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a b s t r a c t

Thermally stimulated depolarization current (TSDC) and dielectric relaxation spectroscopy (DRS) tech-
niques were employed to study the relaxations and the conductivity phenomena in epoxy-based polymer.
In addition to the primary � relaxation process associated with the glass–rubber transition, significant
interfacial relaxation and ionic conduction process have been revealed. The ac conductivity is temper-
ature and frequency dependent and shows a dc plateau at low frequencies. Above the glass transition
temperature, dc conductivity is described by a Vogel–Tamman–Fulcher–Hesse (VFTH) equation while it
shows Arrhenius behaviour at higher temperatures.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction
Epoxy resins form an important class of polymeric materials
ecause of their good thermal and electrical properties. They have
een used in a wide range of electric power installations and equip-
ents. They are also employed as coatings and adhesives in civil
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ngineering applications because of their good mechanical prop-
rties and strength of interaction with various substrates such as
etals and glasses [1].
The most epoxy polymeric systems were prepared through

he mixing in a stoichiometric weight ratio of epoxy resin
nd hardener. Usually they are considered as heterogeneous
ystems and their properties are strongly influenced by the

onic conductivity which dominates at low frequencies and high
emperatures. There is increasing interest in the physical and
echnological properties of these polymers and a fine study
f the dielectric relaxations and conductive behaviour is perti-
ent.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Dielectric relaxation spectroscopy (DRS) and thermally stim-
lated depolarization currents (TSDC) are two complementary
echniques which are often used to reach a most complete knowl-
dge of the relaxation and conduction mechanisms. By coupling
hese two techniques many works have been carried out to study
ielectric relaxations in different materials [2–7].

DRS measures with high sensitivity the small changes in the
ielectric properties of a material as a response to the application of
time dependent electric field. TSDC technique, which like DRS, has
lectrical character and is based on measuring the current occurring
nder thermal activation. More details of these techniques will be
iven respectively in Sections 2.2 and 2.3.

Previous studies [8–12] have been carried out in our labora-
ory to study the structural, electrical and optical properties of an
poxy-amine polymer. It has been demonstrated by means of TSDC,
hermal step (TS) and IR spectroscopy techniques that this poly-

er presents a high polar character and the polarization depends
trongly on its thermal history.

In the present work, TSDC and DRS techniques were employed to
tudy over wide ranges of frequency and temperature the dielectric
elaxations and the conductivity in this polymer.

. Experimental

.1. Sample preparation

The investigated epoxy polymer was prepared by mixing an epoxy resin and a
ardener. The epoxy resin was a 2,2-bis (4-glycidyloxyphenyl) propane (molar mass
40 g/mol) and the hardener was a difunctional amine, supplied by Maestria. These
wo components were carefully and homogeneously mixed without any solvent in
toichiometry ratio to form a crosslinked structure. The mixture was stirred at room
emperature, and then poured in parallelepipedal mould. The hardening was carried
ut at room temperature and under atmospheric pressure for 5 days.

.2. TSDC technique

TSDC technique is based on a sample’s depolarization by thermal activation
13,14]. Before TSDC measurements, samples were subjected to an electric poling.
t a given temperature Tp (called poling or polarization temperature), a static elec-

ric field is applied to the investigated sample for a time tp that is long enough to
ermit the different mobile entities in the material to orient themselves within the
eld. This configuration is then frozen by a rapid decrease in temperature keeping
he electric field applied in order to avoid any relaxation of dipoles and/or charges.
he field is then switched off and the sample is short circuited for a certain time
o eliminate the eventual surface charges and stabilize sample at this temperature.
he poled sample is then short-circuited through a high sensitive electrometer in
n oven, which is programmed to rise linearly with time. During the linear increase
f temperature, the return to equilibrium of the previously oriented entities gener-
tes a depolarization current which is recorded as a function of temperature. TSDC
rovides information on relaxation processes that occur in polymers. In contrast to
he experimental simplicity of the TSDC technique, the experimental data analysis
s not easy, as the polarization may be due to several microscopic processes (associ-
ted with dipolar or trapped charge mechanisms), whose relaxation will contribute
o the depolarization current [15]. The current due to a dipole reorientation is given
y the following expression [16]:

