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ABSTRACT: The orientation of poly(ethylene naphtha-
lene-2,6-dicarboxylate) (PEN) films with different morphol-
ogies were studied by wide-angle X-ray diffraction. Differ-
ent structures were obtained by thermally treating biaxially
stretched PEN samples. Virgin and thermally treated (1 h at
240, 250, and 260°C) samples of PEN bioriented films were
characterized by DSC to determine the glass-transition tem-
perature and the crystallinity ratio. To define the orientation
of crystallites in the 25 �m thick bioriented samples, pole
figures were recorded for various PEN samples, as a func-
tion of their position in the transverse drawing direction.
The significant result is that there is a dominant crystal
population, whose c-axis direction varies from �45° at one

sample edge to �45° at the other edge, the orientation at the
center being parallel to the transverse direction. There is also
a secondary population, which can be seen only near the
center. DSC studies also showed that by increasing the an-
nealing temperature the crystallinity ratio was increased and
pole figures showed that the texture was modified, probably
because of disorientation mainly from an annealing temper-
ature of 260°C. © 2003 Wiley Periodicals, Inc. J Appl Polym Sci 89:
2224–2232, 2003
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INTRODUCTION

Poly(ethylene naphthalene-2,6-dicarboxylate) (PEN) is
a thermoplastic polyester possessing a combination of
good thermal stability, degradation resistance, good
mechanical and dielectric properties, low dielectric
loss factor, and low permeability.1 The physical prop-
erties of PEN are similar or superior to those of poly-
ethylene terephthalate (PET) and can be obtained as
very thin (1 �m) films at reasonable cost. Like PET
films, PEN films are used as dielectric material in
capacitors but can also compete with PET in the pack-
aging industry or as a substrate in magnetic media
(audio, video, or computer data storage).2,3 Because
PEN is mainly used in the form of thin films, which
can be obtained by uniaxial or biaxial stretching, the
understanding of the evolution of its morphology and
orientation with temperature and stretching condi-
tions is essential to adjust its properties for a given
application. During the last two decades, relatively
few studies have been found in the literature about
such a polymer. Those published deal mainly with

structure, orientation, and dielectric and photocon-
duction properties.4–11

The general formula of PEN is (–CH2–O–CO–
C10H6–CO–O–CH2–)n, whose centro-symmetric back-
bone is shown on Figure 1. From this figure, it may
be seen that the chain structure of PEN is similar to
that of PET but the naphthalene group of PEN as
opposed to the phenyl group in PET leads to a
stronger rigidity of the macromolecular chain and
thus a superior thermal and mechanical resistance
than PET. PEN can crystallize under two triclinic
forms4: � and �, which have been characterized5 by
WAXS. The �-form corresponds to one chain per
unit cell and this so-called low temperature form
crystallizes from the melt at 160°C after melting at
280°C. The �-form has two chains per unit cell in
which the naphthalene group undergoes a 180° ro-
tation around the bond axis linking the carbon at-
oms in the 4 and 4� positions. The so-called high-
temperature �-form can be obtained by melting the
sample above 330°C, followed by a crystallization at
245°C reached after a rapid cooling. It is also possi-
ble to crystallize the sample in this form by quench-
ing it from the melt to room temperature and then
rapidly heating it to 245°C. Generally, the �-form is
obtained because the �-form is more difficult to
nucleate. If the �-form has been formed once, it will
appear again even if the sample has been melted at
300°C and crystallized again.
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Studies by Cakmak et al.6 have shown a necking
formation phenomenon during the polymer drawing
between the glass-transition temperature (Tg) and the
cold crystallization temperature. Necking formation at
a temperature lower than or near to Tg is also observed
for PET. For oriented samples, although crystallinity
increases, the refractive index in the direction normal
to the PEN film decreases when the uniaxial drawing
ratio increases, which has already been observed for
PET. This behavior is linked to the preferential orien-
tation of the phenyl ring parallel to the surface; thus
the naphthalene rings of PEN will be aligned parallel
to the film surface during drawing. An increase of
crystallinity is observed in biaxially stretched an-
nealed PEN films. Such films crystallize in the �-form
and as the crystallite orientation increases, the quan-
tity of the �-form decreases.7

