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Abstract

Thermally stimulated currents (TSC) in amorphous polyethylene terephthalate films have been investigated in the temperature range of
−180 to 140◦C. This material shows a very weak intensity peak at approximately−95◦C and another around 80◦C originated from dipolar
process (α-peak), as evidenced from the variation of polarizing conditions such as applied electric field and polarizing time. The effect of
isochronal rubbery annealing starts to appear from a temperature of annealing of 90◦C, it then appears in a TSC spectrum two components
around 88 and 108◦C allotted, respectively to the true and rigid amorphous phases. The first component tends to disappear in an irreversible
way to the detriment of the second which implies the establishment of an order within material during annealing by the formation and growth
of nodules. The thermostimulated currents technique allowed to calculate with good precision the activation parameters of each process as
well as the evaluation of the crystallinity rate by an established empirical formula.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The thermally stimulated currents (TSC) technique has
been widely used to study fundamental characteristics in
various materials including films, powders, bulk specimen,
crystalline and amorphous insulators. TSC measurements
were made to identify the origin of the molecular relaxations
and allows detection and resolution of transitions that other
techniques cannot see or separate[1–7].

TSC technique consists of applying a dc voltage to a ma-
terial in order to orient dipoles sensitive to electric field[8].
The temperature is then lowered (with the field maintained)
in order to reduce internal motion, by this fact trapping the
polarized dipole within the material. The electric field is
then switched off and the sample reheated, allowing thermal
energy to release the “trapped” molecular motions. As this
occurs, a small current is observed, corresponding to one
or more types of relaxation. This technique provides advan-
tages in both sensitivity and sample preparation. The output
is a plot of depolarization current versus temperature, show-

∗ Corresponding author. Fax:+213-21-24-7344.
E-mail address:bnas@voila.fr (N. Benrekaa).

ing global peaks for each motion taking place during the
recovery process. Temperature can be scanned from−180
to 400◦C, exploring the rubber and rubbery flow region as
easily as the solid state. The output is very similar to a plot
of tanδ versusT obtained with (DMA)[7] at very low fre-
quencies, but with higher sensitivity.

In amorphous polyethylene terephthalate sample, it is gen-
erally accepted that above room temperature TSC spectrum
exhibits two main relaxation peaks, the first one localized
around 80–90◦C, i.e., in the range of the glass-rubber transi-
tion temperatureTg and the second one above 120◦C whose
position and exact nature are subject of controversy in liter-
ature[9–12]. At low temperature, a weak amplitude peak is
localized at about−95◦C and extends over a large domain
[−175 and−20◦C].

The aim of this work is to analyze the nature of TSC
spectrum in amorphous PET in the temperature range from
liquid nitrogen temperature to aboveTg, effects of thermal
heating and polarization conditions.

Thermal windowing technique (thermal sampling or peak
cleaning method)[13], was applied to study individual
modes of relaxation for the two main peaks, i.e., around
glass-rubber transitionα-peak and at lowest temperature
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β-peak. The specific relaxation parameters have been de-
termined using different methods including the initial rise
method of Gasanly et al.[14] or Williams et al. [15] ex-
pressions for the relaxation time, the integration of the
peak and the fitting of experimental data with the analytical
expression of the current.

Polyethylene terephthalate has been selected as the ma-
terial of choice. It has the advantage of being studied ei-
ther in the purely amorphous state or in partially crystalline
state at different degrees of crystallinity and crystal perfec-
tion [16]. The results will be interpreted in terms of simple
phenomenological models.

2. Experimental

2.1. Experiment part

The measurements were carried out on polyethylene
terephthalate PET samples, supplied by Dupont de Nemours
(Luxembourg) in 55�m thickness and used in form of
square sheets (1.2 cm2). The samples were vacuum evapo-
rated with 100 nm thickness aluminum electrodes and 1 cm
diameter to opposite sides and had been previously pol-
ished using polishing rouge and dry methanol. Evaporated
electrodes were used to prevent an air gap being trapped
between the electrode and the sample and to increase ohmic
contact[17]. The sample with electrodes shorted is located
in measurement chamber which was maintained at a con-
stant and desired pressure of 10−3 mbar with inert N2 gas.
The glass transition temperature of 75◦C was determined by
differential scanning calorimetry[18]. The DSC measure-
ments were performed in a Perkin–Elmer DSC7 differential
scanning calorimeter with a controlled cooling accessory.
The temperature of the instrument was calibrated with
indium and lead standards and only the same indium sam-
ple was used for the heat flow calibration. The calibration
were performed during heating at 10◦C/min. The sample
was placed in a sealed aluminum cupel. The mass of PET
fragments must have a maximum contact area between the
sample and the cupel. A mass higher than 5 mg proved to be
acceptable. The recording of the spectra of DSC transition
was carried out for heating rates about 10◦C/min.

