glass transition in pure epoxy resin), the
dc conductivity of the composites increases due to the finite con-
ductivity of the epoxy matrix. A huge hysteresis between the first
cooling and the first heating cycle is observed for composites filled
with 2, 3 and 4 wt % of GNP. The hysteresis is followed by a drastic
increase of the composite conductivity (up to six orders of magni-
tude). In addition, after annealing, the variation of the dc conduc-
tivity with T becomes more flat. Moreover, the sample with 2 wt%
GNP has acquired a dc conductivity plateau at room temperature
after annealing. The percolation concentration recalculated with
second Eq. (3) for percolated samples (2,3,4 wt. %) gives pc ¼ 1.4 wt
%. In other words, the percolation threshold has decreased sub-
stantially after annealing the samples. It is worth mentioning that
the dc conductivity only slightly increases after a subsequent
heating-cooling treatment (dashed-line curves in Fig. 3) and satu-
rates after a few cycles.

It was observed that GNP/epoxy composites lead to substantial
EM attenuation in the microwave domain and are therefore inter-
esting materials for shielding applications. A 2-mm thick sample
with 4 wt% transmits only 14% of initial radiation. Table 1 shows
Table 1
Shielding efficiency of 2 mm-thick composite layer at 30 GHz frequency.

Sample Reflectance, % Transmittance, % Absorbance, %

2% 45 22 33
2%, annealed 57 15 28
4% 70 14 16
4%, annealed 71 8 21
that annealing the samples improves their shielding ability signif-
icantly: the transmittance of the sample with 2 wt% shifts form
22%e15% and from 14% to 8% for the 4 wt% sample. However,
variation of shielding behaviour is not the same for both compo-
sitions: for 2 wt%, sample annealing increases the reflection and
slightly decreases the absorption whereas for 4 wt%, the reflection
remains unchanged and the absorption increases.

The sample impedance (i.e. the reciprocal of the complex
conductivity):

r� ¼ 1
iuε0ε�

¼ 1
iuε0ðε0 � iε00 Þ ; (4)

extracted from the permittivity data was employed to understand
the observations. The frequency dependence of the measured
impedance displayed in Fig. 4 cannot be described by that a single
RC circuit r*¼R/(1þiuRC)¼R/(1þiut) (which form is very similar to
the Debye equation for the dielectric dispersion). Instead, the
MaxwelleWagner relaxation of the impedance spectra was
modeled by considering an infinite chain of RC circuits connected in
series. The distribution f(t) of relaxation times was calculated by
solving the integral equation (Eq. (5)) with the Tikhonov regulari-
zation technique [57]:

r� ¼ r∞ þ Dr
Z∞
�∞

f ðtÞ
1þ iut

dðlntÞ: (5)

As we can see from Fig. 4, Eq. (5) well fits impedance spectra at
higher frequencies and lower temperatures (for example above
1 kHz at T ¼ 425 K). At higher temperatures and lower frequencies
an additional dispersion is observed, which is caused obviously by
non ohmic contacts.

The results are displayed in Fig. 5 for a composite sample con-
taining 2 wt% GNP. The maximum of f(t) shifts to shorter relaxation
times upon heating the samples and the distribution becomes
narrower. Upon cooling (Fig. 5 (b)), the distribution of relaxation
times stays almost temperature independent and peaks at
2.5$10�6 s. The results for samples with 3 and 4 wt% GNP (not
shown) have a similar behaviour as for 2 wt %, but the maximum of
the imaginary part of their impedance shifted at higher frequencies.
For all the compositions studied, the distributions of relaxation
time are almost temperature-independent after the second and
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third annealing.
The relaxation time t¼RC~C/s involves the capacitance C of a

