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Introduction

Polyethylene (PE) blown film is one of the most
consumed polymeric materials today. In the film blow-
ing process, polymer crystallization takes place under
stress, causing the formation of row-nucleated struc-
tures along the extended polymer chains. The resultant
film morphology is very different from that of the bulk
material. The row-orientation model of Keller and
Machin has been widely adopted in the literature to
describe the structures of PE blown films.? According
to this model, two major crystallization processes take
place depending upon the magnitude of the stress in
the melt, namely “low-stress” and “high-stress” crystal-
lizations. Under low-stress conditions, the lamellae grow
radially outward in the form of twisted ribbons, with
the crystallographic b-axis parallel to their growth axis.
As a result of this lamellar growth process, the a-axis
of the crystal unit cell is oriented preferentially along
the machine direction (MD) of the blown film. This
texture is referred to as the Keller/Machin | morphology,
or a-texture. Under high-stress conditions, the radially
grown lamellae extend directly outward without twist-
ing. The folded chains (c-axis) within the lamellae
remain parallel to the extended microfibers, resulting
in the c-axis being oriented preferentially along the MD.
This is referred to as the Keller/Machin 11 morphology,
or c-texture. Intermediate stresses will lead to an
incomplete twisting of the ribbons. The Keller/Machin
I morphology is the most commonly observed morphol-
ogy in PE blown films.2711 The Keller/Machin Il mor-
phology has been observed only in HDPE blown
films 81213

As part of a larger effort to investigate the process-
ing—structure—property relationships in PE blown films,
the crystalline textures of two linear low-density poly-
ethylene (LLDPE) blown films were investigated ear-
lier.»* These films were made from the same resin but
under different processing conditions. One film (film A)
was made by using a conventional bubble geometry for
LLDPE (i.e., a nonstalk bubble configuration), while the
other film (film B) was blown by using a stalk bubble
configuration. The crystalline texture study was carried
out using transmission electron microscopy (TEM),
small-angle X-ray scattering (SAXS), and infrared (IR)
dichroism. Compared with the conventional nonstalk
bubble geometry for LLDPE blown films, the stalk
bubble configuration produces a much more random
crystal orientation. For film A, the orientation distribu-
tion of crystal unit cells agrees with the typical Keller/
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Machin I morphology, but the shape and orientation of
lamellae agree with the typical Keller/Machin Il mor-
phology. This crystalline texture feature is unique and
has not been reported in the literature before. It has
been speculated that the preferential a-axis orientation
in the MD is due to the tilt of polymer chains relative
to the lamellar normal, and lamellar twisting may not
be necessary for the formation of the a-texture.'* This
speculation suggests that the row-orientation model of
Keller and Machin may need modification. However,
experimental evidence for chain tilt was not available
then. Since then, the crystalline textures of the two films
have been investigated further using X-ray pole figure
analysis. Among the commonly utilized techniques for
characterizing crystal orientation, X-ray pole figure
analysis is most informative and accurate, especially for
the characterization of biaxial crystal orientation. In this
paper, the results from the X-ray pole figure analysis
are presented and discussed, along with the previous
experimental findings.

In the X-ray pole figure analysis, the data were
collected on a Rigaku DMAX/rapid two-dimensional (2D)
image plate system and a Bruker GADDS 2D detector
system. Two layers of film were stacked together for the
analysis. The (200) and (020) pole figures were obtained
by collecting a total of 72 data “frames”. Each frame was
collected at a different ¢ value, where ¢ is the rotation
angle of the film about an axis along the MD of the film.
All the data frames were then integrated for the peak
of interest (i.e., hkl of interest) with an automatic
background removal for each frame using the software
developed by AMIA Laboratories (the Woodland, Texas).

Results and Discussion

Before discussing the X-ray pole figure analysis
results, some results of other characterization methods4
are reviewed first. The IR dichroism study showed that
the a-axis of the crystal unit cell is preferentially
oriented along the MD in both films, suggesting that
their crystalline textures agree with the a-texture. Itis
also shown that film A has a higher degree of crystal
orientation than film B. The SAXS experiments sug-
gested that the long period lies along the MD in both
films, and film A has a much higher degree of lamellar
orientation.

TEM micrographs revealed that the lamellae in film
A are predominantly oriented perpendicular to the MD.
No significant lamellar twisting can be observed in this
film by TEM. On the other hand, TEM showed signs of
lamellar twisting in film B. According to the row-
nucleation model of Keller and Machin,! the preferential
a-axis orientation along the MD in the Keller/Machin |
morphology (or a-texture) is due to the twisting of
lamellae along the lamellar growth direction, i.e., b-axis.
However, the shape of the lamellae in film A is more
close to that of the Keller/Machin Il morphology (or
c-texture). The crystalline texture in this LLDPE film
agrees with neither Keller/Machin | nor Keller/Machin
Il morphology. Furthermore, based on the Keller/
Machin model, film B should have a higher a-axis
orientation than film A because of the lamellar twisting
in film B, but IR dichroism results show the opposite.