By keeping the sample at 130◦C for hours or even days,
the crystallinity attains its maximum value and remains un-
changed during the experimental period. Thus, in order to
avoid the crystallinity of amorphous PET during classical
TSC procedures, the upper measurement temperature must
not exceed 95◦C.

The current was measured with an electrometer (Keithley
614) and recorded by usingX–Y plotter. A platinum tem-
perature sensor PT100, mounted in the sample holder and
adjacent to the film, allowed the temperature measurement
with a precision of 0.25◦C. The heating rate of 8◦C/min was
used and controlled by a temperature regulator (BT 300/302
CLTS).

The complex TSC spectrum was obtained by submitting
the sample to an constant electrical fieldEp = 106 V/m dur-
ing 2 min at a temperature of polarizationTp = 75◦C. The
sample is then cooled with a ramp of 8◦C/min to liquid
nitrogen temperature in the presence of the electrical field.
The field is then suppressed at around−175◦C and the elec-
trodes were short-circuited for 15 min, and then the sample
was heated at 8◦C/min to 140◦C. All measurements were
repeated to verify the reproducibility and the accuracy of the
results.

2.2. Basic considerations for peaks analysis

In general, the built-up of polarization at a constant tem-
peratureT can be described by the equation[19]

P(t) = P0

[
1 − exp

(
− t

τ

)]
(1)

where τ and P0 are respectively, the relaxation time of
dipoles and the maximum amount of polarization possible
at temperatureT with,

P0 =
(
Nµ2EP

3kBT

)
(2)

whereN is the concentration of dipoles,Ep the local elec-
tric field andµ the dipole moment which is independent of
temperature,kB Boltzman’s constant.

We may represent the temperature variation of the relax-
ation timeτ by the Arrehinus type equation[19]

τ(T) = τ0 exp

(
w

kBT

)
(3)

whereτ−1
0 is the characteristic frequency factor for a va-

cancy jump from a lattice site to another for orientation of
the dipoles and is independent of temperature andw the ac-
tivation energy.

The current density released during a thermally stimulated
measurement can be expressed[19]

J ′(T) = −Nµ2EP

τ03kBT
exp

−
(

− w

kBT
+ 1

βτ0

∫ T

T0

exp

(
− w

kBT

)
dT ′

)
(4)

whereβ = dT/dt is the heating rate.

By introducing J ′(T) = P0J(T)

P(T)
(5)

We obtain J ′(T) = constant−
(

w

kBT

)
(6)

The plot of ln(J′) as function of 1/kBT is a straight line,
whose slope gives the value ofw and ln(τ0).

For the determination of the characteristic parame-
ters of the process, i.e., the activation energy and the
pre-exponential factor, the initial rise method is mostly used.
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The integral inEq. (4)can be approximated as an asymp-
totic expansion[19]

lnJ(T) = lnA− w

kBT
− B

β

∫ T

T0

exp

( −w
kBT ′

)
dT ′ (7)

where

A = P0

τ0
; B = 1

τ0
(8)

by introducing

I=
∫ T
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exp

( −w
kBT

)
dT ∼=

{
TE2

(
w

kBT

)
−T0E0

(
w
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)}
(9)

whereEn(z) is the integral exponential function[20] given
by

En(z) =
∫ ∞

1

e−zt

tn
dt, Re(z) > 0 (10)

we obtain

lnj(T) ∼= lnA− f − BT

βf

(
1 − 2

f
+ 6

f 2
− · · ·

)
exp(−f)

(11)

with

f = w

kBT
(for T < Tg) orf = w

kB(T − T∞)
(for T > Tg)

The use ofEq. (11) presents an advantage of using more
experimental points particularly in the region where the cur-
rent reaches its maximum. From the values obtained forA,
w andB from the fitting, the characteristic parameters of the
process may be determined.

