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ABSTRACT: Small-angle X-ray scattering (SAXS) studies
and polarized optical microscopy were undertaken to
explore possible morphological explanations for the poor
mechanical strength in the petaloid bases of poly(ethylene
terephthalate) bottles. With a standard commercial produc-
tion line, one set of injection-molded preforms was over-
packed by 1.1 wt % to investigate the effect on the molecular
morphology with respect to a set of control samples. Both
sets of preforms showed highly crystalline and oriented
areas corresponding to the injection gate region. The main
body of the control preform was amorphous, and although
the overpacked preform was essentially amorphous, there

was some evidence for weak crystallinity. The SAXS patterns
of the bottle petaloid base blown from the corresponding
preforms produced similar SAXS patterns for overpacked
and control bottle bases, indicating that the commercial pro-
cess is robust at least to this degree of overpacking. Optical
microscopy showed detailed crystalline features around the
gate region and thin crystalline layers sandwiched between
a quenched skin layer in direct contact with the cold mold
walls and the main flow of material into the mold. © 2007
Wiley Periodicals, Inc. ] Appl Polym Sci 106: 238-247, 2007

Key words: orientation; polyesters; SAXS

INTRODUCTION

Because of their mechanical stability and manufac-
turing efficiency, poly(ethylene terephthalate) (PET)
bottles with petaloid bases are now widely used for
liquid containers, particularly for carbonated soft
drinks (CSDs). Bottles are manufactured by a two-
stage injection-stretch-blow molding process that is
highly automated and, in the main, well understood.
In stage I, the PET bottle preforms [see Fig. 1(a)] are
injection-molded in batches of around 96 and then
rapidly cooled to room temperature. This results in a
preform that is effectively amorphous, although the
area of the polymer adjacent to the injection gate of
the mold can be partially crystalline because of the
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proximity of the hot runner. In stage II, the preforms
are reheated to a temperature above the glass transi-
tion but below the cold crystallization temperature
and stretch-blow-molded into bottles of a given
design. The crystallinity and molecular orientation
induced by this two-stage process are essential to
imparting the required mechanical properties
(strength, optical clarity, etc.)."”” To manage this pro-
cess in a commercial environment requires an enor-
mous amount of knowledge that has been developed
in this field over many years.

This petaloid base motif [Fig. 1(b)] is well estab-
lished commercially; however, as design techniques
develop, further research and development can be
expected, particularly with computational methods
used to predict the mechanical properties of complex
shapes of polymeric materials.” Currently, research
into improvements is in progress’ with the aim of
overcoming some of the known limitations of the
petaloid design.

One existing limitation is circumferential cracking
of the petaloid base, a well-known phenomenon for
which the underlying causes are poorly under-
stood.'” A second limitation is a center crack that
runs through, or close by, the gate [Fig. 1(b)]. The
center crack is thought to be related to low-quality
preforms or a poorly programmed stretch-blow
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Figure 1 (a) Cross section of an injection-molded preform and (b) an engineering (rendered) drawing of a typical
petaloid bottle base made by two-stage injection-stretch-blow molding from PET. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

molding phase.’® As part of an extended research
program on the molecular structure of PET,'" small-
angle X-ray scattering (SAXS) techniques have been
developed to investigate the morphology of PET
chains under a range of controlled experimental con-
ditions (e.g., temperature, shear, and chain composi-
tion) that model industry conditions. These SAXS
techniques have been used to explore the molecular
organization of PET molecules in the petaloid bases
of high-quality bottles and bottles that have split
under a load." The results indicate that different
molecular morphologies do indeed exist, the details
of which are discussed later.

SAXS is an ideal technique for exploring the mo-
lecular morphology of bulk polymers and has been
used extensively to investigate the structure of PET
under a variety of experimental conditions.">** The
typical wavelength of an angstrom or so enables a
scattering vector (q) range of ~0.002 < q < 0.4 A",
which corresponds to imaging on molecular length
scales. Also, sample preparation is limited to the
production of a ~1-mm-thick slice of material.
Depending on the source of the X-ray used (synchro-
tron or laboratory), the X-ray beam can explore
spatial variations from a few micrometers to a milli-
meter or so in a single SAXS pattern and can be
readily scanned across a large area (millimeter to
centimeter) of a sample to provide a comprehensive
view of the molecular structure. These features made
it the ideal technique to investigate the molecular
structure of PET samples selected from a commercial
production line.

