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ABSTRACT: The orientation of the three principal crystallographic axes, the a-, b-, and c-axes of crystallites of

poly(ethylene terephthalate) (PET) under simultaneous biaxial stretching was estimated in terms of the orientation dis-

tribution function. For most of crystalline polymers with a triclinic unit like PET, there are no crystal planes perpen-

dicular to the a-, b-, and c-axes that can be detected directly by X-Ray diffraction techniques. Accordingly, the func-

tions of the a-, b-, and c-axes must be calculated by the method proposed by Roe and Krigbaum. In doing so, the

orientation functions of the reciprocal lattice vectors must be measured for a number of crystal planes. In this paper,

as an example, the orientation of crystallites and the orientation of the a-, b-, and c-axes were estimated for a PET film

under simultaneous biaxial stretching in terms of the orientation distribution function of crystallites because of consid-

erable utilization rate of PET as commercial films. The estimated orientation functions of the b- and c-axes predicted

the detailed information concerning uniplanner orientation of benzene rings parallel to the film surface.
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The evaluation concerning molecular orientation
was first proposed by Herman in terms of the second
order orientation factor.1 This factor is a sort of the
second moment of the orientation function. After then,
the orientation of crystallites was estimated by Roe
and Krigbaum2–4 in terms of the distribution function.
The mathematical representation was given by an ex-
pansion of the distribution function in a series of gen-
eralized spherical harmonics. This method has been
very important to obtain the orientation of the three
principal crystallographic axes, the a-, b-, and c-axes,
in terms of the orientation distribution function. Ac-
tually, there are several papers for estimating orienta-
tion distribution functions of the three principal crys-
tallographic axes, the a-, b-, and c-axes of poly-
ethylene,5,6 poly(vinyl alcohol),7,8 nylon 69 and cellu-
lose.10

The first trial for poly(ethylene terephthalate) by
Krigbaum and Balta11 was done by using a simple uni-
axially stretched films but their trial was absolutely
unsuccessful. However, the recent development of
computer program and high power X-Ray source pro-
vide easy peak separation of overlapped peaks and the
orientation functions for the reciprocal lattice vectors
can be obtained for a number of crystal planes with
high accuracy. Consequently it becomes possible to
calculate the orientation distribution functions of crys-
tallites as well as of the a-, b-, and c-axes from the ob-
served orientation functions of the reciprocal lattice

vectors of the crystal planes. In previous paper,12 the
orientation of crystallites with a triclinic unit was
evaluated in terms of orientation distribution function
for a PBT film elongated uniaxially. The orientation
distribution function of crystallites was calculated by
using the functions of the reciprocal lattice vectors
of 13 crystal planes. The successful results predicted
that the preferential orientation function of the c-axis
with respect to the stretching direction follows a float-
ing model associated with an affine fashion.
This paper is concerned with the estimation for ori-

entation distribution functions of the three pricipal
crystallographic axes, the a-, b- and c-axes as well
as the orientation function of crystallites, of a PET
film elongated biaxially up to four-fold (4� 4), since
PET films have been utilized as a commercial films
because of good thermal dimensional stability and
high Young’s modulus. In this system, crystallites
are oriented randomly around the film thickness direc-
tion and the uniplanner orientation of benzene rings
parallel to the film surface provides good thermal di-
mensional stability and high Young’s modulus. In
spite of the important information, there has been no
refine paper for the orientation of crystallites of
PET. One is due to a complicated experimental proce-
dure of this system in comparison with an uniaxially
stretching film and the other is due to lower crystallin-
ity. Accordingly, as a trial, the orientation of PET
crystallites is estimated in terms of the orientation dis-
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tribution function by using a simultaneous biaxial
stretching film.

