The Korean Journal of Rheology, 98
Vol. 10, No. 2, June 1998 pp. 98-105

<@TE=E>
ik EtRINIE OI28F 2EH DEXIQ HIESAM iA
$ 5 E
it gaoet stahgetat
(1998 4% 299)
Analysis of Crystalline Polymer Orientation Via Representation of
Orientation Ellipsoids
Jong-Pyo Wu
Dept. of Chemical Engineering, Myong Ji University,
Yongin, Kyonggi-do 449-728, Korea
(Received April 29, 1998)
2 o
NEEYF WPE FUANE DRANE tHl‘i—% 5132441 ] o) 2H(chain orientation)& 2 1. o] 2] g Ajzrul e #
el 7144, #ehA, a8 n A7)H 54 vl $a7 4Fe viAlE Ao °‘E#Z4 Mok A 27 SRR HHEJ/‘JEHE
WehlZ] g 2] & 25 ujgke] 34 a(prmapal axes)o] A Uthe 713l AAE AT Dy Baet wjgne
g Ze neApkEel At MaFEs el 4850 dAskK %s% e }‘“‘t} wpeba] B Aol M dubAel aE Ak v
&5 Jo) 4oz Mg hY5S 2 & JE WY

AFNE GERRE el el Qobni, A4 DA hEEA 4
A3k A4 22 NN E B2 x2
T

M 32 dataZ o] 88 23} 3 tensorE E5) H}]?f} Bl E
941 4 F 3} HDPE AFEA 3 B 2 & H 2
=
4

A d
A7} o] 59 23} wlgk tensor7}t EFIA S 2 &),
]1,]37_ }}\_9__9_ §].0] 5‘]— 2= 0]0—]1;} % %aﬁ B 25 HH?‘%}:

2
0.0
F9eg % Ik

o7l nEAtel AgHE BARle] R F4E
=2 7te A%l 2 ATl A X-ErdA S B3 239 vj g

n!lo

=
e EETE

Abstract—Polymer products which experience deformation during processing generally result in molecular orientation. This
molecular orientation affects the properties of products, such as their mechanical, optical, and elec trical properties sig-
nificantly. To represent the state of orientation, we usually assume the directions of principal axes of orientation. However, in
general, one does not have any information about the principal axes which can differ from the experimental axes in fa-
bricated polymer parts. It is the purpose of this study to examine the general orientation descriptions and to develop the
methodology for the experimental determination of principal axes of orientation. The orientation ellipsoid from the wide an-
gle x-ray diffraction pole figure was developed. This ellipsoid was experimentally proven valid for the injection molded
HDPE and biaxially stretched PET films. The principal axes in the ellipsoid indicate the unique directions irrespective of the
different crystallographic planes. It is suggested that the ellipsoidal representation is useful in determining the unknown prin-
cipal axes of orientation.
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1. Introduction plete probability distribution function for the orientation of

polymer chain segments and a more compact form of

Most polymer products which experience deformation orientation factor. Though either approach has its own ad-
during processing inevitably result in molecular orien- vantages, it usually relies on assumptions about the direc-
tation. It is known that this molecular orientation sig- tions of principal axes of orientation. These assumptions
nificantly affects the characteristics of products, such as are obvious in the cases of melt spun fibers and biaxially
their mechanical, optical, and electrical properties. For this stretched or tubular blown films. The fiber axis in melt
reason there has been much effort to describe the state of spun filaments and the machine, transverse, and normal
orientation of polymer molecules[1-7]. directions in tubular blown or stretched films correspond
Many different approaches certainly exist to represent to the principal axes of orientation. However, in general,
the state of orientation of polymer chains such as a com- one does not know the principal axes which can differ
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from the experimental directions in fabricated parts which
are usually presumed to represent the principal axes.

In this manuscript, we examined a general orientation
description and the problems encountered in polymer pro-
cessing, and developed experimental methodology to ov-

ercome this problems.
2. Theoretical analysis

Orientation Distribution Function and Orientation Factor.

