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Abstract

Synchrotron small-angle X-ray scattering (SAXS) studies were carried out to investigate effects of thickness of injection-moulded isotactic
polypropylene (iPP) plates on shear-induced morphology and morphological distribution through the depth direction of the plates. Different
levels of effective shear flow are imposed on the iPP melt by changing the thickness of the plates although the injection moulding is
performed with the same injection ram speed and the same melt and mould temperatures. Shish-kebab-like morphology is found roughly
100 pm from the surface of plates, regardless of the thickness of plates. However, the type of shish-kebab-like morphology is very sensitive
to the thickness. The shish-kebab structure at the surface region can be changed into the kebab-structure only or random crystalline lamellae
as the thickness of the plate increases. The preferential orientation of crystalline lamellae along the flow direction strongly depends on the
thickness of the plate, although the melt-shear does not significantly enhance the degree of linear crystallinity. It is also found that in the core
region, the slow relaxation of polymer chains in the thick plate results in a higher degree of linear crystallinity. The results indicate that the

shear-induced morphology is strongly dependent on effective shear flow and should be described individually.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Semicrystalline polymers are technologically important
as they comprise about two-thirds of the global polymer
production and have wide ranging applications [1]. Proces-
sing of semicrystalline polymers involves the imposition of
varying levels of flow fields (shear, elongation, and mixed)
on molten polymers at different stages of the processing [1].
These flow fields can introduce different degrees of
anisotropy to polymer melts, which significantly accelerates
the nucleation rate of the crystallization process. As a result,
the effects of flow fields on polymer melts alter morphology,
morphological distribution, and product properties as well.
In most polymer processing operations, such as injection
moulding, extrusion, and fiber spinning, the morphology
and its distribution of resultant polymer products are deeply
influenced by molecular orientation induced by the flow (in
the molten state) and the deformation (in the solid state). It
is found, for example, that flow-induced crystallization of
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polymer melts results in the formation of shish-kebab
morphology that has attracted attention since the 1970s
[2-5]. A number of different models have been proposed to
describe the structures during or subsequent to the
imposition of melt flow [6—8]. The shear-induced crystal-
lization of polymer melts can be found due to a broad range
of shearing rates from a laboratory scale to industrial
processing. The shear flow of industrial processing is often
considered as relatively weak and that it may not easily
induce the formation of very extended polymer chains.
However, there is no doubt that the shear flow of industrial
processing operations can modify the crystallization and the
resulting morphology of semicrystalline polymers [9—-16].

The morphology of injection-moulded isotactic poly-
(propylene) (iPP) is found to be a skin-core structure in
which multiple layers have been observed by light
microscopy [9—16]. The hot iPP melt contacting with the
cold walls of the die experiences high stresses, strain rates
and cooling rates and subsequently the final structures are
inhomogeneous and anisotropic. The layer numbers and
thickness of injection-moulded iPP may vary from one
semicrystalline polymer to another and the structures are
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pronouncedly dependent on moulding conditions. Never-
theless, at least three different regions have been observed
when thin sections of mouldings are examined using optical
microscopy. The skin region is often considered to be very
thin and essentially characterized by a relatively high
amorphous content due to rapid cooling. The lower cooling
rate in the core region can allow complete relaxation of the
chain molecules and the growth of spherulites. The skin and
core regions are generally separated by a shear zone or
surface region.

Among the variety of oriented arrangement of mor-
phologies that may occur during shear-induced crystal-
lization of polymer melts, the shish-kebab structure has
attracted special attention. The description of morphology
of injection-moulded iPP in terms of the shish-kebab model
has been proposed [17—20]. The lamellar kebabs are held
together by the tie molecules of the shish, and both the
crystallites and the tie molecules have preferred c-axis
orientation along the flow direction. Taken on its own, the
original shish-kebab model alone may not well explain the
bimodal orientation often found in injection-moulded iPP. It
has been suggested that the lamellar structure near the
surface can be characterized by a ‘parent—daughter’ or a
bimodal orientation model [21—-24]. In terms of the parent—
daughter model, the parent and daughter lamellae can be
linked by tie molecules along the flow direction, but the
parent and daughter lamellae have quite different but related
c-axis orientations. The parent lamellae have folding chains
with their c-axis preferentially aligned along the flow
direction while the daughter lamellae have their a*-axis
(originated by a-axis of the daughter lamellae) parallel to
the parent c-axis, having epitaxially grown from the parent.
Compared with the parent lamellae, the daughter lamellae
are small and imperfect, and the size of daughter lamellae
is not uniform. The b-axis of the daughter lamellae is
parallel to the b-axis of the parent lamellae, and the tilt
angle between the parent and daughter lamellae is found to
be 80° [25,26].

