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Abstract

Epoxy-rich carbon-based composites are well recognized materials in indus-

tries owing to their good mechanical properties and thermal stability. Here,

dielectric properties of composites based on bisphenol-A-epoxy resin loaded

with 5, 6, 10, and 15 wt% of graphite flakes (GF) have been studied. The fre-

quency and temperature dependence of the dielectric permittivity, dielectric

loss, and ac conductivity have been examined in temperature (�103 to 97�C)
and frequency (20 Hz–200 kHz) range. Influence of the filler surface chemistry

have been studied for composites loaded with 5 wt% GF obtained: (i) under

wet milling, without or with adding Triton-100x as a surfactant, or (ii) under

dry milling in the presence of KOH. The composite made of epoxy loaded with

5 wt% exfoliated expanded graphite flakes (EEG), was also prepared. The sur-

face treatment with KOH notably increased dielectric constant of the compos-

ite, keeping low dielectric loss, while treatment with Triton-100x significantly

increased tanδ. The composite loaded with exfoliated expanded graphite shows

higher ac conductivity than those obtained with flaky graphite, GF. Possibility

to change dielectric properties of the composites without changing the loading

content can be used as an approach in tailoring one with desired dielectric

properties.
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1 | INTRODUCTION

Composites consisting of polymer matrix and various
types of fillers have been extensively studied for a wide
range of applications from microelectronic, optoelec-
tronic, and energy harvesting system, to automotive and
aerospace industry.1 Application of composites depends
on their performances, which are strongly related to the
choice of polymer matrix and filler, the preparation and
post-production routes, composite architecture, and so
forth. Various materials have been tested as a filler, from

ceramics (TiO2, Al2O3, ZnO, BaTiO3, …), metal com-
pounds (boron nitride, aluminum nitride, cooper, …) to
carbon-based nanostructures.

Electrically conductive composites with carbon-based
fillers (such as carbon nanotubes, carbon black, gra-
phene, or graphite flakes [GF]), attracted huge attention
due to usually high electrical conductivity and good
mechanical properties.2 They can be interesting for exten-
sive use in resistors (when beyond the critical concentra-
tion of filler the polymer becomes conductive).3 Other
applications of composites are directed toward
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over-current and over-temperature circuit protection
devices, super capacitors, biosensors,4 antistatic materials
and materials for electromagnetic interference (EMI)
shielding.2,5–7

A variety of phenomena (such as a sharp drop of
resistivity at some critical filler content, increase
of dielectric permittivity with filler content increase), are
characteristic for composites based on mixing insulating
polymer matrix with electrically conducting fillers.8

Dielectric properties of such composites reflect their abil-
ity to store and consume electrostatic energy in an alter-
nating (AC) electric field, while the electric conductivity
study refers to their ability to transport electric charges.

When a polymeric material is found in an external
electric field, its response is governed by different polari-
zation mechanisms. Generally, the polarization of any
material comes from four different contributions: dipolar,
atomic, electronic, and interfacial polarization.9 In poly-
mers with dipole groups, the mechanism of orientation of
dipole side groups or dipole segments corresponds to
Debye's relaxation polarizations.10 The dipolar segmental
relaxations or dipolar group relaxations correspond to
β-relaxations. The most important mechanisms of
β-relaxation are movement of dipole side groups about
the C-C chain or a local motion of very short segment of
the polymer (such as the twisting of the hydroxyl or car-
bonyl side groups).11–13 Another type of relaxations,
known as γ-relaxation, is related to faster relaxation pro-
cesses that occur below glass transition temperature of
matrix (e.g., movement of the diphenyl propane group,
rotation of the methylene sequence or the hydroxyl-ether
group, etc.). The α-relaxations are those which occur
close and above the glass transition temperature (Tg) of
composite, usually due to translation of the main poly-
mer chain through the medium.13

Dielectric properties of composites are largely deter-
mined by the nature of the filler/matrix interface, the
filler surface area and the inherent conductivity of
the fillers. At low electric field frequencies, dominates so-
called interfacial (or space charge) polarization due to
accumulation of free charges at the interfaces between two
phases (filler and matrix), which differ in electrical con-
ductivity.11,14 In such composites, the dielectric behavior is
subjected to the Maxwell–Wagner (MW) interfacial polari-
zation when one of the components has higher electrical
conductivity, compared to the other one.11 Above the per-
colation threshold, pc (at which the insulating-conducting
transition can be observed), the dielectric response of poly-
meric materials will be additionally influenced by electron
conduction process.

