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Wide-angle X-ray scattering studies using an
area detector: crystallite orientation in
semicrystalline PET structures
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Max-Planck-Institute flir Polymerforschung, Postfach 3148, 55021 Mainz, Germany
(Received 28 January 1994, revised 19 December 1994)

By means of a Nicolet area detector, the crystallite orientation of uniaxially multi-step drawn poly(ethylene
terephthalate) (PET) film strips with large draw ratios from 5.4 to 7.3 has been studied. As orientation
parameters, (cos” ¢}, (P,(cos¢)) and {Py(cos ¢)) were determined from the equatorial wide-angle X-ray
scattering reflexes (0 10), (1 10) and (1 00), where ¢ corresponds to the angle between the drawing direction
and the normal of the chosen (hk/) lattice planes. Using both the experimental (cos’ ¢,e) and
Wilchinsky’s method, the crystallite orientation was calculated in terms of the mean-square cosine of the
angle o between the c-axis of the unit cell and the drawing direction. For the highly drawn and
semicrystalline structures, the results reveal a nearly perfect alignment of the crystallite c-axis along the
drawing direction with a narrow orientation distribution. Despite large variations of the drawing conditions
leading to significant differences in the superstructure as well as the Young’s modulus, only slight changes of

the crystallite orientation are observed.

(Keywords: two-dimensional wide-angle X-ray scattering; crystallite orientation; poly(ethylene terephthalate))

INTRODUCTION

The orientation of molecular chains as a structural feature
strongly influences many physical properties, such as
the mechanical and optical properties. The definition of
orientation can be applied on several structural
levels. With regard to wide-angle X-ray scattering
(WAXS) studies, orientation of the crystallites is
detectable.

Uniaxial drawing procedures can be applied to
poly(ethylene terephthalate) (PET) to achieve large
draw ratios from 5.4 to 7.3, a birefringence of 0.202 <
An <0.249, and a degree of order of 26 < Ljys/
L <39%. Here, Ljys and L denote the crystal
thicknesses obtained from the half-width of the (105)
reflection and the meridional long period from small-
angle X-ray scattering (SAXS) measurements, respec-
tively. Studies on these structures have revealed that
the drawing conditions have a strong influence on the
material stiffness (elastic modulus)2, the time- and
temperature-dependent deformation behaviour® and
the lamellar/fibrillar structure®. The quasi-static
elastic modulus at low deformation speed (de/df <
0.5% min“l) was found' to be between 7.1 and
16.8 GPa, compared with 2.0 GPa for isotropic and
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non-crystalline PET. Recent SAXS investigations on
oriented and semicrystalline PET* have described a
lamellar structure with comparably short lamellae,
whereby the lamellae normal can be inclined with
respect to the drawing direction. Depending on the
drawing conditions, an inclination angle from 0 to 52° is
determined.

Since large changes in deformation behaviour and
lamellar/fibrillar structure are observed with drawing,
information about the crystallite orientation under
such conditions could increase our knowledge of the
underlying deformation mechanism. Therefore, two-
dimensional WAXS investigations have been performed
on the same highly drawn PET samples as used in refs
1-4.

THEORETICAL BACKGROUND
Description of orientation

Considering the crystallites as structural units, the
orientation development with respect to the sample
coordinate system (Xg, Y5, Zg) can be described by the
angles ¢, ; and 3, (refs 6 and 7). According to Figure 1,
the angles ¢,,, and f,;; correspond to the angles
between Zg and py,;;, and between Xg and the projection
of pj;in the Xg— Y5 plane, respectively. Zg denotes the
drawing direction and pjj; the normal to the chosen
(hkl) lattice planes, specified by the Miller indices. In
the following, ¢ and g will be taken for ¢,;; and By,x;,
respectively. The average orientation functions (cos” ¢)
can be calculated from the scattering intensities I{¢)
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according to:

Jﬁ I(¢)cos” psinpdg
(cos” ¢) = 2L — (1)
|, H@ysingas
0
where
-2
16) = [ 10,8045 @

The brackets { ) will be used for average values. In the
case of a B-dependence, the scattering intensities (¢, 8)
must be first 1ntegrated over § accordmg to equation (2)
and second over ¢ using equation (1)°.