The final morphology and its distribution of injection-
moulded iPP articles are pronouncedly dependent on
moulding conditions, including processing temperature,
injection speed and pressure, holding pressure, and cooling
time [27]. A fine balance between flow shear and other
moulding conditions can lead to improved properties of
designed materials. The molecular nature of iPP, such as
molecular weight and its distribution, chain branching, and
the presence of nucleating agents also play important roles
[28—-30]. It is worth noting that most experiments reported
here were not carried out under industrial processing
conditions in which the shear flow is relatively weak. The
purpose of this paper is to explore the effects of the
thickness of injection-moulded iPP plate on the morpho-
logical distribution, including lamellar orientation and
dimensions, through the thickness of the plate. The external
shear is controlled to be the same under the injection
moulding conditions, whereas the levels of effective

melt-shear internally imposed on the polymer melt are changed
when the melt flows through dies with different thickness. The
morphologies and morphological distributions, which are
frozen in the solid state, would subsequently develop in
different ways with the depth of plate. Highly collimated
synchrotron small angle X-ray scattering (SAXS) was used to
characterize accurately the morphological development
through the plate depth with high spatial resolution at a
selected position of iPP plates. Since the shear-induced
crystallization of injection-moulded plates starts from the
surface region and propagates toward the core region, the
morphological distribution through the depth of the plate
can provide tracks of the shear effect on the crystallization.

2. Experimental

A commercial iPP (Basell Moplen EP301K) was used to
mould end-gated plates, as shown in Fig. 1. According to the
manufacturer, the raw material has the standard process
stability suitable for injection moulding. The melt flow rate
of the raw material is 4. Rectangular plates of iPP with a
length [ of 130 mm, width w of 73 mm, and thickness £ (1, 3,
and 5 mm) were injection moulded with conditions as
follows: melt temperature 215 °C, mold temperature 47 °C,
holding pressure 40 MPa, holding time 12 s, and cooling
time 20 s. The maximum shear strain rate (at the wall) of a
non-Newtonian flow through a rectangular channel can be
given as follows [31]:
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where Q is the flow rate and n a flow behavior index. If it is
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Fig. 1. A schematic diagram of an injection-moulded plate and the injection
moulded iPP specimen cut at a central position away from the gate. The
plane of the specimens is parallel to the flow direction and the X-ray beam
is then normal to flow direction.
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maximum shear strain rate are 1:0.58:0.45, corresponding to
plate thicknesses 7 =1, 3, and 5 mm, respectively. The
maximum shear strain rate decreases significantly with an
increase in the thickness of the plate, which would alter the
morphology and morphological distribution.

The injection moulded iPP specimens were cut at a
central position away from the gate, as indicated in Fig. 1,
with a length of 10 mm, depth of 1.0 mm, and three widths
of 1, 3, and 5 mm. These specimens were respectively
named as iPP-1, iPP-3, and iPP-5, corresponding to plate
thickness of 1, 3, and 5 mm, respectively. The plane of the
specimens used is parallel to the flow direction.

The X-ray scattering experiments were performed at
room temperature at the Australian National Beamline
Facility (ANBF), a synchrotron beam-line at the Photon
Factory in Tsukuba, Japan. The ANBF is installed on a
bending magnet port, and delivers monochromatic synchro-
tron X-rays in the energy range 4.5-20keV to the
experimental station in a hutch. The instrument has a
multi-configuration vacuum diffractometer that uses image
plates as its detector system. The square-shaped micro-beam
had a dimension of 200 X 200 (um)>. The wavelength of
2.0 A was employed to record 2D SAXS image patterns.

