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ABSTRACT: A series of linear low-density polyethylene blown films were studied using
the techniques of time-resolved, small-angle X-ray scattering (SAXS) using a synchro-
tron source and a time-resolved, small-angle light scattering. Scattering patterns and
the load-extension curve were obtained simultaneously during deformation. It was
found that the initial orientation of the film, with respect to the tensile axis, was
important in determining the operative elastic deformation modes. Films drawn paral-
lel to the machine direction (MD) showed evidence for lamellar separation, whereas
interlamellar shear occurred in films drawn parallel to the transverse direction. In
films drawn at 457 to MD, lamellar stack rotation was observed via SAXS. In all cases,
the yield point corresponded to the activation of crystallographic deformation and the
onset of the disruption of crystalline lamellae. In films drawn parallel to MD, the
SAXS showed a distinct 4-point pattern upon macroscopic yield, indicating lamellar
corrugation. Regardless of the initial orientation, a fibrillar morphology was achieved
at some strain after yield that coexisted with the fragmenting lamellar morphology.
Comparison of results from deformed spherulitic bulk samples showed that the study
of oriented blown film containing a stacked lamellar morphology may be used, to a first
approximation, as a model for the deformation of different regions of spherulites in
unoriented spherulitic samples. q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 67: 321–
339, 1998

Key words: polyethylene; deformation; SAXS; SALS

INTRODUCTION of polymer and forming a bubble. An air ring is
used to cool the hot bubble and solidify it at a point

The production of blown film is a common indus- above the die exit (the frost line). The inflated
trial process, schematically illustrated in Figure solidified bubble is flattened as it passes through
1, which results in preferred orientation. As the nip rollers, which also serve to provide the axial
molten polymer is extruded upward through an tension to draw the film upwards. The material
annular die to form a film, orientation is produced crystallizes from the oriented melt, the morphol-
in the hot, amorphous material by the action of a ogy produced being affected by the temperature
longitudinal velocity gradient. Air is introduced of the melt leaving the extruder, the ratio of the
at the bottom of the die, thus inflating the tube tube diameter to the die diameter, the upward

film velocity, and the freeze line height. The direc-
tion in the plane of the film and parallel to the

Correspondence to: A. M. Donald.
drawing direction is known as the machine direc-

Journal of Applied Polymer Science, Vol. 67, 321–339 (1998)
q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/020321-19 tion (MD). Perpendicular to the MD and also in
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322 BUTLER AND DONALD

Figure 2 Morphologies produced by crystallization
under stress: (a) Keller/Machin I morphology produced
under low stress conditions; (b) Keller/Machin II mor-
phology formed under high stress conditions.

Figure 1 A schematic illustration of the blown film
process. tion [Keller/Machin I morphology, shown in Fig.

2(a)] . Under higher stresses, the radially grown
the plane of the film is the transverse direction lamellae extend directly outward without twist-
(TD). The normal direction is perpendicular to ing, causing the regularly folded chains within
the TD and MD, being normal to the film surface. the lamellae (i.e., the crystallographic c axis) to

Numerous studies have been performed using remain parallel to the molecular chains in the ex-
X-ray pole figure analysis,1–7 small-angle X-ray tended microfibers [Keller/Machin II morphology,
scattering (SAXS),4,8 light scattering,9–11 elec- shown in Fig. 2(b)] . Intermediate stresses can,
tron microscopy,10,12 infrared dichroism,1,13 and in theory, give a combination of the two morpholo-
birefringence measurements1,6 to elucidate the gies. Whereas SAXS has verified the presence of
morphology of blown film. It is generally accepted row-nucleated lamellar stacks oriented parallel to
that the results describe a morphology consisting MD,8 wide-angle X-ray scattering (WAXS) pole
of rows of lamellae with their normals parallel to figures have assessed the molecular orientation7

the extrusion (MD) direction. The lamellae fre- and have distinguished between the two types of
quently have the same width in each row, giving morphology.
the appearance of nucleation from a central
thread or fibrous core, possibly formed from ex-

Table I Information from DSCtended chains, running parallel to the extrusion
direction.7,12 This morphology is known as a shish-

Melting Lamellarkebab structure.14 Whereas the existence of a cen-
Temperature Thickness Percentagetral nucleus has been well substantiated in flow-

