Introduction

In an injection molding of semicrystalline polymers, molten
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ABSTRACT: The morphological development of sheared isotactic polypropylene (iPP) containing different
amounts of sodium benzoate (SB) has been investigated using wide- and small-angle X-ray scattering techniques.
The microbeam of synchrotron radiation allows us to gain, precisely and efficiently, the local morphology at a
given position with a good spatial resolution. The morphological distributions such as crystallinity, fractions of
o-form andg-form crystals, crystal size, and orientation functions can therefore be well constructed through the
shear field or temperature gradient. The distribution of crystallinity is changed from a U-shape without SB to an
almost flat with SB, in company with a minimum fraction @fform crystal and a maximum fraction gfform

crystal. The epitaxial growth of branched lamellae in the presence of SB is confirmed from the orientation functions
of two axes using wide-angle diffraction. The effect of SB on the molecular orientation is understood from the
orientation function ot-axis and the azimuthal patterns of small-angle scattering. It is found that both the molecular
orientation and the lamellar orientation of theform crystal are increased with increasing SB. The thickness of
crystalline lamellae with respect to flow direction is found to increase with increasing SB in the whole range
from shear zone to core center. A slight declination of crystalline lamellae has been observed in the presence of
SB.

shishes

polymers are exposed to varying levels of a shear flow field
and a temperature gradient prior to the crystallization. The
resulting morphology is thus quite different from what is
observed under the quiescent condition. Typically, multiple
layers or a skir-core structurk 4 of semicrystalline polymers
can form during the injection molding. The very thin skin region
is essentially an amorphous phase due to a rapid cooling. The
broad core region contains a spherulitic structure because thec

lower cooling rate and lower shear-strain history allow a j
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important part determining shear-induced properties. In par- kebabs or >_} fgj

ticular, a “shish-kebab” structure, a special kind of polymer

c-axis-oriented components

crystalline assembly, can form in the shear zone under the certainFigure 1. Schematic diagram of branched shish-kebab structure of

molding conditiong>-18

A number of models were proposed to describe the special

morphology of isotactic polypropylene (iPP) during or after the
imposition of shear flow. From studies of the injection-molded

Fujiyama et al°

Although the morphology of injection-molded semicrystalline
polymers has been widely studied, much experimental work has
been mainly devoted to the effects of processing conditions of

iPP, Clark et al. suggested that the sheared iPP lamellae haveshear flow, such as temperature, deformation strain, and

a mixedc-axis anda*-axis orientation or bimodal in the shear
zone! The c-axis here is referred to the lamellae having their
folding chains orc-axis preferentially aligned along the flow
direction whereas tha*-axis referred to the lamellae having
their folding chains preferentially perpendicular to the flow
direction. Thec-axis-oriented components are expected to form
first, and then the@*-axis-oriented components epitaxially grow
on the substrate af-axis-oriented components. This bimodal
morphology is conceptually similar to the “paremtaughter”
model, and the full details of epitaxial mechanism at the
molecular level have been given in the literattftén the line
with this work, it has been suggested that, in addition to the

deformation rate, on the resulting morphology. Among industrial
applications, on the other hand, it is not uncommon that suitable
nucleating agents are added into polymers during the operation
of injection molding. Nucleating agents are used not only
because they can significantly increase the crystallization rate
of molten polymers and therefore the rate of production of
artifacts, but also because they would dramatically and selec-
tively alter the solid-state morphology of sheared polymers and,
therewith, improve physical, mechanical, and optical proper-
ties20 A variety of nucleating agents have been designed to tailor
the structured®21 The addition of nucleating agent molecules
into sheared polymer melts will certainly complicate the

main skeleton of the shish-kebab structure, some of the kebabscrystallization process and the morphology that subsequently

or c-axis-oriented components would be connected each &ther.
The structure of injection-molded iPP at the level of lamellae
can be schematically shown in Figure 1.