The iPP specimens were mounted at the centre of ANBF
vacuum diffractometer with the specimens 570 mm from the
image plate. Measurements were performed with the
primary beam being perpendicular to the flow direction
and the scattering being measured along a direction normal
to the layered planes in the moulding. The beam passed
through the specimen and the illuminated zone was changed
with a vertical shift of the sample holder along the direction
of plate thickness (or specimen width). Only one half width
of each specimen was illuminated. Physical parameters
calculated later will be plotted as a function of the depth
through the plate thickness on the assumption that the
morphology at the same distance from surfaces of the plate
is the same or the distribution is symmetrical. The steps of
vertical shift of the illuminated zone were chosen so that
more X-ray patterns were obtained from the surface
region. For all specimens, the first measurement was always
taken with the beam centre 100 wm from the surface. The
scattering at 100 pm is low simply because the illuminated
area is small. This step should not be taken as a
measurement of the skin as the X-ray beam cannot access
the specimen skin in the present experiments.

The integrated intensity of 2D image patterns was
obtained using PPDA software. The ‘box sizes’ of PPDA
(or the integrated areas) are set to be 45 and 230 for the
integration of equatorial and meridional scattering, respect-
ively. The horizontal ‘box’ is for the integration of
equatorial scattering and vertical for the integration of
meridional scattering. The dimensions of ‘box size’ were
consistently applied for all the positions of every sample.
The scattered intensity was then presented as a function
of scattering vector ¢ where g = 4mwsin (6)/A. Scattering
without the specimen was recorded as a background

scattering [, to enable correction of measured SAXS
patterns.

3. Results and discussion

Fig. 2(a) shows a selected 2D SAXS image pattern (the flow
direction is vertical) recorded at a depth of 100 wm in an
iPP-3 moulding. This image represents the raw pattern
without background correction. The very strong scattering,
which is also observed from background pattern (Fig. 2(b)),
is due to guard slits. Two distinct scattering maxima along
and normal to the flow direction can be seen, which indicate
morphological orientation at this depth of iPP-3. Fig. 2(a) is
sectioned into two parts, as shown in Fig. 2(c), for the
calculation of oriented SAXS intensities, namely meridional
scattering Inerigian @nd equatorial scattering Iquaeor» after
subtraction of background scattering from the pattern. The
meridional maxima in the SAXS pattern can be attributed to
the formation of kebab-like lamellar structures that are
spatially uncorrelated and perpendicular to the flow
direction whereas the equatorial streak can be attributed to
the formation of a bundle of chains or microfibrillar
structures parallel to the flow direction [32]. The obser-
vation of the equatorial streak can also be explained as the
formation of a *-axis-oriented ‘daughter’ lamellae growing
epitaxially. The SAXS pattern seen indicates the existence
of shish-kebab-like morphology at the depth of 100 pm in
iPP-3, and for comparison Fig. 3 shows the SAXS image
patterns obtained from the depth of 100 pwm of iPP-1 and
iPP-5. They are similar to the oriented image pattern as
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Fig. 2. (a) A two-dimensional SAXS image pattern at 100 pm from the
surface of an iPP-3 plate in the depth direction. (b) 2D SAXS pattern of air
as scattering background. (c) Sections of (a) for calculation of integrated
SAXS intensities along the equatorial and meridional directions.
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iPP-1, 100 pm iPP-5,100 pm

Fig. 3. Two-dimensional SAXS image patterns at 100 wm from the surface
of iPP-1 and iPP-5 plates.

shown in Fig. 2, with two reflections along and normal to the
flow direction observed. It is found, however, that the
magnitude of the scattering maxima is strongly dependent
on the thickness of the plates, although all samples were
injection-moulded under the same conditions. Compared
with the case of iPP-3, a stronger and narrower meridional
maximum is seen from the iPP-1 pattern whereas a very
weak and broad meridional maximum is detected from the
iPP-5. On the other hand, the magnitude of the equatorial
streak of iPP-5 is visibly significant but the equatorial streak
of iPP-1 is more smeared.