Sample (7C) (nm) Crystallinityinduced solution crystallization,15 it is still a mat-
ter of controversy for melt-crystallized blown G 120.1 { 1.0 10.8 { 0.4 33.9 { 1.9
films. A model for crystallization under stress has 122.9 { 0.2 12.2 { 0.1
been described by Keller and Machin,15 and has

H 125.2 { 0.5 13.5 { 0.2 38.7 { 3.3been used to account for the observed morpholog-
ies in polyethylene (PE) blown film.7 N 121.4 { 0.1 11.4 { 0.1 33.2 { 1.0

124.0 { 0.2 12.8 { 0.1According to this model, two major types of
crystallization take place, depending on the mag- O 109.6 { 0.2 7.7 { 0.1 33.8 { 0.1
nitude of the stress in the melt. Under low-stress 116.4 { 0.2 9.5 { 0.1
conditions, the lamellae grow radially outward in 121.3 { 0.4 11.4 { 0.2
the form of twisted ribbons, with their growth axis

P 104.8 { 2.3 6.8 { 0.4 32.4 { 1.1parallel to the b crystallographic axis for PE. This
115.6 { 0.2 9.2 { 0.1crystallization process causes a preferential orien-
122.2 { 0.3 11.8 { 0.1tation of the a axis parallel to the extrusion direc-
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POLYETHYLENE BLOWN FILM DEFORMATION 323

The Keller/Machin I morphology is the most
commonly observed morphology in PE blown
films, with some reports of the combined interme-
diate morphology.7 The Keller/Machin II mor-
phology has only been induced in high-density
polyethylene (HDPE) films, in which higher melt
stresses are achieved.7 Finally, it should be noted
that a transcrystalline layer at the film surface
has been identified in some blown film samples.5,7

This layer arises because the film surface also acts
as a site for heterogeneous nucleation. However,
owing to the proximity of the nucleation sites, de-
velopment of a spherulitic morphology is impeded,
forcing the direction of lamellar growth parallel
to the film normal. The thickness of the transcrys-

Figure 4 Two-dimensional image plate WAXS pat-talline layer has some effect on the mechanical
tern from undeformed sample P.

properties of the film,1 becoming more detrimen-
tal with increasing layer thickness.

This article follows from a series of real-time and presents an investigation into the mechanical
X-ray scattering investigations16,17 of unoriented properties of linear low-density PE (LLDPE)
PEs deformed in both tension and compression, blown film using synchrotron X-ray scattering

(mainly SAXS) and small-angle light scattering
(SALS) to probe the development of the micro-
structure in real-time during uniaxial tension at
room temperature.

EXPERIMENTAL

Materials and Sample Characterization

A range of LLDPE blown films with different
branch types [ethyl, butyl, isobutyl, and hexyl
formed from the copolymerization of ethylene
with butene (sample G); hexene (sample N); 4-
methyl-1-pentene (sample H); and octene (sam-
ples O and P, respectively] were supplied by BP
Chemicals Ltd (Sunbury, UK). Differential scan-
ning calorimetry (DSC) was used to provide infor-
mation on the lamellar thicknesses and percent-
age of crystallinities, as described previously.16

Separate specimens were cut from the blown
film sheets with the MD parallel, perpendicular,
and at 457 to the tensile axis, respectively. These
specimens will hereafter be referred to as MD,
TD, and 45, respectively.

X-ray Scattering

Two dimensional SAXS patterns were obtained
during deformation using an electronic gas-
filled multiwire area detector on beamline 16.1
at the Synchrotron Radiation Source (SRS) at
Daresbury, UK. Details of this beamline and ofFigure 3 DSC traces from the undeformed blown

films. the SRS have been given elsewhere.18,19 Details
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324 BUTLER AND DONALD

Figure 5 (a) Sequence of SAXS patterns and (b) the simultaneously obtained load-
extension curve for sample P drawn parallel to MD (marked ‘‘MD’’ ) . The tensile axis
and MD are vertical.

of the experimental set-up used at the SRS for earlier, were drawn at a nominal strain rate of
1.2 1 1003 s01 to a final nominal strain of 430%.simultaneously obtaining X-ray scattering pat-

terns and the load-extensioncurve during defor- Two-dimensional SALS patterns were obtained
every 10 s. The load-extension curve was simulta-mation have been given in previous publica-

tions.16,17 A SAXS pattern was obtained every 30 neously recorded. SALS patterns were obtained
from (separate) samples in both Hv (betweens during drawing to a final nominal strain of 570%

at a nominal strain rate of 4.7 1 1003 s01 , at room crossed polars) and Vv (polars uncrossed) config-
urations for the MD specimens and in the Hv con-temperature.