EXPERIMENTAL

Samples used in this experiment were prepared
from amorphous PET films furnished by courtesy of
the Film Division Toyobo Co., Ltd. The film thickness
is about 220 mm. The films was cut into strips of
90� 90mm. The specimen was held at 90 �C for
5min and elongated biaxially to 4 folds (4� 4) using
an Iwamoto biaxial stretcher. The draw ratio was de-
termined in the usual way by measuring the displace-
ment of ink marks placed 5� 5mm apart on the
specimen prior to drawing. After stretching, the sam-
ple fixed in the stretcher was annealed at 150 �C for
10min to promote inner-stress relaxation and re-
moved from the stretcher.
Densities of PET films were measured by a pyc-

nometer. A mixture of ethanol and carbon tetrachlor-
ide was used as a medium. The film was cut into frag-
ments. The fragments were immersed in ethanol with
ultrasonic washing for 30min and subsequently vacu-
um-dried for 1 d. The weight percentage crystallinity
was calculated by assuming the intrinsic densities of
the crystal and amorphous regions to be 1.455 and
1.335 g/cm3 respectively and the value was 47.1%.
The X-Ray measurements were carried out with a

12 kW rotating-anode X-Ray generator (Rigaku
RDA-rA) operated at 200mA and 40 kV. Here we
must emphasize that the orientation function of the re-
ciprocal lattice vector for many crystal planes with re-
spect to the film normal direction cannot be obtained
by using usual X-Ray diffraction technique for the

thin films (<20 mm), since the number of crystallites
within the irradiated area of X-Ray beam is too few
to obtain strong X-Ray diffraction intensity. Then,
the orientation distribution functions were measured
only for the reciprocal lattice vectors of crystal planes
with very strong diffraction intensity by using a pole
figure attachment.14 To obtain the orientation function
of crystallites, however, we developed a small exqui-
site instrument to stack a number of thin films as
shown in Figure 1. In such a stacked condition, meas-
urements of the X-Ray diffraction intensity distribu-
tion could be performed using a horizontal scanning
type monometer, operating at a fixed time step scan
of 0.1�/40 s over a range of twice the Bragg angle
�B from 7 to 55� by rotating about the stretching direc-
tion at 2–5� intervals of �j from 0 to 90�. The intensity
distribution was measured as a function of a given ro-
tational angle �j. �j in Figure 1(a) and (b) correspond
to 0� and 90�, respectively. For example, at �j ¼ 0�,
the diffraction intensity from the crystal plane parallel
to the film surface becomes maximum, while at
�j ¼ 90�, the diffraction intensity from the crystal
plane perpendicular to the film surface becomes max-
imum. Corrections of X-Ray diffraction intensity were
made for air scattering, background noise, polariza-
tion, absorption, incoherent scattering and amorphous
contribution. The intensity curve thus obtained was
assumed to be due to the contribution of the intensity
from the crystalline phase. The intensity curve
Icryð2�BÞ was separated into the contribution from
the individual crystal planes, assuming that each peak
had a symmetric form given by a Lorenzian function
of in Eq 1, where I0j is the maximum intensity of the j-
th peak.

Figure 1. A number of thin stacked films to measure X-Ray diffraction intensity distribution as a dfunction of twoce the Bragg angle at

(a) �j ¼ 0� (b) �j ¼ 90�.
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Icryð�B; �jÞ ¼
X
j

I0j

1þ ð2� j0 � 2�BÞ2=�2j
ð1Þ

Here �j is the half-width of the j-th peak at half the
peak intensity and 2� j0 is twice the Bragg angle at
which the maximum intensity of the j-th peak appears.
Using the same process at a given �j in the range from
0 to 90�, the intensity distribution Ijð2�BÞ can be deter-
mined for the respective j-th plane after integrating
Icryð2�BÞ by 2�B at each �j, and consequently the ori-
entation distribution function 2�qjðcos �jÞ of the j-th
reciprocal lattice vector may be given by

2�qjðcos �jÞ ¼

Z 2�2

2�1

Icryð�B; �jÞd�BZ �

0

Z 2�2

2�1

Icryð�B; �jÞd�B sin �jd�j
ð2Þ

where �1 and �2 are the Bragg angles at the two feet of
an isolated diffraction peak after the peak separation.
The orientation factor Fj

‘0 was expressed as

F
j
‘0 ¼

Z �

0

2�qjðcos �jÞP‘ðcos �jÞd�j ð3Þ

Incidentally, the uniaixial orientation of crystallites
with respect to the film normal direction was con-
firmed by X-Ray diffraction pattern (through view)
showing circular diffraction rings.