Studies of orientation of the chains in the machine
direction (MD) and the transverse direction (TD) were
previously reported.6,8 The elastic modulus of a semi-
crystalline polymer gives important information on
the molecular conformation and the intermolecular
forces in the crystalline network. Nakamae et al.9,10

measured the elastic modulus on biaxially stretched
PEN and analyzed the deformation by X-ray diffrac-
tion in a parallel direction to the main axis of the
polymer. These measurements allow the elastic mod-
ulus E to be related to the crystalline network defor-
mation. These authors showed that the strength nec-
essary to stretch the sample by 1% was higher for PEN
than for PET because of the naphthalene ring rigidity
and its fully extended structure. PET is well known to
contract from its fully extended conformation by an
internal rotation around the O–CH2 bonds. In contrast,
all the atoms in the PEN chain, O–CH2 included, are
coplanar. Typical differences in the mechanical prop-
erties of biaxially stretched PEN and PET films are
reported elsewhere.4,6

The elastic modulus, the tensile strength, and the
elongation at break of PEN in the machine direction
and the transverse direction will depend on the pro-
cess conditions. The shrinkage values are lower than
those of PET for an equivalent orientation. Rueda et
al.11 related microhardness to the structure of PEN.
The increase of hardness can be explained only by an
increase in crystallinity and the development of the
thickness of the crystals must be taken into account.

When studying the biaxial drawing of oriented poly-
mers, Jungnickel et al.12,13 produced equations relat-
ing the degree of orientation caused by biaxial non-
orthogonal pseudoaffine deformation to the condi-
tions and parameters of the deformation, which have
been derived.12 These equations have been used to
correlate the degree of orientation of PET with draw-
ing parameters.13 The bowing of the film has been
analyzed in terms of viscous and elastic components
of the deformation and of lateral stress distribution
across the film.

EXPERIMENTAL

Bistretched PEN 25 �m thick samples were obtained
from Du Pont de Nemours as 2300 mm wide films in
the transverse direction (TD), which is the full produc-
tion width. The molecular weight of the polymer
could not be obtained. Bioriented PEN films were
obtained by a sequential bistretching in two directions
(at 90° to each other) with a first stretching in the
machine direction (MD) at 145°C then in the TD di-
rection at the same temperature from the 300 �m thick
amorphous film studied in a previous investigation.14

The draw ratio � for MD and TD was constituted
between 3.5 and 4 and the ratio TD/MD � 1. PEN
films are annealed at 250°C in the industrial process
(also called thermosetting temperature and chosen 10
to 30 K below melting temperature), which is used to
make the film more stable for heat shrinkage. From
this film, 16 samples were indexed, as shown in Figure
2. (The meaning for the indexation letters used can be
found in this figure caption.) The thermal treatments
consisting in annealing at temperatures equal to 240,
250, and 260°C, respectively, were applied to the aF
and dF parts of these films. Samples were treated in
the oven of a dynamic mechanical instrument de-
scribed elsewhere14 for 1 h and then slowly cooled to
room temperature (controlled cooling rate of 5 K/min)
before analysis. The effect of such thermal treatments
leads to a modification of the initially oriented mor-
phology of the samples. The annealing was carried out
totally free, so samples were under no restraint that
would prevent shrinkage in both directions.