Two dimensional WAXS patterns were ob- figuration for the TD and 45 specimens.
tained on image plates from undeformed samples
to characterize the crystalline orientation in the
undeformed material. RESULTS

Results from DSC are presented in Table I. Figure
SALS 3 displays the DSC traces for all of the samples,

showing the lamellar thickness distribution to beSALS was used to investigate the deformation of
the microstructure of samples G and H at length trimodal for the hexyl-branched materials (shown

by three distinct melting points), bimodal for thescales of Ç 1 mm. The light scattering apparatus
has been described in detail previously.20 ethyl- and butyl-branched materials, and uni-

modal for the isobutyl-branched sample. The per-Specimens, in the three orientations described
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POLYETHYLENE BLOWN FILM DEFORMATION 325

Figure 5 (Continued from the previous page )

centage of crystallinities was fairly similar, with ited by bulk unoriented samples of the same mate-
rials.17the isobutyl-branched material possessing a

slightly higher value, in accordance with the trend
observed in unoriented samples of the same copol-

Drawing Parallel to MDymers.17

Figure 5 shows a sequence of SAXS patterns [Fig.
5(a)] , together with the simultaneously obtained

WAXS load extension curve for the hexyl-branched sam-
ple P drawn parallel to MD [Fig. 5(b)] . In FigureFigure 4 shows the WAXS pattern from one of the

undeformed hexyl branched materials (P ) , which 6, the long spacings parallel and perpendicular to
MD (LMD and LTD , respectively) are correlatedis representative of all of the samples. The pattern

is typical of one from the Keller/Machin I mor- with the load extension curve for all of the MD
samples. LTD results from unoriented lamellaephology.
and is therefore only present for samples O
and P.

Time-Resolved SAXS During elastic deformation, and recorded in
Figure 6, there was an increase in LMD in all of theA two-spot SAXS pattern parallel to MD was ob-

tained for all of the undeformed samples, indicat- samples (in Fig. 5, it is shown by the movement
of the scattering peaks towards the beamstop).ing a stacked lamellar morphology with the lamel-

lar normals parallel to MD. In addition, both Figure 7 shows that the rate of increase of LMD

with respect to applied strain generally increasedhexyl-branched materials O and P exhibited a
much weaker diffraction ring, indicating the pres- with decreasing dominant lamellar thickness.

As well as an increase in LMD , the azimuthalence of some unoriented lamellae in these sam-
ples. The hexyl-branched materials possessed the (i.e., perpendicular to the meridian) width of the

scattering peak increased steadily during elasticshortest long spacings. The isobutyl-branched
sample possessed the largest long spacing, which deformation (shown in Fig. 8). In the region of

the load-extension curve, where yielding occurred,again was consistent with the properties exhib-
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326 BUTLER AND DONALD

as the ‘‘arms’’ forming the 4-point pattern moved
to increasingly larger angles away from the ten-
sile axis and MD.

Figure 9 illustrates the evolution of the SAXS
intensity profile parallel to the tensile axis and

Figure 6 Correlation between the load-extension
curve [LMD (open circles)] and LTD (filled circles) for
all blown film samples drawn parallel to MD. The re-
gions of lamellar and fibrillar scattering are indicated
for sample G, as an illustrative example. (a) Sample
G; (b) sample H; (c) sample N; (d) sample O; and (e)
sample P.

the SAXS pattern changed markedly, and a dis-
tinct 4-point pattern emerged from the azimuth-
ally widening 2-point pattern. The regions in Fig-
ure 6 for which no long spacing is marked corre-
spond to the strains at which the 4-point patterns
existed, and no scattering was measured on the
meridian.

Figure 5 shows how the 4-point pattern re-
mained present throughout the drawing, but be-
came progressively weaker. It was retained to a
greater extent by the hexyl- and ethyl-branched
materials P and G, respectively, but had virtually
disappeared by the final strain of 570% for the
other samples. Accompanying the change in in-

Figure 6 (Continued )tensity was a change in the shape of the pattern
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POLYETHYLENE BLOWN FILM DEFORMATION 327

rate of decrease, with respect to applied strain, of
LMD seemed to be roughly correlated with lamellar
thickness: the thicker the dominant lamellae, the
less rapid was the decrease in LMD .