RESULTS AND DISCUSSION

Figure 2(a) shows Cartesian coordinate 0-U1U2U3

fixed within a structural unit, with respect to another

Cartesian coordinate 0-X1X2X3 fixed in a bulk speci-
men. The U3 axis may be taken along the c-axis but
has random orientation around the X3 axis along the
film thickness direction in the present system. The
elongation directions are along the X1 and X2 axes.
The orientation of the structural unit within the space
of the film specimen may be specified by using three
Euler angles, �, �, and �. The angles � and �, which
define the orientation of U3 axis of the unit within
the space, are polar and azimuthal angles, respective-
ly, and � specifies the rotation of the unit around its
own U3 axis. Coordinates (b) and (c) show a given
j-th axis rj within the unit, specified by the polar angle
�j and the azimuthal angle �j with respect to the Car-
tesian coordinate 0-X1X2X3 and specified by polar an-
gle �j and the azimuthal angle �j with respect to the
0-U1U2U3 of the unit. On simultaneous biaxial
stretching, �j is random around the X3 axis. The val-
ues of �j and �j are were calculated from a crystal
unit cell proposed by Daubeny et al.13 containing
one chemical unit with a ¼ 4:56 �A, b ¼ 5:94 �A, c ¼
10:75 �A, � ¼ 98:5�, � ¼ 118� and � ¼ 112�. They
are listed in Table I. Based on the geometrical ar-
rangement, the crystal unit in the bulk specimen and
the crystal unit are shown in Figure 3 to facilitate un-
derstanding.
For an uniaxial system around film normal direc-

tion, the orientation distribution function !ð�; �Þ of
crystallites may be calculated from the orientation dis-
tribution function of the reciprocal lattice vector of the
j-th plane. Namely, the orientation distribution func-
tion !ð�; �Þ for crystallites with a triclinic unit cell
may be obtained by using the orientation factor Fj

‘0

Figure 2. Cartesian coordinates illustrating the gometrical relation: (a) Euler angles � and � which specify the orientation of coordinate

0-U1U2U3 of structural unit with respect to coordinate 0-X1X2X3 of specimen, (b) Angles �j and �j which specify the orientation of the

given j-th axis of the structural unit with respect to the coordinate 0-X1X2X3, (c) Angles �j and �j which specify the orientation of j-th

axis of the structural unit with respect to the coordinate 0-U1U2U3.
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obtained experimentally (see Eq 3) in accordance with
the previous paper,12 which are given by Daubeny et
al.13

F
j
‘0 ¼ F‘00P‘ðcos�jÞ þ 2

X‘
n¼1

ð‘� nÞ!
ð‘þ nÞ!

� ðF‘0n cos n�j � G‘0n sin n�jÞPn
‘ðcos�jÞ ð4Þ

4�2!ð�; �Þ ¼
1

2
þ 2

X1
‘¼2

"
2‘þ 1

2

(
F‘00P‘ð�Þ

þ 2
X‘
n¼1

ð‘� nÞ!
ð‘þ nÞ!