10.1021/ma052375g CCC: $33.50
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In the present work, the influence of sodium benzoate (SB)
on the morphologies and morphological distributions of
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injection-molded iPP is further studied by means of syn- ' ' ' ' " T ) T
chrotron wide-angle X-ray diffraction (WAXD) and small- ' ==
angle X-ray scattering (SAXS). Such studies cannot be directly
carried out using conventional X-ray because its beam size is
so big that both the shear region and the core region are
illuminated. A microbeam of synchrotron radiation allows the
morphologies from the shear region to the core region to be
positioned, precisely and efficiently, and the morphological — _ .
development along the shear field and temperature gradient can 10;0 Pp.12 | |
be well constructed. Sodium benzoate is a nucleating agent with 1055553 08 09 132 Y
some functions such as antimicrobial, flavoring, and acid SB%

acceptor. The flow-induced crystallization of semicrystalline . ' , -

polymers can be studied in a broad range of shearing rates 80 %0 100T (00)110 120 130
using thin samples in a laboratory scale. In the present _ _ o
wor he molten PP is sheared in 2 uly industial process, 7S 7, D35 Seape,f 8 ool i sampies Sonianing eern,
and iPP is expected to be under a weak level of shear in a broad;S a function of concentration of SBF.) Y P

range.
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120 |
o N

@] |
<1150 M PP-0.4 Y\ |

o

heat flow

surfaces of a plate is the same or the morphological distribution is
symmetrical. Physical parameters calculated later were plotted as
A commercial isotactic polypropylene and SB were kindly a function of the depth through the plate thickness. For all
provided by Basell, Australia. The molecular weight of iPP was specimens, the first measurement was always taken with the beam
determined by using gel permeation chromatography in 1,2,4- center 10Q«m from the surface. The intensity at 1061 is therefore
trichlorobenzene with antioxidant at 18C. The average weight  low simply because the illuminated area is smaller. This step should
molecular weightM,, and the average number molecular weight not be taken as a measurement of the skin as the beam cannot access
M, are 260 000 and 41 200, respectively. SB was mixed with iPP the pure skin. The integrated intensity of image patterns was
in a small single-screw extruder at a SB concentration of 4.0 wt % obtained using PPDA software. The scattered intensity of SAXS
to produce a masterbatch. The masterbatch was pelletized andvas presented as a function of scattering veqtarhereq = 4
further extruded to improve the dispersion and distribution of the sin(@)/A. Scattering without the specimen was recorded as a
SB. This was then mixed with further iPP in the extruder to produce background to enable correction of measured SAXS patterns.
different concentrations of SB. Rectangular plates of iPP were
injection molded with molding conditions as follows: melt tem- Resuylts
perature 220°C, mold temperature 60C, holding pressure 250
bar, holding time 3.8 s, cooling time 40 s, and flow front velocity Differential Scanning Calorimetry and Crystallization

Experimental Section

2 cm/s through the cavity. _ Temperature. Figure 2 shows DSC cooling thermograms
Differential scanning calorimetry (DSC) was performed using a obtained after holding at 18T for 3 min. The crystallization
Perkin-Elmer Pyris1 instrument with a heating rate of°@dmin. temperature T, obtained from the minimum of exothermic

The temperature scale was routinely calibrated using indium and rystallization peak is about 11 for iPP-0.0. The addition
zinc standards. The samples were sealed in aluminum pans, an f only 0.1% SB into iPP leads to a mark(-.:-dlshift of crystal-

the typical sample weight was about 80 mg. S . - o
The synchrotron experiments were performed at room temper- !lzatlon peak toward a hlgher temperatuﬂ'e,— 116 C'.T" .
increases with a further increase in SB, and no saturatidp in

ature at the Australian National Beamline Facility (ANBF) in | . ) X
Tsukuba of Japan. The ANBF is installed on a bending magnet IS observed in the range of SB concentration studied. DSC