During the load-extension curve plateau, a fi-
brillar morphology developed in sample O that
resulted in a very weak peak parallel to the tensile
axis. The fibrillar and lamellar morphologies coex-
isted. The value of the fiber long spacing in this
specimen was the same as that in the specimen
drawn parallel to MD and was 14.7 { 0.1 nm. No
fiber peak was identified with complete certainty
in any of the other samples drawn perpendicular

Figure 7 Variation of the rate of increase with re- to MD.
spect to applied strain of LMD for all samples (G, H, N,

In Figure 10, it can be seen that, for sample P,P, and O) drawn parallel to MD.
there was some scattering forming two diametri-
cally opposed arcs above and to the left and below
and to the right of the beamstop away from theMD for G, H, and O, showing the gradual loss in

intensity and disappearance of the initial lamellar main lobe of scattered intensity. This was also
observed in the other hexyl-branched material,two-point SAXS peak and its replacement with a

much weaker peak (arrowed) due to scattering sample O, but not in the other samples. The long
spacing measured from these arcs was the samefrom a fibrillar morphology. The fiber peak, which

appeared during the plateau region of the load as that of the initial undeformed material.
extension curves, coexisted with the lamellar 4-
point pattern. The strain at which the fibrillar

Drawing at 457 to MDmorphology was definitely identified seemed un-
related to the microstructural variables or to the

Drawing at 457 to MD caused an initial rotationvalues of applied load. Values for the fiber long
of the 2-point pattern away from the tensile axisspacings of the different samples were G, 15.6 {
during elastic deformation [shown in Fig. 13,0.1 nm; H, 15.7 { 0.1 nm; 0, 14.8 { 0.1 nm; P,
which illustrates the evolution of the SAXS pat-14.1 { 0.1 nm.
tern for sample P drawn at 457 to MD; the simulta-
neously obtained load-extension curve is shown in

Drawing Perpendicular to MD (Parallel to TD) Fig. 5(b)] . Upon macroscopic yielding, the spots
became flattened in the direction of the tensileFigure 10 illustrates the changes in the two-di-
axis. With further deformation, the lamellar scat-mensional SAXS pattern during drawing for sam-
tering disappeared and was replaced by a newple P, which was typical of all of the samples. The
long spacing, presumably resulting from a fibril-load extension curve is shown in Figure 5(b). The
lar morphology.peak width parallel to MD increased (Fig. 10),

whereas azimuthally becoming narrower (shown
in Fig. 11). The long spacing parallel to MD de-
creased from the start of deformation (shown in
Fig. 12). In samples G and P, it can be seen that
LMD began to decrease at a slower rate near the
onset of the load-extension curve plateau, al-
though such an effect was not seen in the other
samples. For sample P, for which there was also
some scattering perpendicular to MD, LTD in-
creased in the same manner as LMD for the sam-
ples drawn parallel to MD, and disappeared at
the end of the elastic deformation region. The la-
mellar peak was present throughout the whole
deformation range for all of the samples except
for sample H, in which it rapidly disappeared with Figure 8 Increase in azimuthal peak width during

drawing parallel to MD for all samples.the onset of the load-extension curve plateau. The
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328 BUTLER AND DONALD

Figure 9 Evolution of the SAXS peak parallel to MD during drawing parallel to MD
for G, H, and O. The top plots show the evolution of the meridional SAXS intensity
profile, in which the peak due to fibrillar scattering is arrowed. Beneath are the contour
plots, in which the position of the fiber peak may be identified more easily.

Time-Resolved SALS Figure 16 shows a sequence of Hv SALS pat-
terns and the simultaneously obtained load-ex-Hv Scattering tension curve for sample H drawn perpendicular
to MD. It can be seen that the initial shape of theThe Hv SALS patterns from all samples were very

similar. Patterns from samples drawn parallel to scattering pattern was quite different from the
SALS pattern when MD was oriented parallel toMD contained a lot of diffuse scattering. Upon

this background were imposed four lobes of higher the tensile axis. There were no lobes, and the
SALS pattern was virtually circular. During de-intensity oriented at 457 to MD (Fig. 14, frame

1). Within each lobe, the intensity decreased formation, this pattern became elongated in the
direction perpendicular to the tensile axis. Figuremonotonically with increasing scattering angle,

and no distinct peak was observed. 17 shows that, apart from an initial period during
the first stages of elastic deformation when thereFigure 14 shows a sequence of Hv SALS pat-

terns and the simultaneously obtained load-ex- was little change in the scattering pattern, the
circular pattern deformed affinely. The eccentric-tension curve for sample G drawn parallel to MD.