Composite materials based on epoxy resin filled with
graphene or GF, or their functionalized counterparts

(e.g., graphene/graphite doped with heteroatoms such as
e.g., oxygen or nitrogen) have been widely investi-
gated.5,8,15,16 It is well known that the lateral size, the
aspect ratio and shape of flakes used as fillers have strong
impact on dielectric properties of composites.5,17 For
example, Corcione et al. studied the dielectric properties
of epoxy-based composites loaded with different kind of
graphite precursors (expanded graphite, commercial gra-
phene nanoplatelets, natural graphite).18 They revealed
that the expanded graphite (EG) with the highest aspect
ratio improved the electrical performance of composite
the best. The conductivity of such composites can be
increased by several orders of magnitude, as the content
of expanded graphite increased up to a critical level of
loading.19 N. Chand et al., studied the frequency and
temperature dependence of dielectric properties of com-
posite based on epoxy resin and graphite.20 They found a
shift of tanδ peaks toward higher temperatures in com-
posite loaded with 2.9 wt% GF and assigned it to the
increase of dipole relaxation time. Further, significant
improvements of the dielectric properties were obtained
in composites made of at least three components.21 Vov-
chenko et al., showed that the permittivity was substan-
tially increased when in addition to GF, carbonyl iron
was added into epoxy.22 The new approaches in design-
ing epoxy-based materials go toward 3D alignment of
carbon-decorated nanofillers with improved composites
performances (such as thermal conductivity, electrical
conductivity, etc.).23

In order to improve the interfacial adhesion with the
matrix various surface treatments of carbon-based fillers
have been studied, such as, treatments with: UV/ozone,24

organic compounds (e.g., isocyanates,25,26 acids,27 polypyr-
role (PPy),28 p-phenylenediamine29), polyoxometalate,30

cationic or anionic surfactants, KOH,31,32 and so forth. Ori-
entation of fillers in a certain direction inside a matrix also
plays a very important role for obtaining composites with
particular dielectric performances.23,33

In this paper, dielectric properties of composites
based on bisphenol-A-epoxy resin loaded with different
content of GF (5, 6, 10, and 15 wt%) have been studied.
GF were obtained upon prolonged milling of pure graph-
ite. The frequency and temperature dependence of the
dielectric permittivity (εr), dielectric loss (tanδ), and ac
conductivity (σac) have been examined in temperature
(�103–97�C) and frequency (20 Hz–200 kHz) range.
Influence of the filler surface chemistry have been stud-
ied for composites loaded with 5 wt% GF, used as-
prepared or functionalized with Triton-100x surfactant or
KOH. In addition, dielectric properties of the composite
made of epoxy loaded with 5 wt% exfoliated expanded
graphite flakes (EEG), were also examined.

2 of 15 MALETI�C ET AL.

 10974628, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.54881 by E

.N
.E

.A
., W

iley O
nline L

ibrary on [08/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2 | MATERIALS AND METHODS

2.1 | Materials preparation

For the preparation of the composites, we used GF
obtained upon prolonged milling of graphite powder
(Aldrich, 99.9% pure) in a mortar grinder. During milling
in a Pulverisette 2, Fritsch mortar grinder, the vertical
pressure of a pestle was 10 daN and no lateral pressure
was set up. Three grams of pure graphite were milled
with 15 mL of deionized water for 20 h. Thus, obtained
graphite flakes were labeled as GF. Then, the procedure
was repeated but with addition of Triton-100x (3 mL) as
a surfactant (GF-Tr100x). Further, 3 g of pure graphite
were milled under dry condition (without water) in a
Retsch Ultra-Fine mortar grinder (Type KM1), with 60 g
of potassium hydroxide, KOH, for 10 h. Afterwards, the
GF were extensively washed with water. This way
obtained GF were labeled as GF-KOH.

The matrix used to adopt GF was epoxy resin based
on bisphenol-A-(epichlorhydrin) (Struers). The compos-
ites were prepared following procedure: 6 mL of
bisphenol-A-(epichlorhydrin) were added to the mixture
of GF-flakes in alcohol, sonicated for 3 h (to ensure
homogeneous dispersion) and dried at 60�C (to
ensure evaporation of alcohol). Then, 1 mL of epoxy
hardener, triethylenetetramine, was added, followed by
careful stirring for 15 min. The mixture was cast into a
flat glass mold and degassed under vacuum overnight at
room temperature. Before the composites were taken out
from the mold, they were post-cured at 127�C for 10 min
in air. The composites with the following weight fractions
of GF were prepared: 5, 6, 10, and 15 wt%, labeled as
epoxy/GF5, epoxy/GF6, epoxy/GF10, and epoxy/GF15,
respectively. Pure epoxy (without fillers), as well as com-
posites loaded with 5 wt% of: GF-Tr100x, GF-KOH, and
exfoliated EEG (obtained upon prolonged sonication of
expanded graphite) were also made. The obtained com-
posites have uniform thickness of about 1 mm.