The orientation distribution of structural units is a
mathematical representation based on the appropriate coor-
dinate system. One can use spherical harmonics with as-
sociated Legendre polynomials to represent the chain
orientation distribution function based on the spherical
coordinate system (r, ¢, x) with radius r, polar angle ¢,
and azimuthal angle k. This approach has been carried out
by Roe and Kigbaum[2] and Nomura et al.[3]. If one de-
fines the normalized chain orientation distribution function

8(¢p, ¥) by
Jznjﬂp(cp, K)sinpdodx=1 )
0 0

Then this orientation distribution function can be ex-

panded into a spherical harmonics as

oo 1

P& =Y, 3 QM (Yeim @)
I=0m=-1

where TI"({) is normalized associated Legendre's po-

lynomials, Q™ is the coefficients in the series expansion

of orientation distribution function, and {=cos@. The coef-

ficients Q™ can be given by

Q" =(1/27) f:”f_ll p (¢, OI"({)dldk. ?3)

If one can determine values of the coefficient Q", one can
obtain the orientation distribution function p({, x) using
Eq.(2).

Suppose one imposes symmetry conditions on the orien-
tation distribution functions as orthogonal biaxial sym-
metries with known principal axes of orientation, then the
Q" are non-zero for only even numbers of 1 and m. Con-
sequently Eq.(2) becomes

p(& =3 QM()+23 T OPII(Heosm k. (4)
1=0 1=2m=2

In principle these approaches can be applied for the com-
plete description of the orientation distribution function
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for the detailed texture of chain orientation. In a practical
sense the main problem associated with this orientation
distribution function is the experimental evaluation of the
coefficients Q,". Most available experimental techniques,
including birefringence and infrared absorption meas-
urements, are limited to only yield information on Q,, and
other measurements, including polarized fluorescence, Ra-
man, and broad line NMR are limited to Q,'s.

Another approach to represent the orientation state is a
compact form of the orientation factors which correspond
to the specific moment of orientation average. These gen-
eralized orientation factors for the 1-th moment, F,.,, can
be expressed[3] based on Eq.(4)

Fp=[2(1+m)/(20+1)(1-m) ]I O cosm k. (5)

Here 1=0,2,4,6:--,and m=0,2,---,1.

As mentioned above, there is no unique method for the
representation of orientation. One may choose any coor-
dinate system for their own conveniences and advantages.
For the Euler coordinate system, there exists a strong ad-
vantage which results from a well-established mathemat-
ical formulation in that coordinate system. In the biaxial
orientation state encountered in many polymer processing
operations, it may be convenient to interchange two axes
such as the machine and transverse directions. Represen-
tation of orientation using Euler coordinates seems in-
convenient on this point.

Another coordinate system (¢,, ¢,) which is associated
with two polar angles has been used by several in-
vestigators[8,9] beginning with Wilchinsky[8] and Desper
and Stein[11]. This coordinate system has its own ad-
vantage. The orientation factors obtained on this coor-
dinate can be easily interchanged between the two axes.
Biaxial orientation factors based on two polar angle coor-
dinate systems have been developed by White and
Spruiell[12]. They described second moment orientation
factors based on the polarizability tensor. For a specific
chain segment the polarizability along each direction 1, 2,
and 3 can be used in the following biaxial orientation fac-
tors, f,.2 and f,.2.

2 = (o, — 053/ — 0, ) =2¢08’Q,. + COS'Pye - 1 (6a)

2 = (o~ o3 )/( 0y — 01, ) =2c08’Q,c + COS’QP - 1 (6b)

where o is the polarizability along the chain axis, the o
is the polarizability perpendicular to the chain axis, and
¢ij is the angle between the laboratory axes(i) and chain
axes(j). Biaxial orientation factors in Eq.(6) show obvious
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symmetric character with respect to the 1 and 2 axes.

More notably, it can be readily extended to the complex
orientation state such as unknown principal axes of orien-
tation. Due to the nature of the second order tensor
character of polarizability o, it can always be transformed
to their principal axes, I, II, and III.

Gy 0y O3 o 0 0
0=10 0 3| = |0 o O @)
0631 (2273 a’3’% 0 0 Oy

This concept was applied by White and Cakmak[9] for
the representation of orientation with unknown principal
axes. Here the only and prerequisite problem in the
characterization of orientation is the determination of the
transformation angles for a unified view of chain orien-
tation in fibers, films, and molded products.

Ellipsoidal Representation of Orientation. The re-
presentation of ellipsoid is particularly useful in in-
terpretation of the principal axes of second order tensors
including those which are useful to specify orientation.
The polarizability is phenomenologically related to dielec-
tric constants and through Maxwell's theory to refractive
index. The polarizability tensor leads to a dielectric tensor
and a refractive index tensor[13]. Fresnel's ellipsoid which
represents refractive index can be written as follows:

ijnij x; %=1 3)

where n; is the refractive index tensor. For absorbing materials
it can be shown that anisotropy leads to a similar absorption

(@) - 1 N

o

intensity ellipsoid[14] based on specific chain segments of a
molecule. One can express this absorption ellipsoid as :

ZZAinin:l

where A; is the absorption intensity tensor. The refractive

©)

index ellipsoid represents an integral property of amor-
phous and crystalline phase, while the infrared absorption
ellipsoid represents a selective property for a specific seg-
ment of the molecule.