GNP cluster and the tunneling conductivity s between neighbor-
hood GNP clusters. The capacitance dependents only on the ge-
ometry of the GNP clusters. Assuming a spherical shape, which for
GNP is a rough approximation aimed at capturing the underlying
physics, C¼ 4pε0r where r is an effective radius. The tunneling
conductivity between GNP clusters is dependent on their distri-
bution inside the polymer matrix and on the GNP shape distribu-
tion. Schematically, short relaxation times come from small GNP
clusters and short distances that charge carriers have to tunnel
through. Long relaxation times is dominated by large GNP clusters
and long distance between them. From the distribution of relaxa-
tion of times shown in Fig. 5, it is difficult to extract the exact GNP
cluster shape distribution. One can nevertheless deduce that, dur-
ing heating, large GNP clusters separate into smaller ones and their
distribution becomes more homogeneous (see Fig. 6). A better
dispersion of small clusters decreases the tunnel barrier because
the distribution of the distance between them becomes narrower.
Decreasing the probability of long path across the epoxy matrix
increases the tunnel conductivity in annealed samples. Moreover,
the conductivity activation energy deduced by Arrhenius fit de-
creases with increasing GNP concentration, except at the concen-
tration 2 wt% (Table 2).

What is an impact of composite annealing on the electromag-
netic properties at different frequencies? It is possible to separate
two cases: 1) The low frequency approximation, utmax≪1 (where
tmax is the most probable relaxation time). In this case according to
Eq. (5), r

0¼r∞þDr and r00 is very small. Under such conditions and
according to Eq. (4) ε

00[ε
0 and ε

00 ¼ sdc
uε0

. 2) The high frequency
approximation, u tmax[1. According to Eq. (5), r0¼r∞ and r

00
is

again very small. In this case ε
0 ¼ ε∞ (where ε∞ is caused by phonons

and the electronic polarization) and ε

00 ¼ 1/(r∞uε0) are both very
small and almost temperature independent. The highest impact of
annealing is observed in low frequency region 1) due the increase
in dc conductivity, while in high frequency region 2) the impact is
negligible small. In intermediate frequency range, when utmaxz1,
the impact of the annealing is also observed (Table 1), however
lower than for dc regime.

The hypothesis that breaking the clusters into smaller ones by
annealing could increase the conductivity of the composite samples
can be substantiated with the results of the following model



Fig. 6. SEM image of epoxy/GNP composites containing 2 wt% of GNP before (see large GNP clusters marked with white oval) and after annealing (see small GNP cluster).

Table 2
Parameters of Arrhenius law fit.

Sample,Process lns0,S/m Ea/kB,K T.Region

0%, Heating [38] 12.51 12253 T� 400
0%, Cooling [38] 17.1 14000 T� 400
0.25%, Heating 10.1 9411.8 T� 456
0.25%, Cooling 13.9 11379 T� 450
1%, Heating 6.6 8112.9 T� 446
1%, Cooling 6.7 8073.9 T� 440
2%, Heating 26.5 16678 T� 454
3%, Heating 26,1 1638 T� 445
4%, Heating 11,49 1032,74 T� 440
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computation. Spherical clusters, with uniform radius, were
randomly distributed in a cubic cell with periodic boundary con-
ditions. The volume filling fraction was chosen at h ¼ 0.27, which
corresponds to 2 wt% concentration of GNPs in epoxy resin at room
temperature. The distribution g(d) of closest approach distances
d between spheres was computed and averaged over many inde-
pendent configurations. The precise definition of this distribution
function can be found in Eq. (2) of ref. [58]. The calculations were
performed for two radii R differing by a factor of 23, 12.6 and 10 m,
as if each cluster were broken into two halves upon annealing. Fig. 7
clearly shows that the distribution g(d) becomes narrower upon
reducing radius and its maximum shifts towards smaller separation
distances d. It is not a surprise, since the theoretical function g(d) for
an equilibrium distribution of monodisperse hard spheres at a
given filling fraction is a universal function of the ratio d/R [58]. As a
result, the width of the tunnel barrier between two clusters
Fig. 7. Distribution of separation distances between spherical clusters of 12.6 mm and 10 mm
volume filling fraction h ¼ 0.27 mimic the composite with 2 wt% GNP before and after ann
decreases with decreasing cluster size. The conductivity should
therefore increase.
3.3. Low temperature region