2.2 | Characterization

Scanning electron microscopy (SEM, FEI, Scious 2 Dual-
Beam) was used to observe the morphology of pristine
graphite and GF, as well as the fracture surfaces of pure
epoxy and composites. The fracture was obtained after
exposure of composite/pure epoxy to liquid nitrogen.
X-ray diffraction (XRD) patterns of hexagonal graphite
powder and GF were collected on a Bruker D8 Advance
diffractometer in a glaze angle incident geometry (2�)
(30 mA, 38 kV). The XRD patterns of pure epoxy and

epoxy/graphite composites loaded with 5, 10, and 15 wt%
GF flakes were collected on Rigaku SamrtLab
diffractometer. The solid-state 13C NMR (nuclear mag-
netic resonance) spectrum of GF graphite flakes was col-
lected using a Bruker spectrometer with magic-angle
spinning (MAS) at 5 kHz. Spectrum was collected with
proton cross-polarization (CP-MAS) and with proton
decoupling (DP-MAS). GF flakes and composites were
also characterized with Fourier transform infrared spec-
troscopy (Thermo Scientific Nicolet iS50 device with
attenuated total reflection [ATR-FTIR] measurement).
The specific surface area, SBET, of GF flakes was deter-
mined following the Brunauer–Emmett–Teller (BET)
approach.

Dielectric spectroscopy measurements were carried
out using Precision LCR instruments (Hameg 8118), over
a frequency range from 20 Hz to 200 kHz and a tempera-
ture interval from �103 to 97�C. Data acquisition was
performed in the heating mode, with the heating rate of
2 �C/min. The temperature was recorded using a temper-
ature controller (Lake Shore 340). The applied voltage
was 1.5 V. A sample was placed in a closed capacitor cell
with cell electrodes 13 mm in diameter, under vacuum
(10�4 Pa), avoiding use of any paste. Acquisition of the
conductance (Gm) and susceptance (Bm) of a sample, as
well as, the conductance (Gb) and susceptance (Bb) of an
empty cell with space between electrodes equal to the
thickness of the sample, for the same test frequency and
at the same temperatures, was carried out with specially
programmed software. Details about the experimental
setup can be found in the literature.34–36

Specific conductance (G) and specific susceptance (B)
was calculated according to the equations:

G¼ Gm�Gbð Þ �d=S ð1Þ

B¼Bm� Bb�2πf ε0S=dð Þ ð2Þ

where d is the spacing between electrodes and S is the
area of the electrode. Then, the dielectric loss (tanδ) and
dielectric permittivity (εr) were calculated as:

tanδ¼G=B ð3Þ

εr ¼Cd=ε0S ð4Þ

where C = B/2πf, is the capacity, ε0 is the vacuum per-
mittivity (8.85 � 10�12 F/m) and f is the frequency
(ω = 2πf, is the angular frequency) of the applied electric
field.

The AC conductivity (σac) was evaluated from the
values of dielectric data using a relation:

MALETI�C ET AL. 3 of 15
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σac ¼ωε0εr tanδ: ð5Þ

3 | RESULTS AND DISCUSSION

3.1 | Structure and morphology

SEM photos of pristine graphite and fillers (GF, GF-
Tr100x, GF-KOH, and EEG) used to obtain epoxy-based
composites, are shown in Figure 1. It is obvious that the
milling induces the lateral size decreasing. GF, with an
lateral size in the range from 2 to 11 μm (average in-
plane size is about 4 μm; Figure 1b), were obtained under
prolonged milling of pure graphite for 20 h. Presence of
water as a lubricant, during a milling process seems to
allow easier cleavage of graphite plates and give rise to
less stress on sp2-planes. On the contrary, dry milling in
the presence of KOH powder induces roughness on the
sp2-superface of GF and produced (to some extent) graph-
ite dust (see Figure 1c). SEM images confirmed that the
EEG flakes has higher aspect ratio than GF flakes
(Figure 1d).

XRD pattern of graphite powder, before and after
milling, shown in Figure 2a, confirms a hexagonal crystal

structure. Noticeable decrease in the intensity of (002)
reflection (inset of Figure 2a), point out on a dominant
cleavage effect upon mechanical milling of 20 h. On the
contrary, milling in the presence of KOH for 10 h pro-
duced thicker multi-layered structure of GF (inset of
Figure 2a). No changes of the reflection positions were
observed. Figure 2b shows the DP-MAS and (inset) CP-
MAS spectra of GF graphite flakes. They are similar and
show that the signal is coming from the solid-phase. The
broad resonance at ca. 110 ppm in CP-MAS and at
124 ppm in DP-MAS spectra can be assigned to sp2-
hybridized carbon ( C C ) in the structural model of
the aromatic domains. The reported value of chemical
shifts (CS) for graphite plates, obtained upon milling, are
close to the CS-values reported for graphene (117–
132 nm37). The ATR-FTIR spectra of graphite flakes, GF,
and GF-Tr100x (obtained after 20 h of millings under wet
conditions without or with the presence of Triton-100x),
and GF-KOH (obtained after 10 h of dry milling with
KOH) are shown in Figure 2c. The ATR-FTIR spectrum
of GF flakes, with a band at �1224 cm�1 assigned to
bending of C H groups, confirmed that the graphitic sur-
face is almost free of functional groups. On the contrary,
in the GF-Tr100x flakes presence of the functional groups

