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ABSTRACT: In this work, samples of amorphous and
semicrystalline PEN (polyethylene-2,6-naphthalene dicar-
boxylate) were subjected to DC electric fields for different
durations up to their dielectric breakdown, with or with-
out depolarization. The field-induced mechanical strains in
the samples were studied by means of a nondestructive
optical technique without resorting to any physical con-
tact. The results showed that amorphous samples were
more vulnerable to the field-induced mechanical deforma-
tion when compared with similar semicrystalline samples.
However, both morphologies showed in some samples
contradictory behavior at prebreakdown field strength,
some caused yielding of the polymer while the others
seemed to have the opposite effect. In the latter category,

yet some showed the maximum yield point at a particular
critical field starting from which the deformation began to
diminish significantly to reach a total cancellation at the
breakdown field. This critical field quantified at 260 kV/
mm is probably a pronouncement of critical ageing and
breakdown in PEN. The deformation seems to be an evo-
lution very similar to the evolution of DC current at high
fields. Furthermore, the varying response of the samples
implies further work to be undertaken to validate a clear
mechanism. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci
106: 2963–2969, 2007
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INTRODUCTION

The mechanical response of polymer films subjected
to high electric fields gained early interest in the lit-
erature,1–8 in view of improving the comprehension
of phenomena that lead to the electric breakdown.
However, the progress in this field has been associ-
ated with nonnegligible economic consequences.
Their origins could be attributed to electronic, ther-
mal, or mechanical mechanisms.

Nevertheless, the adoption of noncontact strain
measurement methods9,10 was decided upon to ob-
tain accurate deformation levels, and these methods
do not require any physical contact with the samples
under study so as not to affect the measurement
accuracy.

They were already tried to assess the mechanical
response of polyethylene terephthalate (PET) sub-
jected to increasing electrical fields.2 It was established

experimentally that these electrical stresses were re-
sponsible for localized mechanical deformation.

In this work, the mechanical response of PEN
(polyethylene-2,6-naphthalene dicarboxylate) films
under applied electric field is investigated. The dif-
ferent properties of PEN were subjects of several
studies during the last few years.11–14 In our study,
we detected far more important field-induced me-
chanical deformation in the amorphous morphology
than in the semicrystalline one. The deformation in
amorphous variety is found to be four times larger
than that in the semicrystalline variety.

The crystallinity and, in particular, the type of
crystallite (b) developed at the surface which
increase the rigidity of PEN are apparently the basis
of this difference. The superior molecular mobility
under electric field gives a shorter threshold field
initiating the deformation than in semicrystalline
PEN. There is, as a result of the field-induced me-
chanical forces, an instability in the polymer mor-
phology, mainly as conformational changes in the
amorphous phases and in other interrelated proc-
esses such as the extension of tied molecules
between two lamellae and the formation of micro-
voids. These processes invariably affect the aging
and the breakdown behavior.

Good indicators have been published in high field
behavior which shows high current slopes of 16.5 in
the I(F) characteristics.15 However, the field-induced
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strain response remains the one possibility which is
more and more investigated to clarify the breakdown
behavior. Our data of those steep currents at high
fields are an important link to tie up our results in this
study, probably because the Maxwell pressure exerted
by the electrodes has an influence on the charge car-
riers, the aging, and the breakdown. The values of
threshold field starting the mechanical deformation as
well as extremely high currents15 are found to be very
similar in their evolution at high fields.

The relationship between these two indicators was
analyzed and, in particular, the yielding evolution in
each morphology. Finally, the mechanical deforma-
tion was analyzed during breakdown.

MATERIAL

The molecular structure of PEN is shown in Figure 1.
This polymer is a double aromatic ring polyester
characterized by its excellent mechanical properties
as compared to its competitors such as the PET. Its
Young’s modulus is 25% greater than that of PET
(5200 MPa vs. 3900 MPa) at the room temperature
and much greater from 100 to 1508C. The samples of
PEN used in our experimental work were provided
by Dupont de Nemours, Luxembourg, (25 lm amor-
phous and semicrystalline PEN).

Differential scanning calorimetry (DSC) was used to
ensure the morphology status of the samples pro-
vided. The analyses were carried out in nitrogen liquid
with specimens of about 13 mg by subjecting them to a
rise in temperature from 30 to 2908C at 108C/min. This
technique allows us to determine the glass transition
(Tg) and the melting point (Tm) temperatures of the
sample (Fig. 2). The knowledge of crystallization (DHc)
and melting (DHm) enthalpies of sample allows direct
calculation of the crystallinity rate (v(%)), as follows:

vð%Þ ¼ 100
DHm � DHc

DH1

� �

where DH1 5 103.4 J/g, and is the melting enthalpy
of fully crystalline PEN.