Composites above the percolation thresholdwere studied at low
temperatures. The temperature dependence of their dc conduc-
tivity temperature is plotted in Fig. 8. The dc conductivity of non-
annealed samples with 3 and 4 wt% GNP has a maximum at
115 K. The increase of conductivity on cooling from 300 K to 115 K
can be explained by the thermal contraction of the epoxy matrix,
which reduces the distance between clusters. After annealing, the
maximumof conductivity shifts to 170 K and the temperature curve
of s becomes more flat at higher temperature than for as-produced
composites. As indicated by solid-line curves in Fig. 8, the observed
conductivity behaviour below 170 K is well described by the
tunneling law [59].

sdc ¼ s0exp
�
� T1
T þ T0

�
; (6)

where kBT1 represents the energy required for an electron to cross
the insulating gap between GNP clusters and T0 is the temperature
above which thermally activated conduction over the barriers be-
gins to occur. The parameters of the fits are listed in Table 3. Both T0
and T1 decrease with increasing concentration. Thus the electrical
conductivity of GNP/epoxy composites is caused by the electron
tunneling through the insulating epoxy matrix. The potential bar-
rier for such a process can be calculated by Ref. [59]:
randomly and evenly distributed in epoxy. The results of this model calculation with
ealing, respectively (see text).
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Table 3
Parameters of tunneling law fit.

p, % s0,103, S/m T1, K T0, K T1/T0

3% 1.26 8.25 27.79 0.30
4% 5.25 8.06 22.64 0.36
2% annealed 10.76 22.02 148.04 0.14
3% annealed 37.34 11.49 81.75 0.14
4% annealed 94.29 10.30 71.59 0.14
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kBT1 ¼ Uε20; (7)

and

kBT0 ¼ 2Uε20
pcd

¼ 2kBT1
pcd

: (8)

In these expressions, U¼dA/8p is a measure of the tunnel junc-
tion volume, ε0¼ 4V0/ed is a pre-exponential factor and c¼2meV0/Z
is the tunneling constant for electrons, where V0 is the potential
barrier, A and u are the junction area and thickness of the insulating
gap between conductive clusters. According to Eqs. (7) and (8),
T1=T0 ¼ pcd=2 ¼ ðp=2Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2me=Z
p

V1=2
0 d. It can be concluded from

this relation that the observed decrease of the ratio T1/T0 by more
than a factor of two after annealing (last column of Table 3) is
equivalent to decreasing the potential barrier V0 and the separation
distance d between conductive clusters. This can be understood in
terms of the separation of large clusters into smaller ones and
shorter average interdistance.
4. Conclusion

Electromagnetic properties of epoxy composites containing the
small addition of graphene nanoplatelets have been studied over
eight decades of frequency, from 20 Hz to 2 THz. It was demon-
strated that the percolation threshold in such systems is 2.87 wt%.
According to low temperature analysis, the electrical conductivity
occurs by a tunneling mechanism.

During the first annealing of samples close to and above the
percolation threshold, a dramatic increase of both permittivity and
conductivity was observed (by a factor of 3 and by 6 orders of
magnitude, respectively, in case of 2 wt% GNP). Annealing was also
demonstrated to be a simple way to improve significantly the
shielding ability of GNP-based composites. Indeed, as-produced
composite with 4 wt% GNP provided 86% of EM attenuation
across a 2 mm-thick sample, while the same sample reached 92%
after annealing. The same EMI shielding efficiency of 85% can be
achieved with 2 wt. % GNP after annealing. This phenomenon was
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studied with the impedance formalism. It was found that the
MaxwelleWagner relaxation occurs. Upon heating, the relaxation
time RC decreases by 3 orders of magnitude and remains un-
changed on cooling. The analysis points to a redistribution of GNP
clusters during which the average size and, consequently, the
separation between the conductive clusters decreases. This leads to
a huge rise of the conductivity and pulls the percolation threshold
down to 1.4 wt%. After a second or third annealing, no significant
changes of the relaxation time and the conductivity was observed,
indicating that the GNP redistribution processes is achieved after
the first thermal cycle.
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