FIGURE 1 Scanning electron

microscopy photos of (a) pristine

graphite and (b–d) fillers used to

obtain epoxy-based composites:

(b) graphite flakes (GF) obtained

upon milling of pristine graphite in

the presence of water without (GF,

left) or with the presence of Triton-

100x (GF-Tr100x, right); (c) GF

obtained upon milling in the

presence of KOH (GF-KOH); and

(d) exfoliated EEG. [Color figure can

be viewed at wileyonlinelibrary.com]
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coming from the surfactant Triton-100x is noticed by
FTIR spectroscopy (bands framed by rectangles on
Figure 2c). Thus, the band at �2945 cm�1 can be
assigned to the alkyl groups (C H bonds that are in sp3

hybridization), while the band at �2866 cm�1 comes
from the stretching of the aliphatic C H groups. Milling
with KOH introduced the oxygen-containing groups on
the basal plane of graphite flakes.38 The band at
�1711 cm�1 can be assigned to C O streching vibration

in carboxylic acid and carbonyl moieties, the bend at
�1382 cm�1 can be assigned to streching of C O and
bending of OH groups as a part of oxygen-containing
functional groups, while the band at 1033 cm�1 can be
assigned to C O C in epoxy groups. A wide band
between 3000 and 3600 cm�1 represents the stretching
vibrations due to the presence of hydroxyl group.

SEM micrographs of the fracture surfaces of pure
epoxy, epoxy/GF5, epoxy/EEG5, epoxy/GF-Tr100x5, and
epoxy/GF-KOH5 composites (loaded with 5 wt% of

FIGURE 2 (a) XRD diffraction pattern of hexagonal graphite

powder (inset: the (002) reflection of graphite before and after

milling for 20 h, and after milling for 10 h in the presence of KOH);

(b) 13C solid-state DP-MAS and CP-MAS NMR spectra of GF flakes

and (c) ATR-FTIR spectra of graphite plates obtained by milling

under different conditions (GF, GF-Tr100x, and GF-KOH). [Color

figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 Scanning electron microscopy images of fracture

surfaces of (a) pure epoxy, (b, c) epoxy/GF5, (d, e) epoxy/EEG5, (f,

g) epoxy/GF-Tr100x5, and (h, i) epoxy/GF-KOH5 composites

(loaded with 5 wt% of graphite flakes).

MALETI�C ET AL. 5 of 15
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graphite flakes), are shown in Figure 3a–i. Figure 3b
revealed not fully uniform dispersion of GF graphite
flakes across the section of composite, probably as a
result of a partial sedimentation of fillers during compos-
ite hardening. On the contrary, well dispersed EEG and
GF-Tr100x flakes within the epoxy matrix, cut into frag-
ments with rough surfaces, are observed in the epoxy/
EEG5 (Figure 3d,e) and the epoxy/GF-Tr100x5
(Figure 3f,g) composites, respectively (Figure 3d–i). It is
worth to notice that the epoxy/GF-Tr100x5 composite
was very hard to break, probably due to the adhering
effect of Triton-100x surfactant, which helps in better net-
working of GF-Tr100x flakes with epoxy comparing to
nonfunctionalized GF flakes. On the contrary, the frac-
ture surface of epoxy/GF-KOH5 composites was observed
with much lower contrast comparing to the epoxy/GF-
Tr100x5 one, indicating the presence of thicker, multi-
layered graphite layers. The graphite dust, observed in
the GF-KOH filler seems to stay aggregated inside the
epoxy/GF-KOH5 composite, giving characteristic shape
of the fracture (Figure 3i).

Figure 4a shows the XRD patterns of pure epoxy and
epoxy/GF composites loaded with 5, 10, and 15 wt% of
GF flakes, while their FTIR spectra are shown in the
Figure 4b. A broad peak with maximum at 2θ = 18� com-
ing from the epoxy, while the characteristic peaks of
graphite, (002) and (004) at 26.5� and 54.5�, respectively,
are well noticed, too. The FTIR spectra of composites
show all the absorption bands characteristic for epoxy-
based composites.