The relaxation time associated with an elementary peak
may be deduced from

τ(T) = P(T)

J(T)
(12)

3. Results

Fig. 1 presents the differential scanning calorimetry
(DSC) measurement on amorphous PET sample, it shows
a broad and a weak glass-rubber transition around 75◦C
(the thermogram shows the glass transition as a step in the
specific heat capacity, covering a temperature interval from
60 to 80◦C. The glass transition temperature, defined as
the temperature of the midpoint of the rise of heat capacity
in the transition, is 75◦C), and melting at about 260◦C.
Around 130◦C an exothermic peak is observed correspond-
ing to the crystallization. The thermogram was recorded by
using Perkin–Elmer DSC7 calorimeter.

Fig. 1. DSC spectrum of amorphous polyethylene terephthalate film as
received. (Scanning rate 10◦C/min, PET mass used 8 mg).

3.1. α andβ relaxation modes

In Fig. 2the complex spectrum was obtained by polarizing
to Tp = 75◦C during 2 min (time enough long for reaching
the equilibrium polarization) by a static electric fieldEp =
106 V/m. The sample was then quenched to−175◦C using
liquid nitrogen which enables orientation polarizationP(Tp)
to be frozen-in and the field was cut off.

The complex spectrum reveals two quite distinct peaks
at the positionsTM1 = −95◦C andTM2 = 78◦C related
respectively toβ andα relaxations[21–23].

A polarization at 0◦C by the electric fieldEp = 106 V/m
and a short circuit at−175◦C allow the isolation of the
peak represented on theFig. 3, this latter is namedβ peak
related toβ relaxation[24]. The maximum of the current is
localized around−95◦C and the peak extends from−175
to −20◦C.

To study in details this relaxation mode, theβ relaxation
peak has been experimentally resolved into a set of elemen-
tary spectra with the peak cleaning method and a thermal
window of 10◦C as shown in inset graph ofFig. 3.

Each of these elementary relaxation curves can be math-
ematically transformed into their Arrhenius representation
and plotted as ln(τ) versus1/T which express the variation

Fig. 2. TSC spectrum scanned from−175 to 140◦C in inert N2 gas for
a well conditioned amorphous PET sample. Polarization field 106 V/m,
heating rate 8◦C/min, polarization temperature 75◦C.
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Fig. 3. TSC peak profile for amorphous PET sample obtained by thermal
windowing technique (inset of plot: polarization window�T = 10◦C,
Tp varies from−140 to−10◦C, polarization field 106 V/m, heating rate
8◦C/min) and complex spectra in theβ range, the arrow indicates the
initial polarization temperature.

of the relaxation time versus temperature as shown in the
individual lines (Fig. 4).

The activation energy andτ0 were calculated assuming a
dipolar origin using Bucci–Fieschi–Guidi method (Eq. (3)).

The initial rise method was used as well and the results
are reported inTable 1.

At about 80◦C, the asymmetric and intensiveα peak was
also isolated withTp = 75◦C andT0 = 0 ◦C and resolved
into a set of elementary peaks with�T = 5◦C (Fig. 5).

On this figure the appearance of distribution around 80◦C
is noted. The envelope of the elementary peaks reproduces
qualitatively the shape of the main peak. The transformation
of all elementary peaks obtained with thermal windowing
method (peak cleaning method) into their Arrhenius repre-
sentation (Fig. 6) allow the correlation between single re-
laxation modes and thermokinetic (free energy, entropy, and
enthalpy) and/or other physical variables[25,26] (Table 2).

A particular attention was given to this peak because of
its amplitude, thermal position and its response to the polar-
ization conditions.

Fig. 4. Arrhenius plot of the relaxation times obtained from TSC mea-
surement. The right hand numbers are the polarization temperatures (Tp).
Each line corresponds to a certainTp.