ðF‘0n cos n�

þ G‘0n sin n�ÞPn
‘ð�Þ

)#
ð5Þ

and

2�qjðcos �jÞ ¼
1

2
þ 2

X1
‘¼2

2‘þ 1

2
F

j
‘0P‘ð�jÞ ð6Þ

In actual estimation of the orientation distribution
function of crystallites, we must consider the difficulty
of peak separation by Eq 1. Namely, there are some
crystal planes whose Bragg angle reflections are locat-
ed very close to each other. Especially, the separation
is extremely difficult for crystal planes with weak dif-
fraction intensity. The individual functions
2�qjðcos �jÞ can be obtained clearly for the crystal
planes with strong diffraction intensity, while the oth-
er functions must be estimated as a overlapped peak of
two or three crystal planes. In this case, the composed
function qjðcos �jÞ includes the contribution of several

Table I. Crystallographic data for all crystal planes normal

contributing to the measured intensity

hkl 2�B �j �j

ð0�111Þ 16.42 59.85 102.57

ð010Þ 17.53 90.00 59.44

ð�1111Þ 21.31 67.18 123.59

ð�1110Þ 22.54 90.00 137.83

ð011Þ 23.57 69.44 47.94

ð�1112Þ 24.71 47.91 105.96

ð100Þ 25.69 90.00 0.00

ð�1103Þ 26.44 19.81 155.49

ð1�111Þ 27.84 72.66 31.65

ð0�113Þ 28.75 29.93 53.11

ð003Þ 30.77 35.81 11.96

ð11�22Þ 31.15 57.71 28.93

ð1�220Þ 31.44 90.00 75.60

ð012Þ 31.96 58.61 40.51

ð�11�113Þ 32.44 39.62 146.20

ð�1121Þ 32.73 75.26 112.52

ð�112�11Þ 32.87 75.32 93.52

ð0�222Þ 33.18 59.85 102.57

ð1�221Þ 33.37 75.54 64.88

ð�1105Þ 42.67 9.77 60.20

ð0�224Þ 42.73 38.07 77.80

ð111Þ 45.27 79.26 22.05

ð�2210Þ 45.91 90.00 160.34

ð�11�224Þ 47.32 44.38 128.54

ð1�332Þ 48.31 69.48 76.24

ð�2205Þ 48.42 29.03 164.38

ð�1131Þ 49.06 80.05 81.46

ð12�11Þ 49.50 80.13 37.61

ð03�22Þ 49.66 70.03 109.42

a-axis 118.00 329.44

b-axis 98.50 90.00

c-axis 0.00 0.00

c�-axis 5.00 90.00

Figure 3. Geometrical arrangement of the crystal unit of PET and the schematic diagram of the unit cell.
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planes as follows:

2�qjðcos �jÞ ¼ 2�
XNi
i¼1

Cjiqjiðcos �jÞ ð7Þ

The concept underlying Eq 7 was first presented by
Roe and Krigbaum.2,3 Nj is the number of the j-th su-
perposed peak and Cji is the relative (normalized)
weight for the vector rji. Before the numerical calcu-
lation by computer, initial values of Cji are given by

Cji ¼
FjiXNi

i¼1

Fji

ð8Þ

where Fji is the structure factor of the j-th crystal
plane.
In this case, Eq 4 may be rewritten as follows:

F
j
‘0 ¼ F‘00

XNi

i¼1

CjiP‘ðcos�jÞ þ 2
X‘
n¼1

ð‘� nÞ!
ð‘þ nÞ!

�

 
F‘0n

XNi

i¼1

CjiP
n
‘ðcos�jiÞ cos n�ji

� G‘0n

XNi

i¼1

CjiP
n
‘ðcos�jiÞ sin n�ji

!
ð9Þ

In preliminary experiment, the series expansion up
to ‘ ¼ 14 is confirmed to be enough to realize good
fitting even for 2�qjðcos �jÞ of the ð100Þ plane with
the sharpest profile among all crystal planes observed.
In doing so, 2�qjðcos �jÞ was calculated by a series ex-
pansion using Eq 6 and the calculated curve was com-
pared with the experimental curve obtained by Eq 2.
This indicates that in PET crystallites with a triclinic
unit, the j-th orientation factors Fj

‘0 must be obtained
for 29 crystal planes.
As a first step, the generalized orientation factors,