(T) = A exp

[
− Ea

kBT
− 1

��0

∫ T

T0

exp

(
− Ea

kBT ′

)
dT ′

]
(1)

here the pre-exponential factor A is given by: A = Nm/�0 = constant and the relax-
tion time � at temperature T is given by � = �0 exp(Ea/kBT) and Ea is the activation
nergy, kB is the Boltzmann constant, T0 is the initial temperature and T is the tem-
erature at time t, � is the rate of heating, �0 is the relaxation time at T0, m = qı is
he dipole moment and N is the volume density of dipoles.

In the present work, samples were poled under an electric field (Ep) of 3 kV/mm
uring tp = 3 h at poling temperatures Tp = 30 and 40 ◦C.

To perform TSDC measurements (80 mm × 80 mm × 1 mm) samples were coated
n both sides with 4 cm diameter aluminum electrodes, deposited under vacuum.
he depolarization currents were measured at a constant heating rate of 1 ◦C/min.
.3. Dielectric relaxation spectroscopy (DRS)

Dielectric determination of the real permittivity ε′ and the dielectric loss ε′′ was
erformed on a dielectric thermal analyzer DEA 2970 from TA instrument over the
emperature range from the ambient to 160 ◦C and a frequency interval from 10−1 to
06 Hz. The sample, with dimensions of about (10 mm × 10 mm × 0.5 mm), is placed
Fig. 1. DSC diagram obtained in the temperature range 0–150 ◦C at a heating rate
of 10 ◦C min−1.

between two gold parallel plate electrodes. The lower electrode, positioned on the
surface of the furnace, applies the voltage that sets up the electrical field in the sam-
ple. A platinum resistance temperature detector (RTD) surrounds the perimeter of
the gold electrode and measures the temperature of the sample. The upper electrode
measures the generated current, which is then converted to an output voltage and
amplified. A guard ring around the perimeter of the upper electrode corrects the
electric field fringing and the stray capacitance at the edge of the plates. Dielectric
measurements were performed using isothermal mode which consists on scanning
frequencies at fixed temperature.

3. Results and discussion

3.1. Differential scanning calorimetry

Differential scanning calorimetry measurements were per-
formed with a Mettler DSC30 instrument, in the temperature range
0–150 ◦C. Fig. 1 shows the DSC diagram obtained at a heating
rate of 10 ◦C/min after cooling from 150 to 0 ◦C at a cooling rate
of 10 ◦C/min. The glass transition temperature of the investigated
epoxy polymer appears around 37 ◦C.

3.2. Thermally stimulated depolarization current (TSDC)

TSDC measurements were performed, over the temperature
range from 20 to 120 ◦C, on un-poled sample and samples poled
at Tp = 30 and 40 ◦C. The current released from the un-poled sam-
ple during TSDC measurement is presented in Fig. 2(a). A weak
spontaneous current peak appears around 35 ◦C (inset), which orig-
inate from dipolar disorientation associated with the glass–rubber
transition as observed by DSC measurements.

The TSDC spectra of samples poled at Tp = 30 and 40 ◦C (Fig. 2(b)
and (c)) show two overlapped relaxation peaks. The lower temper-
ature peak around 48 ◦C corresponds to the � relaxation and the
second one is attributed to the interfacial Maxwell Wagner Sillars
relaxation (MWS) as examined in our previous paper [17]. It is due
to the accumulation of charges at the interfaces during the polar-
ization stage. Indeed, in previous work [11] we have demonstrated
by means of Grazing incidence X-ray reflectometry measurements
that the epoxy resin network presents locally a periodic arrange-
ments with various spacing layers (from 32 to 74 nm). This creates
interfaces in the epoxy network, which favors charge accumulation
under applied field.