Table 1
The specific parameters, forβ relaxation process involved in the release
of the current, determined by the use of initial rise method (IR), and the
peak integration method (BFG)

TPl (◦C) �H (eV) IR �H (eV) BFG τ0(s)

−140 0.23 0.31 1.39 × 10−10

−130 0.27 0.36 3.53 × 10−12

−120 0.20 0.39 0.90 × 10−12

−110 0.35 0.42 6.34 × 10−12

−100 0.37 0.44 3.33 × 10−12

−90 0.38 0.47 2.63 × 10−12

−80 0.39 0.51 4.12 × 10−15

−70 0.40 0.56 7.20 × 10−16

−60 0.43 0.65 2.39 × 10−18

−50 0.45 0.72 4.52 × 10−18

−40 0.47 0.77 0.97 × 10−19

−30 0.51 0.79 0.88 × 10−19

−20 0.56 0.83 0.69 × 10−19

−10 0.62 0.91 6.78 × 10−20

PET sample was polarized from−140 to−10◦C with polarization window
of 10◦C, heating rate 10◦C/min andEp = 106 V/m in inert N2 gas.

Fig. 5. TSC peak profile for amorphous PET sample obtained by thermal
windowing technique (inset of plot: polarization window∆T = 5◦C,
Tp varies from 55 to 85◦C, polarization field 106 V/m, heating rate
8◦C/min) and complex spectra in theα range, the arrow indicates the
initial polarization temperature.

Fig. 6. Arrhenius plot of the relaxation times obtained from TSC measure-
ment forα peak. The right hand numbers are the polarization temperature
Tp. Dashed lines are fits according to the Arrhenius equation. The graph
shows a positive compensation around (T = 86.6◦C, τ = 28.9 s).
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Table 2
The specific parameters, forα relaxation process involved in the release
of the current, determined by the use of the peak integration method and
fitting of experimental data

TP (◦C) Tmax (◦C) �H (eV)
(BFG)

�H (eV)
(curve fit)

τ0(s)

55 69.56 1.08 0.98 2.24 × 10−14

60 75.20 1.51 1.47 1.79 × 10−20

65 78.49 1.91 1.83 3.51 × 10−26

70 81.22 2.29 2.01 1.32 × 10−31

75 82.25 3.02 2.69 1.04 × 10−41

80 82.72 4.89 4.05 1.00 × 10−67

PET sample was polarized from 55 to 80◦C with polarization window
of 5◦C, heating rate 8◦C/min andEp = 106 V/m in inert N2 gas.

3.2. Influence of polarization conditions onα peak

Fig. 7 shows the behavior of theα peak as a function of
the polarizing timetp at 75◦C and at a constant polarizing
voltageVp. The inset graph displays a significant dependence
of α peak magnitude ontp. Besides, theα peak originating
from a dipolar process may not reach a near-saturation level
of polarization at a polarizing timetp < 10 min.

A linear dependence of theα peak value on the polarizing
field may be observed inFig. 8, and expected with dipolar
processes. Concerning the temperature position of the peaks
maximums, it does not seem affected by the electric field
and remains constant (≈78◦C).

3.3. Study of rubbery annealing effect

To carry out a rubbery annealing on initially amorphous
PET, we heat the sample from room temperatureTr until
a temperatureTa definitely higher than the glass transition
temperatureTg. In this temperature range (T > Tg), the
material is in a state known as rubbery. As soon as the
temperature is stabilized atTa we maintain this state during
an interval of time�ta = 20 min which corresponds to the
duration of rubbery annealing, that we can vary at will. The

Fig. 7. TSC spectra of PET film (thickness 55�m) corresponding to
different times of polarizationtp. Temperature of polarizationTp = 75◦C.
Polarizing voltageVp = 30 V, heating rate 8◦C/min. The dependence of
the α-peak value on the polarization time is shown in the inset.

Fig. 8. TSC spectra of PET film (thickness 55�m) for different polariza-
tion voltages (10–100 V with an increment of 10 V), heating rate 8◦C/min,
polarization temperature 75◦C. Dependence of theα-peak value on po-
larization voltage is shown in the inset.

result of such process on the initially amorphous material
is mainly obtaining a semi-crystalline PET. This procedure
is called “cold” crystallization[27] because the ordered
structure obtained results from the glass state. Within our
framework, we carried out annealing on six samples cut out
from the same film. On each one, we carried out isochronal
annealing at various temperaturesTa (Table 3).

The complex spectra obtained for each sample are re-
ported onFig. 9. It is important to note that the same
conditions of polarization have been maintained for each
recording i.e., the same electric fieldEp = 106 V/m and the
same polarization temperatureTp = 80◦C.

