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Abstract

Thermally stimulated currents (TSC) in amorphous polyethylene terephthalate films have been investigated in the temperature range of
—180 to 140C. This material shows a very weak intensity peak at approximat@’C and another around 8C originated from dipolar
process (x-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 annealingofitien appears in a TSC spectrum two components
around 88 and 108 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 ing global peaks for each motion taking place during the
recovery process. Temperature can be scanned &80

The thermally stimulated currents (TSC) technique has to 400°C, exploring the rubber and rubbery flow region as
been widely used to study fundamental characteristics in easily as the solid state. The output is very similar to a plot
various materials including films, powders, bulk specimen, of tans versusT obtained with (DMA)[7] at very low fre-
crystalline and amorphous insulators. TSC measurementsquencies, but with higher sensitivity.
were made to identify the origin of the molecular relaxations  |n amorphous polyethylene terephthalate sample, itis gen-
and allows detection and resolution of transitions that other erally accepted that above room temperature TSC spectrum

techniques cannot see or sepafater]. exhibits two main relaxation peaks, the first one localized
TSC technique consists of applying a dc voltage to a ma- around 80-90C, i.e., in the range of the glass-rubber transi-
terial in order to orient dipoles sensitive to electric figddl tion temperaturdy and the second one above TZDwhose

The temperature is then lowered (with the field maintained) position and exact nature are subject of controversy in liter-
in order to reduce internal motion, by this fact trapping the ature[9-12]. At low temperature, a weak amplitude peak is
polarized dipole within the material. The electric field is |ocalized at about-95°C and extends over a large domain
then switched off and the sample reheated, allowing thermal[—175 and—20°C].
energy to release the “trapped” molecular motions. As this  The aim of this work is to analyze the nature of TSC
occurs, a small current' is obsgrved, gorrespondlng to onegpectrum in amorphous PET in the temperature range from
or more types of relaxation. This technique provides advan- jiquid nitrogen temperature to aboig, effects of thermal
tages in both sensitivity and sample preparation. The outputheating and polarization conditions.
is a plot of depolarization current versus temperature, show-  Thermal windowing technique (thermal sampling or peak
cleaning method)[13], was applied to study individual
* Corresponding author. Fax:213-21-24-7344. modes of relaxation for the two main peaks, i.e., around
E-mail addressbnas@uvoila.fr (N. Benrekaa). glass-rubber transitiom-peak and at lowest temperature
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B-peak. The specific relaxation parameters have been de- The complex TSC spectrum was obtained by submitting
termined using different methods including the initial rise the sample to an constant electrical fi&lgl= 10° V/m dur-
method of Gasanly et a[14] or Williams et al.[15] ex- ing 2min at a temperature of polarizatidp = 75°C. The
pressions for the relaxation time, the integration of the sample is then cooled with a ramp of@®&/min to liquid
peak and the fitting of experimental data with the analytical nitrogen temperature in the presence of the electrical field.
expression of the current. The field is then suppressed at arounti75°C and the elec-
Polyethylene terephthalate has been selected as the matrodes were short-circuited for 15 min, and then the sample
terial of choice. It has the advantage of being studied ei- was heated at 8/min to 140°C. All measurements were
ther in the purely amorphous state or in partially crystalline repeated to verify the reproducibility and the accuracy of the
state at different degrees of crystallinity and crystal perfec- results.
tion [16]. The results will be interpreted in terms of simple
phenomenological models. 2.2. Basic considerations for peaks analysis

In general, the built-up of polarization at a constant tem-
2. Experimental peratureT can be described by the equatid9]

2.1. Experiment part P(1) = Po [1 - exp(—%)] 1)

The measurements were carried out on polyethyleneWhereT and Py are respectively, the relaxation time of
terephthalate PET samples, supplied by Dupont de Nemourgdipoles and the maximum amount of polarization possible
(Luxembourg) in 5%wm thickness and used in form of at temperaturd with,
square sheets (1.2 &n The samples were vacuum evapo- Nu2Ep
rated with 100 nm thickness aluminum electrodes and 1 cm Po = < 3T )
diameter to opposite sides and had been previously pol- B
ished using polishing rouge and dry methanol. EvaporatedwhereN is the concentration of dipole&, the local elec-
electrodes were used to prevent an air gap being trappedric field andu the dipole moment which is independent of
between the electrode and the sample and to increase ohmitemperaturekz Boltzman’s constant.
contact[17]. The sample with electrodes shorted is located = We may represent the temperature variation of the relax-
in measurement chamber which was maintained at a con-ation timet by the Arrehinus type equatidi9]
stant and desired pressure of #@nbar with inert N gas. w
The glass transition temperature of‘fbwas determined by  ©(7) = 10 exp(k—T> 3)
differential scanning calorimetrfl8]. The DSC measure- B
ments were performed in a Perkin—Elmer DSC7 differential \here 751 is the characteristic frequency factor for a va-