It is generally accepted that melt-shear causes the
development of oriented primary row nuclei that sub-
sequently generate an epitaxial growth of folded chain
lamellae perpendicular to the row nuclei [4,18,29]. Our
observations confirm the formation of shear-induced row
nuclei in the form of microfibrillar bundles at a depth of
100 wm from the surface, regardless of the thickness of the
plates. Since the level of effective melt-shear imposed on
the polymer melt rapidly attenuates with increasing
thickness of the plate, the epitaxial growth of oriented
polymer lamellae from the row nuclei formed during the
primary nucleation should be strongly dependent on the
thickness. The results indicate that at 100 wm folded chain
lamellae in the iPP-1 melt start to grow rapidly from the row
nuclei along the epitaxial direction even if the concentration
of row nuclei is still low, which leads to the formation of
shish-kebab morphology. The effective melt-shear, how-
ever, seems not to be high enough to promote immediately
an epitaxial growth of the iPP-5 melt. On the basis of the
SAXS patterns, the resultant morphologies are schemati-
cally shown in Fig. 3.

The morphological development toward the core region
is presented in Fig. 4. The SAXS image pattern at 200 pm of
iPP-1 is similar to that observed at the depth of 100 wm, as
shown in Fig. 3, and the morphology of iPP-1 remains a

iPP-1, 200 pm

Ly ) w

iPP-3, 250 pm iPP-5, 200 pm

shish-kebab
morphology

oriented arrangement
of lamellae or kebabs

unoriented arrangement
of lamellae in spherulites

Fig. 4. Two-dimensional SAXS image patterns at 200 wm from the surface
of iPP-1 and iPP-5 plates and at 250 wm from the surface of an iPP-3 plate.

shish-kebab-like structure. However, the equatorial streak
of iPP-3 is not detectable from the SAXS image pattern at
the depth of 250 wm, although the meridional maximum
figure shows, qualitatively, not much change. Obviously,
the absence of an equatorial streak indicates that the
morphology of iPP-3 at 250 pwm is no longer a typical shish-
kebab-like structure, but stacks of oriented crystalline
lamellae or kebabs only. The SAXS image pattern at
200 pm of iPP-5 looks like the morphology that is observed
in quiescent crystallization, although, in comparison with
the morphology of the core region; the possible existence of
orientation at 200 pm may not be totally ruled out. At the
core region, the SAXS image patterns of all samples show
isotropic features, as shown in Fig. 5.

It is worth noting that the missing equatorial streak at
250 pwm of iPP-3 cannot be considered as the absence of the
shish structure. According to the mechanism of shear-
induced crystallization of polymer melts [4,18,29], if the
linear row nuclei or shishes did not form, the nucleation and
growth of kebabs or lamellae perpendicular to the flow
direction would not be possible. The observation of kebab-
like structure in the 2D SAXS image pattern indicates that
the shear-induced shish-like structure should exist. The size
of isolated shish structures is so small or the concentration

iPP-1, 500 pm iPP-3, 1400 pm iPP-5, 2500 pm
S ——e= T T~ T -
e /’—H-\\\

Fig. 5. Two-dimensional SAXS image patterns at the core region of iPP-1,
iPP-3, and iPP-5 plates.
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of shishes is so low that SAXS cannot easily detect the
structure in the present work due to the limits of resolution.
The other explanation of the missing equatorial streak may
be that the kebab structure observed at 250 wm of iPP-3 is
actually the part of the whole shish-kebab structure that is
developed from the surface during the shear-induced
crystallization. The shish-like structure may exist closer to
the surface and spatially far away from the illuminated zone
of X-ray beam.