Even given the extensive prior knowledge of the
PET molecular structure, it is always advisable to use
multiple experimental techniques when samples are
investigated, particularly those prepared with a com-
plex industrial process. In the past, we have used

transmission electron microscopy;* however, we con-
sidered it inappropriate for this study because of the
complex sample preparation (e.g., thin samples and
staining) and the very small area scanned per image.
Optical microscopy was considered more appropri-
ate, having sufficient spatial resolution to provide
supporting evidence for the molecular morphology
distribution derived from the SAXS patterns.

The packing pressure of the injection-molded pre-
form and the temperature of the preform during
stretch-blow molding are considered to be important
in determinin§ the mechanical properties of the final
blown bottle.” During the packing phase, the gate
valve remains open, allowing more material to be
forced into the mold cavity, and therefore an
increased hold time will generally increase the final
weight of the preform. The gate valve then closes to
form the complete mold cavity. Because of the prox-
imity of the hot runner system (used to deliver the
molten PET into the mold), the gate valve has to be
insulated to minimize the transfer of heat into the
mold. Too much heat transfer would cause too
much crystallinity in the gate region, making the
region more susceptible to failure during and after
bottle blowing. During the injection stage, the pre-
form is also being cooled in preparation for removal
from the mold. Therefore, a longer hold time implies
that more material is forced into the end of the pre-
form that ultimately forms the base of the bottle.
More efficient cooling to the body and neck of the
preform allows these regions in the mold to resist
the addition of more material. In this study, the hold
time was deliberately increased so that the effect of
overpacking on the molecular morphology of the
preform and bottles could be investigated.

Preform reheating for the stretch-blow molding
phase also plays a significant role in defining the
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ultimate performance of the bottle. Reheating is nor-
mally achieved with infrared radiation supplied by
an array of lamps in conjunction with convection
heating. The aim of the reheating process is to raise
the temperature of the preform body into the range
of 90-115°C. This range is high enough to avoid
pearlescence (stress whitening due to microvoiding)
but below the cold crystallization temperature that
would produce haze in the bottle. Axial temperature
profiling is controlled so that both ends of the pre-
form remain cooler while the body reaches the ideal
temperature. The neck above the support ring must
remain cool to prevent distortion of the bottle clo-
sure region, whereas the bottom end of the preform
must remain cooler to withstand the force of the
stretch rod. The temperature profile along the body
may vary to reflect any tapering in the thickness of
the walls. Clearly, the temperature profiling at the
base of the preform during the stretch-blow phase
will make a major contribution to the final molecular
morphology of the petaloid base. The likelihood of
failure by cracking is directly related to the poly-
mer chain morphology, so both phases of the pro-
duction process can significantly influence cracking
susceptibility.

A routine two-stage injection—stretch-blow mold-
ing process should lead to an amorphous region in
the center of the bottle base (although the gate itself
is semicrystalline). This central region is immediately
followed by a biaxially oriented region in the feet
and valleys, which progresses into the bottle wall.
The residual stresses in the base material have been
calculated with Abaqus simulation software,” and
the stress calculations indicate maximum stress is
present in the valley regions. Lyu et al.** used com-
puter modeling to study crack formation in the base
and concluded that cracks were formed in regions
with inadequate strength. These low-strength regions
resulted from areas in which strain hardening did
not occur because of insufficient stretching of the
polymer, basically as a result of a coarse base design.
The base cracks also resulted from crazing that
occurred because of the maximum principle stress
being located in the wvalleys, and this crazing
strongly affected the crack formation.

In a typical 2-L CSD bottle, the thickness of the
PET in the walls is 0.35 = 0.1 mm, whereas the
thickness over the central region of the base is 2.1
* 0.4 mm. In the transition region between the base
center and either the foot or valley, the thickness is
reduced as the material is stretched. A reduced
thickness leads to a reduced strength of the base
until the material is stretched far enough for strain
hardening to occur, and at this point, there is a dra-
matic increase in the overall strength that compen-
sates for the reduction in the thickness. Obviously,
there remains a suspect region in which the material
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is thinning, but strain hardening and subsequent
crystallization have yet to take place."