The orientation distribution can be written in terms of
spherical harmonic functions (Legendre polynomials)’®:

:Z::n+

For symmetry reasons, only polynomials with even order
play a role. The second and fourth Legendre polynomials
are:

n(C08 @) Py (cos ¢) 3)

(Py(cos ¢)) =4 (3(cos” ¢) — 1) 4)
(Py(cos ¢)) = & (35({cos* ¢) — 30(cos’ ¢) +3)  (5)

For a given normal to the (k& [) plane of the unit cell, the
function (cos®¢) assumes values of 1 for a perfect
alignment with Zg as the drawing axis,1/3 for random
orientation, and 0 for precise perpendlcularlty to Zs.
The correspondlng values for (cos* @) are 1, 1/5 and
0, respectively. According to equations (4) and (5),
{P,(cos ¢)) takes on the respective values 1, 0 and —0.5
and (P4(cos @)) the values 1, 0 and 0.375.

The crystallite orientation of PET in terms of the angle
o between the c-axis of the unit cell and the drawing
direction Zg can be characterized by the normal on
the (105) lattice plane as well as by using the three
equatorial reflexes (O 1 0) (110) and (100) according to
W1lch1nsky s method®'’. Because of the triclinic unit cell
of PET!, there is no, (001) reflex'?. According to
Dumbleton and Bowles!'?, the normal of the (1 0 5) lattice
plane reveals the smallest angle to the c-axis of 8-10°for
all resolvable reflections of PET. The (105) reflex is
found to occur at a large scattering angle, 26 ~ 43O
refs 2, 12 and 13. Using Wilchinsky’s method” 10 to
determme the crystallite orientation of PET, the mean-
square cosine of o can be calculated from the
experimental (cos? ¢, of the three equatorial reflexes
(Figure 2) and

{cos’ ) = 1 — A{cos® ¢y10) — Blcos® i)

— C{cos” ¢y90) (6)

where the parameters 4 = 0.8786, B=0.7733 and
C=0. 3481 are derived from the triclinic crystal
system®'?. As seen in Figure 2, the (01 0, (110) and
(100) lattlce planes are parallel to the c-axis.

EXPERIMENTAL

Sample preparation

The WAXS experiments were carried out on uniaxially
drawn PET film strips. The drawing conditions are given
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Figure 1 Relationship between the sample coordinate system
(Xs, Ys, Zs) and the normal to the (2k /) lattice planes, py;
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Figure 2 Unit cell planes which correspond to the equatorial
scattering reflexes (010), (110) and (100). The angle between the
normal of the unit cell planes and the drawing direction is denoted as ¢

Table 1 Zone drawing conditions in the last drawing step. The
drawing velocity was 100mmmin~! and the drawing stress was
increased step-by-step in 50 MPa increments. The draw ratios are
averaged values’

Drawing conditions in the last step

Drawing Drawing  Final

Total temperature,  stress draw

Initial drawing Ty range, o4  ratio,
Sample  sample steps O (MPa) oy
1 isotropic 1 68 15¢ 4.3
2 1 2 160 70-350 6.3
3 2 3 200 200-370 7.1
4 2 3 230 200400 7.3
5 1 2 200 200-400 7.2
6 isotropic 1 80 387 5.6
7 6 2 160 70-250 6.2
8 isotropic 1 23 b 42
9 8 2 180 100° 5.4

“ Smgle -step drawing, drawmg velocity of 5.5 mmmin~" for sample 1
Smgle -step drawing in a homogeneous temperature field, drawing
velocity of 3 mm min~

in Table 1. The sample demgnatlon coincides with those
of our previous studies' ™. A nearly isotropic and non-
crystalline PET film, w1th M, ~ 20000, thickness of
180 um and width of 2.8 mm, was used as the precursor
material for a multi-step drawing procedure, character-
ized by the number of temperature steps. The first



drawing step at 68°C yielded sample 1 and the drawing at
23°C resulted in sample 8 (Table 1). Both temperatures
are lower than the glass transition temperature (7,) of
69°C, determined by d.s.c. measurements Samples 1 and
8 are non-crystalline. Further drawmg of these samples
at temperatures far above T, (Table I) caused highly
oriented and semicrystalline structures with large
average draw ratios up to 7.3. To avoid chain breaks,
the drawing stresses in the second and third steps were
increased step-by-step in 50 MPa increments’ until the
stress limit was reached. The initial stress in the second
drawing step was chosen to be 70 MPa for samples 2
and 7, and 200 MPa for sample 5. Due to the higher
temperature, the ultimate drawing stress of the third
step was somewhat larger than that of the second step
(Table 1).