scanning calorimeter with a controlled cooling accessory. cancy jump from a lattice site to another for orientation of
The temperature of the instrument was calibrated with e dipoles and is independent of temperaturewatide ac-
indium and lead standards and only the same indium sam-iyation energy.

ple was used for the heat flow calibration. The calibration  he current density released during a thermally stimulated
were performed during heating at 10/min. The sample  easurement can be expres§ed]

was placed in a sealed aluminum cupel. The mass of PET

(2)

fragments must have a maximum contact area between the , Nu?Ep

sample and the cupel. A mass higher than 5 mg proved to be = —Wexp

acceptable. The recording of the spectra of DSC transition w 1 (T w

was carried out for heating rates about°Qdmin. — (—— + —/ exp (——) dT’) 4)
By keeping the sample at 13Q for hours or even days, ksT o) kT

the crystallinity attains its maximum value and remains un- whereg = d7/dr is the heating rate.

changed during the experimental period. Thus, in order to PoJ(T)

avoid the crystallinity of amorphous PET during classical Byintroducing J/(T) = — (5)

TSC procedures, the upper measurement temperature must (D)

not exceed 95C. w
The current was measured with an electrometer (Keithley We obtain J'(T) = constant- (?) (6)

614) and recorded by using-Y plotter. A platinum tem-

perature sensor PT100, mounted in the sample holder andThe plot of In(J) as function of 1/kT is a straight line,
adjacent to the film, allowed the temperature measurementwhose slope gives the value wfand In(n).

with a precision of 0.23C. The heating rate of 8/min was For the determination of the characteristic parame-
used and controlled by a temperature regulator (BT 300/302ters of the process, i.e., the activation energy and the
CLTS). 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 expansiorj19]

w B (T —w
INnJ(T) =InNA — — — — [ ex dr’ 7
D kgT  BJg, p<kBT/> ()
where
P 1
70 70

by introducing
Jo=o(r) or={re(gir) oo (51|
1= expl — |dT={TE (—— | —ToEo | —
To kpT kgT kgTo
)

whereE,(z) is the integral exponential functid@0] given
by

00 A—2Zt
En(z) = f °-di Re >0 (10)
1
we obtain
In '(T)ZInA—f—E(l—E—FE—---)exp(—f)
7= AN ANE |
(11)
with
w w
f:kB_T (f0rT< Tg)orf :m (fOI’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\for
w andB from the fitting, the characteristic parameters of the
process may be determined.
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Fig. 1. DSC spectrum of amorphous polyethylene terephthalate film as
received. (Scanning rate 1@/min, PET mass used 8 mg).

3.1. o and g 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 fielth =
10° V/m. The sample was then quenched-t275°C using
liquid nitrogen which enables orientation polarizat®i,)
to be frozen-in and the field was cut off.

The complex spectrum reveals two quite distinct peaks
at the positionslyyy = —95°C and T2 = 78°C related
respectively tg8 anda relaxationg21-23].

A polarization at 0C by the electric fieldgp = 10° V/m
and a short circuit at175°C allow the isolation of the
peak represented on tiég. 3, this latter is nameg peak
related toB relaxation[24]. The maximum of the current is
localized around-95°C and the peak extends froml75
to —20°C.

To study in details this relaxation mode, tAeelaxation
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 &ig. 3.