The overall integrated scattered intensity in- ity of the pattern was measured by measuring
the distance between two points of equal intensitycreased during elastic deformation and yield, and

then decreased again at higher strains. This effect parallel and perpendicular to the tensile axis, and
is also shown in Figure 17.is confirmed in Figure 15, where the overall scat-

tered intensity (i.e., integrated over the entire Figure 18 shows a series of Hv SALS patterns
and the simultaneously obtained load-extensionscattering pattern) is plotted over the load-exten-

sion curves for both samples. During deformation, curve for sample H drawn at 457 to MD. The initial
SALS pattern was very similar to the patternthe appearance of the four lobes changes, becom-

ing flattened in the direction of the tensile axis, from sample H, with MD perpendicular to the ten-
sile axis. However, during deformation, the four-and four new, less intense, lobes appeared at 24%

nominal strain at a larger angle to the tensile lobe type pattern that was observed when MD
was parallel to the tensile axis began to emergeaxis. These new, smaller lobes rapidly became

overwhelmed by the general increase in intensity and rotate into view. The four lobes initially be-
came more distinct as drawing continued, al-and were not visible after the intensity had begun

to decrease again. though a fully symmetrical pattern was not ob-
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POLYETHYLENE BLOWN FILM DEFORMATION 329

Figure 10 Sequence of SAXS patterns for sample P drawn perpendicular to MD
(parallel to TD). The tensile axis is vertical. The simultaneously obtained load-exten-
sion curve is shown in Fig. 5(b), marked ‘‘TD.’’

tained in the attainable deformation range. At Vv Scattering
higher strains, the cross became less distinct as The Vv patterns for all of the undeformed samples
the lobes decreased in extent in the direction par- in all three orientations (MD, TD, and 45) were
allel to the tensile axis. initially isotropic. Figure 19 shows the simultane-

ously obtained Vv SALS patterns and load-exten-
sion curve for sample G drawn parallel to MD,
showing the increasing ellipticity of the SALS pat-
tern during drawing. Figure 20 shows that the
eccentricity of the ellipse increased linearly with
increasing strain. During elastic deformation, the
overall scattering intensity (integrated over the
entire scattering pattern) increased (shown in
Fig. 21) before reaching a constant value at a
strain of 171%.

DISCUSSION

X-ray Scattering

Lamellar Structure of the Undeformed SamplesFigure 11 Reduction in azimuthal peak width (paral-
SAXS results indicate that the samples crystal-lel to MD) during drawing perpendicular to MD (sam-

ples G, H, O, and P). lized with a stacked lamellar morphology, with
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330 BUTLER AND DONALD

Figure 12 Correlation between the load-extension curve, LMD (open circles) and LTD

(filled circles) for all samples except N drawn perpendicular to MD. (a) Sample G; (b)
sample H; (c) sample O; and (d) sample P.

corrugation explains the formation of the 4-pointthe lamellar normals oriented parallel to MD. The
pattern. A transmission electron microscopicexistence of some randomly oriented lamellar only
study21 of the deformation mechanisms in bulkin the less crystalline hexyl-branched materials
LLDPE found direct evidence for lamellar corru-may have been due to the sample processing his-
gation in the equatorial regions of spherulitestory, microstructural influences (such as branch
where, as for the films drawn parallel to MD, thelength), or the presence of a randomly oriented
lamellar normals are parallel to the tensile axis.transcrystalline layer at the film surface. The dif-
Another study22 has directly related a corrugatedferent lamellar thickness distributions indicated
lamellar morphology, imaged using transmissionby DSC provide evidence that the sample pro-
electron microscopy, with a 4-point SAXS pattern.cessing histories were probably different. Com-
Strong support for this argument is also providedparison of the behavior of the different samples
by Gerasimov and colleagues,31 who studied ex-is therefore limited, because the influences of the
truded low-density polyethylene (LDPE) filmsdifferent variables cannot be separated.
drawn to different strains using SAXS. Their
SAXS patterns followed the same sequence ofDrawing Parallel to MD
changes as the SAXS patterns presented in Fig.