On the other hand the pole figure from wide angle x-ray
diffraction represents a distribution of plane normals of
specific crystallographic planes. The pole figure inherently
reveals the detailed texture of orientation of the crystalline
phase, i.e., it implies the orientation information of the high-
er order such as the second moment, etc.. If the second ord-
er tensorial quantity, which is related to specification of cry-
stalline orientation, can be developed from the pole figures
of wide angle x-ray diffraction, it will play an important
role in the experimental determination of principal axes of
crystalline orientation.

One can apply the concept of analogy between the plane
normal vector in wide angle x-ray diffraction and the tran-
sition moment vector in infrared absorption to develop a
new quantity[14]. Consider coordinate systems as shown in
Fig. 1. In one of them the axes a, b, and ¢ are adapted to a
unit cell of the polymer crystal, the axes 1, 2, 3 are la-
boratory axes, while the axes I, II, III are the principal coor-
dinate system. Suppose a plane normal vector N has the
three component N,, N,, N, in the unit cell coordinate sys-
tem, then the components N,, Ny, Ny, are given by

I

a,b,c: unit cell axes
3 1,2,3: lab. axes

N: plane normal vector

1,2,3: lab. axes
LILII: principal axes
N: plane normal vector

I

Fig. 1. (a) The coordinate system used in defining plane normal vector N and (b) the coordinate system used in deriving x-ellipsoid.
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NI, L, m= T Na, b, ¢ (10)

where T is the second order tensor which correlates the
transformation between the polymer unit cell coordinate
and the principal coordinate system. When one performs
the pole figure experiment, where the arbitrary machine
direction(lab. axis 1 in Fig. 1) in the pole figure is main-
taining specific polar angles ¢, P, y with respect to prin-
cipal coordinate system I, II, III as shown in Fig. 1, each
component N;, Ny, Ny, of the individual plane normal is in-
volved in the determination of averaged cosine square and
its value is proportional to N?, ; .. Since the distribution
function I(¢, x) obtained from the pole figure experiment
corresponds to the number of plane normals pointing to the
specific segment, the averaged cosine square value, X p y
which representing cos’@,,p - iS given by

_ [1Co, k)sinoNZ 45 dodx
Ry [J1¢o. k) sin pdpdx

X (11)

where X, 5 , is the averaged cosine square value obtained
from the arbitrarily chosen machine direction in the pole
figure experiment as shown in Fig. 1. On the other hand,
the component of the individual plane normal in arbitrary
direction (a, B, y) in Fig. 1 is given by

N, 5= Nicos o+Nycos f+Nycosy (12)
The Eq.(11) and (12) result in
Ko py=Xic0s” 0+ Xyc08” P+Xycos® y+3 cross-terms(13)

Due to the symmetry of I(¢, k), the last 3 cross-terms in
Eq.(13) are equal to zero. The Eq.(13) represents the e-
quation of the ellipsoid obtained from the plane normal
distributions. Now we can generalize the X, ; , in the form
of a second order tensor as

X;; = cos; cose,

_ [J1(9. ©)singN,N;dpdxc (1)

HI((p, x)sin@ dodx

The ellipsoid of X; can then be expressed in simple form
on the appropriate space coordinate system.

2 2 Xyxix=1 (15)

X x4+ XX + XX’ = 1 (16)

where LII, and III represent principal axes. The schematic
representation of the X ellipsoid is shown in Fig. 2.

ox
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LILIIL: principal axes
1,2,3: lab. axes
r=X?95

m

Fig. 2. Schematic representation of X ellipsoid.

3. Experimental section

Wide angle x-ray pole figure experiments were carried
out using an x-ray generator equipped with a single cry-
stal orienter by General Electric(Model XRD-6) with a
copper target and Ni-B filter(A=1.542A). The operating
voltage and current were 40 KV and 50 mA, respectively.

