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Abstract The molecular and lamellar orientations of
injection-moulded isotactic polypropylene were investi-
gated using simultaneous wide- and small-angle X-ray
scatterings. In order to obtain the meaningful degree of
molecular orientation with respect to the flow direction, the
axis orientations of parent and daughter lamellae were
separately calculated. The molecular orientation of thin
material is consistent with the lamellar orientation. How-
ever, the decrease in the lamellar orientation of thick
material is associated with a constant degree of molecular
orientation, which would indicate an intra slip between
parent lamellae along the flow direction.

Introduction

The isotactic polypropylene (iPP) is one of the most
important engineering polymers. iPP can form a skin—core
structure in the processing of injection moulding [1-8]. The
skin region is very thin with a very high content of
amorphous due to a rapid cooling rate. The lower cooling
rate in the core region allows a complete relaxation of
chain molecules and consequently a growth of spherulites.
The skin and core regions are separated by a shear region in
which a branched shish-kebab structure forms [9-13].
Figure 1 schematically shows the branched shish-kebab
structure and schematic 2-D X-ray patterns. The special
feature of branched shish-kebab is a mixed bimodal
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orientation, i.e. the c-axis of parent lamellae is preferen-
tially oriented to the flow direction, whereas the c-axis of
daughter lamellae is preferentially perpendicular to the
flow direction. The daughter lamellae are considered to
grow epitaxially on the formed parent lamellae with an
approximately £80° [9].

Although the branched shish-kebab of iPP has been
extensively studied, the molecular or axis orientation
obtained always contains the contributions both from the
parent and the daughter lamellae. Since the c- and a*-axes of
daughter lamellae are almost perpendicular to the counter-
parts of parent lamellae, the contributions from parents and
daughters to the axis orientation can be cancelled each other.
This would be particularly significant when the concentra-
tions of parents and daughters are not negligible. For
example, even if the c-axis highly orientates to the flow
direction, the Hermans orientation function [14] can be very
small or even negative [3, 15]. As a consequence, the
physical nature of molecular orientation becomes ambigu-
ous. In this article, we report on the orientations of injection-
moulded iPP using simultaneous wide- and small-angle
X-ray scattering (WAXS and SAXS). The Hermans orien-
tation function of parent and daughter lamellae will be
separately calculated. The molecular orientation obtained
from WAXS is further confirmed by the lamellar orientation
obtained from SAXS. The distributions of orientation with
respect to the flow direction can be thus meaningfully con-
structed, which provides useful information on the
morphological design and surface control.

Experimental

An iPP (Borealis HD601CF) was provided by Borealis.
The average weight and number molecular weights are
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Fig. 1 A schematic diagram of branched shish-kebab structure and
possible 2-D WAXS and SAXS patterns according to Ref. [3]

367,000 and 74,000, respectively. Rectangular plates of iPP
were injection moulded with moulding conditions as fol-
lows: melt temperature 200 °C, mould temperature 40 °C,
holding pressure 30 MPa, cooling time 15 s and flow front
velocity 2 cm/s through the cavity. The width and length of
plates are 73 and 120 mm with the thicknesses of 1.1 and
4.9 mm, respectively.

The synchrotron experiments were performed at the
Australian National Beamline Facility (ANBF) in Tsukuba,
Japan. The details can be referred to the previous work
[15]. In brief, the ANBEF is installed on a bending magnet
port, and delivers monochromatic synchrotron X-rays in
the energy range 4.5-20 keV 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 beam with the wavelength of 2.0 A had
a dimension of 200 x 200 pm* The scattered intensity
through a hole on a WAXS image plate was recorded by an
SAXS image plate. Figure 2 shows the schematic diagram
of experimental setup.

The specimens were cut at a centre position of 60 mm
away from the gate of plates. The specimen surface was
parallel to the flow direction. The specimens were mounted
at a position which was, 118 mm from WAXS image plate
and 962 mm from SAXS image plate. Measurements were
performed with the primary beam being perpendicular to
the flow direction. The beam passed through the specimen
and the illuminated zone was changed with a vertical shift
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of the sample holder along the direction of plate thickness
(or specimen width). Only one half width of each specimen
was illuminated on the assumption that the morphology at
the same distance from the surfaces of a plate is the same.
Scattering without the specimen was recorded as a
background.

Results and discussion

Figure 3 shows 2-D WAXS patterns at different distances
from the surface. At a given position, the reflections of thin
material show a much stronger azimuthal dependence than
those of thick one, indicating the higher degree of molec-
ular orientation, as expected. Especially, the branched
shish-kebab structure observed from (110) reflection
appears in the different ranges of distance. For example,
the bimodal feature is significant at 400 pum of thin mate-
rial, but not distinguishable at 300 um of thick material.
Figure 4 shows 2-D SAXS patterns simultaneously recor-
ded with WAXS. The patterns are partially obscured by the
beam stop. The stacks of parent lamellae give the meridi-
onal scattering from SAXS patterns, whereas the stacks of
daughter lamellae give the equatorial scattering. It should
be pointed out, however, that the shish also gives the
scattering alone the equatorial direction. The interpretation
of equatorial scattering of SAXS is therefore difficult due
to the overlap of scattering from daughter lamellae and
shishes. As will be seen, we only calculate the parameters
of parent lamellae. The narrower spots of meridional
scattering indicate the higher degree of lamellar
orientation.