F‘0n and G‘0n must be determined by solving Eq 9 us-
ing a least-square method. In doing so, the needed val-
ues of�j and �j can be obtained from a crystal unit of
PET and are listed in Table I, which were calculated
by a crystal unit cell proposed by Daubeny et al.13

Thus, Fj
‘0 calculated from F‘0n and G‘0n by Eq 9 lead

to 2�qjðcos �jÞ by using Eq 6 or 7. The resulting calcu-
lated curves must be in good agreement with those
from Eq 2 obtained experimentally by X-Ray diffrac-
tion measurements. Namely, one must confirm the ac-
curacy of the experimental data. For this purpose,
weighting factors 	j were assumed initially to be near-
ly proportional to square of the structure factor and
were subsequently varied to obtain the best fit be-
tween experimental and calculated results by the sim-
plex method.15 In actual calculation by computer, 	j is
fixed to be unity for the ð100Þ plane with the strongest
diffraction intensity. A mean-square error R between

the calculated factor ðFj
‘0Þcal and recalculated factor

ðFj
‘0Þrecal was obtained using:

R ¼

X
j

X
‘

	j ðFj
‘0Þcal � ðFj

‘0Þrecal
� �

X
j

X
‘

	j ðFj
‘0Þcal

� � ð10Þ

As described above, we recalculated F
j
‘0, in turn,

from the values of F‘0n, and G‘0n assuring the mini-
mized value of R in Eq 10 by best fitting of 	j and fur-
ther calculated 2�qjðcos �jÞ. The computer simulation
provided very small values of 	j for the less accuracy
crystal planes with weak diffraction intensity to give
the best fit between calculated and observe
2�qjðcos �jÞ for crystal planes with high X-Ray dif-
fraction intensity. This technique is very important.
If the crystal planes with weak diffraction intensity
are eliminated to solve Eq 9, termination error of
the spherical harmonics due to fewer expansion by ‘
provides such serious result that no crystal plane gives
the good fit between observed and recalculated func-
tions. The value of R in Eq 10 was 9.3% in the present
case. The values of 	j are listed in Table II. As the re-

Table II. Weight Parameters 	j and Cij as well as the second

order orientation factor observed for the crystal planes

i 2� hkl 	j Cij F
j
20

1 16.42 ð0�111Þ 0.73793 �0:200

2 17.53 ð010Þ 0.50035 �0:107

3 21.31 ð�1111Þ 0.43793 0.0743

4 22.54 ð�1110Þ 0.00959 0.411

5 23.57 ð011Þ 0.21451 0.0124

6 24.71 ð�1112Þ 0.39700 �0:269

7 25.69 ð100Þ 1.00000 0.605

8 26.44 ð�1103Þ 0.09775 �0:407

9 27.84 ð1�111Þ 0.07939 0.470

10 28.75 ð0�113Þ 0.19120 �0:357

11 30.77 ð003Þ 0.27201 �0:106

12 31.44 ð11�22Þ 0.10076 0.1818 0.706

ð1�220Þ 0.4091 �0:0053

ð012Þ 0.4091 0.0042

13 32.80 ð�11�113Þ 0.29521 0.2713 �0:205

ð�1121Þ 0.4722 �0:116

ð�112�11Þ 0.2565 �0:141

14 33.28 ð0�222Þ 0.15239 0.9417 �0:200

ð1�221Þ 0.0583 0.107

15 42.70 ð�1105Þ 0.41677 0.0092 �0:483

ð0�224Þ 0.9918 �0:267

16 45.58 ð111Þ 0.33893 0.0795 0.394

ð�2210Þ 0.9205 0.607

17 47.38 ð�11�224Þ 0.000403 �0:233

18 48.45 ð1�332Þ 0.00256 0.5000 �0:037

ð�2205Þ 0.5000 �0:282

19 49.55 ð�1131Þ 0.00206 0.5088 �0:157

ð12�11Þ 0.2809 0.186

ð03�22Þ 0.2103 �0:145
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sults, the individual recalculated functions for 8 crys-
tal planes give the good fit with the experimental func-
tions and the superposed functions for 8 crystal planes
are also the same tendency. The values of for the crys-
tal planes with very weak diffraction intensity were
much smaller than those of the other planes.
Figure 4 shows the observed orientation functions