The relaxation time associated with an elementary peak Each of these elementary relaxation curves can be math-

may be deduced from

P(T
_ 12
o(T) D (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 arountiC75

(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 75C), and melting at about 26C.
Around 130°C an exothermic peak is observed correspond-
ing to the crystallization. The thermogram was recorded by
using Perkin—Elmer DSC7 calorimeter.

ematically transformed into their Arrhenius representation
and plotted as In(rversusl/T which express the variation
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<
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Fig. 2. TSC spectrum scanned frorl75 to 140°C in inert N> gas for
a well conditioned amorphous PET sample. Polarization fieRivif,
heating rate 8C/min, polarization temperature 76.
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: Tp=-140°C
: Tp=-130°C
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Table 1

The specific parameters, f@ relaxation process involved in the release
of the current, determined by the use of initial rise method (IR), and the
peak integration method (BFG)
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Fig. 3. TSC peak profile for amorphous PET sample obtained by thermal
windowing technique (inset of plot: polarization windowr = 10°C,

Tp varies from—140 to —10°C, polarization field 10V/m, heating rate
8°C/min) and complex spectra in th& range, the arrow indicates the
initial polarization temperature.

individual lines (Fig. 4).
The activation energy anch were calculated assuming a
dipolar origin using Bucci—Fieschi—Guidi method (Eq. (3)).
The initial rise method was used as well and the results

Tp (°C) AH (eV) IR AH (eV) BFG o(S)
—140 0.23 0.31 1.39 x 10710
—130 0.27 0.36 3.53 x 10712
—120 0.20 0.39 0.90 x 10712
-110 0.35 0.42 6.34 x 10712
—100 0.37 0.44 3.33x 10712
-90 0.38 0.47 2.63 x 10712
—-80 0.39 0.51 412 x 10715
—70 0.40 0.56 7.20 x 10716
—60 0.43 0.65 2.39x 10718
—50 0.45 0.72 452 x 10718
—40 0.47 0.77 0.97 x 10719
-30 0.51 0.79 0.88 x 10719
-20 0.56 0.83 0.69 x 10719
—-10 0.62 0.91 6.78 x 1020

PET sample was polarized froml40 to—10°C with polarization window
of the relaxation time versus temperature as shown in theof 10°C, heating rate 16C/min andEp = 10°V/m in inert N, gas.

are reported iMable 1.
At about 80°C, the asymmetric and intensiugpeak was
also isolated withl, = 75°C andTp = 0°C and resolved
into a set of elementary peaks witsiT" = 5°C (Fig. 5).
On this figure the appearance of distribution arouné@®0
is noted. The envelope of the elementary peaks reproduces

Current (pA)

30

Q)
(2

IRSE
@):
®):
6):
@

: Tp=55°C
: Tp=60°C
Tp=65°C
Tp=70°C
Tp=75°C
Tp=80°C
Tp=85°C

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 variabl@$,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.
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Fig. 4. Arrhenius plot of the relaxation times obtained from TSC mea-
surement. The right hand numbers are the polarization temperafigles (

Each line corresponds to a certdip.
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Fig. 5. TSC peak profile for amorphous PET sample obtained by thermal
windowing technique (inset of plot: polarization window? = 5°C,

Tp varies from 55 to 858C, polarization field 1HV/m, heating rate
8°C/min) and complex spectra in the range, the arrow indicates the
initial polarization temperature.
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Fig. 6. Arrhenius plot of the relaxation times obtained from TSC measure-
ment fora 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 arourfd=£ 86.6°C, t = 28.95s).
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Table 2 y T T
The specific parameters, far relaxation process involved in the release 90 v
of the current, determined by the use of the peak integration method and 3 M
fitting of experimental data g
To (°C)  Tmax(°C) AH (V)  AH (eV) o(s) g o0r8
(BFG) (curve fit) =
55 69.56 1.08 0.98 2.24x 10714 =
60 75.20 1.51 1.47 1.79 x 10720 5 30
65 78.49 1.91 1.83 3.51x 10726
70 81.22 2.29 2.01 1.32 x 10731
75 82.25 3.02 2.69 1.04 x 1074 - i
80 82.72 4.89 4.05 1.00 x 1077 30 60 90

- - — - T t °C
PET sample was polarized from 55 to 8D with polarization window emperature (°C)

of 5°C, heating rate 8C/min and Ep = 10°V/m in inert N, gas. Fig. 8. TSC spectra of PET film (thickness &) for different polariza-
tion voltages (10-100 V with an increment of 10 V), heating ret€#nin,
polarization temperature 7&. Dependence of the-peak value on po-

3.2. Influence of polarization conditions enpeak

Fig. 7 shows the behavior of the peak as a function of
the polarizing timet, at 75°C and at a constant polarizing

larization voltage is shown in the inset.

result of such process on the initially amorphous material

voltageV,. The inset graph displays a significant dependence i$ mainly obtaining a semi-crystalline PET. This procedure

of o peak magnitude oty. Besides, ther peak originating

is called “cold” crystallization[27] because the ordered

from a dipolar process may not reach a near-saturation levelstructure obtained results from the glass state. Within our
of polarization at a polarizing timg < 10 min.