port and delivers monochromatic synchrotron X-rays in the energy heating thermograms show that the melting temperaiure
range 4.5-20 keV to the experimental station in a hutch. The obtained is the almost same within the error of experiments,
instrument has a multiconfiguration vacuum diffractometer that uses irrespective of SB concentration. The DSC results indicate that
image plates as its detector system. The square-shaped beam hag\e supercoolingh\T = (ﬁr)n — T,) of shear-induced crystalliza-

dimensions of 200< 200um?2. The wavelengths of 2.0 and 1.0 A . L : . —_—
were respectively employed to record 2D SAXS and WAXD image tion _decreases with increasing .SB’ Whé’ﬂas an equilibrium
melting temperature. The resulting morphological development

patterns. ; S :
The injection-molded iPP specimens were cut at a central position Under the different supercooling is expected to be different.

away from the gate with a length of 10 mm, a thickness of 1.0 ~ WAXD Image Patterns and Distribution of Crystallinity.

mm, and a width of 2.6 mm. These specimens were named iPP-Figure 3 typically shows WAXD image patterns obtained from
0.0, iPP-0.1, iPP-0.4, and iPP-1.2, corresponding respectively 10 gifferent depths of iPP-0.0 and iPP-1.2 plates. 1D WAXD
the SB concentrations of 0, 0.1, 0.4, and 1.2 wt %. The thin iPP profiles were obtained from circularly integrated intensities of
specimens with surfaces parallel to the flow direction were also 2D WAXD image patterns in order that the effect of molecular

cut using a microtome, and the crystalline texture was observed ™ - . X - -
using a polarizing microscope. For the present work, however, the orientation can be included. Figure 4 shows 1D WAXD profiles

quantitative information on the morphological development cannot oM the samples iPP-0.0 and iPP-1.2. The main reflection peaks
be obtained from the polarizing microscope. correspond to thew- and s-form crystals. A series of Bragg

The iPP specimens were mounted at the center of ANBF vacuum peaks observed from iPP-1.2 are well consistent with corre-
diffractometer with the specimens 570 mm from the image plate. sponding ones from iPP-0.0, suggesting that the polymer’s unit
Measurements were performed with the primary beam being cell is not significantly modified by the presence of SB
perpendicular to the flow direction and the scattering being molecules.

measured along a direction normal to the layered planes in the :
molding. The beam passed through the specimen, and the il- A peak-fit procedure was used to deconvolute the peaks of

luminated zone was changed with a vertical shift of the sample 1D WAXD profiles. A typical profile is shown in Figure S.
holder along the direction of plate thickness (or specimen width). The Gaussian function was used to describe the amorphous and

Only one half-width of each specimen was illuminated on the crystal peaks, except for the(110) peak. The application of
assumption that the morphology at the same distance from thethe Lorentz function to the(110) peak is found to give a bett&rDV
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Figure 3. WAXD image patterns at different distances from the surface of plates for (a) iPP-0.0 and (b) iPP-1.2.

fit of whole curve. The overall crystallinit) is calculated by evaluated by the Turner-Jones critefibdefined as follows:

- zAcryst A4(300)
Xe= 1) Ks= )
zAcryst+ zAamorp Ay(300)+ A,(110)+ A,(040)+ A,(130)
where Agyst and Aamorp are the fitted areas of crystal and where Agnig represents the area of tigekl) peak belonging
amorphous, respectively. The relative amount of fkform to the phaseQ (o- or -form crystal). The crystallinity of

crystal,Kg, in the crystalline portion of the sheared iPP can be the -form crystal Xg and the crystallinity of theo-form cDV
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Figure 6. Distributions of volume crystallinity for the samples
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crystal X, are respectively given by Figure 7. Distributions of volume crystallinity ofi-form crystal and
volume crystallinity of 5-form crystal for the samples containing
— diff t trati f SB.
Xﬂ - K/sxc (3) ifferent concentrations o
Xy =X, = Xy (4) the distribution ofX. in iPP-0.4 and iPP-1.2 tends to be a flat.
It is worth noting, however, that overall crystallinity of iPP-1.2
Figure 6 shows the distributions of overall crystallinXy increases over a broad range.
through the depth of iPP plates. There are two typeXof Figure 7 shows the crystallinity distributions@f ands-form