3.2 | Dielectric properties of the epoxy/
GF composites

3.2.1 | Dielectric permittivity

The Figure 5a–d shows the temperature dependence of
dielectric permittivity, εr(T), for pure epoxy matrix and
composites loaded with 6, 10, and 15 wt% of graphite
flakes (epoxy/GF6, epoxy/GF10, and epoxy/GF15), mea-
sured at different frequencies: 180 Hz, 800 Hz, 8 kHz,
18 kHz, and 80 kHz. The εr value increases with tempera-
ture rise, independently of the frequency, f, in all sam-
ples, while with the frequency increase from 180 Hz to
80 kHz slight decrease of the εr values was observed at all
temperatures. The amount of loaded graphite flakes
changes the dielectric permittivity value (εr) of compos-
ites the most. It is due to the increased number of micro-
capacitors which are formed between conducting filler
and epoxy layer and consequently, the increase of interfa-
cial polarization between these two phases. The slight
bend observed around 27�C, the most pronounced in
pure epoxy, most likely corresponds to the β-dipolar
group relaxations of epoxy molecule.39 Except for the
increase in the εr value, no significant changes in εr(T)
function were observed for the pure epoxy resin and the
epoxy/GF6 composite. Instead, in epoxy/GF10 and
epoxy/GF15 composites (with higher loading content),
more pronounced increase of dielectric permittivity is
observed at temperatures higher than c.a. 67�C, at all fre-
quencies. Since, the glass transition temperature, Tg, of
pure epoxy is found at Tg ≈ 75�C,19 the softening
of epoxy matrix at these temperatures is expected, possi-
bly resulting in formation of direct contact between
graphite flakes and, thus, the formation of conductive
network.

Figure 6a shows the frequency dependence of the εr
value, εr(f ), measured at T = 17�C, for the epoxy/GF6,
epoxy/GF10, and epoxy/GF15 composites. The increase
of the εr value with increasing the loading of graphite
flakes in composites was observed in the frequency range
from 30 Hz to 130 kHz. It is especially noticeable at lower
electric field frequencies, when interfacial polarization

FIGURE 4 (a) The XRD patterns of pure epoxy and epoxy/GF

composites loaded with 5, 10, and 15 wt% of GF flakes; (b) the FTIR

spectra of epoxy/GF5, epoxy/GF10, and epoxy/GF15 composites.

[Color figure can be viewed at wileyonlinelibrary.com]
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dominates (accumulation of free charges at the interfaces
between epoxy and graphite flakes).18,20 At 30 Hz, the
dielectric permittivity of the epoxy/GF15 composite is
about three times higher than in the epoxy/GF6 compos-
ite (Figure 6a). These results once more point out that
the number of formed micro-capacitors in composites

increases with increasing the filler loading. Thus, the
local electric field, generated within composite due to the
interfacial polarization, becomes stronger, resulting in
the increase of the dielectric permittivity.6,11 In addition,
the εr value decreases with increasing the applied field
frequency, in all three composites. Decreasing is the most

FIGURE 5 Temperature dependence of dielectric permittivity for (a) pure epoxy, (b) epoxy/GF6, (c) epoxy/GF10, and (d) epoxy/GF15

composites, at different frequencies (180 Hz, 800 Hz, 8 kHz, 18 kHz, and 80 kHz). [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 Frequency dependence of (a) the dielectric permittivity, εr, (b) the dielectric loss, tanδ, and (c) the ac conductivity, σac, at

temperature 290 K, for epoxy/GF6, epoxy/GF10, and epoxy/GF15 composites. [Color figure can be viewed at wileyonlinelibrary.com]
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prominent in the epoxy/GF15 composite with the highest
loading content and is caused by failure of the interfacial
polarization mechanism which cannot follow the applied
field at higher frequencies.21,40

3.2.2 | Dielectric losses

The temperature dependence of the dielectric losses,
tanδ, at different frequencies for pure epoxy and graphite
flakes-loaded epoxy composites, are shown in the
Figure 7a–d. The tanδ value increases with increasing fre-
quency, as well as with the loading content, for each test
frequency. The wide peak in tanδ versus T function
which is clearly observable for pure epoxy matrix, as well
as for epoxy/GF6 composite, is associated to the
β-relaxations of the side groups of epoxy molecules. The
position of that peak is shifted toward higher tempera-
tures as the frequency increases, which is in accordance
with the literature.11,39 On the contrary, in the epoxy/
GF10 and epoxy/GF15 composites, the tanδ value is

almost constant at low temperatures (T < �23�C and
T < �3�C, for the epoxy/GF10 and epoxy/GF15, respec-
tively), at all frequencies. Such behavior is caused by the
Maxwell–Wagner polarization effect, that is, the accumu-
lation of charge carriers at the graphite/epoxy interface.
A wide peak, related to the β-relaxations, can be also
noticed in composites loaded with 15 wt% of graphite
flakes, especially at lower frequencies (<1 kHz), but this
peak seems screened with other processes.

For temperatures T > 75�C, pronounced increase of
tanδ(T) is observed in pure epoxy, epoxy/GF6, and
epoxy/GF10 composites, but not in the epoxy/GF15. The
observed increase can be due to the α-relaxations (related
to the rotation of segments of main polymer chains close
and above the glass transition temperature, Tg). Absence
of the tanδ(T) increase in epoxy/GF15 can be explained
by the fact that the spacing between particles of filler is
greatly reduced in this composite, which reduces the pos-
sibility for rotation of the epoxy segments.