Results from the sample drawn parallel to MD 5. They ascribed the 4-point pattern to the bend-
ing and corrugation of lamellae.may be interpreted simply. During elastic defor-

Gradual lamellar disruption and deformationmation, the increase in LMD resulted from interla-
of the lamellar structures explains the decrease inmellar separation. Operation of fine chain slip

during macroscopic yielding leading to lamellar intensity and the movement of the SAXS intensity
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Figure 13 Sequence of SAXS patterns for sample P drawn at 457 to MD. The tensile
axis is vertical. The simultaneously obtained load-extension curve is shown in Fig.
5(b), marked ‘‘45.’’

toward the equator as the lamellar normals rotate one. This supports the hypothesis that the lamel-
lar to fibrillar transition occurs by purely mechan-away from the tensile axis. It is suggested that

fiber formation occurred with the advent of coarse ical means at room temperature, because in the
melting and recrystallization scenario, the fiberchain slip and lamellar disintegration. A similar

mechanism was proposed to occur in LDPE film long spacing is independent of initial morphology,
being governed only by the sample temperature.by Gerasimov et al.23 The coexistence of lamellar

and fibrillar morphologies demonstrates the con-
Drawing Perpendicular to MD (Parallel to TD)tinuous nature of the lamellar to fibrillar transi-

tion in the LLDPE blown films studied herein. The retention of scattering parallel to MD (i.e.,
perpendicular to the tensile axis) when the filmsEvidence for a greater amount of crystallographic

deformation in the more crystalline samples was were drawn perpendicular to MD shows that the
lamellae did not corrugate in this direction, butprovided by the observation that the lamellar

scattering had disappeared by the highest strain slid past each other by interlamellar shear. The
reduction in azimuthal width of the lamellar scat-for the most crystalline sample H, but was still

strongly present in the least crystalline samples tering peak suggests that the lamellar normals
became more perfectly aligned perpendicular to(O and P).

Similar values of the fiber long spacings for the the tensile axis and/or the lateral dimension of
the lamellae increased. Whereas the former sug-different films are expected from similar values

of the initial lamellar thicknesses. However, the gestion is a most likely process, a mechanism for
the latter remains uncertain. Possibly, lamellaeobservation that the thicker the lamellae the

larger the fiber long spacing shows that the fibril- slide into place next to each other to form larger
lamellae with a greater lateral extent.lar morphology was related to the initial lamellar
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Figure 14 (a) Sequence of Hv SALS patterns and (b) the simultaneously obtained
load-extension curve for sample G drawn parallel to MD. The tensile axis and MD are
arrowed in frame 1.
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Drawing at 457 to MD

Lamellar rotation was shown to operate during
elastic deformation, because the scattering pat-
tern rotated without change of shape. However,
the subsequent development of asymmetry indi-
cated that intralamellar shear, by chain slip, was
activated in the region of macroscopic yield and
resulted in eventual alignment of the molecules
with the tensile axis (shown by WAXS). Contin-
ued lamellar stack rotation would have led to the
opposite orientation of the chains.

Relation of Oriented PE Deformation to Spherulite
Deformation

Figure 22 shows the SAXS patterns at three ex-
tensions from samples drawn parallel, perpendic-
ular, and at 457 to MD (1st, 2nd, and 3rd rows
respectively). The 4th row is composed of the ad-
dition of the first three rows. The composite pat-
tern thus obtained is qualitatively similar to the
patterns obtained at different strains from a bulk,
initially unoriented, specimen of the same PE
grade.17 Therefore, it is concluded that the me-
chanical behavior of different regions of a spheru-
lite may be modeled to a first approximation by
the behavior of oriented samples. It is worth men-
tioning that a similar conclusion was drawn by
Gerasimov et al.,23 who compared the results of
LLDPE films drawn parallel and perpendicular
to MD with those from initially unoriented bulk
LLDPE samples. Figure 23 summarizes the oper-

Figure 15 Correlation between the Hv SALS inten- ative deformation modes in different regions of
sity (points) and the load-extension curve (continuous PE spherulites, as indicated by the results from
line) for (a) sample G and (b) sample H drawn parallel the deformation of thin films.
to MD.