Lyu and Kim* produced a further study that con-
cluded that the key design parameters affecting cir-
cumferential cracking in the bottle base are the foot
length, valley width, and clearance (the height differ-
ence between the gate position and the surface on
which the bottle stands). Computer simulations were
used to find the optimum values for design para-
meters that reduced the principle stress concentra-
tion, and these values were then used to design a
new base that resulted in increased crack resistance.’

Our previous SAXS study'? confirmed that the
base center of good bottles was indeed amorphous.
The circumferentially cracked bottles, however,
exhibited a different morphology in the base center,
in which the polymer chains were circumferentially
aligned around the preform injection point. The
SAXS results did not, however, identify any crystal-
linity within the central base region (aside from the
gate as expected). This circumferential alignment
produces an even weaker transition region, which is
where the cracks are located. Our study concluded
that the problem lies with either overpacking during
preform injection or with temperature control of
the preform base during the stretch-blow-molding
phase.

For this study, no attempt was made to explore
any skin/core effects of the bottle bases, although
research by Everall et al.*® indicated that skin/core
effects are important. In a study using polarized atte-
nuated total reflection FTIR spectroscopy on bottle
walls,*® complex orientation patterns and gradients
were shown to exist in the skin/core regions that
depend on the preform and mold design. It was
shown that the differences in hoop extension for the
inner and outer surfaces of a bottle wall are signifi-
cant for the overall morphological properties. Typical
values are ~5 and 4 for the inner and outer walls,
respectively, of a 2-L bottle. The different geometry
of the base means that there is unlikely to be any sig-
nificant differences in hoop extension between inner
and outer surfaces until the base starts to curve into
the bottle wall, well beyond the transition region of
interest. However, differences may exist because of
rapid cooling of the skin during the injection-mold-
ing process, which freezes the skin while the core
material is still flowing into the mold.

EXPERIMENTAL

The preforms and bottles were manufactured from
commercial-grade PET (Skypet BL8050, SK Chemicals,
Jakarta, Indonesia; intrinsic viscosity = 0.80 dL/g,
melting temperature = 245°C, density = 1.40 g/cm°)
with a two-stage injection-stretch—blow molding pro-
cess operating under standard industry conditions.
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Before use, PET was thoroughly dried to a moisture
content of ~25 ppm with a Novotec 1400 dryer
(Merelbeke, Belgium). All the manifolds of the injec-
tion-molding machine (G-line 600 E140, Husky, Bol-
ton, Canada) were set to a temperature of 290°C,
and a balanced H-runner system (Husky) ensured
that all molds were filled simultaneously. An insu-
lated gate valve, which was heated for 45% of the
cycle, formed the interface between the hot runner
system and the mold. There was a maximum injec-
tion pressure of 2200 bar, and the hold pressure for
the control samples consisted of three steps: 880 bar
for 1 s, 900 bar for 2.5 s, and finally 930 bar for 3 s.
For the overpacked samples, the hold time for step 1
was increased from 1 to 5.5 s. The total cycle time for
the control samples was under 20 s, and this
increased to just under 24.5 s for overpacked sam-
ples. A three-stage robotic cooling head was used to
cool the injection-molded preforms. Stretch—blow
molding was conducted with a Krones 524 machine
(Neutraubling, Germany) operating under standard
industry conditions.

The two sets of preforms and corresponding bot-
tles blown from preforms, taken from the same
mold positions, were collected. U-sections were cut
from the injection end of the preforms [Fig. 1(a)] and
carefully abraded to a thickness of 1.8 = 0.2 mm.
During cutting and abrading, the surface tempera-
ture remained well below the cold crystallization
temperature for PET. The U-sections enabled SAXS
data to be collected in the transmission mode
through the thickness of the preforms, particularly
around the injection gate. To complete the study, the
petaloid bases were cut from the bottles to provide a
clear path for the X-ray beam in the transmission
mode. No other sample preparation was required.