Sample 6 was drawn in only one step at 80°C, which is
slightly above the glass transition. The drawing stress of
38 MPa was very large and near the breaking point.
Therefore, strain-induced crystallization could occur’.
The resulting degree of order, L1,5/L, of about 30% was
comparable with those of samples drawn in two and
three steps A further drawing of sample 6 at 7 = 160°C
vielded sample 7 (Table 1).

Wide-angle X-ray scattering

The two-dimensional WAXS studies were performed
by means of a Nicolet area detector in conjunction with
an 18 kW rotating Cu-anode X-ray source (Rigaku RU-
300). A graphite double monochromator, an Ni filter and
a set of collimators placed ahead of the sample holder
provided a CuKa radiation beam with a wavelength of
A = 0.154 nm and a point focus diameter of ~1.0mm. A
beam divergence of 0.056° was determined. The WAXS
experiments were performed with the horizontal X-ray
beam perpendicular to the Zg— ¥ sample film plane and
by changing the angle 5 in steps of 10°. The distance
between sample and detector was chosen as s = 100 mm.
To obtain a large signal-to-noise ratio, a data recording
time of 4h was used for a sample thickness from 60 to
90 pm. The resolution of the detector was limited by an
array of 512 x 512 pixels with a pixel-to-pixel distance of
z=02mm. A PCS/CADMUS 9600 computer and a
VAX station 3100 including a PV-wave software system
(Precision Visuals Inc.) were taken for the instrument
control and the interactive data analysis, respectively.
The experiment provided the scattering intensities
I(¢pr;) for each sample rotation angle 8 (Figure 1).
Standard procedures were used for the correction of
the detector sensitivity, primary beam profile and
amorphous background.

The irradiated volume of the sample varies with the
angle 8, and part of the incident beam is absorbed by the
sample. The absorption was corrected for each sample
depending on a. Absorptmn coefficients, u, from 9.215 to
9.286 x 107* um~! were found for the PET samples.
Variation of the sample thlckness has revealed only a
negligible influence on (cos® ¢y .q) and (cos* ¢y k).

Starting from the two-dimensional WAXS patterns
{e.g. Figure 3), the intensity distribution 7{¢;;,) along
the Debye ring (26 = const.) was determined for each of
the three equatorial (4#k0) reflexes. Usually, reflex
intensities from neighbouring Debye rings influence the
desired azirmuthal intensity distribution 7(¢yzq). The
tails of these disturbing reflex intensities cause additional
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Figure 3 WAXS pattern of the highly oriented and semicrystalline

PET sample 3. The X-ray beam is perpendicular to the Zg— Yg sample
film plane. The drawing direction is vertical
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Figure 4 Measured scattering intensity /{¢) of sample 2 along the
Debye ring for the equatorial (010) reflex. The neighbouring (01 1)
reflex intensities overlap the desired (010) reflex. The X-ray beam is
perpendicular to the Zg— Y5 sample film plane

intensity peaks. They are separated by extrapolating the
monotonic function I(¢,.o) in the ¢ range from —90 to
90° through the additional peaks (Figure 4). The
orientation functions (cos” ¢, ;o) were calculated accord-
ing to equations (1) and (2) from /(o) along the
Debye rings.

RESULTS AND DISCUSSION

Figure 5 presents the two-dimensional scattering pattern
of sample 1, which was obtained by cold drawing of the
isotropic and non-crystalline precursor film (Table 1).
The scattering pattern of sample 1 reveals no crystalline
reflexes. Contrary to the isotropic initial structure, a
broad intensity maximum on the equator exists. The
intensity distribution above reflects a highly oriented and
non-crystalline structure'®. In addition to the equatorial

POLYMER Volume 37 Number 1 1996 3



WAXS studies of semicrystalline PET: U. Géschel et al.

scattering intensity with measured maximum at
20 = 21.6°, a weak reflection close to the meridian at
26 =25.7° is found which can be attributed to the
conformational regularity. The scattering pattern of
sample 1 represented in Figure 5 corresponds to that of
sample 8. Both structures characterize the initial
materials for all the semicrystalline structures discussed
in the present paper.