A linear dependence of thepeak value on the polarizing
field may be observed iRig. 8, and expected with dipolar

framework, we carried out annealing on six samples cut out
from the same film. On each one, we carried out isochronal
annealing at various temperatuigs(Table 3).

processes. Concerning the temperature position of the peaks The complex spectra obtained for each sample are re-
maximums, it does not seem affected by the electric field Ported onFig. 9. It is important to note that the same

and remains constant (=~78).

3.3. Study of rubbery annealing effect

conditions of polarization have been maintained for each
recording i.e., the same electric fiefth = 10° V/m and the
same polarization temperatufg = 80°C.

The recorded spectra reveal a segregation of a relaxation
mode around 100C. This thermal manifestation is due pri-

To carry out a rubbery annealing on initially amorphous
PET, we heat the sample from room temperafGreuntil
a temperaturd, definitely higher than the glass transition
temperatureTy. In this temperature range (T >g){ the Table 3
material is in a state known as rubbery. As soon as the temperatures of annealing of the various samples, 20 min (T, varies
temperature is stabilized &t we maintain this state during  from 90 to 140°C with an increment of 16C)
an interval of timeAry = 20 min which corresponds to the
duration of rubbery annealing, that we can vary at will. The

Sample PET PET; PET; PETs PETs PETe

Ta (°C) 90 100 110 120 130 140
30 —
¥ unpolarize:
+ t=2min 16 —r T T T
- o t=4mn 1 1 PET, (T =90°C) — 1
2 A t=6min 2 PET, (T =100°C) _ 2
g o t=8min 12} 8 PET,(T=110°C) 3 |
. 203 e t=10min | 4 PET, (T =120°C) 4
<é = 5 PET, (T,=130°C)
~ < 6 PET, (T,=140°C)
€ = 8} 4
o : S
5 10} ~e § g
(& o ce 8
°o OAOA 2 4+ 4
T -+O+*x
O 1 1 1 1 1 1
0 50 100 150 0 40 80 120 160
Temperature (°C) Temperature (°C)

Fig. 7. TSC spectra of PET film (thickness jpf) corresponding to Fig. 9. Effect of isochronal annealing at different temperaflyen the

different times of polarizatioty. Temperature of polarizatiofy, = 75°C. main relaxation peak («)Tg varies from 90 to 140C with an increment
Polarizing voltageV, = 30V, heating rate 8C/min. The dependence of  of 10°C). Polarization temperatur, = 80°C, heating rate 8C/min,

the a-peak value on the polarization time is shown in the inset. Ep = 10° Vim.

marily to simultaneous presence of two phases: a completely
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amorphous phase indicated by “true” amorphous phase and avalue Tgw . r = 76.6°C, deduced from Williams, Landel
semi-crystalline phase. For a rubbery annealing &0the and Ferry equation glyLr = T + 51.6°C) accords well
first phase appears by a significant amplitude peak aroundwith the glass transition temperature vallig = 75°C,

88°C followed by a shouldering in the vicinity of 10& characterizing the amorphous PET. Besides, the value of the
due to semi-crystalline phase manifestation. free volume dilatation coefficient fo= 1.43 x 10-3°C~1)
As the temperature of isothermal annealifgincreases, is near to WLF empiric valugl5].