SALSThe reduction in LMD during drawing may be
explained by lamellar thinning caused by chain Hv Scattering
slip. However, the decrease in LMD throughout
both elastic and plastic deformation indicates the Light scattering results from polymer films are in

many ways more difficult to interpret than thosepossibility of the operation of simultaneous shear
and rotation, as described previously.16 Insuffi- from X-ray investigations. Because surface defects

are often of a similar size to the wavelength of light,cient information is available to differentiate be-
tween lamellar thinning caused by chain slip and scattering may result from both structural features

in the film interior and the film surfaces.10,11 Hv scat-a reduction in long spacing caused by shear and
rotation. It is therefore impossible to relate mac- tering from polymer films has been widely studied,

both experimentally and theoretically,9,24–28 and theroscopic yielding with the onset of chain slip, as
was possible in bulk copolymer samples.17 origin of the four-lobed pattern observed for the sam-

ples drawn parallel to MD has been interpreted inEventual disintegration of the lamellae yields
the fibrillar morphology. The mechanism of the terms of scattering from structures in the film inte-

rior.24,25,27 In blown films, these structures are foundlamellar to fibrillar transformation was the same
as in the films drawn parallel to MD, because the to be elliptical, with the long axis parallel to MD.9 It

has been suggested that they correspond to unfolded-fiber long spacing was the same in films drawn
both parallel and perpendicular to MD. chain crystals with their chain axes parallel to MD.9
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Figure 16 (a) Sequence of Hv SALS patterns and (b) the simultaneously obtained
load-extension curve for sample H drawn perpendicular to MD. The tensile axis is
arrowed in frame 1.

However, SAXS provided no evidence for such crys-
tals, but showed the presence of oriented lamellae.
Therefore, it is likely that the microstructures giving
rise to the four lobes in the Hv scattering from the
films studied were regions of similarly oriented, or
commonly nucleated, lamellae. The diffuse isotropic
scattering was probably due to surface rough-
ness.10,11 Indeed, it is known that the majority of
the light scattering from LLDPE films results from
surface roughness, because coating the film with oil
of equal refractive index reduces the light scattering
to markedly lower levels.10

The Hv scattering from the samples drawn par-
allel to MD resembled those obtained in studies
of PE spherulite and polypropylene (PP) blown
film deformation24,25 that also yielded a four-lobed
pattern in which the extent of the lobes in theFigure 17 Correlation between the eccentricity of the
direction parallel to the tensile axis decreasedHv SALS pattern for sample H drawn perpendicular to

MD and the load-extension curve. during drawing. The four-lobed pattern has been
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Figure 18 (a) Sequence of Hv SALS patterns (b) and the simultaneously obtained
load-extension curve for sample H drawn at 457 to MD. The tensile axis is arrowed in
frame 1.

associated with a sheaf-like morphology in which used in the case of the LLDPE films studied
herein. SAXS has shown that lamellae, and hencethe sheaves were aligned side by side with their

axes perpendicular to MD, and has been found in sheaves, oriented with their normals at an angle
to the tensile axis rotate away from it duringLLDPE and polybutene-1 blown films.24 The

SAXS results suggest that, in this case, the drawing. The increase in azimuthal width of the
SAXS peak apparent during elastic deformationsheaves consist of similarly oriented lamellae.

Deformation of the sheaves caused them to elon- for the samples with lamellar normals parallel to
the tensile axis signifies a decrease in lamellargate in the drawing direction as the lamellae

separated, which explains the reduction in extent orientation. The appearance of the new SALS
lobes during elastic deformation therefore sug-of the light scattering in this direction during

drawing. gests the possibility that drawing causes changes
in orientation that enable the new lobes to appear.The presence of four smaller lobes at a larger

angle to MD than the main lobes has been pre- The causes of the changes in Hv SALS pattern
for the sample drawn perpendicular to MD areviously noted in both deformed and undeformed

oriented films.24 In undeformed polybutene-1 harder to ascertain. Two regions of behavior are
apparent: (1) the initial stages of elastic deforma-blown film, the small lobes have been attributed

to interference from assemblies of sheaves and tion in which the SALS pattern changes shape
most rapidly; and (2) this stage, which lasts forseem to depend on the orientation of the sheaves

within the film. A similar explanation may be the remainder of the deformation, in which the
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Figure 19 (a) Sequence of Vv SALS patterns and (b) the simultaneously obtained
load-extension curve for sample G drawn parallel to MD. The tensile axis and MD are
indicated in frame 1.