To obtain pole figures, a WAXS system was used
that consisted of a computer-controlled pole figure
device associated with a wide-angle goniometer cou-
pled to an X-ray tube operating at 30 kV and 30 mA
(Cu–K� radiation, filtered electronically and by Ni
filter). The complete pole figures were obtained for the
stereographic projection of Euler angles of crystal ori-
entation with respect to the incident beam � (polar
angle) in the range from 0 to 90° and � (azimuthal
angle) from 0 to 360°, both in 5° steps (see Fig. 3). The
complete pole figures were then obtained for � � 0–
50° by reflection and � � 50–90° by transmission; the
connecting angle was �c � 50°. The slit system was

Figure 1 PEN backbone formula.
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always adjusted to measure the integral intensity of
the appropriate diffraction peak. The necessary correc-
tions for background scattering and sample absorp-
tion were calculated. The diffraction data were then
corrected for the X-ray defocusing and other instru-
mental effects from the data obtained in the same
experimental conditions for a nonoriented PEN stan-
dard sample.

Finally, the stereographic projections were gener-
ated from the program POD, part of the pop LA

package (Los Alamos National Laboratory, NM). All
pole figures were plotted with linear intensity scale.
The pole densities were first self-normalized to the
random pole distribution and finally plotted in the
units of multiplication of the density of random dis-
tribution.

DSC measurements were carried out by use of a
2920 TA Instruments apparatus in the range of 50 to
300°C with a heating rate of 10 K/min. Glass-transi-
tion temperatures were measured at the onset and

Figure 2 (1 0 0) and (0 1 0) pole figures and indexation of the different parts of the PEN samples studied within the width
of the film. F, feed edge; B, blank edge. Four positions named a, b, c, d or A, B, C, D were chosen from the center of the film:
lowercase letters correspond to the bottom part of the film and capital letters to the top of the film.

Figure 3 Coordinates of the direct and reciprocal axes of the �-form PEN in the orthonormal reference. End view of the
�-PEN unit cell. Axes orientation for pole figures.
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midpoints. Sample weights were approximately 10
mg. Temperature calibration was obtained using in-
dium. All samples were sealed in aluminum pans and
measurements were performed under a high-purity
nitrogen atmosphere.

TMA measurements were performed on a 2980 TA
Instruments apparatus (also used for all thermal treat-
ments, described in a previous study14). Thermal de-
formations were studied for aF, dB, and dF samples
both in the MD and TD in the range of 50 to 300°C
with a heating rate of 3 K/min.

Crystallographic properties of PEN will be detailed
before studying the orientation of crystallites in the
PEN films

Crystallographic data of PEN

Crystallographic data4 for the triclinic P�1 unit cell
of the �-phase of PEN are as follows: a � 6.51 Å, b
� 5.75 Å, c � 13.2 Å, � � 81°20�, � � 144°, � � 100°,
V � 285.57 Å3, d � 1.407 g/cm3.

The normalized coordinates of the normal to the
(hkl) planes and also the normal to the naphthalene
ring were calculated for the �-phase from the triclinic
parameters and from the coordinates of three atoms of
the naphthalene ring (see Table I), using results ob-
tained by Mencik et al..4 The following orthonormal
reference were used: Oz in the c direction, Ox orthog-
onal to Oz in the (a,c) plane, and Oy orthogonal to the
(a,c) plane. The normal nhkl to the (hkl) plane was
easily calculated from the coordinates of a*, b*, and c*
of the reciprocal cell as shown on Figure 3 and accord-
ing to

n�hkl �
ha�* � kb�* � lc�*

�h2a*2 � k2b*2 � l2c*2 (1)

The, (100), (010) (�110), and (�210) reticular planes
of the �-phase, which have the highest diffracted in-
tensities, were studied according to the topography of
the 25 �m thick PEN film, that is, the position of the
sample with respect to the transverse direction of
drawing (results are reported in Table II).