Data were collected on the SAXS instrument on
the ChemMatCARS 15-ID-D beam line (Advanced
Photon Source, Chicago, IL). 27 A 500-pm-wide and
200-pm-high X-ray beam with a wavelength of 1.3 A
(9.54 keV) was selected. The two-dimensional (2D)
SAXS patterns were collected with a Bruker 6000
CCD detector (Karlsruhe, Germany) (an active area
of 94 X 94 mm? with a pixel size of 92 um), which
was located 1887 mm from the sample position. This
geometry enabled a d-spacing in the range of 40-
1100 A (i.e., molecular dimensions) to be studied.
The d-spacing was derived from Bragg’s law (1 = 2d
sin 0; where 1 is the wavelength of the incident radi-
ation and 20 is the scattering angle) and is inversely
related to q (q = 4n sin 6/A). q is, in turn, related to
the position of the scattered X-ray on the 2D detec-
tor, with q = 0 A~ at the center of the detector. The
total q range for the outlined instrument configura-
tion was 0.007 < q < 0.3 A"l A beam stop was
located on a supporting arm to prevent permanent
damage to the detector by the intense beam of X-
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rays. The intensity of the incident beam was esti-
mated to be ~1 X 10'* photons per second.

The U-sections were mounted on an X-Y transla-
tion stage, and the software was programmed to col-
lect data for 10 s before the stage was automatically
moved to the next position. The U-sections were
mounted with the injection point uppermost, and in
the following discussions, the vertical direction (Y
axis) was parallel to the wall of the preform, and the
horizontal direction (X axis) was across the width of
the preform. Standard SAXS data collection was as
follows: In the horizontal direction, the X-ray beam
was 500 um wide, and 10 points were measured,
spaced evenly over 10 mm of the sample. In the ver-
tical direction, the X-ray beam was 200 ym high, and
20 points were measured, spaced evenly over 4 mm
of the sample. This raster scanning regime mapped
the gate area of the preform in detail, covering the
region of the preform that ultimately formed the
center of the petaloid bottle base, the zone suscepti-
ble to center cracks.

For the bottles, the petaloid base was mounted on
the X-Y translation stage, and the beam was scanned
vertically over the diameter of the base, covering
80 mm from one edge of the foot to the opposite
edge of the valley. Data were collected for 10 s at
1-mm intervals across the base. The SAXS intensity
was not placed on an absolute scale, and because the
sample thickness varied over the base, the SAXS
pattern was used to highlight qualitative differences
in the crystallinity and orientation.

An Zeiss Axioplan optical microscope (Jena, Ger-
many) fitted with polarization optics was subse-
quently used to record color images of the U-sec-
tions of the preforms in the transmission mode.
Because of the thickness of the samples, crystalline
regions appeared dark with respect to the amor-
phous regions of the samples.

RESULTS AND DISCUSSION

The average weight of the control preforms was
54.55 = 0.07 g, whereas the weight of the over-
packed preforms was 55.15 * 0.07 g. The standard
errors were calculated from a sample size of seven.
Therefore, a 69% increase in the total hold time
meant that the overpacked preforms were typically
1.1% heavier than the control preforms, and it was
expected that most of this extra weight would be
located around the gate region of the preform.
Figures 2 and 3 show the mosaics of SAXS patterns
for the control and overpacked preforms, respec-
tively. The patterns are arranged immediately adja-
cent to one another in the mosaics to present a more
compact figure and therefore do not reflect exactly
the absolute position of each pattern on the preform,
although they do represent the correct sequence. Pat-
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Figure 2 Mosaic of SAXS patterns collected from around
the gate of a control preform. Horizontally, 10 patterns
were collected over 10 mm; vertically, 20 patterns were col-
lected over 4 mm. The beam size was 500 pm X 200 um.
In these 2D images, the color scale represents the number
of X-rays collected per detector pixel. Bright areas indicate
more intense scattering that merges into the darker back-
ground regions. The dark spot in the center of the image
was caused by the beam stop. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]

terns are all presented on a log intensity scale; they
are geometrically corrected and are also normalized
to the incident X-ray intensity. The color scale repre-
sents the number of X-rays detected in each pixel;
bright colors represent high counts and dark colors
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represent low counts per pixel. The small dark
region in the center of the SAXS pattern (see later
figures) was caused by a beam stop located immedi-
ately in front of the detector to prevent the intense
unscattered X-ray beam from causing damage to the
detector.