distribution, depending on the SB concentration. For iPP-0.0 crystals through the depth of iPP plates. A number of features
and iPP-0.1, the variation o with the depth can be described about the changes in the crystals are evident. (i) With an increase
as a U-shape. Higher levels of shear result in, as expected, highein SB, the crystallinity ofa-form crystal increases, while the
degrees of overall crystallinity. In the cases of iPP-0.4 and iPP- crystallinity of 5-form crystal decreases. This is due to the fact
1.2, on the other hand, a higher level of shear flow does not that the SB is capable of selectively nucleating tiidorm
necessarily give a higher value X§, although a subtle change crystal. (ii) Thes-form crystal is sensitive to the level of shear.

in Xc is imprinted as the influence of shear flow. In general, As can be seerxs always varies with the depth or equivalen%v
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the level of shear, irrespective of the SB concentration. In
contrast, the influence of shear flow of tends to attenuate
with increasing SB. The increase X with SB is attributed to
the flat distribution ofX.. (iii) The minimum X, is observed at
the same depth as the maximup Particularly, they appear

at 500um rather than the core center where the level of shear
flow is negligible.

Hermans Orientation Function and Distribution of Mo-
lecular Orientation. A quantitative measure of molecular
orientation in crystalline iPP can be calculated from WAXD
using the Hermans orientation function defined as follows:

3i¢o< g 1
fy= — )
whereg is an angle between the unit within a crystal of interest
(e.g.,c-axis) and a reference axis (flow direction in the present
work), andl¢og ¢lis defined as

foﬂlzl (¢) cof ¢ sing dg
S 1@ sing dg

In the present work, we are interested in thaxis (or the fold
chain) parallel to the flow direction. Assuming the rotational
symmetry around the flow direction and defining the angbes
u, ando in a*-, b-, and c-axis with the flow direction, the
orientation functions are given by

[tod = (6)

3oL w1
N S (7)

3@o ul 1
=% (8)

3o o[- 1
fe=—7—%— 9

with

f.+f+f.=0 (10)

The b-axis orientationf, of o-form crystal can be directly
calculated from the measured WAXD (040) reflection by
(o< ul= €0 40/ (11)
Because there is no a pure reflection fraraxis of iPP, the
c-axis orientationf, of o-form crystal is calculated using

Wilchinsky’s method® from unit cell geometry and the dif-
fraction intensities from strong (110) and (040) reflections:

[¢oS o0= 1 — 1.09980 @ ;10— 0.901¢0F @)oo (12)

The a*-axis orientationfy can be obtained from eq 10.
Physically, the Hermans orientation functifinhas a value of

Oriented Isotactic Polypropylenel825
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Figure 8. Distributions of orientation functions for the samples
containing different concentrations of SB.

However, as the concentration of SB increases, the valdie of
decreases and even changes the sign to negative. Especially,
over a broad range, thig values of iPP-1.2 are negative but
close to zero, a “random orientation” as its definition. In
opposition tof,, however, the value of*-axis orientation
functionfs always increases with increasing SB. Note that the
fa+ value of iPP-0.0 is close to zero not only in the core center
where the shear is negligible, if anything, but also at 469
where the molten polymer should be imposed by a high level
of shear flow. Furthermore, the maximuga and the minimum

fc are observed at 500m where, as seen above, the minimum

unity when all the crystals are oriented parallel to the reference X, and the maximumX; appear. These results reveal that

direction that is coincident to the flow direction in the present
systemfy has a value of-0.5 when it is oriented perpendicu-
larly to the reference direction and a value of 0 for a random
orientation.