The above findings indicate that under the same injection
ram speed and the same melt and mould temperatures, the
different levels of effective shear flow are internally
imposed on the polymer melt. For example, the maximum
shear strain rate at wall decreases with increasing the
thickness of the plate. Depending on the thickness of the
plate, the gradient of melt-shear from the surface to the core
may or may not effectively modify the kinetics of crystal-
lization and the morphological distribution. Under the
present injection moulding conditions, the iPP-5 melt starts
to undergo crystallization almost in the absence of a shear
field at depths that are very close to the surface. The
morphological feature of the iPP-5 at 200 wm and hereafter
is expected to be the stacks of random crystalline lamellae
due to a low level of shear flow. On the other hand, the
effective shear at the same region of iPP-1 and iPP-3 is
sufficient high to induce, respectively, the shish-kebab-like
morphology and oriented crystalline lamellae.

The integrated intensities of SAXS, Ierigian a0d Lequators
were calculated by sectioning the SAXS images patterns in
a way as shown in Fig. 2(c) in order to obtain quantitatively
the morphological distribution along the thickness of
injection-moulded plates. The narrow meridional and
equatorial areas were extracted in order to eliminate the
reflection of integrated intensity from entire 2D SAXS
image patterns. The background scattering was subtracted
from the raw data. The values of integrated intensities were
calculated only from one side of the specimen and a
symmetric distribution was assumed.

The distributions of integrated intensities, I cigian and
Lequator» through the thickness of the plate are presented in
Fig. 6. The magnitude of I.qor does not vary greatly with
the depth, although its distribution shows a somewhat down-
U curvature, increasing toward the centre of the moulding.
On the other hand, I.;4i.n decreases toward the centre of
the plate in the core region. Unlike Ioqyq(0r, the magnitude of
I eridian 18 found to depend on the thickness of the plate. It
can be seen from Fig. 6 that the values of I .;4;an Of iPP-5 at
the surface region are much smaller than those of thin plates,
although the shape of the distribution is similar. A highest
value of I esi4ian Observed at 250 wm in the distribution of
iPP-3 would indicate the position sensitivity of I . igian- The
results show that under the present injection moulding
conditions, the increase of the shear through the reduction of
thickness can only affect the epitaxial growth of lamellae or
the lamellar orientation along the flow direction. However,
once the thickness of plate in an industrial process is lower
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Fig. 6. Distributions of integrated SAXS intensities of equatorial and
meridional scattering in the depth direction of injection-moulded plates:
(a) iPP-1, (b) iPP-3, and (c) iPP-5. Insert is enlargement of (c).

than a certain value (or the effective shear imposed on the
polymer melt exceeds a certain value), further reduction in
the thickness would not cause a significant change in the
morphological distribution. This can be evidenced qualitat-
ively from the distributions of iPP-1 and iPP-3 in Fig. 6. The
quantitative results will be given from the calculations of
lamellar orientation and lamellar thickness.
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Note that the integrated intensities of each SAXS pattern
are the contribution of all scatterers in the polymer. For
injection-moulded polymers, the segments of polymer
chains align along the flow direction upon the imposition
of melt-shear and the orientation-induced nuclei would be
produced from the primary nucleation. These nuclei provide
nucleating sites for the growth of crystallites through the
second nucleation after cessation of shear. It should be
pointed out, however, that in the above discussion we
emphasize the thickness dependence of shish-kebab-like
structures at the surface region. The existence of such a
structure does not mean that there are only oriented
crystallites at the surface region even at 100 pwm. Because
the growth rate of crystallization is independent of the type
of nucleation, the lamellae can grow from points, surfaces,
or be row nucleated [33]. It is not doubt that both oriented
crystallites and randomly distributed crystallites exist in the
surface region of final polymer plates. Accordingly, the
integrated intensities of SAXS have oriented and unoriented
components. The oriented scattering is from oriented
lamellae while the unoriented component includes the
scattering from randomly distributed crystalline lamellae
and the Compton scattering from chemical structures. The
Compton scattering is negligibly small.