Figures 2 and 3 contain a region of SAXS patterns
located at the top and center of the mosaics that
exhibit strong scattering. These regions correspond

Figure 3 Mosaic of SAXS patterns collected from around
the gate of a overpacked preform. Horizontally, 10 pat-
terns were collected over 10 mm; vertically, 20 patterns
were collected over 4 mm. The beam size was 500 pum
X 200 um. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Figure 4 Mosaic of SAXS patterns collected from around
the gate of an overpacked preform. Horizontally, 12 pat-
terns collected were over 6 mm; vertically, 6 patterns were
collected over 1.2 mm. The beam size was 500 um X 200
pm. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

to the gate of the preforms at which the material is
injected into the mold. On either side of the gate
(upper left and right quadrants), there are (feature-
less) patterns due to air scatter only, and patterns
containing only air scatter can also be seen at the
bottom center of the mosaics. These air-scatter
regions bound the shape of the inverted U-section.
Some of the patterns contain intense streaks of scat-
ter passing through the pattern center and are due
to X-rays reflecting off the preform edge.

Figure 4 shows a mosaic of SAXS patterns from
around the gate of another overpacked sample but
with greater sampling in the horizontal scale, with
12 patterns taken over 6 mm (i.e., no gaps between
the SAXS patterns). The vertical resolution in Figure
4 remains the same as that for Figures 2 and 3,
although here only the top six rows are shown, cov-
ering a vertical distance of 1.2 mm. Again, air-scatter
patterns are present in the top left-hand and right-
hand quadrants of the mosaic. The enhanced hori-
zontal sampling presents the gate structure in
greater detail. The upper central patterns of the
mosaic all show broad lobes located on either side of
the direct beam, which are indicative of oriented
lamellae. In the top three rows of the sixth column
(counting from the left), the lobes of the scattered in-
tensity are essentially aligned in a vertical axis, that
is, above and below the direct beam. Previous model
experiments that studied shear-induced crystalliza-
tion have shown that this orientation is indicative of
a flow direction approximately in the vertical direc-
tion, as would be expected from material flowing
into the mold.”® The crystalline lamellae orient per-
pendicularly to the flow direction in the horizontal
direction, and the scattering from these lamellae
forms the lobes above and below the direct beam.

All the lobes in the gate region are very broad at a
constant q. Because SAXS patterns are in reciprocal
space, broad lobes equates to shorter lamellae in the
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horizontal plane. Conversely, long lamellae (in the
horizontal plane) would produce a much narrower
lobe or spot in the vertical axis of the SAXS pattern.
Hence, the broad lobes provide information about
the local environment in the gate region, indicating
that short lamellae develop that may be due to a
restriction on space, possibly as a result of a high
nucleation density caused by enhanced molecular
alignment (see later). Still considering the sixth col-
umn in the mosaic of patterns, we find that the long
axis of the polymer chains would be aligned in the
vertical axis to form lamellae in the horizontal plane.
This vertical alignment of the chains is almost cer-
tainly due to the shear forces experienced by the
chains as they flow through the gate and into the
mold. Areas of high shear are known to preferen-
tially align polymer chains parallel to the flow direc-
tion, and this can lead to enhanced nucleation of
crystals, especially where long chain polymers are
present with slow relaxation times.*

In the top four rows of columns three to five and
on the left of the central sixth column, the lobes
have rotated in an anticlockwise direction with
respect to the sixth column. Conversely, in columns
seven to ten on the right-hand side of the central col-
umn, the lobes have rotated in a clockwise direction.
This orientation of the lobes is directly related to the
orientation of the lamellae in that region. A possible
mechanism for the orientation of these lobes is dis-
cussed later after reference to the optical microscopy
results. It may be useful to consider the local envi-
ronment in more detail. After the packing phase, the
gate valve closes to form the final part of the mold.
To prevent melt crystallization in the valve, the
valve is heated for 45% of the cycle time while the
melt is flowing into the mold. Once it is inside the
mold, the walls are cooled in an attempt to quench
the PET into the amorphous state so that demolding
can proceed as soon as possible. In fact, a quenched
skin layer forms on immediate contact with the cold
mold walls. The proximity of the hot runner system
and heated valve in the gate region results in an
area of a large thermal gradient. The valve itself is
insulated from the mold in an attempt to minimize
the degree of direct heating into the gate region,
although enough heat is transferred so that cooling
of the melt in the gate region is sufficiently slow to
allow some crystallization.