To get more accurate information about the crystal-
lographic axes orientations, X-ray pole figure analysis
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Figure 1. X-ray pole figures for (200) and (020) planes for film A.
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Figure 2. X-ray pole figures for (200) and (020) planes for film B.

of these films was performed. The pole figures of films
A and B are given in Figures 1 and 2, respectively.
Consistent with the results obtained earlier, the pole
figures indicate that film A has a much higher crystal
orientation than film B. For both films, the b-axis is
distributed about the plane of the transverse direction
(TD) and the normal direction (ND) and exhibits a
maximum around the ND. However, there is an inter-
esting difference in a-axis orientation between the two
films. In film A, the maximum of the a-axis orientation
is between the MD and ND and makes an angle of about
46° with the MD, based on the location of the (200) pole
maximum. In film B, the a-axis distribution shows a
maximum around the MD. This suggests that the two
films have distinctly different types of crystalline tex-
ture.

Table 1. White—Spruiell Biaxial Orientation Factors of
Films A and B

film ID film A film B film ID film A film B

fBa mp 0.103 0318 fB,tp —0.165 —0.208
fByp  —0.173 0122 B, mp 0.290 —0.033
fBymo  —0.393 —0.285 fB 1p 0.338 0.086

X-ray pole figure analysis is the only experimental
method that allows quantitative analysis of the biaxial
orientation of the crystalline phase in PE films. The
White—Spruiell biaxial orientation factors!® obtained
from the X-ray pole figure analysis are listed in Table
1. In Figure 3, the biaxial orientation factors are plotted
in the form of the White—Spruiell orientation triangle
diagram.’®> The White—Spruiell orientation triangle
diagram clearly shows that in film A the maximum a-,



Macromolecules, Vol. 34, No. 6, 2001

1

o Film A
e FimB

fBj,MD (i a,b,0rc)

-1 0 1
fBj, D (j a, b, or C)

Figure 3. Biaxial orientation factors of the crystal unit cell
axes in films A and B plotted in the form of the White—Spruiell
orientation triangle diagram.

b-, and c-axes orientations are between the MD and ND,
between the ND and TD (but closer to the ND), and
between the MD and TD, respectively. In film B, the
a-axis orientation maximum is close to the MD, the
b-axis orientation maximum is along the ND, and the
c-axis orientation is nearly random.

If the lamellae are perpendicular to the MD in a film
and the polymer chains within the lamellae are per-
pendicular to the lamellar surface, then the crystal a-
and b-axes will be oriented in the plane of lamella, thus
perpendicular to the MD. In film A, the lamellae are
flat and perpendicular to the MD, but the maximum
a-axis orientation makes an angle of about 46° away
from the MD. Since the b-axis must be oriented within
the lamellar plane, the c-axis should be oriented at an
angle to the lamellar surface. This finding supports our
earlier speculation about the chain tilt in the lamellae
of film A.

Note that the orientation functions determined by IR
dichroism are uniaxial orientation functions. They only
give the average orientation of the crystal unit cell axes
with respect to a reference direction, in this case the
MD. Since the lamellae grow radially from the MD-
oriented, extended polymer chains, the direction of chain
tilt is distributed around the MD. Thus, the overall
result of the chain tilt will be that IR dichroism detects
the preferential a- and c-axes orientations in the MD.
Although the a-axis orientation maximum in film B
coincides with the MD, the a-axis orientation function
of film A obtained from IR dichroism is still higher than
that of film B because of the much higher degree of
lamellar orientation in film A.

In the earlier work of Keller and Machin,! lamellar
twisting was observed directly by TEM. In later inves-
tigations of blown film morphology, crystalline texture
characteristics were usually determined by other tech-
niques, such as X-ray diffraction, IR dichroism, etc. The
presence of a-texture is usually taken as an evidence
for lamellar twisting (Keller/Machin 1 morphology).
However, the findings in this study suggest that the
presence of a-texture does not necessarily indicate
lamellar twisting.

X-ray pole figures similar to those of film A were also
obtained by Maddams and Preedy’-812 for some of their
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PE films. They interpreted this kind of orientation as
the combination of low-stress orientation (a-axis orien-
tation) and high-stress orientation (c-axis orientation).
However, since TEM was not performed on those films,
there is no direct evidence to show the existence of two
populations of lamellae, i.e., twisted lamellae and row-
oriented planar lamellae. The chain-tilt concept provides
an alternative way for interpreting the crystal orienta-
tion in those PE films. Other researchers also found that
molecular chains can orient at an angle to the lamellar
normal.16-18 To experimentally determine the tilt angle
of polymer chains, the amorphous regions must be
removed using an acid treatment. The remaining crystal
fragments can be examined in a transmission electron
microscope using electron diffraction® or X-ray diffrac-
tion!8 techniques. However, these techniques cannot be
easily applied to PE films.

In summary, the X-ray pole figure analysis has
provided additional evidence to support our earlier
speculation in the previous paper.'* The two LLDPE
blown films have distinctly different crystalline textures.
Film B has a typical Keller/Machin | type morphology.
In film A, the shape and orientation of the lamellae
agree with the typical Keller/Machin Il morphology.
However, the polymer chains within the lamellae of film
A tilt away from the lamellar normal, resulting in an
apparent a-texture as determined by IR dichroism. This
suggests that the detection of the a-texture does not
necessarily imply lamellar twisting, thus the presence
of the Keller/Machin I morphology.
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