Figure 6b shows the frequency dependence of dielec-
tric losses for composites loaded with 6, 10, and 15 wt%

FIGURE 7 Temperature dependence of tanδ at different frequencies (180 Hz, 800 Hz, 8 kHz, 18 kHz, 80 kHz) for (a) pure epoxy,

(b) epoxy/GF6, (c) epoxy/GF10, and (d) epoxy/GF15 composites. [Color figure can be viewed at wileyonlinelibrary.com]
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of GF, at T = 17�C. Again, with increasing the loading,
the dielectric losses increase, at all tested frequencies,
while with increasing the frequency the dielectric losses
decrease in the epoxy/GF15 and epoxy/GF10 composites
(but less pronounced in the epoxy/GF10). In the epoxy/
GF6 composite, the tanδ value changes insignificantly
with increasing frequency, what is in accordance with
the results published by Corcione et al.18 Generally, at
lower frequencies, various types of polarization are active
(interfacial, dipolar, atomic, ionic, etc.), leading to a
higher dielectric losses. At higher frequencies, many of
the polarization mechanisms fade out which results in
the tanδ decrease (here it could be due to the Maxwell–
Wagner (MW) interfacial polarization fade out).

3.2.3 | AC conductivity

Temperature dependences of the ac conductivity, σac, of
pure epoxy and composites, measured at different fre-
quencies (from 180 Hz to 80 kHz), are presented in the
Figure 8a–d. As can be seen, the ac conductivity increases

with temperature increase, for pure epoxy and compos-
ites doped with 6 and 10 wt%. On the contrary, in the
epoxy/GF15 composite the ac conductivity remains
almost constant with increasing temperature up to
ca. 67�C, for all frequencies, pointing out that there is no
any thermally activated conduction mechanism in this
composite.

Generally, electrical transport in polymer composites
can occur either through direct contact between the con-
ductive fillers or through the tunneling of electrons
between the sufficiently close conductive particles. As a
result, the ac conductivity of composites based on epoxy
resin and the GF comes from: (i) Ohmic conduction, that
is frequency independent and enabled by direct contact
of graphite flakes, and (ii) non-Ohmic conduction, that is
frequency dependent and occur through the
barrier-tunneling effect between graphite flakes and an
epoxy layer.

Figure 6c shows the frequency dependences of the ac
conductivity of all three composites, at temperature 17�C.
In the low-frequency region, the ac conductivity is
practically independent on frequency, while in the high-

FIGURE 8 Temperature dependence of ac conductivity at different test frequencies for (a) pure epoxy; (b) epoxy/GF6; (c) epoxy/GF10,

and (d) epoxy/GF15. [Color figure can be viewed at wileyonlinelibrary.com]
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frequency region σac strongly depends on f. In the fre-
quency interval from 30 Hz to 140 kHz, the σac values
change from 10�9 to 10�6 Sm�1. The frequency depen-
dence of the ac conductivity can give information about
the conduction mechanism in composites. The frequency
dependence of σac generally follows the universal
dynamic response, which can be described by Jonscher
relation41: σac(ω) = σ0 + Aωn, where σ0—is the dc con-
ductivity of the composite, A—is a constant which deter-
mines the strength of polarizability, n—is a power-law
exponent (0 ≤ n ≤ 1) that represents the degree of car-
riers' interactions with the lattice, and ω = 2πf—is the
angular frequency of the applied electric field. Our exper-
imentally obtained σac(f ) plots were fitted using Jonscher
relation. For the parameter n were obtained: 1, 0.95 and
0.887 value, for epoxy/GF6, epoxy/GF10, and epoxy/
GF15 composites, respectively. As we can notice, the
n value decreases with graphite concentration increase.
In the literature, the value of n = 0.86 was reported for
composites close to the percolation threshold, pc at which
the insulating-conducting transition can be observed.5,42

Based on the above analysis of σac(T) and σac(f ) plots,
we can conclude that in the composites loaded with
graphite flakes up to 10 wt% the dominant conduction
mechanism is tunneling of electrons through the network
of formed micro-capacitors, while in the epoxy/GF15
composite conduction is most likely achieved through
direct contacts between fillers which enable free-charge
migration.

According to Kranauskaite et al.,5 for randomly dis-
persed, conducting graphite flakes in epoxy matrix, the
expected percolation threshold, pc, is inversely propor-
tional to the aspect ratio, A, of graphite flakes, that is,
pc � 1/A, where A is defined as the ratio of lateral dimen-
sion to thickness of a flake particle. This relation is
derived from the percolation theory, whose validity can
be limited for high aspect ratio nanoparticles (e.g., carbon
nanotubes, graphene, etc.).43 Anyway, according to this
approach, the expected pc value for the flaky graphite
filler with the aspect ratio A = 10 lays inside the interval
18 wt% ≤ pc ≤ 26 wt%.5 In order to estimate the aspect
ratio of GF used in this work, we performed the measure-
ments of the specific BET surface area, SBET. Then, the
average graphite flake thickness, Lc (in nm) was esti-
mated using the formula: SBET = 2630c/(2 Lc), where
2630 m2/g is the theoretical specific surface of a single
graphene layer and c = 0.67 nm is the graphite lattice
parameter along the z axis.44 Experimentally obtained
SBET(GF) = 39.8 m2/g value yields the estimated GF
flakes thickness of 22 nm. If we assume that the lateral
dimension of GF is �1 μm (see Figure 1), the expected
aspect ratio, A is >45, but A could be much higher
(>200), if the lateral size of graphite flakes is �10 μm.