Scattered lobes are virtually absent in row five of
Figure 4. This is typical for all of the samples tested
and roughly equates to a depth of 1 mm. The poly-
mer chain morphology in the preform gate region,
described in detail for Figure 4, is also applicable to
the morphology observed for all the other samples
examined at the standard lower data sampling rate
with 10 SAXS patterns collected over 10 mm in the
horizontal direction (Figs. 2 and 3 plus other data
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not shown). It is also evident in Figure 4 that the
scattering due to oriented lamellae down the central
(sixth) column of the gate region is slightly less
intense than that on the columns on either side and
generally disappears about 200 um (one row) before
the adjacent columns. These observations were con-
sistent for all the samples examined. This indicates
that the degree of crystallinity in the central column
of the gate is slightly less than that of the surround-
ing columns, suggesting that a ring of crystals may
be present containing a central channel of slightly
lower crystallinity.

With reference to Figure 2, it is apparent that the
bulk of the control preform away from the gate is
amorphous as intended. The preform patterns in
Figure 3 appear brighter than the patterns in Figure 2;
however, this was due to the overpacked preform
section being slightly thicker and therefore having a
greater number of scattering elements. After the con-
trast settings for the figures (patterns not shown) are
enhanced, it is apparent that the overpacked sample
exhibits very weak crystallinity and orientation over
large regions of the preform. This weak effect could
clearly be the result of overpacking, even though the
gate regions for both sets of samples appear to be
similar.

Figure 5 presents an example of a scan across the
base of an overpacked bottle, taken from the same
mold position as the preform shown in Figure 3. The
sequence starts at the outer edge of the foot and
passes over the foot, through the center, and through
the valley directly opposite. All bottle bases were

s 8 8 8 8 &

- e

e o o 0 °o o
e o o °o o o

Figure 5 Sequence of SAXS patterns collected over the
base of a 2-L. CSD overpacked bottle, starting at the outer
edge of the foot (top left) and passing over the foot,
through the center, and over the valley opposite (bottom
right). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app

HANLEY ET AL.

I 1 mm I

Figure 6 Optical image of a control preform gate through
polarized light in the transmission mode. [Color figure can
be viewed in the online issue, which is available at www.
interscience.wiley.com.]

examined across two different axes (one foot apart)
to check for uniformity. In fact, all the scans for both
types of bases were virtually identical. The only dif-
ferences occurred during the passage over the gate
region, and this was due to the fact that not all the
gates were located perfectly in the center of the bot-
tle base. The first pattern (top left of Fig. 5) is from
the outer edge of the foot, and the sequence contin-
ues row by row across the base until the final pat-
tern bottom right at the outer edge of the valley. The
top two rows correspond to 20 mm over the foot,
whereas the bottom two rows correspond to 20 mm
over the valley. The four oriented and crystalline
patterns in rows four and five are due to the gate
region. Figure 5 clearly shows that the regions over
the foot and valley are crystalline, with some slight
anisotropy at certain points, whereas the central
region of the base, aside from the gate, is amor-
phous. This morphology is typical of a good bottle
base. Clearly, the effort to create poor bottles by

Figure 7 Optical image of a control preform in the trans-
mission mode. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 8 Optical image of an overpacked preform in the
transmission mode. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

deliberate overpacking of the preforms had little
effect on the bottles produced. This is a good result
for bottle manufacturers as it indicates that over-
packing to this degree is no restriction to producing
good bottles, and generally the process is robust as
far as overpacking is concerned.

Optical microscopy was used to help describe the
features observed in the SAXS patterns. All optical
images were recorded in the transmission mode. The
samples were reasonably thick for optical micros-
copy, so crystalline sections appear dark with re-
spect to amorphous regions. Figure 6 is an image of
a control preform gate viewed along the long axis of
the preform. The image shows that the gate is
largely crystalline, with a region in the center that is
less crystalline. This evidence clearly supports the
SAXS results regarding the presence of oriented
lamellae; however, low-magnification optical images
are unable to provide any information about the la-
mellar alignment.

Figures 7 and 8 show combined sets of optical
images taken from the control and overpacked pre-
form U-sections, respectively. Because of the thick-
ness of the samples, some features, particularly those

Hot Runner

Insulated Gated Valve 1

Cooling Cooling

Crystalline PET

lml

Cooling

(a)

pitd T
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around the very top of the gate, are out of focus.
The preform edges in Figure 8 are also thicker than
those in Figure 7, most likely as a result of the cut-
ting and abrading process. The preform separates
from the mold, leaving two corner edges on either
side of the gate with an elevated nipple in the cen-
ter. These often appear very dark as they may be
crystalline but also somewhat out of focus with
respect to the top face of the U-section. Still within
the gate region, but in the body of the preform, are
two dark V-shaped regions located on either side of
the central channel into the mold. These regions
appear to form part of the crystalline ring that can
be seen clearly in Figure 6 around the center of the
gate. These regions result in the off-vertical axis
SAXS lobes discussed earlier. The central region of
the gate, below the nipple, is observed to be less
crystalline than the V-shaped regions on either side.
This was also reflected in the less intense scatter
observed in the SAXS patterns.