We noted that the � relaxation temperature was shifted to
◦
higher temperature (from 35 to 48 C) in poled samples. In fact,

samples have been poled at temperatures near Tg. At these temper-
atures, polymeric chains are more mobile, and then dipoles were
easily oriented with the applied electric field during the polar-
ization stage. The field was switched off after cooling samples to
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ig. 2. TSDC spectra recorded on (a) the un-poled sample and after polarization
rocess (Ep = 3 kV/mm during tp = 3 h) at pooling temperatures (b) Tp = 30 ◦C and (c)
p = 40 ◦C.

ower temperatures and consequently dipoles can be frozen in
riented state and then need more energy to relax during TSDC
easurements, which explains the shift of � relaxation to higher

emperature. To confirm this result, activation energies for the �
ipolar relaxation have been determined from TSDC results by
eans of the initial slope method proposed by Bucci et al. [15].

n fact the expression for the thermally stimulated depolarization
urrent at the beginning of the rise of the curve can be written as:

(T) = A exp
(

− Ea

kBT

)
(2)

A plot of −Ln(J) versus 1/T is a straight line with a slope of
a/kB from which we can deduce the corresponding activation
nergy. Fig. 3 shows variations of −Ln(J) versus 1000/T for the poled
amples. The activation energies extracted from the slopes of the
urves for the � dipolar relaxation are 227.18 kJ mol−1 (2.35 eV)
or Tp = 30 ◦C and 276.67 kJ mol−1 (2.87 eV) for Tp = 40 ◦C. It can be
otice that the activation energy increases with poling tempera-

ure.

Above the MWS relaxation peak temperature, TSDC currents of
ample poled at Tp = 40 ◦C increase continuously with increasing
emperature and reach high values at high temperatures, which
s mainly due to the contribution of ionic conduction (this has
Fig. 3. Variation of −Ln(J) versus 1/T for the � dipolar relaxation in samples poled
at Tp = 30 and Tp = 40 ◦C.

been confirmed by reproducible TSDC measurements). Contrary,
the TSDC spectra of the un-poled sample and sample poled at
30 ◦C (Fig. 2(a) and (b)) show a reversal of the currents sign above
the relaxation peaks when temperature increases. Then currents
increase rapidly with increasing temperature and reach high neg-
ative values. It appears that the sign of the current at the end of the
TSDC spectrum depends on the poling temperature. Indeed, in the
polarization process two mechanisms are operative, which are the
orientation of polar groups with the applied electric field, and the
space charge polarization. The disorientation of polar groups dur-
ing the TSDC measurements gives rise to a current peak (�) which
appears at temperature lower than the space charge polarization
peak (MWS). At higher temperatures the space charge motion is
accompanied with a creation of charge carriers which is due to
ionization of impurities as well as the breaking of chemical bonds
(epoxy ring-opening reaction, breaking of N–H bonds, etc.). In
fact, in previous works [9,10] we have studied the effect of heat-
ing temperature on the space charge and structure of the epoxy
polymer. We have found that the space charge density increases
inside the material with increasing temperature. This was related
to charge carriers creation due to structural changes. Thus, the ther-
mally created charge carriers during TSDC measurements become
more mobile at higher temperatures and constitute a homocurrent,
which is opposite to the classical TSDC due to dipolar disorientation
(heterocurrent). As the temperature is raised above the hetero-
peaks (� and MWS), the homocurrent starts increasing, as the
number of thermally generated carriers increases and when this
current is more important a reversal is observed from heterocur-
rent to homocurrent as shown in Fig. 2(b). If the poling temperature
is higher, the charge carriers thermally generated during the polar-
ization process are submitted to the effect of the poling electric field
and thus give rise to a positive TSDC current as shown in Fig. 2(c).

3.3. Dielectric spectroscopy (DRS)

Real permittivity ε′ and dielectric loss ε′′ of the epoxy under
investigation have been determined as a function of frequency
(10−1 to 106 Hz) in the temperature range from 30 to 160 ◦C. The
curves depicting at various frequencies the dependence of the real
permittivity ε′ and the dielectric loss ε′′ on temperature for the
investigated polymer are shown in Fig. 4(a) and (b), respectively.