The materials used in this study were high density
polyethylene(HDPE, DuPont Alathon 7050), poly(ethylene
terephthalate)(PET, Eastman Kodak Co. Tenite 7352). The
samples which had anisotropic molecular orientation were
prepared by injection molding machine(Boy Model 15-S)
for HDPE and biaxial film stretching machine(Iwamoto
Model BIX-702) for PET. The specimens with dimension
of 1.0mm X 1.0 mm X 1.5 mm were mounted on the single
crystal orienter which could be tilted up to 90° and rotated
up to 360°. Before beginning the pole figure experiments, a
20 scan was performed and diffractometer was set to the
maximum 26 peak of each crystallographic diffraction
planes. The planes used in this experiment were (110), (200),
and (020) planes for HDPE and (010), (100), and (-105)
planes for PET. The data acquisition is automated with step
scanning ¢ from 0° to 90° in 5° intervals and x from 0° to
360° in every 10°. Therefore 665 data points of WAXD in-
tensity on each specific crystallographic plane were obtained

in the pole figure experiment.
4. Results

To apply X ellipsoid from the pole figure data, it is
necessary to obtain a complete set of X, 5, data for all the
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Fig. 3. The wide angle x-ray diffraction pole figures of injection molded HDPE. (melt/mold temp.=160°C/25°C, injection speed=106.1 cm*/sec,
holding pressure=1.38x 10°N/m’, center gated 3.175X 12.7X 127 mm rectangular test mold; sample was cut from the mold wall region;
MD, ND and TD represent flow, thickness and width directions, respectively)

possible o, B, ¥ combinations. However, it is impractical to
obtain those values experimentally for the every o, P, and
Y. In this sense it is useful to transform the experimental
pole figure intensity distribution data I(@, x), obtained at
the specific fixed direction, to the I'(¢', ') for the arbitrary
o, B, y direction. The data was transformed to each step of
angle ¢ and x with the intervals of 5° and 10°, respectively.
Then the X, 5, value at each corresponding o, B, y com-
binations was calculated using Eq.(11).

The wide angle x-ray diffraction pole figures of injection
molded HDPE which has orthorhombic crystal unit cell
structure are shown in Fig. 3. Here MD represents the direc-
tion of flow, TD and ND correspond to the width direction
and thickness direction, respectively. The results indicated
by these pole figures imply that the (110) plane normal
direction is located mainly between the flow direction and
the thickness direction. They also imply that the highest in-
tensity of the (020) plane normal is placed at the thickness
direction. The values of X, g , along the MD(flow direction)-
ND(thickness direction) calculated by Eq.(11) are listed in
Table 1. According to the Eq.(16), the X* values in the spa
tial coordinate system must represent the ellipsoid. We plot
the experimental values of X in a polar diagram as shown
in Fig. 4, where the dots represent the experimental data and
the solid curve was obtained by the linear regression of the
general equation of ellipsoid. Due to the geometric sym
metry of the processing system used in this study, the two
dimensional ellipse instead of threc-dimensional ellipsoid
was presented. It is surprising to note that the experimental
results follow the ellipses well enough irrespective of the dif
ferent crystal planes of HDPE. The deviations of ex
perimental data were found to be limited to the range of +
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0.42%. This supports the X ellipsoid developed in this study
using wide angle x-ray diffraction. Furthermore the ex
perimentally determined principal axes of crystalline orien
tation from Fig. 4 indicate the unique directions irrespective
of the different crystallographic planes.

On the other hand, the wide angle x-ray diffraction film
patterns for nonorthogonally biaxially stretched PET films
which have triclinic crystal structure are shown in Fig. 3.

Table 1. The calculated X, 5 , values of injection molded HDPE
(melt/mold  temp.=160°C/25°C, injection speed=106.1 cm®/
sec, holding pressure=1.38% 10°N/m’, center gated 3.175X
12.7X127 mm rectangular test mold; sample was cut from
the mold wall region; the angle represents the angle between
the arbitrary direction with respect to flow direction in the
plane of flow direction -thickness direction)