A thin crystalline layer connects to each corner of
the gate and V-section and tracks the outer surface
of the preform, forming a layer between the amor-
phous quenched skin (in direct contact with the
mold) and the rest of the amorphous center. We sug-
gest that this crystalline layer forms because of the
high shear resulting from the stationary quenched
layer adjacent to the mold and the main flow of ma-
terial into the mold. A dark crystalline layer is also
present on the inner curved surface of the preforms.
All the optical images for both sets of samples follow
these trends, with no major differences between the
control and overpacked samples.

A possible mechanism for describing the orienta-
tion of the crystalline zones seen on either side of the
central channel in the preform gate region is pre-
sented in Figure 9. During the injection-molding pro-
cess, the gate valve closes after the hold phase is
complete and forces a little more material into the

Nipple forms during demoulding

side twist
Demoulding allows hot PET
in central channel to flow upwards

(b)

Figure 9 Schematics showing (a) the preform gate region during molding and (b) the same region shortly after demold-
ing. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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mold, and Figure 9(a) is a schematic representing the
environment after closure of the valve. Cooling is
applied to the walls of the mold; however, around
the gate region, cooling is less efficient because of the
presence of the gate and the hot runner. As the melt
flows into the mold, the polymer chains become
aligned because of the high shear environment.
Although short chains are able to relax quickly, long
chains take much longer to relax because of entangle-
ments. This long-lived chain alignment, coupled with
the slowly cooling temperature, serves to nucleate
crystallization, with lamellae forming perpendicu-
larly to the flow direction from a sea of hot melt.
Demolding removes the force holding the gate
closed, and the hot central channel is able to relax,
with backflow causing the nipple shown in Figure
9(b). This backflow [shown traveling upward in Fig.
9(b)] causes the newly forming crystals in the regions
surrounding the central channel to twist, shifting the
alignment of the lamellae off the horizontal axis and
the scattered lobes off the vertical axis, as presented
in the experimental SAXS patterns in Figures 2—4.
This type of mechanism also explains the V-shaped
features observed in Figures 7 and 8 and also why
the depth of crystallites is slightly less in the central
channel of Figure 4. Clearly increasing the cooling
time in the mold would reduce the degree of back-
flow but may not offer any process advantages while
incurring a penalty of reduced output. It is also im-
portant to note that the depth of the crystalline
region around the gate for these samples is well
within the accepted industrial tolerances.*

CONCLUSIONS

SAXS experiments were conducted to study the mo-
lecular morphology of control and overpacked pre-
forms and their corresponding bottles. The preform
U-sections for both sets of samples showed a highly
oriented crystalline region around the gate. The ori-
entation of the lamellae, as shown by the scattered
X-rays (lobes), shifted off the axis between the cen-
tral channel leading into the mold and the gate wall.
The central channel was oriented but slightly less
crystalline than the regions immediately on either
side. The large shear forces in the gate region prob-
ably led to a high nucleation rate. The main body of
the control preform was amorphous, and although
the overpacked preform was mostly amorphous, it
did show some evidence for weak crystallinity and
orientation when the contrast of the SAXS patterns
was enhanced. The scans across both sets of bottles
produced very similar results, indicating that both
sets of preforms produced good bottles and imply-
ing that the production process was robust to this
level of preform overpacking.
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Optical microscopy was conducted to support the
SAXS results and produced detailed images of the
crystalline regions in the U-sections. These images
identified crystalline layers next to the amorphous
skin layers on both the inner and outer surfaces of
the preforms. The images also identified a distinctive
crystalline region in the gate area of the preforms,
and a model was presented to describe these. The
optical images for both sets of preforms looked very
similar, again implying that the process is not very
sensitive to this degree of preform overpacking.

To explore these findings further, a study of the
polymer chain crystallinity using wide-angle X-ray
scattering was subsequently undertaken, and the
results will be reported in a separate publication.'
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