Thus, it is most probable that in the epoxy/GF15 compos-
ite process of free-charge migration via network of GF
flakes in direct contact occurs.

3.3 | The effect of surface
functionalization on dielectric properties
of composites loaded with 5 wt% of
graphite flakes

Dielectric properties of composites are not influenced
only by the amount of added filler in a polymer matrix,
but also depend on the filler geometry (shape, the lateral
size, the aspect ratio), filler surface chemistry and inher-
ent conductivity, as well as on the nature of the filler/
matrix interface. In order to study the effect of the filler
surface chemistry on dielectric properties, four different
composites loaded with 5 wt% graphite flakes were pre-
pared. Beside the epoxy/GF5 composite, we prepared the
composites loaded with graphite flakes whose surface
was treated with KOH (epoxy/GF-KOH5) or with Triton-
100x (epoxy/GF-Tr100x5), as explained in the section 2.1.
For the sake of comparison, we have also studied behav-
ior of the epoxy/EEG5 sample, loaded with EEG flakes
obtained by prolonged sonication of exfoliated expanded
graphite.19 EEG flakes have significantly higher aspect
ratio as compared to GF flakes (Figure 1).

Figure 9a–d shows the temperature dependence of
dielectric permittivity, εr(T), for epoxy/EEG5, epoxy/GF5,
epoxy/GF-KOH5, and epoxy/GF-Tr100x5 composites,
measured at 180 Hz, 800 Hz, 8 kHz, 18 kHz, and 80 kHz.
Two samples, the epoxy/GF5 and epoxy/GF-KOH5 show
similar εr(T) behavior resembling that of the epoxy/GF6
composite (see Figure 5b). On the contrary, the εr(T)
dependence of the epoxy/EEG5 and epoxy/GF-Tr100x5
composites show significantly different features. Such a
behavior can be caused by a different filler geometry and
surface chemistry, as compared to the GF and GF-KOH
flakes. The ATR-FTIR spectra of GF flakes (Figure 2c)
revealed the absence of functional groups on the surface
of graphite layers. Dry milling with potassium hydroxide,
KOH, inevitably increases the number of oxygen-
containing groups (carbonyl [C O], carboxyl [ COOH]
and hydroxyl [ OH]),31 as well as defect sites inside sp2

graphite layer (Figure 2c). On the contrary, functionaliza-
tion with Triton-100x hosts polyethylene oxide chains on
a surface of GF flakes, whose polarization in an electric
field influence the dielectric response.

It is worth noticing that the epoxy/GF-KOH5 has the
highest dielectric permittivity at all measured tempera-
tures, regardless the frequency (see Figure 9a–d). This
fact is also confirmed by recording the εr(T) dependence
at fixed low frequency value of 80 kHz (Figure 10a).
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There are several possible explanations for such a behav-
ior. On one hand, the surface of GF-KOH flakes is rich
with OH groups (see Figure 2c) which can serve as adsorp-
tion sites for the molecular water from environment.7,45

These polar water molecules serve further as an addi-
tional dipolar polarization source responsible for the
increase of dielectric permittivity. Also, a better compati-
bility between GF-KOH flakes and epoxy resin can be

FIGURE 9 Temperature dependence of dielectric permittivity for (a) epoxy/EEG5, (b) epoxy/GF5, (c) epoxy/GF-KOH5, and (d) epoxy/

GF-Tr100x5 composites, at 180 Hz, 800 Hz, 8 kHz, 18 kHz, and 80 kHz. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 10 Variation of dielectric permittivity (a) with temperature, at 80 kHz and (b) with frequency, at 17�C, for epoxy/EEG5,
epoxy/GF5, epoxy/GF-KOH5, and epoxy/GF-Tr100x5 composites. [Color figure can be viewed at wileyonlinelibrary.com]
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expected.18 Yet, we cannot exclude the presence of the
so-called “graphite dust” (smaller graphite particles),
observed by SEM (Figure 1d), whose presence between
graphite flakes separated by an epoxy can potentially
change capacity of the nanoscale capacitors.6 In addition,
composites obtained with GF and GF-KOH flakes show a
prominent increase of the εr value at temperatures
T > 7�C, what is not characteristic for epoxy/EEG5 and
epoxy/GF-Tr100x5. This is probably due to a higher
aspect ratio of EEG, direct contact between EEG occurs
with 5 wt% of loading.19 This enable free electron migra-
tion and consequently different dielectric response of
epoxy/EEG5 composite (Figure 9a). At 17�C, the mea-
sured dielectric permittivity slightly decreases with the
electric field frequency, f, increase up to the approxi-
mately 80 kHz (Figure 10b).