In order to elucidate the distance dependence of
molecular orientation, the azimuthal profiles of (110) are
illustrated in Fig. 5. The bimodal (110) reflection has been
well explained [5, 9—13]. The oriented structure has the
parent and daughter, respectively, in the areas around the
azimuthal angle ¢ of 90 (or —90°) and 0°. The molecular
orientation is estimated using the Hermans orientation
function by [14]:

3(cos? @) — 1 3f§/21(<p) cos? psinpde 1
2 2f”1(

i @)sinpde 2
(1)
The orientation function fi = 1 when an axis is per-
fectly parallel to the reference direction, —0.5 when an axis
is perfectly perpendicular to the reference direction and O
when an axis is randomly distributed. The baselines shown
in Fig. 5 were used in the calculations. Assuming the
rotational symmetry around the flow direction and defining
the angles of a*-, b- and c-axes with the flow direction, the
sum of the orientation functions can be given as follows:
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Fig. 2 A schematic diagram of
simultaneous synchrotron
WAXS and SAXS experiments.
FD, direction along the flow;
TD, direction traverse to the
flow; ND, direction normal to
the flow and the plate surface

Fig. 3 Distributions of 2-D
WAXS patterns through the
thickness of iPP plates
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Fig. 4 Distributions of 2-D
SAXS patterns through the
thickness of iPP plates
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For the a-form crystal, the b-axis orientation function f,
is directly calculated from the (040) reflection, whereas the
c-axis orientation function f. should be calculated from the
(110) and (040) reflections using Wilchinsky’s method as
follows [16]:

(cos? g) = 1 — 1.099(cos? P(110)) — 0.901(cos? ?(040))-
(3)

The a*-axis orientation function f« is then calculated by
Eq. 2.

Figure 6a shows the distributions of f;,. Note that the
b-axes of parents and daughters are all oriented along the
same direction, or they are preferentially perpendicular to
the flow direction. The thin material in general has the
higher degree of b-axis orientation, particularly at 100 and
200 pm. The b-axis orientation of thin material decreases
with increasing distance, whereas the b-axis orientation of
thick material is rather scattered.

Figure 6b, c shows the distributions of f. and f,« cal-
culated from the whole azimuthal curves. As the distance
from surface is increased, f, sharply decreases form ~ (.62
to ~—0.1, whereas f,« sharply increases from ~ —03 to
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mental error, because they could be explained as the effect
of shear flow on the axis orientation through the thickness.
However, as mentioned above, f,. and f,,+ of branched shish-
kebab structure can be interfered by the parent-to-daughter
ratio or bimodal. Consequently, the molecular orientation
with respect to the flow direction is unclear or even
meaningless. For example, the value of f,« is 0 at 300 um
of thin material, which means a random distribution.
However, the SAXS pattern at the same position indicates
that the crystalline lamellae are highly oriented (see
Fig. 4). Obviously, the axes should not be randomly dis-
tributed within the highly oriented lamellae.

In order to exclude the effect of parent-to-daughter ratio
on the orientation functions, f. and f,+« were separately
calculated from the areas corresponding to parents and
daughters. The results are shown in Fig. 7. Apparently, the
different distributions of molecular orientation are
obtained. In the bimodal region, the c-axis of parents is
highly oriented to the flow direction: f, of thin material is a
constant (~0.9) from 100 to 200 um and then slightly
decreases (~0.78) from 200 to 400 um, whereas f, of thick
material is a constant (~0.79) from 100 to 300 um. In the
bimodal region, the a*-axis of parents is highly
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—0.42 and 0.48. The continuous increase in f,« with the
distance is not observed. Particularly, at 300 um of thin
material, f. = 0.78 and f,» = —0.48, rather than f,. = 0.14
and f,~ = 0 as obtained from the whole curve.

Figure 8 shows the distribution of molecular orientation
in the daughters. In general, the c- and a*-axes of daughters
are highly oriented, though the bigger error was introduced
in the calculation. The daughter lamellae are usually con-
sidered to be poorly defined crystalline stacks. The present
results reveal that the daughters can be well oriented near
the surface.

A relative comparison between parent lamellae and
daughter lamellae can be made from the calculation of the

distance from surface (um)

Fig. 6 Distributions of molecular orientation functions calculated
from the whole curves shown in Fig. 5. (a) f;, (b) f. and (¢) f .« O,
1 mm; A, 5 mm

fraction of daughter lamellae, [A*]. This can be evaluated
from azimuthal curves of the (110) reflection (see Fig. 5)
according to Fujiyama et al. [3]:

W)= 4)

TAfC
where A* is the area around the azimuthal angle of 0° and
C the area around 90°. Figure 9 indicates that the fraction
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Fig. 7 Distributions of molecular orientations calculated from the
areas corresponding to parent lamellae. (a) f. and (b) f,«. [J, 1 mm;
A, 5 mm

of daughter lamellae increases with increasing the distance
from the surface, which is in a good agreement with the
literature [17].