of 2�qjðcos �jÞ (open circles) and the recalculated
functions (solid curves) for the individual crystal
planes. It is evident that good agreement between ob-
served and recalculated distribution functions was ob-
served, even for the less accurately crystal planes with
lower weighting factors. The slight disagreement is
due to the fact that there exist a number of less accu-
rately crystal planes with weak diffraction intensity.
As discussed before, the series expansion of the spher-
ical harmonics up to ‘ ¼ 14 is enough to obtain good

agreement between observed and recalculated results
for the ð100Þ plane with sharp distribution function
of 2�qjðcos �jÞ.
Figure 5 shows the orientation functions of

2�qjðcos �jÞ (open circles) and the recalculated func-
tions (solid curves) obtained for overlapped peaks.
In spite of less accurately crystal planes with lower
weighting factors, fairly good agreement between ob-
served and recalculated distribution functions was ob-
served for 6 crystal planes. Such fairly good agree-
ment is attributed to the computer development to
determine the optimum values of Cji and 	j.
Figure 6 shows the orientation distribution function

of crystallites !ð�; �Þ calculated using Eq 5 with the
coefficients F‘0n and G‘0n determined from Eq 9 with
‘ limited to 14. As can be seen from this figure, the
orientation distribution of PET crystallites is slightly

Figure 4. The observed orientation functions of 2�qjðcos �jÞ (open circles) and the recalculated functions (solid curves) for the indi-

cated crystal planes of a PET film drawn to 
 ¼ 4 biaxially.

Figure 5. The observed orientation functions of 2�qjðcos �jÞ (open circles) and the recalculated functions (solid curves) for the indi-

cated superposed crystal planes of the PET film drawn to 
 ¼ 4 biaxially.
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complicated under simultaneous biaxially stretching.
Namely, in the range of � from 0 to 360�, !ð�; �Þ
shows considerable dependence of �. The maximum
population of !ð�; �Þ appears at � ¼ 85� and � ¼ 0 in-
dicating the most probable orientation of crystallites
deviate 5� from the film surface. This is very impor-
tant and such detailed information cannot be obtained
from the second order orientation factor defined by
Herman.1 However, this is different from the analysis
that the c-axis and the benzene rings are oriented par-
allel to the film surface. This shall be discussed later.

Anyway, the population indicates the orientation of
the crystallites is different from a floating model asso-
ciated with affine mode. If orientation follows affine
mode, the contour map with maximum population
must show a circular profile independent of �. Name-
ly, the considerable �-dependence in Figure 6 is due to
the specific rotation of crystallites around the c-axis as
has been observed for the orientation of crystallites of
polyethylene films.16 If !ð�; �Þ shows a circular con-
tour map with a maximum peak at � ¼ 90�, all
2�qjðcos �jÞ of the ðhk0Þ planes must show the same
curves indicating random orientation of crystallites
around their c-axis.
The orientation distribution functions of the a-, b-

and c-axes in addition to the c�-axis perpendicular
to a–b plane can be determined by substituting the
values of �j and �j for each axis (listed in Table I)
into Eq 4 and by using Eq 6. Figure 7 shows the re-
sults. The functions of the c-axis (and the c�-axis)
and the b-axis show the similar orientation with re-
spect to the stretching direction. The function of the
c-axis can be obtained by the integration of !ð�; �Þ
by �. The functions of the b- and c-axes have two
peaks, a large peak at �j ¼ 90� and a small peak at
�j ¼ 0� indicating two rotational modes of crystallites
around their c-axis. The large peak at �j ¼ 90� pre-
dicts the preferential orientation of benze rings paral-
lel to the film surface. The peak supports the preferen-
tial orientation of the distribution of the b-axis.
However, another peak at �j ¼ 0� indicates the orien-
tation of benzene rings perpendicular to the film sur-
face. Such behavior is abnormal, although the possi-

Figure 6. Orientation distribution function !ð�; �Þ of crystalli-
tes of the PET film drawn to 
 ¼ 4 biaxially.