Figure 2 also shows a slight jump in specific heat
DCp (J g

21 K21) of the amorphous sample, which cor-
responds to the glass transition temperature (1228C).
In the semicrystalline sample, this temperature is a
little bit greater (1268C). The melting temperatures
are the same, 2678C in both the samples.

To guarantee a better electrode/polymer contact
and consequently attenuate corona discharges, sam-
ples were metalized by gold coating using a S150B
plasma sputter coater. Electrodes of 20 mm diameter
and 30 nm thickness were thus obtained on both faces.
The prepared samples were then short-circuited for 30
min to eliminate the initial charges existing on the
faces before applying the experimental procedure.

EXPERIMENTAL SETUP

Figure 3 shows the set up of the experimental device
used to measure the mechanical response of PEN
films. This one includes four fundamental parts:

Figure 1 Chemical formula of PEN (polyethylene-2,6-
naphthalene dicarboxylate).

Figure 2 DSC thermograms of the amorphous (v < 1%)
and semicrystalline (v � 44%) PEN. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 3 Experimental setup. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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• The sample holder cell: The sample to be tested
is placed between its two external brass electro-
des. The upper one, the negative, is constructed
as a hollow cylinder of 12 mm diameter. This
permits the use of a flexible light source to illu-
minate the upper face of the sample. The lower
electrode, the positive one, is connected to a
high DC voltage source.

• A high DC voltage source (HCN 35-20000; 20 kV
and 1.5 mA limited current) with controllable
output.

• An optical system which is formed by an optical
microscope connected to a CCD (charge coupled
device) camera.

• A computing system which permits the data
processing from the camera.

The CCD camera (768 by 576 pixels and 256 gray
levels) is mounted above the optical microscope
which is used to capture the image of the gold
metalized surface of the sample. This is composed of
small contrasting spots which represent the micro-
scopic light contrast of traditional metalization
defects in the sample as shown in Figure 4. Four dif-
ferent spots are selected and marked by means of
the software used (Fig. 4). Indeed, we are able in
this way to track the four spots of the sample surface
in order to quantify in real time the field-induced
mechanical strain. So, when a step voltage is applied
to the sample, the markers are moved due to the
field-induced mechanical deformation. The computer
follows up the successive positions of the markers
giving us the possibility of calculating the field-

induced mechanical strain. A good description of
this process is given in Ref. 3 along with the princi-
ple of the strain measurement, e1 and e2 associated
with the principal directions of the local sample sur-
face are the main components of the deformation
vector whose modulus (e) is calculated as follows:

e ¼ ðe21 þ e22Þ1=2

It is important to note that we assumed the homoge-
neity of the deformation for the measurement, and
as a result, these values are average values. The me-
chanical measurements were performed as a func-
tion of time and then analyzed with respect to the
applied electric field to determine the induced me-
chanical deformation-electric field e(F) characteristics
of the amorphous and semicrystalline PEN.

RESULTS

Measurements were carried out at the room temper-
ature at atmospheric pressure and for very short
durations (less than 30 min) in order to minimize
the influence of the environmental conditions. Sev-
eral protocols of DC electric stress application were
adopted, and the differences consisted in the dura-
tion of DC voltage application and/or the existence
of a depolarization period.

To assess the level of deformation resulting from
high DC voltage application, PEN samples were
stressed for periods of 5, 10, 15, and 30 min followed
by a similar depolarization period at every voltage
level. Figure 5 shows the resulting deformation of a
semicrystalline 25-lm sample stressed by 2.3, 3.6,
and 4.6 kV respectively, with CCD camera sampling
rates of one photo per three seconds. The depolariza-
tion periods were omitted for demonstration.

Figure 4 Little contrasting spots at the metalized surface
of PEN and markers of initial reference. [Color figure can
be viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 5 Induced mechanical deformation of semicrystal-
line PEN samples.
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The deformation becomes relatively appreciable
starting from 3.6 kV (144 kV/mm) for the adopted
duration of electric stress application. Below this
level, it is hard to differentiate between signal and
noise. This onset of clear deformation was reproduci-
ble for other samples as well, under conditions of
the same stress durations.

Figure 6 shows the total deformation for a stress
application duration of 5 min at each step of electric
stress without any depolarization period. In the
amorphous case, the deformation starts being re-
marked at 2300 V (92 kV/mm).