a reduction of the peak intensity related to the amorphous The polarization electric field influence is manifested by
phase is observed and emergence of a second peak corrahe increase of the main peak current amplitude by a linear
sponding to the semi-crystalline phase. For an annealing atway, confirming the dipolar relaxations process.
130°C we observe almost a disappearance of the first peak This increase is explained by the fact that the electric field
which is reduced to a simple shoulder around 9€4nd a Ep affects more dipoles as when its intensity increases.
considerable intensity increase of the second peak. The low temperatures relaxation mode (mofdg is
very broad and less intense compared to the main peak
I,‘;ax/lr’f]ax = 7.6. The calculated activation energy by the
4. Discussion initial rise method is always lower than that determined by
the Bucci—Fieschi—Guidi method. Furthermore, the dielec-
The « relaxation mode observed &f,2x = 80°C (main tric B relaxation for this material has an activation energy
relaxation mode) is attributed to glass transition manifesta- of 0.58eV. For good known amorphous polymers as the
tion. This latter is clearly detected in all amorphous poly- PS, the PMMA, the PET.., the activation energy of thé
mers. Significant atoms movements of the main chain are relaxation is about 0.6 €119,23]. In addition the formation
associated to this transition. Disordered movements animateenthalpy of a quasi-punctual defeatHr is about 3lgTy
the amorphous segmerj3,29]. approximately 0.1 eV. Under these conditions, we conceive
The elementary peaks exploitation of thenode allows that, even if the structural unit implied in th&relaxation
to plot In(t) = f(100Q/ T) diagrams according to Arrhenius  process is arranged in the most compact possible way with
equation. its neighbors, the thermal fluctuation of energy can cause the
The value 3.02 eV of the activation enthalpy, in the vicin- movement via the formation of a defect. In other words, the
ity of the glass transition characterizes a main relaxation activation energy of thg relaxation is generally equalized
mode[23]. with
' The existence ofacompensation phenomdg6r30—-32] Eg= Em+ AHe (AHg < En), (14)
is observed for thex relaxation mode. Indeed, from the
Arrhenius diagram (Fig. 6) it was observed that all the lines Where Em, is the height of the energy barrier to cross at
converge towards a point. Its coordinates give the parameterghe time of the movemen€, includes an intermolecular
(Tc = 86.61°C, 1. = 28.94 s) representing, respectively the component but probably, an intramolecular component. In
temperature and time compensations. Moreover, the linearthis case, the structural determinant parameter should be the
evolution of In(9 versusAH confirms the existence of such  density of left conformations: it is important to note that
phenomenon characterizing the mobile amorphous phase_the experimental data do not allow the establishment of a
This phenomenon is associated to the existence of an ordeglear and final relation between this density (in other words,
in the amorphous phase of the matef&0]. the rigidity of the chain) and the intensity @frelaxation;
The last elementary peak isolated Biax = 98.7°C nevertheless let us mention that it is precisely in the case of
presents a different behavior than those isolated at lowertwo amorphous polymers with rigid chains (PC and PEEK)
temperatures. In fact Arrhenius shows a nonlinear variation. that a difficulty appears to identify in a sure way tfe

This later was resolved using the Vdgel equation relaxation.
As the temperature of rubbery annealing increases, the
oT) = Tovexp[—] (13) material acquires more and more crystallinity, which appears
ap(T = Teo) 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 annealingT,; = 110°C relates to the semi-crystalline

T determination allows a linearization of (lHh =
f(A00Q/ T — Tso). The value ofT,, = 25°C seems the
best.a; and gy parameters are reported dable 4. The

phase.
Table 4 . .
Vogel parameters related to the peak isolatedigix = 98.7°C with: The real, amorphous pha;e tend,s to dlsappear partially
T, = 85°C, heating rate of 8C and polarization fieldE, = 10° V/im to the. detriment _Of the Semmrys@-”me ph_ase in the same
. — direction of the increase of,. This later is due to the

To (°C) (T“‘C"")X (T%) 2;9(":")“ 7ov(s) o (°C7) formation of crystallites within material. However, in the

3 3 case of a rubbery annealing carried out from the ambi-
85 98.7 25 76.6 244 10° 1.43 x 10~

ent temperaturel; until a temperaturel, (T < Ta <
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Table 5 pensation parameters from Arrhenius plots of the relaxation
Arrhenius parameters and rate of crystallinity for various temperatures of {imes for the annealed samples an empirical formula was
isochronal l = 20 mi : : I o

isochronal annealing (4= 20 min) established to reach a quick evaluation of the crystallinity

Ta (°C) AH (eV) 0(s) Ty Te (°C) x(TSC) rate.

90 3.52 3.11x 1073 81.63 5.76

100 3.09 6.02x 1077 81.82 5.94

110 2.87 5.54x 10731 85.84 9.97 Acknowledgements

120 2.43 1.91x 10727 87.91 12.04

130 2.36 2.59x 10726 91.22 15.35 . : .

140 211 7925 10-24 94.82 18.95 The authors would like to express their gratitude to M.R.

Oudih of Algiers Nuclear Research Center CRNA and C.
Guerbi of Silicon Technology Development Unit UDTS for

100°C) the crystalline phase originates from the crys- technical discussions and S. Benrekaa for assistance.

tallite formation of new nodules in the material, when
T, > 100°C the crystallites grow without formation of new
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