Figure 20 Correlation between the eccentricity of the Figure 21 Relationship between the Vv SALS inten-
sity and the load-extension curve for sample drawn par-Vv SALS pattern of sample G drawn parallel to MD and

the load-extension curve. allel to MD.
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Figure 22 Construction (bottom row) of SAXS patterns from deformed spherulites
by superimposing the patterns from an oriented sample deformed parallel to MD (1st
row), perpendicular to MD (2nd row), and at 457 to MD (3rd row).

SALS pattern changes shape at a constant rate. tion, but apparently in the opposite direction to
that observed by SAXS. The appearance of fourUnlike the case of deformation parallel to MD,

the effects of deformation perpendicular to MD lobes out of an initially isotropic scattering pat-
tern, and their subsequent rotation during furtherare not well documented. It is therefore impossi-

ble at this stage to separate the influences of inter- drawing, could be interpreted as the rotation of
lamellar bundles from a position where their axesnal and surface structure on the SALS pattern,

and further analysis is not attempted. were oriented at 457 to the tensile axis to one
approaching 907 to the tensile axis. SAXS, how-The Hv SALS pattern from the sample drawn

at 457 to MD provides evidence for lamellar rota- ever, showed that the rotation occurred in the op-
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former is the predominant mechanism contribut-
ing to the Vv scattering from blown films.10,11

With this interpretation, the evolution of the
Vv SALS patterns may be interpreted straightfor-
wardly. Initially, the surface bumps and irregu-
larities must be randomly distributed and fairly
circular for the isotropic scattering to arise. Dur-
ing deformation, the bumps become elongated in
the draw direction and become elliptical in shape,
resulting in the increase in equatorial SALS. Af-
fine deformation of the bumps results in the linear
increase in ellipticity of the Vv SALS pattern dur-
ing drawing. The increase in intensity measured
by the detector probably results from a reduced
attenuation of the light beam as the sample
thinned during deformation.

CONCLUSIONS

A range of LLDPE blown films were studied.
SAXS showed that they possessed oriented lamel-
lar morphologies, with the lamellar normals par-
allel to MD, and SALS indicated that the lamellae
bundled together in sheaf-like structures. A cer-
tain amount of unoriented lamellae was detected

Figure 23 Schematic illustration of lamellar defor- in materials containing hexyl branches, although
mation modes operative in different regions of spheru- no conclusive evidence was found for its cause.
litic samples. WAXS suggested that a Keller/Machin I morphol-

ogy was adopted (i.e., that the lamellae were
twisted) and that there was slight overall orienta-posite sense. To account for this discrepancy, it tion of the molecules parallel to MD in the amor-is suggested that molecular, as well as lamellar, phous component.orientation within the lamellar bundles must also The initial lamellar orientation determined thebe accounted for. operative deformation mechanisms during elasticFinally, a number of factors contribute to the deformation. Interlamellar separation occurredoverall scattered intensity. The initial increase in when the lamellae were perpendicular to the ten-scattered intensity measured when the samples sile axis, interlamellar shear when they were par-were drawn parallel to MD may have been due to allel to the tensile axis, and lamellar stack rota-sample thinning reducing beam attenuation, as tion when they were inclined at 457 to the tensilewell as a greater scattered intensity from the film axis. Macroscopic yielding was caused by the acti-interior. However, if beam attenuation was im- vation of chain slip, which led to lamellar corruga-portant, the decrease in intensity at higher tion in the first case, lamellar thinning in the sec-strains would not have occurred. This decrease ond, and intralamellar shear in the third. It ismay have resulted from a reduction in scattering proposed that the deformation mechanisms de-from surface roughness as the samples became scribed in the previous three cases, during bothsmoother during drawing. elastic deformation and yielding, describe the de-
formation mechanisms that operate in the equato-Vv Scattering rial, polar, and inclined regions of spherulites, and
can be used to explain the microstructuralTwo mechanisms have been proposed to account

for surface roughness, which is found to be a major changes observed during the deformation of un-
oriented samples. In all cases, lamellar fragmen-contributor to the Vv scattering from blown

films10,11 : bumps and irregularities formed in the tation ultimately occurred, over a range of strains,
and led to the formation of a fibrillar morphology.extrusion process and crystalline aggregates

formed at, or near, the film surface. Of these, the The dependence of the fiber long spacing on the
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