The temperature dependences of dielectric losses,
tanδ, further indicate the similarity between the compos-
ites filled with EEG and GF-Tr100x (Figure 11). For the
same loading rate of 5 wt%, the dielectric losses of epoxy
composites filled with EEG or GF-Tr100x follow the

similar dependence on temperature and have similar
values, being approximately three times higher than the
tanδ of the epoxy/GF5 and epoxy/GF-KOH5 at low tem-
peratures and frequency. One can also note that the tem-
perature dependence of tanδ of epoxy/GF5 and epoxy/
GF-KOH5 at different frequencies is very similar to the
behavior of the epoxy/GF6 (Figure 6b).

It is interesting to note that the surface treatment with
KOH notably increased the dielectric constant of the epoxy/
GF-KOH5 composite, without changing the dielectric loss
relative to the counterpart, the epoxy/GF5 composite. On
the contrary, the surface treatment with Triton-100x signifi-
cantly increased the dielectric loss of the epoxy/GF-Tr100x5
composite in a way that it became comparable to the dielec-
tric losses of the epoxy/EEG5. It is known that for EEG
flakes it is easier to form a conductive path due to the
higher aspect ratio as compared to the GF flakes. Therefore,
the dielectric losses increased as a consequence of better
conductivity and leakage current occurrence.46

The temperature dependence of ac conductivity of
these four composites (loaded with 5 wt% of different

FIGURE 11 Temperature dependence of tanδ at different frequencies (180 Hz, 800 Hz, 8 kHz, 18 kHz, 80 kHz) for (a) epoxy/EEG5,

(b) epoxy/GF5, (c) epoxy/GF-KOH5, and (d) epoxy/GF-Tr100x5 composites. [Color figure can be viewed at wileyonlinelibrary.com]
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graphite fillers), measured at frequencies 180 Hz, 800 Hz,
8 kHz, 18 kHz, and 80 kHz are shown on Figure 12.
Three composites loaded with GF flakes follow similar
temperature dependence for all frequencies, while the
behavior of the composite made with EEG flakes differs
and strongly depends on the electric field frequency
value. The σac conductivity of this composite is for one
order of magnitude higher than the σac of composites
obtained when GF, GF-KOH, and GF-Tr100x flakes were
used. Since, the EEG flakes have much higher aspect
ratio than the GF, it is easier to establish the conducting
network applying lower loading content of EEG
(i.e., pc � 3 wt%).19 At the same time, inherent conduc-
tivity of exfoliated expanded graphite flakes, EEG, can
differ from those of GF flakes due to a lower density of
defects inside sp2-planes in EEG, comparing to GF.

4 | CONCLUSIONS

In summary, dielectric properties of composites based on
epoxy matrix loaded with different content (5–15 wt%) of

GF have been analyzed. Dielectric permittivity (εr),
dielectric loss (tanδ), and ac conductivity (σac) of the
composites have been determined in wide temperature
(�103 to 97�C) and frequency (20 Hz–200 kHz) range.
The results show that with increasing concentration of
GF filler, values of dielectric permittivity εr increased
regardless of the temperature, at every test frequency. In
composites loaded with GF flakes up to 10 wt%, the dom-
inant conduction mechanism is tunneling of electrons,
while loading of 15 wt% gives rise to the electron conduc-
tion through direct contacts between fillers. For compos-
ites with constant loading content of 5 wt%, dielectric
properties have been changed depending on the filler sur-
face chemistry and geometry. Thus, using the GF
obtained upon dry milling in the presence of KOH, nota-
bly increase dielectric constant of the epoxy/GF-KOH5
composite, without changing dielectric losses relative to
the counterpart, the epoxy/GF5 composite. Such behavior
can be due to (i) the GF-KOH surface enriched with
OH groups and polar water molecules; (ii) a better com-

patibility between GF-KOH flakes and epoxy resin and
(iii) the presence of “graphite dust.” On the contrary, the

FIGURE 12 Temperature dependence of AC conductivity for different frequencies (180 Hz, 800 Hz, 8 kHz, 18 kHz, 80 kHz) for

(a) epoxy/EEG5, (b) epoxy/GF5, (c) epoxy/GF-KOH5, and (d) epoxy/GF-Tr100x5 composites. [Color figure can be viewed at

wileyonlinelibrary.com]
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surface treatment with Triton-100x significantly
increased dielectric loss of the composite in a way that
became comparable to the dielectric losses of the one
loaded with exfoliated expanded graphite. In addition,
the epoxy/EEG5 composite shows higher ac conductivity
than those obtained with flaky graphite, GF. In conclu-
sion, the best results in terms of conductivity are seen for
the epoxy/EEG5 composite, while the highest dielectric
permittivity values, of the four studied samples loaded
with 5 wt% fillers, has the epoxy/GF-KOH5 composite.
The obtained results can provide new ways to design
composites having specific dielectric properties.
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