Also, it shows the deformation versus voltage
application duration for both semicrystalline and
amorphous samples subjected to 15-min periods of
stress as well as of depolarization. The response dur-
ing the depolarization period is omitted in order to
demonstrate the increased deformation at higher
stress levels. The maximum deformation levels at-
tained for most of the tested semicrystalline samples
were of the order of 0.002 (the resolution of this tech-
nique is better than 1024), while those attained for
amorphous samples were four times bigger, 0.008, a
foreseeable result in view of the crystallinity and the
crystallites (b) developed at the surface. This mor-
phology increases the stiffness of the polymer, and
hence its mechanical properties. Their breakdown
fields are 260 and 300 kV/mm, respectively.

Figure 7 shows the deformation of semicrystalline
PEN sample subjected to different DC electric fields
for 30 min at each field level. The breakdown field
corresponds to 300 kV/mm. Although the deforma-
tion levels in either semicrystalline or amorphous
samples were reproducible for most of the tested
samples; the breakdown mechanism seemed to be
rather complex.

A marked rise in currents and the onset of ele-
ctroluminescence are proposed as practical indica-
tors.15,16 However, it is suggested in the literature4

that it could be indicators of other important proc-
esses induced by the electrical field, which may not
directly involve electrons. In this way, the field-
induced compressive stress can generate conforma-
tional changes in the polymer morphology. More-
over, this mechanical stress will increase as propor-
tional to the square of the electric field, eF2

2 , so as to
enhance thermally-induced bond breaking. Thus,
both processes are frequently associated with aging
and breakdown.

Nevertheless, the breakdowns in the case of the
amorphous sample in Figure 6 and the semicrystal-
line one in Figure 7 show a reduction in the defor-
mation, which suggests a thermally dominated
mechanism attributed to the propagation of local
breakdowns caused by large local fields in micro-
voids. The mechanisms of electro-fracture and fila-
mentary electromechanical breakdown do not con-
form to this behavior because instead of the yielding
of the polymer they seem to recover their elastic
energy. The possible explanation of the phenomenon
is an uncompensated thermal or kinetic energy. It is
rather a mechanism of electrical aging having a me-
chanical origin.2,3 This could be highlighted by the
measurement of the defect-trap density (scission and
reorganization of chemical bonds in new conforma-
tions), supposedly higher under aging conditions.
Besides, considering the origin of electrical aging by
space charge amongst other possibilities, this theory
could be concordant with our results, especially in
the case of the amorphous one where an elevated
charge density is remarked, whereas it is not com-
pletely clear in the case of semicrystalline in which
the charge density remains rather low.17

Figure 6 Induced mechanical deformation versus time;
15 min of field application. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]

Figure 7 Induced mechanical deformation of semicrystal-
line PEN (25 lm); 30 min of field application. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

2966 LOTFY ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



However, an outstanding current rise is observed
at the same field levels (almost in the range of
microamperes)15 where a mechanism of ionization
by impact could be the precursor. Thus, the possibil-
ity of an avalanche breakdown mechanism, source
of electrical trees, and subsequent breakdown, should
remain open.

On the other hand, in the case of the semicrystal-
line sample of Figure 6, the breakdown is mostly
electromechanical resulting from an imbalance
between electrostatic compression (exerted by the
electrodes which stress the sample) and the buildup
of the uncompensated elastic energy, in such a way
that the polymer yields to the pressure. This latter
result may be considered to be in accordance with
the model proposed by Forthergill,6,7 where the dis-
proportion causes a filamentary crack to propagate

through the polymer film. This model predicted the
breakdown strength field as proportional to the 4th
root of Young’s modulus, FBreakdown / Y1=4. In PEN,
the Young’s modulus is 5200 Mpa corresponding to
a breakdown field of 268 kV/mm with the model
application. This value is very close to the real
breakdown values in this polymer, 300 kV/mm
6 40. In addition, if the material is viscoelastic, as
the majority of polymers, a progressive reduction in
the thickness of the sample can take place. The
application of an electrical field will generate a me-
chanical pressure which can be significant when the
field approaches the breakdown value. Nevertheless,
the lack of reproducibility of breakdown in similar
samples tested under the same conditions and yield-
ing the same deformation levels suggests that both
mechanisms are partially operating.

Figure 8 Induced mechanical deformation of amorphous PEN (25 lm); 30 min of field application. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 9 Induced mechanical deformation of semicrystalline PEN (25 lm); 5 min of field application. [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.]
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It was noted that before attaining the breakdown
field strength in some of the tested samples, the rate
of deformation tended to diminish once it reached
the maximum strain. Work is in progress and the
new results concerning this point will be published
in a next paper. Figures 8 and 9 show an amorphous
sample stressed for 30 min at each voltage step with
another 30 min of depolarization between successive
stress applications and a semicrystalline sample
stressed for 5 min at each voltage step and subjected
to the same period of depolarization. The final defor-
mation level is even lower than the levels attained
previously at lower electric fields. As a matter of
fact, the viscoelastic properties of polymers are
reported to change considerably when subjected to
high electric fields,4 in such way that the elasticity