In order to describe the level of lamellar orientation
along the flow direction and subsequently to obtain the
distribution of preferentially oriented crystalline lamellae
through the thickness of the plate, the integrated meridional
intensity in the core region, [ gan(core), which is
attributed to the isotropic scatters, was subtracted from the
integrated intensity I ;qian at €ach depth. The values of
Leridian — Imeridian(core) at each depth were then normalized
by division of I.quaeor at the corresponding depth to define a
preferential orientation index, n;, as follows:

n = Imeridian _I Imeridian(core) )

equator

This index gives a relative measure, as a first approximation,
of the orientation of crystalline lamellae along the flow or
meridional direction. The distributions of 7, calculated from
three samples are illustrated in Fig. 7. As can be seen, the
influence of thickness of plates on the preferential
orientation of crystalline lamellae is much stronger for the
thin plate than for the thick one. In comparison with the
isotropic core, the thin plate has experienced much stronger
melt-shear during the injection moulding process. The
effective melt-shear field imposed on the polymer melt is
dramatically reduced once the thickness of plate is increased
to a certain value.

The structural parameters of lamellae, including the
thickness of the crystalline lamellae L., the thickness of
the amorphous lamellae L,, the long spacing L, and the
degree of linear crystallinity x;, were investigated in order
to provide further details of the effects of plate thickness
on the formation of morphological distribution. The
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Fig. 7. Distributions of preferential orientation index along flow direction,
7, in the depth direction of injection-moulded plates: (a) iPP-1, (b) iPP-3,
and (c) iPP-5.

one-dimensional correlation function of the Fourier trans-
form of SAXS profiles in real space was used in the present
work [33,34]. In the one-dimensional correlation function
analysis, it is assumed that the lamellar stacks are perfectly
oriented and are infinitely high. The scattering from such an
ideal stack should be a pair of discrete peaks along the



P.-w. Zhu, G. Edward / Polymer 45 (2004) 2603-2613 2609

stacking direction. However, since the lamellar stacks in a
real system cannot be perfectly parallel to each other, the
scattering in reciprocal space is actually spread over an area
of the reflecting sphere, this area being proportional to g°.
The Lorentz correction is used to correct a system so as to be
a perfect orientation in the one-dimension correlation
function analysis [34]. Ruland has shown [36] that the
one-dimension correlation function can be applied for
meridional intensity distribution of any partially oriented
system in the same way as for an isotropic system, except
for a completely orientated case like fibers. Fig. 8 shows
typical Lorentz-corrected meridional intensity profiles of
three samples at the selected depths.

The normalized one-dimensional correlation function is
defined as [34,35]

|, 1@~ 1~ K@igeostaang
nz) = x 3)
O
where Q; = 1(0) is a scattering invariant and I, is the
background intensity arising from thermal density fluctu-
ations. The invariant Q; is independent of the size and shape
of scattering entities and is a quadratic function of both the
volume fraction of crystals ¢ and the electron density
difference, Am, between the two phases. For a two-phase
system with a sharp boundary, the invariant Q; is given by

Q= JO [1(q) — I(q) — Iy(@lq’dg = Ad(1 — &)An*  (4)

where A is a constant related to experimental conditions.
The two-phase model has been extended to a pseudo-two-
phase model to include a transition layer or interface of
smooth electron density between the crystalline and
amorphous lamellae [37]. The structural parameters of
lamellae can be graphically obtained from the correlation
function. In the present work, the interface distribution
function g(z) was used to determine the structural
parameters. The interface distribution function g;(z) is
given by the second derivative of the one-dimensional
correlation function 1(z) [38].

£ =" ®)

The subtraction of [; from the measured intensity I is
essential for the application of the one-dimensional
correlation function. The magnitude of /; can be estimated
for the present work by the application of the slit-smeared
form of modified Porod’s law: [39]

K/
limI(g) = =2 +1, (6)
g—o0 q
where Kp’ is a constant related to the Porod constant K, [22].
I can be obtained from a regression analysis of Eq. (6) in the
range of higher g (Porod range). In the present work, the
scattered intensity arising from thermal density fluctuations
is very small.
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Fig. 8. Lorentz-corrected SAXS intensity profiles along the meridian
at selected depths of injection-moulded plates: (a) iPP-1, (b) iPP-3, and
(c) iPP-5.