The respective dihedral angles between the planes
and between their normal to the planes (modulo 180°)
can then be calculated (from the vectorial product for
instance):

(100), (010) � 95.11° (84.89°) (the intersection of
these two planes defines the c-axis direction)

(100), (�110) � 35.50° (144.5°) [(�110) containing
the chains]

(100), (�210) � 19.06° (160.93°)
(010), (�110) � 59.61° (120.4°)
(010), (�210) � 76.04° (103.96°)
(100), (plane of the chain) � 28.39°
(010), (plane of the chain) � 66.72°
(�110), (plane of the chain) � 7.11°

Thus the angle between the normal to the chain and
the normal to the (�110) plane is 7.11°; that is, the
(�110) plane containing the chains has the highest
electronic density (i.e., structure factor F4 as can be
seen in Table II).

The morphology and texture of bistretched PEN
films can then be analyzed to relate them to mechan-
ical and electrical properties.

RESULTS AND DISCUSSION

Determination of crystal orientation

The general view of (100) and (010) reticular plane
pole figures clearly shows that the orientation of crys-
tals (partially for aF, AB, and also CB, which behave as
a second orientation group) is mainly uniaxial in the
film plane and position dependent with respect to TD.

TABLE I
Coordinates of Some Atoms of the Naphthalene Ring in

the Triclinic Axesa

Atom

Axis

x y z

C6 0.848 0.793 0.056
C8 0.122 0.171 0.207
C9 0.190 0.266 0.131

a See Figure 1.

TABLE II
Reticular Planes and Coordinates of Their Normalized Normals in the Orthonormal Axes

hkl x (n) y (n) z (n) dhkl (Å) 2�[°(Cu–K�)] [F] measureda [F] calculateda

(100)b 0.9960 0.0890 0 3.8113 23.339 66 62
(010)b 0 1 0 5.6618 15.651 47 46
(001) 0.8088 �0.0176 0.5876 7.7576 11.406 17 19
(�110)b �0.8626 0.5058 0 3.3008 27.012 81 84
(�210)b �0.9704 0.2411 0 1.8501 49.189 52 49
Planar chain �0.9187 0.3950 0.0065 — — — —

a From Mencik.4
b Reticular planes used for pole figures.
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Because the (�110) reticular plane of the dF sample
containing the chains is parallel to the film plane, the
c-axis of the crystals must be situated within it. Figure
2 shows the pole figures (010) and (100) for the whole
nontreated film and Figure 4 shows the pole figures
only for the dF sample but untreated and treated at
260°C.

More precisely, the values for respective latitudes
�1, �2 (in the range 0–90°) and meridians �1, �2 (in the
range 0–180°) of two reticular planes measured ac-
cording to their position in the film are summarized in
Table III, which also gives the “Angle 1–2” as a veri-
fication of the good agreement for the angles of the
two planes [84.9° � 85° for (100) and (010)], �1 and �2
being adjusted modulo 180°, that is, taken in the range
0–360° for this purpose. The coordinates x1–2, y1–2 , and
z1–2 of the normalized vector orthogonal to the two
(hkl) vectors (i.e., the direction of the intersection of
the two reticular planes) are also reported. Finally, the
orientations (latitude and meridian) of the c-axis and
the dihedral angle of the chain related to the plane of
the film according to the position of the sample are
shown in Table IV. This table shows the separation
between the main population (number 1 added to the
letters indicating the positions in the processed film),
the effect of annealing and the secondary population

(numbers 2 and 3, respectively). It is clear that the
reticular planes (100) and (010) define without doubt
the orientation of the c-axis of the crystals in the film.
For all samples, the plane of the chain is in the plane
of the film within �5°. It can be found that the plane
of the chains is also in the plane of the film when
looking at the orientation of the secondary population
of crystals in samples aF and CB, although these pop-
ulations are in higher quantity in this case.

Samples dF, CF, aF, AB, and CB, which also show
other types of orientation but to a lesser extent, are
described in Table III. This second family of crystals is
quite as important for aF and CB samples; they exhibit
a random orientation for the (100) pole with the (010)
pole perpendicular to the film plane. For the particular
value (aF2 in Table III), the dihedral angle between the
planar chain and the film plane is 79°, approaching the
perpendicular direction to the film. As for the CB
sample, similarly to the aF sample, the two CB2 and
CB3 in Table III are more precisely defined. Also, the
plane of the chain is not situated in the film plane (its
dihedral angle being 79°), but the c-axis is.