Figure 10 shows the azimuthal profiles of meridional
SAXS scattering (or from the parent lamellae). A relative
level of lamellar orientation is obtained from the full width
at half-maximum (FWHM) of azimuthal profiles. The
lamellar orientation can also be evaluated by Hermans
orientation function f [18]. Figure 11 shows the distribu-
tions of these orientation parameters through the thickness.

For the thin material, FWHM slightly increases or f
slightly decreases as the distance is increased, which cor-
responds to the slight decrease in the c-axis orientation f..
This is understandable because the lamellar orientation is
related to the molecular orientation in a way that the
direction of parent lamellae is parallel to the c-axis. Note
that at 300 um of thin material the high level of lamellar
orientation is obtained from the parent lamellae, which is in
a good agreement with the high level of molecular orien-
tation at the same position, as shown Fig. 7.

For the thick material, on the other hand, the continuous
increase in FWHM (from 100 to 300 um) is related to a
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Fig. 8 Distributions of axial or molecular orientations calculated
from the areas corresponding to daughter lamellae. (a) f. and (b) f,.
O, 1 mm; A, 5 mm
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constant f. as shown in Fig. 7a. This is interesting because
the results suggest that the parent lamellae as a whole
decline away from the flow direction, but the fold chains
within the lamellae remain the same degree of molecular
orientation. The observation would be explained as the
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lamellar slip [19] within individual parent lamellae of thick
material during the moulding processing, which can be
schematically shown in Fig. 12.

The stretched segments and coil chains are expected to
coexist under supercooling [20]. The stretched segments
crystallize instantaneously into the shishes and then the coil
chains crystallize into the kebabs on the formed shishes.
The shish-kebab structure is a hierarchical crystalline
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Fig. 11 (a) FWHM distributions of SAXS azimuthal profiles of
parent lamellae. (b) Distributions of orientation function f of parent
lamellae. (¢) Schematic illustrations of kebab structures in thin and
thick plates. OJ, 1 mm; A, 5 mm

assembly, which would include centrally stretched-chain
microshishes, partially stretched-chain macroshishes,
microkebabs and macrokebabs [7, 21-24]. The microke-
babs would be intrinsically implanted into the shishes and
the macrokebabs grow on the surface of formed microke-
babs. At a given position, the thick material has the higher
temperature for the crystallization and the longer time for
the solidification. At high temperatures, the forthcoming
coil chains may have more freedom to deposit onto any-
where of the surfaces of formed microkebab in forming the
macrokebabs. As a result, the structure of whole kebabs is
not continuous. If the cooling rate is high enough, like the
thin material, the second growth of the kebabs would not
take place before the solidification completes. The struc-
ture of the kebabs is thus continuous microkebabs. Since
the microkebabs are thermally more stable than the mac-
rokebabs [24], the different properties are expected in the
bimodal region.

Note that the hierarchical structure of kebabs could be
compatible with the formation of possible lamellar blocks
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Fig. 12 Schematic illustrations
of parent lamellae in thin and
thick plates. [J, 1 mm; A,

5 mm

0
'\

thin plate

m
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in the polymer crystallization [25-27]. The formation of a
crystalline lamella is suggested to go consecutively through
three steps. The first step is the formation of imperfect
mesomorphic blocks, followed by a relaxation process
which transfers the mesomorphic blocks into granular
blocks. The granular blocks are finally merged into a
crystalline lamella. Accordingly, even if an individual
kebab is a continuous component, its structure would be
consisted of consecutive blocks with boundaries. The
structural details can be tuned by the cooling rate in the
moulding operation.

Conclusion

The orientational distributions of injection-moulded iPP
were investigated using the simultaneous WAXS and
SAXS. The upper limits where the bimodal feature is
observed are 400 pm for the thin material and 300 um for
the thick material. In order to obtain the meaningful level
of molecular orientation with respect to the flow direction,
the axis orientations of parent and daughter lamellae were
separately calculated. In the thin material, the orientations
of c¢- and a*-axes of parents slightly decrease with the
distance from 100 to 400 pm, which corresponds to the
decrease in the lamellar orientation. In the thick material,
however, the orientations of c- and a*-axes of parent
lamellae are constant from 100 to 300 um, which corre-
sponds to the successive decrease in the lamellar
orientation. On the basis of these observations, it is pro-
posed that the parent lamellae in the thin material are
consisted of microkebabs, whereas the parent lamellae in
the thick material are consisted of microkebabs and mac-
rokebabs. These parent lamellae in the thick material
would be intra slip along the flow direction. It is also found
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that the daughter lamellae are not poorly defined crystalline
stacks. The molecular orientation within the daughter
lamellae can be well oriented in the present work.
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