Fig. 9 shows typical plots of the interface distribution
function g, for three samples at the surface region and at the
core. Since the lamellar dimensions are not a constant
throughout the whole sample but have distributions [40], the
values obtained are average ones. The average value of the
long spacing (L), which represents the most probable
distance between two adjacent crystalline lamellae, can be
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obtained from the first minimum of g;. The first maximum
of the interface distribution function, however, gives the
average thickness of either crystalline lamellae (L) or that
of amorphous lamellae (L,). Assignments of lamellar
thickness, however, cannot be done from the interface
distribution function alone on the basis of Babinet’s
reciprocity theorem [41], because the thickness of the
crystalline lamellae (L.) cannot be distinguished from the
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Fig. 9. One-dimensional interface distribution functions, g;(z), along
the meridian at selected depths of injection-moulded plates: (a) iPP-1,
(b) iPP-3, and (c) iPP-5.
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thickness of amorphous lamellae (L,). Therefore, the
smaller length and the larger length obtained are first
denoted by (L,) and {L,)(= (L) — (L,)), respectively. Such
results obtained are shown in Fig. 10. It is found that the
values of long spacing of iPP-1 and iPP-3 are higher than
that of iPP-5. The distinguishable difference in the long
spacing between iPP-1 and iPP-3 is that the variation of (L)
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with the depth is more significant in iPP-1 than that in iPP-3.
As the thickness of plate is increased to 5 mm, the
distribution of (L) tends to be a weak down U-shape,
which is normally found in the quiescent crystallization of
polymers.

It is known that the degree of linear crystallinity x;
is related to the degree of volume crystallinity x, by Refs.
[38,42-44]

X, = ox 7)

where ¢ is the volume fraction of the lamellar stacks in a
sample. The value of the fraction ¢ is equal to unity if the
whole volume of a sample is perfectly filled with lamellar
stacks. Since the volume fraction outside the lamellar stacks
is always filled with amorphous material [42-44],
especially when polymers have low degrees of volume
crystallinity, the degree of volume crystallinity x, is never
higher than that of linear crystallinity x;. The degrees of
volume crystallinity of all three samples have been
calculated using wide-angle X-ray data in the conventional
way [30,45]. The values of volume crystallinity, for
example, iPP-3, are 0.4-0.43. If the degree of linear
crystallinity of iPP-3 is assumed to be smaller than 0.5, the
values of (L;) obtained from iPP-3 should be assigned as
those of thickness of crystalline lamellae and corresponding
values of linear crystallinity are 0.34—0.42. Obviously, the
assumption of x; < 0.5 is physically not valid because x; <
X, suggests that more than 100% space is filled with lamellar
stacks. The same conclusion was also obtained for almost all
of data of iPP-1 and iPP-5. Even for the few cases where x;
is marginally larger than x, in the core, the assumption x; <
0.5 for the present work leads an unrealistic jump in the
linear crystallinity. On the basis of the above analysis, the
larger length (L,) and the smaller length (L) are appro-
priately denoted as (L.) and (L, ), respectively. The degree of
linear crystallinity is thus always larger than 0.5 in the
present work.

The degree of linear crystallinity x;, which represents the
fraction of crystalline lamellae in individual stacks, is
calculated accordingly by

L w
Lo+Ly ~ ©

Fig. 11 shows the distribution of the linear crystallinity x;.
Generally, the change in the thickness of the moulding leads
to change in the distribution of linear crystallinity under the
particular injection moulding conditions, that is, the degree
of linear crystallinity is dependent not only on the distance
from the surface but also on the thickness of the plate. The
imposition of shear flow on polymer melts or the crystalline
precursors enhances the crystallization of the polymer melt
and the ordered packing of lamellar stacks. The shape of the
crystalline distribution is quite different at the selected
positions of three samples. As can be seen, the degree of
linear crystallinity of iPP-1 and iPP-3 proceeds through two
sequential stages on moving from the surface region to the
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Fig. 11. Distributions of degree of linear crystallinity along the meridian
in the depth direction of injection-moulded plates: (a) iPP-1, (b) iPP-3, and
(c) iPP-5.