Concerning the (�210) reticular plane (structure fac-
tor 52), because it is in the vicinity of the (0�31) and
(�316) planes of structure factors 25 and 14, respec-
tively, at d � 1.84 Å, the pole figures are more com-

Figure 4 dF sample pole figures: (0 1 0), (1 0 0), (�1 1 0) untreated, and (1 0 0) treated at 260°C.
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plicated, less accurate, and difficult to interpret for all
the samples. Table III gives an example of calculation
showing the complete disagreement [CF1 with
(�210)] between (100) and (010) with (�210), which
are not coherent concerning dihedral plane angles.

The figure for the AB (100) pole is less accurate,
probably because of experimental failure, but appears
to follow the trend with the (010) pole and also when
compared to the neighbor sample (AB compared to
CB). The main pole angle value for (100) and (010)

TABLE III
Calculations of Angles from Pole Figuresa

Sample Planes 1 and 2 �1 (�90°) �1 (°) �2 (�90°) �2 (°) Angle 1–2 x1–2 y1–2 z1–2

dF annealed (100) (010) 57 135 28 316* 85 0.6978 0.7169 �0.0084
dF annealed (100) (�110) 57 135 90 any 33 0.7071 0.7071 0
dF 1 (100) (010) 57 143 28 320* 85 0.6322 0.7744 0.0253
dF 1 (100) (�110) 57 143 89 170 32 0.6117 0.7910 0.0081
dF 1 (010) (�110) 28 140 89 170 61 0.6463 0.763 0.088
dF 2 (100) (010) 10 175 30 85 85 0.1073 0.5055 �0.8561
dF3 (100) (010) 10 106 30 4 85 0.4647 0.2869 �0.8357
CF 1 (100) (010) 55 156 30 335* 85 0.4180 0.9084 0.0087
CF1 (100) (�210) 55 156 13 240* 76 0.7666 �0.2899 0.5729
CF1 (010) (�210) 30 155 13 240* 79 0.5132 0.0682 0.8555
CF 2 (100) (010) 10 111 28 10 85 0.4065 0.3178 �0.8566
aF 1 (100) (010) 57 180 28 0 85 0 1 0
aF 2 (100) (010) 16 180 79 0 85 0 1 0
aF 3 (100) (010) 16 140 79 320* 85 0.6428 0.766 0
AB 1 hyp (100) (010) 55 12 30 192 85 0.2079 0.9781 0
AB 2 (100) (010) 12 150 30 253* 85 0.4183 0.3723 0.8285
AB 3 (100) (010) 12 228 30 305 85 �0.5189 �0.2248 �0.8285
bB1 (100) (010) 57 24 28 205 85 0.4185 �0.9082 �0.0084
CB 1 (100) (010) 55 33 30 214* 85 0.5550 �0.8318 �0.0087
CB 2 (100) (010) 10 70 85 240* 85 0.9387 �0.3145 �0.015
CB 3 (100) (010) 10 352 85 339* 85 �0.1425 �0.9896 �0.0194
dB1 (100) (010) 55 40 30 222* 85 0.6615 �0.7497 0.0174

a The number indicates the type of orientation populations: (1) principal high intensity reflection (appears in black on Fig.
2 and 4); (2, 3) other families with lower intensities (appear in gray on Fig. 2 and 4). AB1 hyp, hypothesis, which comes from
the calculation of the middle of AB pole figure that is not present because of missing experimental data; *, �180°, that is, to
have correct values between two planes 180° have been added to some �2 angles.