X value Xopy
Angle(”) (110) Plane (200) Plane (020) Plane

0 0.2012 0.4378 0.2072
10 0.2150 0.4170 0.2218
20 0.2457 0.3854 0.2553
30 0.2924 0.3417 0.3009
40 0.3512 0.2907 0.3525
50 0.4125 0.2369 0.4050
60 0.4682 0.1870 0.4521
70 0.5114 0.1480 (.4887
80 0.5377 0.1368 0.5089
90 0.5435 0.1238 0.5094
100 0.5226 0.1467 0.4925
110 0.4889 0.1813 0.4616
120 0.4396 0.2261 0.4190
130 0.3808 0.2807 0.3688
140 0.3198 0.3330 0.3170
150 0.2670 0.3794 0.2704
160 0.2279 0.4149 0.2322
170 0.2059 0.4347 0.2101
180 0.2012 0.4378 0.2072
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Fig. 4. The X ellipsoids for the different crystallographic planes of injection molded HDPE. (a) (110) plane, (b) (200) plane and (c) (020) plane.
(lab. axis 1 and 2 represent flow direction and thickness direction)

SIDE THROUGH END

Fig. 5. Wide angle x-ray diffraction patterns of nonorthogonally biaxially stretched PET film. (Ist/2nd stretch ratio=3.0/1.5, stretching temp.=90°C,
annealed at 150°C, skew angle=60"; x-ray beam enters to the normal to the film surface and the vertical direction corresponds to the second
stretching direction)

(o10) (100) - (-105)

Fig. 6. The wide angle x-ray diffraction pole figures of stretched PET films. (Ist/2nd stretch ratio=3.0/1.5, stretching temp.=90°C, annealed at
150°C, skew angle=60"; MD and ND represent the second stretching direction and the normal to the film direction)

They reveal distinctive asymmetric diffraction patterns the orientation state of specific crystallographic planes. To
with respect to a certain laboratory direction. From these represent the specific texture of orientation for each spec-
diffraction patterns alone it is very difficult to understand ific crystallographic planes, wide angle x-ray diffraction of
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Fig. 7. The X ellipsoids for the different crystallographic planes of stretched PET films. (a) (010) plane, (b) (100) plane and (c) (-105) plane.(lab.
axis 1 and 2 represent the second stretching direction and the perpendicular to the second stretching direction)

the PET films are presented in terms of pole figures as
shown in Fig. 6. The (-105) plane normal is parallel to the
chain axis. The (100) plane normal is nearly perpendicular
to the aromatic rings in the PET. The (010) plane makes
angles of 80° and 59° to the (-105) and (100) planes,
respectively. In this figure MD represents the second
stretching direction and ND represents the film thickness
direction. In Fig. 6, the strong diffraction intensity for the
(010) plane is in the MD-TD plane. For the (100) plane
which gives information on aromatic ring orientation, the
diffraction intensity is focused at ND. For the (-105) plane
which gives an idea of chain orientation, the highest dif-
fraction intensity is located in the MD-TD plane. These
suggest that two of principal axes of PET films are lo-
cated in the MD-TD plane and the other symmetry axis is
parallel to the film thickness direction. We also plot the
experimental values of X as shown in Fig. 7. The de-
viations of experimental data were limited to the range of
+£0.20%. This again supports the concept of X ellipsoid
developed in this study.

The results of X ellipsoid obtained from the pole figure
data are summarized in Table 2. For complexly oriented

Table 2. Summarized results of X ellipsoid obtain from the pole fig-

ure data
. Least square Principal axis

Material Crystal structure  Plane error(%) angle*(")
1109) 0.35 3
HDPE  Orthothombic  (200) 0.42 4
020) 0.18 3
(010) 0.13 48
PET Triclinic 100) 0.20 45
(-105) 0.20 49

*)The angle between the major principal axis of orientation and the lab.
axis 1 (the lab. axis 1 corresponds to the flow direction for injection
molded HDPE and the second stretching direction for PET film)

.
Fag,
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products such as injection molded parts or biaxially
stretched films of semicrystalline polymers, this X el-
lipsoid can be successfully applied in determining the prin-
cipal axes of orientation for crystalline orientation.

5. Conclusions

We have examined the general orientation descriptions
and the problems encountered in the description of orien-
tation in fabricated polymer parts. It was found that the
prerequisite step in the characterization of complexly
de-

termination of the unknown principal axes. The ellipsoidal

oriented polymer materials is the experimental
representation might be useful in determining the unk-
nown principal axes.

The X ellipsoid from the pole figure of wide angle x-
ray diffraction was developed based on the phenomeno-
logical analogy between the transition moment vector in
absorptivity and the plane normal vector in wide angle x-
ray diffraction.

This ellipsoid was experimentally proven valid for vari-
ous crystallographic planes of polymers and also con-
firmed irrespective of the different crystallographic unit
cell structures of each polymer. The principal axes in the
X ellipsoid indicate the unique direction irrespective of
the different crystallographic planes.
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