The recorded spectra reveal a segregation of a relaxation
mode around 100◦C. This thermal manifestation is due pri-
marily to simultaneous presence of two phases: a completely

Table 3
Temperatures of annealing of the various samples,tr = 20 min (Ta varies
from 90 to 140◦C with an increment of 10◦C)

Sample PET1 PET2 PET3 PET4 PET5 PET6

Ta (◦C) 90 100 110 120 130 140

Fig. 9. Effect of isochronal annealing at different temperatureTa on the
main relaxation peak (α) (Ta varies from 90 to 140◦C with an increment
of 10◦C). Polarization temperatureTp = 80◦C, heating rate 8◦C/min,
Ep = 106 V/m.
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amorphous phase indicated by “true” amorphous phase and a
semi-crystalline phase. For a rubbery annealing at 90◦C the
first phase appears by a significant amplitude peak around
88◦C followed by a shouldering in the vicinity of 108◦C
due to semi-crystalline phase manifestation.

As the temperature of isothermal annealingTa increases,
a reduction of the peak intensity related to the amorphous
phase is observed and emergence of a second peak corre-
sponding to the semi-crystalline phase. For an annealing at
130◦C we observe almost a disappearance of the first peak
which is reduced to a simple shoulder around 99.4◦C and a
considerable intensity increase of the second peak.

4. Discussion

Theα relaxation mode observed atTmax = 80◦C (main
relaxation mode) is attributed to glass transition manifesta-
tion. This latter is clearly detected in all amorphous poly-
mers. Significant atoms movements of the main chain are
associated to this transition. Disordered movements animate
the amorphous segments[28,29].

The elementary peaks exploitation of theα mode allows
to plot ln(τ) = f(1000/T) diagrams according to Arrhenius
equation.

The value 3.02 eV of the activation enthalpy, in the vicin-
ity of the glass transition characterizes a main relaxation
mode[23].

The existence of a compensation phenomenon[26,30–32]
is observed for theα relaxation mode. Indeed, from the
Arrhenius diagram (Fig. 6) it was observed that all the lines
converge towards a point. Its coordinates give the parameters
(Tc = 86.61◦C, τc = 28.94 s) representing, respectively the
temperature and time compensations. Moreover, the linear
evolution of ln(τ) versus�H confirms the existence of such
phenomenon characterizing the mobile amorphous phase.
This phenomenon is associated to the existence of an order
in the amorphous phase of the material[30].

The last elementary peak isolated atTmax = 98.7◦C
presents a different behavior than those isolated at lower
temperatures. In fact Arrhenius shows a nonlinear variation.
This later was resolved using the Vögel equation

τ(T) = τ0Vexp

[
1

αf (T − T∞)

]
(13)

T∞ determination allows a linearization of ln(τ) =
f(1000/T − T∞). The value ofT∞ = 25◦C seems the
best.αf and τ0v parameters are reported onTable 4. The

Table 4
Vögel parameters related to the peak isolated atTmax = 98.7◦C with:
Tp = 85◦C, heating rate of 8◦C and polarization fieldEp = 106 V/m

Tp (◦C) Tmax

(◦C)
T∞
(◦C)

TgWLF

(◦C)
τ0v(s) αf (◦C−1)

85 98.7 25 76.6 2.44× 10−3 1.43 × 10−3

value TgWLF = 76.6◦C, deduced from Williams, Landel
and Ferry equation (TgWLF = T∞ + 51.6◦C) accords well
with the glass transition temperature valueTg = 75◦C,
characterizing the amorphous PET. Besides, the value of the
free volume dilatation coefficient (αf = 1.43× 10−3 ◦C−1)
is near to WLF empiric value[15].

The polarization electric field influence is manifested by
the increase of the main peak current amplitude by a linear
way, confirming the dipolar relaxations process.

This increase is explained by the fact that the electric field
Ep affects more dipoles as when its intensity increases.