TABLE IV
Orientation of Chains with Respect to Sample Positions in Machine Direction (MD)

or Transverse Direction (TD)a

Sample
Latitude of c axis

(°)
Meridian of

c /MD c angle /TD Chain angle /TD

dF1 0.7 51 �39 �5
CF1 0.5 65 �25 �5
AF1 0 90 0 �5
AB1 0.25 �78 12 �5
bB1 �0.5 �65 15 �5
CB1 �0.5 �56 24 �5
dB1 0 �48 32 �5
dF annealed �0.5 45 �45 �5
dF2 �58 �78 2 *
dF3 �57 32 �58 *
CF2 �57 38 �52 *
AF2 0 90 0 �6
AF3 0 50 �40 �6
AB2 56 42 �48 *
AB3 �56 �24 66 *
CB2 0.85 �20 70 �1
CB3 1.1 82 �8 �1

a The number is used to distinguish between orientation populations: 1, principal
population, which is the first part of the table; 2 and 3, secondary populations, which are
in the last part of the table. *, not in the film plane.
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shown in Table III can then be calculated to be used as
a hypothesis for coherence of all the other results (AB1
hyp).

It is worth noting that crystals are completely per-
pendicular to the machine direction in the center of the
film (aF and approximately AB). This is attributed to
the transverse stretching made after the longitudinal
stretch on the hot foil. This has been observed for
other polymers sequentially oriented.15

PEN films showed large variation of texture accord-
ing to the transversal position of the sample, as shown
in Table IV. The systematic studies relating the texture
with the width position of the sample show that at the
edges the texture is tilted by approximately 45° with
respect to the machine direction. The tilt is related to
the initial stages of transverse drawing when the
edges of the ribbon are being gripped and pulled
transversally. The shear and drawing, acting with a
significantly high rate, stimulate the crystallization of
PEN in a tilted manner.

Concerning annealing at 260°C, Figure 4 shows that
minor orientations disappear and that the main orien-
tation is modified. This could be attributable to a
melting of this secondary phase and recrystallizing
without orientation afterward with probably some
amorphous phase (see the following two sections).

Thus the reflection plane (�110) is situated at the
upper pole and the plane of the chain is parallel to the
film within �5°. Dielectric analysis has also allowed
the observation of the evolution of molecular relax-
ation phenomena with morphology changes when
disorientation occurs in the amorphous phase16 and
FTIR polarized measurements have quantified the dis-
orientation occurring when annealing takes place.17

DSC analysis

The DSC thermograms of four differently thermally
treated PEN samples, taken in the dF position (the
same as those taken to produce Fig. 4), are shown in
Figure 5. The thermal treatment was carried out for 1 h
at temperatures of 240, 250, and 260°C. The glass-
transition temperature occurs close to 118°C and the
melting temperature from 230 to 270°C, as can be seen
in Table V. Two values for the 100% crystalline en-
thalpy can be found in the literature: �Hf� � 103.4
J/g18 or �Hf� � 190 J/g.19 The crystallinity ratios for
the nontreated and the three annealed samples were
calculated in this study using �Hf� � 190 J/g19 and
can be seen in Table V. These values are typical of a
semicrystalline bioriented thermoplastic polyester. By
use of a custom-developed fitting program, the peaks

Figure 5 DSC analysis of dF PEN samples.

TABLE V
DSC Analysis and Peak Decomposition of PEN 25 �m dF Samplesa

Sample Tg Onset–Mid (°C) Tm Peak 1 (°C) �H1 (J/g) Tm Peak 2 (°C) �H2 (J/g) �H Total
Percentage
crystallinity