(the storage modulus, G0) decreases significantly at a
critical field. Hence, this yield point is due to the
incidence of field-induced mechanical instability in
the polymer morphology (conformational changes).
This critical field is quantified, in the cases of amor-
phous and semicrystalline morphologies, at 260 kV/
mm. This is the threshold of critical aging and break-
down in PEN and can be an important reference for
practical applications of this polymer. Also, it could
be a reference to test other theories related to very
high mobility.5

Figure 10 shows the deformation versus electric
field for both semicrystalline and amorphous PEN
samples after 10 min of electrical field application at
each level. The shape of the curves in Figure 10 sug-
gests a viscoelastic deformation.4,8 The deformation
in the amorphous morphology is approximately four
times than that of semicrystalline, which is a predict-
able result because of the effect of crystallinity on
the mechanical properties of PEN.18–20 Also, this
assertion is further supported because of the type of
crystallite (b) developed at the surface. The amor-
phous sample has higher mobility of the chain seg-
ments under an electric field which can give an ex-
planation to its threshold field shown in the curves
I(F); the semicrystalline case is similar except that
the deformation level is lower as well as the result-
ing current.15 These are represented in Figures 11
and 12. This molecular mobility probably causes a
migration of charge carriers at intramolecular and
intermolecular levels.

Also involved are the electromechanical forces in
the polymer which increase the conformational
change, i.e., the inner space organization of the mac-
romolecule and, consequently, a way for other inter-
related processes in the disordered quasi-amorphous
interlamellar regions such as the extension of tie

Figure 10 Induced mechanical deformation versus elec-
tric field. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 11 Induced mechanical deformation and conduc-
tion current in an amorphous sample versus electric field.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 12 Induced mechanical deformation and conduc-
tion current in a semicrystalline sample versus electric
field. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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molecules and the formation of microvoids. More-
over, the formation of microvoids has been attrib-
uted to the scission of the main bonds which pro-
duce free radical chain reactions8 by affecting the
behavior of the current and the threshold field in a
significant manner towards the nonlinear zone
(quasi-exponential) as well as the breakdown behav-
ior. Indeed, a lot of molecules can swivel internally
around one or more of their tie-ups so that during a
rotation, they alternate between unstable and rela-
tively stable conformations. Let us presume that
there exist conformational preferences coming from
the steric effects (Coulombic repulsion and the prin-
ciple of Pauli exclusion). In addition, the conforma-
tional changes will probably vary the molecular
interspace (free volume), i.e., the molecular density
inside the amorphous zones especially in the vicinity
of the inter-phases. These aspects have an influence
on the facility or blockage of charge injection.

In fact, local conformational adjustments can result
from the possibility of rotation of ester groups with
naphthalene, taking into account the obstruction of the
various groups fixed on the chain (steric obstruction).
However, the conformations taking place can be of
large scale depending on the local covalent structure,
as also of long distance intramolecular interactions or
intermolecular interactions. Already noticed are the
formation of the aggregates, the charge transfer com-
plexes (CTC), intra- and intermolecular, which will
react to those electromechanical forces to influence the
spatial distribution of material or even the mecha-
nisms of conduction between them (the aggregates).

CONCLUSION

The study of the induced mechanical response of
PEN 25 lm semicrystalline and amorphous samples
subjected to high DC electric fields was conducted
using a noncontact optical technique. The results
revealed higher deformation levels in case of amor-
phous samples, i.e., about four times larger. Indeed,
the crystallinity and, in particular, the layer of crystal-
lites b on the surface seem to be responsible for this
behavior. The resulting deformation levels and pat-
terns were dependent on the level and duration of
electric stress application. However, they all start at
their respective threshold fields (commencement of
deformation) very similar to those presented in the
I(F) characteristics (beginning of the nonlinear behav-
ior), in the same material observing same protocols.

Furthermore, a reduction in the deformation rate
before breakdown was noticed in some of the tested
samples. They show the maximum yield point at the
critical field beyond which their deformation rate
starts to diminish. This behavior is similar to those
reported studying the viscoelastic behavior. The criti-

cal field was quantified to 260 kV/mm, which signi-
fies critical aging and/or the presence of danger-
ously high mobility carriers.

The breakdown strength levels differed signifi-
cantly according to the duration of application at
each electric stress level. The breakdown could not
be assigned alone to an electronic-thermal mecha-
nism or for that matter, to an electromechanical one.
It is suggested that a hybrid mechanism incorporat-
ing electromechanical cracking and other thermoelec-
tronic processes would be more appropriate. The dif-
ferent breakdown stresses and behavior observed
are in favor of such a suggestion.
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