Figure 6 reveals the known eight intensive reflexes
for the semicrystalline PET samples 2-5, 7 and 9 in
the angular range 260 = 3 to 30°, corresponding to the
Miller indices (hk /) with / = 0 to 3. The angles 26 are
calculated from the two-dimensional scattering patterns
according to

20 = arctan( r—SZ ) (7)
with the Debye ring radius r (number of channels), pixel
distance z and sample-to-detector distance s. The reflex
designation is taken from Bonart'> and Jungnickel'®.
The angular positions correspond to those in the
scattering patterns of samples 2-5, 7 and 9. Almost
independent of the drawing conditions, the three
equatorial reflexes at (010), (110) and (100) are
found at scattering angles 26 = 17.3, 22.5 and 25.7°,
respectively. As known, the peak position is determined
by the geometry and size of the unit cell. Within the
accuracy of the WAXS experiment applied, no signifi-
cant variation of the crystal plane spacings with drawing
is found for samples 2-5, 7 and 9. Fakirov ef al.'” have
also reported negligible differences in spacings for PET
samples annealed at different temperatures between 120
and 260°C. In contrast, the strain-induced crystallized
sample 6 reveals a unit cell dimension different from
those of the other semicrystalline samples. Preparing
sample 7 from sample 6 (Table 1) shows that the crystal
plane spacings can be influenced by drawing and heat
setting as discussed by Bhatt ez al.'® as well as by Gupta
and Kumar®.

Tables 2—4 present the orientation parameters of
semicrystalline PET calculated by means of equations
(1), (2), (4) and (5). The equatorial reflexes (0 10), (110)
and (1 00) correspond to the lattice planes parallel to the
molecular c-axis of the unit cell, schematically repre-
sented in Figure 2. According to Daubeny er al.'!, the
unit cell is triclinic with angles of (¢, a) = 98.5°,
(c,b) = 118° and (a, b) = 112°. The angles ¢y ; between
the drawing direction Zg and the normal of the (hk/)
lattice planes above are expressed in terms of the
orientation parameters given in Tables 2—4. The data
reveal that the normals of the chosen three lattice planes
are almost perpendicular to the drawing direction. Only
slight angular variations with the drawing conditions are
found. In the case of the (100) reflex, the differences in
the orientation parameters among the PET samples
are somewhat larger than for the (110) and (010)
reflexes.

The wuniaxially drawn PET samples have been
investigated for biaxial orientation components. For all
sample rotation angles f3, three sharp equatorial reflexes
are found. The proportion of the maximum intensities
among the equatorial reflexes can vary with 3 (Figure 7).
In the case of sample 5, the scattering intensities I(¢pz0)
are found to be independent of 8. To illustrate these
results, the intensity distributions along the equatorial
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Figure 5 WAXS pattern of the oriented and non-crystalline PET
sample 1, where the X-ray beam is perpendicular to the Zg— Y sample
film plane. The drawing direction is vertical

hk1
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Figure 6 Schematic representation of WAXS reflexes for oriented and
semicrystalline PET. The reflex designation is taken from refs 14 and
15. The angular position corresponds to those of samples 2—5, 7 and 9

Table 2 Orientation parameters from the (0 1 0) reflex

Orientation parameters

(cos? &) {Py(cos ¢))
Sample +0.0005 +0.0008
2 0.0023 —0.4964
3 0.0016 —0.4976
4 0.0015 —0.4978
5 0.0020 —0.4970
6 0.0079 —0.4882
7 0.0036 —0.4946
9 0.0021 —0.4969

(010), (110)and (100) reflexes of samples 3 and 5 using
the X-ray beam perpendicular to the Zg— Y5 as well as to
the Zg—Xg sample film planes are presented in Figure 7.
Despite differences in the scattering intensities I{c;z0)
with 3, the studies reveal a relative change of (P,(cos ¢))



which is smaller than 0.8%. Therefore, the 5-dependence
can be neglected for the PET samples above.