The low temperatures relaxation mode (modeβ) is
very broad and less intense compared to the main peak
Iαmax/I

β
max = 7.6. The calculated activation energy by the

initial rise method is always lower than that determined by
the Bucci–Fieschi–Guidi method. Furthermore, the dielec-
tric β relaxation for this material has an activation energy
of 0.58 eV. For good known amorphous polymers as the
PS, the PMMA, the PET. . . , the activation energy of theβ
relaxation is about 0.6 eV[19,23]. In addition the formation
enthalpy of a quasi-punctual defect�HF is about 3kBTg
approximately 0.1 eV. Under these conditions, we conceive
that, even if the structural unit implied in theβ relaxation
process is arranged in the most compact possible way with
its neighbors, the thermal fluctuation of energy can cause the
movement via the formation of a defect. In other words, the
activation energy of theβ relaxation is generally equalized
with

Eβ = Em +�HF (�HF < Em), (14)

where Em is the height of the energy barrier to cross at
the time of the movement;Em includes an intermolecular
component but probably, an intramolecular component. In
this case, the structural determinant parameter should be the
density of left conformations: it is important to note that
the experimental data do not allow the establishment of a
clear and final relation between this density (in other words,
the rigidity of the chain) and the intensity ofβ relaxation;
nevertheless let us mention that it is precisely in the case of
two amorphous polymers with rigid chains (PC and PEEK)
that a difficulty appears to identify in a sure way theβ
relaxation.

As the temperature of rubbery annealing increases, the
material acquires more and more crystallinity, which appears
in a TSC spectrum by a segregation of mode.

The first mode observed on TSC spectra relates to
the real amorphous phase, always present in material.
The second mode appears starting from a temperature
of annealingTa = 110◦C relates to the semi-crystalline
phase.

The real amorphous phase tends to disappear partially
to the detriment of the semicrystalline phase in the same
direction of the increase ofTa. This later is due to the
formation of crystallites within material. However, in the
case of a rubbery annealing carried out from the ambi-
ent temperatureTr until a temperatureTa (Tg < Ta <
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Table 5
Arrhenius parameters and rate of crystallinity for various temperatures of
isochronal annealing (�ta = 20 min)

Ta (◦C) �H (eV) τ0(s)Tg Tc (◦C) χ(TSC)

90 3.52 3.11× 10−39 81.63 5.76
100 3.09 6.02× 10−37 81.82 5.94
110 2.87 5.54× 10−31 85.84 9.97
120 2.43 1.91× 10−27 87.91 12.04
130 2.36 2.59× 10−26 91.22 15.35
140 2.11 7.22× 10−24 94.82 18.95

100◦C) the crystalline phase originates from the crys-
tallite formation of new nodules in the material, when
Ta > 100◦C the crystallites grow without formation of new
nodules.

The rubbery annealing effect of on PET moves the tem-
perature of the maximum of each relaxation mode to high
temperatures. Decomposition in elementary spectra allowed
to plot Arrhenius diagrams of the six samples to assess the
activation energies of each process and the rate of crys-
tallinity (Table 5).

Arrhenius diagrams obtained usually shows a compensa-
tion phenomenon at compensation temperaturesTci (i relates
to each annealing temperature). Knowing this compensation
temperature besides the glass transition temperatureTg per-
mit to obtain the rate of crystallinity in the material from
empiric formula we have deducted

χ ≡ Tc − γ

[
T 2

g (DSC)

Tg(TSC)

]
, (15)

whereγ is a correction factor (for PETγ ≈ 0.98).
Tg(DSC) andTg(TSC) are the glass transition tempera-

tures determined by DSC and TSC, respectively.
The results obtained are summarized inTable 5.
The activation enthalpy decreases when the annealing

temperature increase, it is supposed that this fact is due to
the decrease of the relaxing entities dimensions and num-
bers when the crystallinity increase.

5. Conclusion

Thermal relaxation behavior of amorphous PET have
been investigated over a wide range of temperature by
thermally stimulated current technique. TSC measurement
performed on well conditioned samples reveals the exis-
tence of two dipolar relaxation modes around glass-rubber
transition temperature and at−95◦C. The enthalpy deter-
mination from Arrhenius plots is around 3.02 eV in the
case of the dominantα relaxation mode and about 0.6 eV
for the secondaryβ relaxation mode. The method has been
applied to determine the influence of rubbery annealing on
changes of material structure appear in a TSC spectrum by
a mode segregation, confirming a simultaneous presence of
both amorphous and semi-crystalline phases. Using com-

pensation parameters from Arrhenius plots of the relaxation
times for the annealed samples, an empirical formula was
established to reach a quick evaluation of the crystallinity
rate.
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