Nontreated 117.5–132.5 233 2.23 267 35.86 38.09 20
Treated 240°C 118.8–133.8 255 22.06 264 22.93 44.99 23.6
Treated 250°C 118.5–133.7 260 8.95 264 37.72 46.67 24.6
Treated 260°C 119.2–136.3 256 4.95 270 43.73 48.73 25.6

a Tg, glass-transition temperature; Tm, melting temperature.
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were decomposed, clearly showing that there are two
melting endotherms, as can be seen in Figure 6. Table
V gives also the peak positions for the two melting
endotherms observed and the respective enthalpies as
a function of annealing temperature. The variation of
the glass-transition temperature for the four different
samples is not significant (�2 K, which is within ex-
perimental error range). In contrast, the melting tem-
peratures and crystallinity ratios increase with anneal-
ing temperature, which is in agreement with the in-
crease in the size of the crystallites and/or the
perfecting of these entities as the annealing tempera-
tures increase. The thermogram of the nontreated
sample shows a low melting temperature peak at
233°C, which corresponds probably to the secondary
population disappearing on the 240°C annealed sam-
ple thermogram. When the annealing temperature in-
creases, the thermograms show two peaks. The first
one can be attributed to the recrystallization of the
lower peak and also possibly to a partial crystalliza-
tion of the amorphous phase, some of which is prob-
ably oriented. Then, it decreases in intensity and shifts
to a higher temperature value. At 260°C it could be
assumed that it is completely mixed with that of the
oriented phase, whereas the lower temperature peak
could be considered as residual unoriented crystals.
Concerning the second melting peak, its position re-
mains quite constant and its intensity increases regu-
larly from 240 to 260°C where it has the smaller band-
width (see Fig. 6). It can be easily seen in Table V that
crystallinity increases with annealing temperatures
(Tann). For Tann � 250°C, it is more likely expected that
the thermogram reflects the temperature of annealing

of PEN film in the industrial process (also called ther-
mosetting temperature, which is used to make the film
more stable for heat shrinkage).

Thermomechanical analysis

The discussion on the TMA results is totally depen-
dent on the assumption that no TD relaxation has been
applied to the film during manufacture.

Thermal shrinkage curves for the three aF, dB, and
dF nontreated samples in MD and TD are reported in
Figure 7. It can be assumed that it concerns mainly the
amorphous phase of the material becoming disori-
ented from elongated chains, certainly accompanied
by crystallization. The highest discrepancy is observed
for the aF sample between the MD and TD. The be-
havior of dF and dB is quite similar in TD and MD, in
accordance with a c-axis angle close to 45° from the
MD (i.e., comparable shrinkage discrepancies). Con-
cerning the center of the film, in the aF position, the
amorphous chains oriented in the TD will probably
shrink in this direction, which explains the highest
transversal shrinkage value observed. Similar results
have been obtained for other samples.

CONCLUSIONS

Pole figure measurements have shown a strong de-
pendency on the position in the transverse direction of
the film and that there is primarily a dominant crystal
population, whose c-axis direction varies from �45° at
one edge to �45° at the other edge, the orientation at
the center being parallel to the transverse direction.

Figure 6 Peak deconvolution of DSC curves.
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There is also a secondary population, which can be
seen only near the center. The transverse orientation in
the center is attributed to the two-step drawing of the
film, the TD drawing being performed afterward at a
temperature above the Tg. It is likely that in a similar
way to the crystalline phase, the amorphous phase
chains are also highly oriented, as shown by change in
the thermal shrinkage evolution measured by TMA,
the highest dimensional evolution ratio between TD
and MD occurring at the center of the film. DSC mea-
surements strongly confirm these results, given that
crystallinity increases with annealing temperature be-
cause of a further crystallization accompanied by a
disorientation of the oriented amorphous phase dem-
onstrated previously by FTIR.17 Pole figures have
shown that the texture was modified probably attrib-
utable to the disorientation mainly from an annealing
temperature of 260°C.

According to the literature data, the crystallization
of PET20 is very sensitive to the rate of deformation
and less to the degree of deformation. Similar behav-
ior can thus also be assumed to occur for PEN.
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France, 1996.

2. Weick, B. L.; Bhushan, B. IEEE Trans Magn 1995, 31, 2937.
3. Weick, B. L.; Bhushan, B. Wear 1995, 190, 28.
4. Mencik, Z. Chem Prümysil 1967, 17, cfs2.
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