The crystallite orientation is calculated in terms of
(cos” o) according to equation (6), where o is the angle
between the c-axis of the unit cell and the drawing
direction, Zg. As seen in Table 5, the crystallites are well
oriented. The angles ¢ as averaged values from the
orientation distribution according to (cos® ) are found
in the range from 2.9 to 7.7° for the highly drawn and
semicrystaliine PET samples 2—9. Such small values are
only possible in the case of a very narrow orientation
distribution. This is in good agreement with the
orientation parameters (P,(cos¢)) presented in Tables
2-4. The (cos* @) are within the error estimates and,
therefore, not listed together with the resulting
(Py(cos ¢)). Both (P,(cos¢)) and (P4(cos¢)) are close
to the limits for perfect perpendicular orientation of the
hk ! plane normals to the drawing direction.

The lowest crystallite orientation among the semi-
crystalline sampies is found for the strain-induced

Table 3 Orientation parameters from the (110) reflex

WAXS studies of semicrystalline PET: . Goschel et al.

crystallized sample 6. Here, the crystallization took
place at 80°C, near the glass transition. The achievable
drawing stress was only low with 38 MPa (Table 1).
Further drawing of that sample caused a significant
improvement of the crystallite orientation. However, the
final orientation reached was lower than those for
samples 2—5 which were crystallized under hot drawing
conditions.

As seen from the comparison of the highly drawn
sample 2 with sample 3 or 4, an additional drawing step
can vyield a small improvement in the crystallite
orientation. Such a change in the orientation was
connected with a large increase in the draw ratio from
6.3 to 7.1 or 7.3, respectively (Table 1).

Remarkably, the two-step drawn sample 5, which was
loaded at a very large initial stress in the second step,
reveals almost the same perfect crystallite orientation as
samples 3 and 4 which experienced an additional
drawing temperature at 160°C and much more incre-
mental drawing stress increases in the second drawing

Table 4 Orientation parameters from the {100) reflex

Orientation parameters

rientation parameters

{cos’ ) (Py(cos )} (cos” 6) {Py(cos ¢))
Sample +0.0005 £0.0008 Sample =£0.0005 +0.0008
2 0.0055 —-0.4918 2 0.0054 —0.4919
3 0.0050 —0.4925 3 0.0013 -0.4981
4 0.0013 —0.4981 4 0.0008 ~0.4988
5 0.0019 —0.4972 5 0.0009 -0.4987
6 0.0074 —0.4889 6 0.0158 —0.4763
7 0.0045 —0.4933 7 0.0022 —0.4967
9 0.0024 —0.4964 9 0.0017 —0.4975
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Figure 7 Measured scattering intensity /(¢) of samples 3 and 5 along the equator. Represented are the three (A 0) reflexes, (01 0), (1 10) and (100),
along the equator. The X-ray beam is perpendicular to the Zg— Yg plane (a) and the Zg—Xg sample film plane (b)
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Table 5 Crystallite orientation

Orientation parameters

crystallite orientation, comparable to those reached by
additional drawing treatments. Hot drawing of an
oriented and non-crystalline PET structure yields a
higher final crystallite orientation than achievable
by strain-induced crystallization close to the glass
transition.

Sample (cos? o) (@) ()

2 0.9917 £0.0010 52+£04
3 0.9942 £ 0.0010 44+04
4 0.9974 £ 0.0011 29+0.6
5 0.9964 = 0.0011 34+05
6 0.9819 +0.0010 7.7+02
7 0.9925 £0.0010 5004
9 0.9957 +0.0010 3.84+0.5

step. The final drawing stresses reached at draw ratios
from 7.1 to 7.3 (Table 1) are comparable and lic in the
range between 370 and 400 MPa.

CONCLUSIONS

PET films were muiti-step drawn close to the draw ratio
limit at each temperature. Previous studies on these
highly drawn materials revealed large differences in the
superstructure as well as the mechanical properties with
variation of the drawing conditions. The present WAXS
investigations concerning the crystallite orientation of
these semicrystalline PET samples reveal a nearly perfect
alignment of the c-axis with respect to the drawing
direction, expressed by an averaged angle o from 2.9
to 7.7°. According to the orientation parameters
(Py(cos¢)) and (Ps(cos¢)) for the normals of the
(010), (110) and (100) lattice planes, the orientation
distribution is very narrow. Additional drawing steps
may improve the crystallite orientation. Suddenly
applied very large drawing stresses on an oriented
and non-crystalline structure can also yield a perfect
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