core: the degree of x; first increases to a maximum and then
declines toward to the core region. On the other hand, the
degree of linear crystallinity of iPP-5 is almost independent
of position through the plate. The distribution of linear
crystallinity x; obtained from iPP-3 is similar to that of the
preferential orientation index of crystalline lamellae,
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implying that higher degrees of linear crystallinity corre-
spond to higher levels of lamellar orientation. Note that this
consistence is not always observed. The highest degree of
linear crystallinity appears at 200 pwm from the surface of
iPP-1 whereas the highest level of preferential orientation
index 7 is observed at 100 wm, although both depths are
not beyond the surface region.

Compared with the distribution of linear crystallinity of
thin plates, the degree of linear crystallinity of iPP-5 tends to
increase in the core region. Such a phenomenon suggests
that, in addition to the melt-shear flow, the degree of linear
crystallinity is also affected by the cooling rate of polymer
melts during solidification. In the core region, the slower
cooling rate of the thick plate allows more complete
relaxation of polymer chains during crystallization, which
results in a higher degree of linear crystallinity.

4. Conclusions

The effects of thickness of injection-moulded iPP plates
on the shear-induced morphological distribution were
investigated using synchrotron small-angle X-ray scatter-
ing. The iPP specimens were cut from the centre of each
plate, and the experiments were designed in such a way that
the square X-ray beam vertically passed through the section
and the illuminated zone was changed with a vertical shift of
the sample holder along the direction of the plate thickness.
The microstructures and their distributions were evaluated
using SAXS. The morphological development through the
plates was then obtained from the discrete reflections of a
series of two-dimensional SAXS image patterns.

Shish-kebab-like morphology is detected around 100 pwm
from the surface of the plates due to the shear flow. The
formation of shish-kebab-like morphology in the surface
region is consistent with the mechanism of the row nuclei
being induced in the form of microfibrillar bundles on which
the folded chain lamellae grow epitaxially from the surface
region to the core. However, a careful examination shows
that as the thickness of the moulding is increased to 5 mm
the intensity of discrete reflections in the image pattern is
very weak at 100 wm and the shish is found to be dominant
structure in the shish-kebab morphology. It can be
anticipated that with a further increase in the thickness of
plate, the kebab structure would not be detectable under the
current injection moulding conditions, although the for-
mation of a few uncorrelated kebabs is not impossible.

A dramatic change in the shear-induced morphology is
observed as the depth from the surface of the plate is
increased to 200 pm. Although this depth is generally not
beyond the surface region, an isotropic scattering emerges
from the SAXS image pattern of iPP-5. The shish-kebab
morphology remains at 200 wm in iPP-1 whereas the
equatorial streak disappears from the SAXS image pattern
at 250 pm in iPP-3. The findings indicate that in the
early stage of crystallization, the effective melt-shear is

sufficiently high to maintain a certain level of a preferen-
tially oriented growth of row nucleated in the iPP-1 melt at
the depth of 200 pm but is too low to do so for the iPP-5
melt at the same depth. The different types of nucleation in
the iPP-5 melt, including point and surface nucleated, have
almost the same growth rate of crystallization at 200 pum
under external melt-shear, which results in the formation of
randomly oriented crystallites.

Although the melt-shear causes a slight difference in the
linear crystallinity, the preferential orientation of crystalline
lamellae along the flow direction exhibits strong thickness
dependence. The preferential orientation index of iPP-1 in
the surface region is about nine times larger than that near
the core while the index of iPP-5 is negligibly small even
near the surface region. It can be concluded that if the
external melt-shear is not sufficient (or equivalently, the
plate is too thick), the growth of crystalline lamellae can
occur in a way similar to quiescent crystallization, once the
shear-induced row nuclei form. In addition to melt-shear, it
is also found that the cooling rate of polymer melts also
affect the linear crystallinity. In the core region, a slow
relaxation of polymer chains in the thick plate can lead to a
higher degree of linear crystallinity.
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