For clarity reasons, the curves at other frequencies are not rep-
resented on these figures. A first inspection of the data reveals
the presence of a main dipolar relaxation peak (Fig. 4(b)) which
shifts slightly to higher temperatures when frequency increases.
In Fig. 4(a), curves of ε′(T) show that the � process is followed in
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Fig. 5. Arrhenius plot of the frequency versus 1/T and the corresponding linear fit
of the � relaxation process.
ig. 4. Real permittivity ε′ (a) and dielectric loss ε′′ (b) versus temperature at various
requencies.

ncreasing temperature by two secondary phenomena which are
aused by interfacial and ionic conduction processes. These two
rocesses become dominant at low frequencies. At high frequencies
he � relaxation peak is well defined in the isochronal representa-
ion of ε′′ (Fig. 4(b)) and thus a plot of the frequency versus 1/T can
e constructed. Fig. 5 shows a linear behaviour which can be fitted
y the Arrhenius equation:

= f0 exp
(−Ea

kBT

)
(3)

here f0 is a constant, kB the Boltzmann constant and Ea is the
ctivation energy of the relaxation process.

The activation energy value extracted from the fit is found to
e 244 kJ mol−1 (2.53 eV). This relatively high value suggests that
he � process is associated with the large scale motion at the glass
ransition.

Fig. 6(a) and (b) shows 3D plots of the real permittivity ε′ and
he dielectric loss ε′′ versus frequency and temperature. Both real
ermittivity and dielectric loss are frequency and temperature
ependent. When frequency decreases dielectric permittivity and
ielectric loss become strongly dependent with temperature and

each high values at high temperatures, due to the dc conductivity
ffects. Indeed, at low frequencies and above Tg the double loga-
ithmic plot of the dielectric loss versus frequency is a straight line
ith slope −1, indicating that the process is governed by conduc-

Fig. 6. Three-dimensional plots of the real permittivity (a) and dielectric loss (b)
versus frequency and temperature.
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ion [18–21]. This will be confirmed later by the corresponding ac
onductivity plot. It can be noticed that even at relatively high fre-
uencies, conductive effects still dominant at high temperatures
Fig. 6(b)). The inflection observed at high temperatures in the
′(f) representation (Fig. 6(a)) characterizing the interfacial relax-
tion process (MWS), shifts to lower frequencies as the temperature
ecreases. Due to the large conductive effects detected at high tem-
eratures, curves of ε′′ versus frequency do not show a loss peak
ssociated with the MWS relaxation.

Owing to the large conductive effects it is preferable to express
he dielectric results in terms of the complex electric modulus
* = 1/ε*. The values of the components of the complex permit-

ivity were converted to the components of M* by the following
elations:

∗ = M′ + jM′′, j = (−1)1/2,

M′ = ε′

ε′2 + ε′′2 and M′′ = ε′′

ε′2 + ε′′2 . (4)

Fig. 7 gives the temperature dependence of M′′ at various fre-
uencies. This figure confirms the presence of the three relaxations
�, MWS and conduction). Indeed � relaxation appears at high fre-
uencies, while at low frequencies and in the low temperature
egion, conduction process appears as a shoulder which overlaps
ith the interfacial relaxation peak and the two processes merged

nto a large relaxation peak as the temperature increases. For tem-
eratures above 120 ◦C, the relaxation process is due principally
o interfacial and ionic conduction phenomena. To confirm these
esults, data of Fig. 8, giving the complex plane representation of

′′ versus M′ at various temperatures (36, 96, 120 and 150 ◦C), were
tted using the Havriliak–Negami equation given by the following
22]:

εs − ε∞
∗ (ω) = ε∞ +
(1 + (jω�)ˇ)

� , 0 < ˇ and � ≤ 1 (5)

here εs and ε∞ are the dielectric constants for the low and high
requency sides of the relaxation, ˇ and � are parameters describing
he symmetric and asymmetric broadening of the relaxation time

ig. 8. Argand plots of the electric modulus at various temperatures: (a) 30 ◦C, (b) 96 ◦C
xperimental data to the Haviliak–Negami approach for MWS relaxation.
Fig. 7. Imaginary part of the electric modulus M′′ versus temperature at various
frequencies (10−1 to 106 Hz).

distribution, � is the central relaxation time and ω is the angular
frequency.