Figure 7. Orientation distribution functions of the a-, b- and c-axes in addition to the axis perpendicular to the a–b plane of the PET

film drawn to 
 ¼ 4 biaxially.

Y. BIN et al.
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bility is fewer. The orientation of the a-axis shows a
very complicated curve having two peaks. The peak
at �j ¼ 0� supports the orientation of benzene rings
parallel to the film surface, while the peak at
�j ¼ 35� is unresolved problem. Of course, such ab-
normal profile is not attributed to artifacts of expan-
sion of 2�qjðcos �jÞ into infinite series of spherical har-
monics. This is probably though to be due to an
unresolved peak appeared at �j ¼ 0� of the c-axis
and the b-axis. Thus the orientation of PET crystallites
within the film can be represented approximately as
� ¼ 90� and � ¼ 0� in Figure 3.
Finally, we shall check whether the orientation of

the c-axis follows an affine fashion given by the fol-
lowing equation:17

!ð�Þ ¼

3

2 
6 � 1
� �

cos2 � þ 1
� �3=2 ð11Þ

Figure 8 shows the results. The curves correspond-
ing the distribution function of the c-axis or c�-axis
show a peak at �j ¼ 90� and the peak becomes shaper
with increasing draw ratio of 
 . It is seen that the
function at 
 ¼ 1:6 is in good agreement with that
of the c-axis shown in Figure 6. This indicates that
the orientation of the c-axis deviates from a floating
model associated with an affine mode. Namely, the
orientation of the c-axis and draw ratio do not take
a linear geometrical relationship in the simultaneous
biaxially stretching of a PET film. A series of success-
ful results to obtain orientation distribution of PET un-
der simultaneous biaxial stretching is due to the devel-
opment of computer. As discussed before, first trial
was done by Krigbaum and Balta11 for a simple uniax-
ial drawn PET film with high crystallinity but they

ended in a failure because of lower power of X-Ray
source and lower calculation speed of the computer.
The good agreement between the experimental and re-
calculated curves in the present paper is due to accu-
rate accumulation of X-Ray diffraction intensity by
using a small exquisite instrument to stack a number
of thin films shown in Figure 1. The estimation of ori-
entation of crystallites in terms of distribution func-
tion shall propose a new information for investigating
deformation mechanism of polymer films under man-
ufacturing process.

CONCLUSIONS

The orientation of crystallites with a triclinic unit
was evaluated in terms of orientation distribution
function and the numerical calculation was carried
out for a PET film elongated biaxially. The orientation
distribution function !ð�; �Þ of crystallites was calcu-
lated by using the functions of the reciprocal lattice
vectors of 29 crystal planes. The functions of the re-
ciprocal lattice vectors were recalculated from
!ð�; �Þ. The recalculated functions were fairly in good
agreement with the observed ones. The orientation of
three principal crystallographic axes, the a-, b- and c-
axes, which can not be measured directly by X-Ray
diffraction technique, was also evaluated in terms of
the orientation distribution function. As the results,
the orientation of the c-axis oriented predominantly
parallel to the film surface and the benzene rings were
also oriented in the same manner. The orientation
function of the a-axis and the b-axis deviated a float-
ing model because of characteristic rotation of crystal-
lites around the c-axis. The characteristic rotation is

Figure 8. Orientation distribution function calculated by a floating model at the indicated 
 under simultaneous biaxially stretching.
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indispensable to cause the uniplaner orientation of the
benzene rings.
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