In the electric modulus formalism the Havriliak–Negami equa-
tions have the following form [23]:

M′ = M∞Ms
MsD2

1 + D1D2 cos �ϕ

M2
s D2

1 + D2[D2 + 2MsD1 cos �ϕ]
(6)

M′′ = M∞Ms
D1D2 sin �ϕ

M2
s D2

1 + D2[D2 + 2MsD1 cos �ϕ]
(7)

where Ms = 1/εs, M∞ = 1/ε∞,

D1 =
[

1 + (ω�)2ˇ + 2(ω�)ˇsin
ˇ�

2

]�

,

D2 = (M∞ − Ms)

[
1 + (ω�)ˇsin

ˇ�

2

]�

and

, (c) 120 ◦C and (d) 150 ◦C. The solid lines are produced by the best fitting of the
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Table 1
Parameters evaluated by fitting data according to the Havriliak–Negami approach
for the MWS process.

T (◦C) ˇ � Ms M∞

36 0.828 0.963 0.0091 0.0809

(
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Table 2
Parameters corresponding to Vogel–Fulcher–Tamman–
Hesse (VTFH) equation of the dc conductivity in the tem-
perature range from 51 to 108◦ C.

VTFH parameters

−7
96 0.97 0.981 0.00031 0.08563
120 0.985 0.984 0.00093 0.09312
150 0.976 0.996 0.001868 0.10157

ω�)ˇ = tan[(1/�) arctan[(M∞M′′)/(M∞M′ − M′′2 − M′2)]]

cos (ˇ�/2) − sin (ˇ�/2)tan[(1/�) arctan[(M∞M′′)/(M∞M′ − M′′2 − M′2)]]

All parameters evaluated by the fit are listed in Table 1. The
heoretical semi-circles obtained by the fit and represented with
olid lines in Fig. 8 correspond to the MWS process. When temper-
ture increases experimental points move to the lower frequencies
nd reach the origin of the diagram contrary to the theoretical
urves. This behaviour is due to the large effects of conduction. It
an be noticed that for temperatures above 120 ◦C, experimental
oints coincide with the theoretical curves at the high frequency
nd. This demonstrates that at high frequencies and temperatures
onduction and MWS relaxations are dominant. These results con-
rm those revealed from Fig. 7. The exponent � informs on the
symmetry of the distribution of relaxation times, and the value
= 1 corresponds to a symmetric distribution. The obtained values
f this parameter (Table 1) are close to unity, assuming a sym-
etric shape of the relaxation times distribution. As temperature

ncreases, exponent ˇ approaches the unity indicating a near Debye
ype of the interfacial relaxation at high temperatures.

The ac conductivity has been calculated from the dielectric loss
ccording to the following relation:

∗ (ω) = jε0ωε ∗ (ω) = jε0ω(ε′ − jε′′) = ε0ωε′′ + jε0ωε′ (8)

The real part of 	*(ω) is given by

ac(ω) = ε0ωε′′ (9)

here ε0 = 8.85 × 10−12 F m−1 is the permittivity of the free space
nd ω = 2�f the angular frequency.

Fig. 9 depicts at various temperatures the dependence of the
c conductivity on frequency. The ac conductivity is clearly tem-

erature and frequency dependent and increases with increasing
requency and temperature. Its variation shows a flat plateau at
ow frequencies and high temperatures. As temperature decreases,
he dc plateau decreases and 	ac becomes strongly dependent on
requency at the high frequency end.

Fig. 9. Real part of ac conductivity versus frequency at various temperatures.
A (S/cm) 7.69 × 10
B (K) 487.04
T0 (K) 272.15

Values of dc conductivity (	dc), determined at several tem-
peratures above the glass transition temperature, were used to
construct plot of Fig. 10(a). The obtained results show, a lin-
ear behaviour at high temperatures (from 117 to 160 ◦C) and a
non-linear one elsewhere (from 51 to 108 ◦C). Indeed, at high tem-
peratures (117–160 ◦C), data of Fig. 10(b) are well fitted by an
Arrhenius equation similar to Eq. (3). While data in the temper-
ature range from 51 to 108 ◦C (Fig. 10(c)) are best fitted with the
Vogel–Tammann–Fulcher–Hesse (VTFH) equation [24–26]:

	dc = A exp
(

− B

T − T0

)
(10)

where empirical parameters A, B and T0 are temperature indepen-
dent.

This result indicates that in the temperature range from 51 to
108 ◦C, conduction mechanism is governed by the motion of poly-
meric chains, as it has often been observed in polymers above Tg

temperature [27–29]. While at higher temperatures ionic conduc-
tion is dominant as observed on TSDC spectra, and it was described
by Arrhenius law.

The VTFH parameters deduced from the best fit are summarized
in Table 2. The Vogel temperature T0 has been found in many poly-
mers to be in the range of about 50 K below Tg [2,6,29,30], which is
approximately the case of the epoxy resin studied here.

At high temperatures the activation energy determined from the
Arrhenius equation for the dc conductivity is about 45.41 kJ mol−1

(Table 3). The activation energy of the dc conductivity at low
temperature (from 51 to 108 ◦C) does not appear directly in the
VTFH equation but has to be calculated from the following relation
[2,30,31]:

Ea = RB
(

T

T − T0

)2
(11)

where R is the gas constant. The obtained values at different tem-
peratures are summarized in Table 3. We noted that the activation
energy of ionic conduction mechanism is lower than ones charac-
terizing the conduction due to polymeric chain motion. It can be
concluded that in the whole temperature range, activation ener-
gies of the dc conductivity are lower than the � process ones. This
might be due to the low crosslinking density of the epoxy system.

Indeed, the studied polymer has a low Tg value (37 ◦C), and it has
been reported that the high crosslinking density is directly related
to the high value of the glass transition temperature Tg [32–34].

Table 3
Activation energies of the dc conductivity (	dc).

T (◦C) Ea (kJ mol−1)

VTFH model 51 158.13
60 121.28
75 85.24
90 64.65

105 51.64

Arrhenius law 117–160 45.41
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ig. 10. (a) Dependence of dc conductivity on the temperature for the epoxy polym
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. Conclusion

In this paper dielectric relaxations and conductivity have been
tudied by means of thermally stimulated depolarization current
TSDC) and dielectric relaxation spectroscopy (DRS) measure-

ents. TSDC depolarization processes were found to be dependent
n the experimental conditions.

In addition to the � dipolar relaxation, interfacial or Maxwell
agner Sillars (MWS) relaxation is evident in the TSDC and dielec-

ric spectra of the studied epoxy polymer. The distribution of
elaxation times associated with the interfacial relaxation is found
o be symmetric and approaches the Debye type at high tempera-
ures.

A spontaneous homocurrent originating from the movement of
he thermally generated charge carriers is observed on the TSDC
pectra. This current has an opposite sign than the heterocurrent

ue to dipolar disorientation. The sign of the resultant current
bove the relaxation of hetero-peaks depends on the pooling tem-
erature. TSDC reveals the contribution of ionic conduction at high
emperatures. DRS results have shown that ionic conduction is sig-
ificant at low frequencies and high temperatures.
e lines are best fit of the: Arrhenius equation to the data of (b) and VTFH equation

It was observed that, above the glass transition temperature, the
dc conductivity follows a Vogel–Tammann–Fulcher–Hesse (VTFH)
behaviour while it shows an Arrhenius behaviour at high tempera-
tures. The low value of the activation energy of the dc conductivity
was related to a low crosslinking density of the polymer.
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