Figure 8 shows the distributions of Hermans orientation
functions ofa-form crystal through the depth of the plates. The
values ofc-axis orientation functioffi, of iPP-0.0 are positive.

sheared iPP melt can be modified over the whole range, and
the flow behavior is more complicated than normally thought.
It should be particularly pointed out that the orientation function
of c-axis alone cannot be used to measure the molecular
orientation with respect to the flow direction for the branched
shish-kebab (or the parentlaughter) structure. As can be seen
from Figure 1, the values df andfs include the orientatiorbDV



1826 Zhu et al. Macromolecules, Vol. 39, No. 5, 2006
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1300 pm
(a) (b)

Figure 9. SAXS image patterns at different distances from the surface of plates for (a) iPP-0.0 and (b) iPP-1.2.

contributions from both the-axis-oriented components and the  dicularly to the flow direction. According to Figure 1, the growth
a*-axis-oriented components. As will be seen later from SAXS, axis is thea*-axis and the lamellae stack up through thexis
even if the value of. is zero, the chain orientation should not direction. It is found that from the core center to the shear region
be at random. the value off, can be changed fromy—0.16 to~—0.35. Since

All the values off, have a negative sign, as shown in Figure the b-axis of c-axis-oriented components is parallel to that of
8c. This is understandable because likexis inclines perpen-  a*-axis-oriented components, as seen in Figure 1, Figur&ggl



Macromolecules, Vol. 39, No. 5, 2006 Oriented Isotactic Polypropylenel827

(2) no SB : (b) 0.1% SB
un ° % | 3
‘\:ﬂ | :
|
|
o
— &1,
s El LY -
z b4 20 & 1M 3
(]
E .E AN
%, U_J # : Dﬂ“ﬁ:
3 g 300 | g
|
|
|
80 60 -30 0 30 B0 90 80 80 -30 0 30 B0 90
azimuthal angle (degree) azimuthal angle (degree)
(c) 0.4% SB o ° (d) 1.2% SB )
a ° nﬂ : o
. 100 i
" HM’PFT m‘;
- | % 200 Jﬁ“‘u 5
— o, 3 % o
z \#'\PI : & El w i w’
~— %, 200 K | a |
z | ™2 e | 2 o,
| o o, & 15 P
g fﬁr“%. E | % 300 P £
P m 300 &1 m (2] .
| oy o
% s

80 60 -30 O 30 60 90 80 60 -30 O 30 60 90
azimuthal angle (degree) azimuthal angle (degree)

Figure 10. Azimuthal patterns of SAXS for the samples containing different concentrations of SB. The number of each trace indicates the distance
from the surface of injection-molded plates.

reveals that the shear can effectively inducelibexis prefer- toward the core center, the spot intense and height continue
entially perpendicular to the flow direction, and particularly, reducing, indicating the influence of shear flow on the lamellar
the higher concentration of SB leads to higher levelb-akis orientation. On the other hand, the lamellar orientation at a given
orientation. depth is remarkably enhanced by the addition of SB. Even in
SAXS Image Patterns and Distribution of Lamellar the core center, the ring intensity of iPP-1.2 is much stronger

Orientation. Figure 9 shows the SAXS image patterns through than that of iPP-0.0.

the depths of iPP-0.0 and iPP-1.2 plates. Four scattering spots Figure 10 shows the distributions of azimuthal SAXS patterns

along and normal to the flow direction are observed. The image through the depth for the samples containing different concen-
patterns are partially obscured by the beam stop. The lamellartrations of SB. Each azimuthal pattern represents SAXS data
orientation with respect to the flow direction is evidenced by collected over a shear decrement from the shear region to the
the variation of the meridian spots. As the depth is increased core region. The absence of intensity variation means tha&B\ey



1828 Zhu et al.

75

- DI no SB, ‘ 0.1% ' I I I

8 0w -l 1.2%

@1 651 __,ﬁ ﬁ 1

s 2 2

L o A A ™

Xasp gt A a%an

o A S m® a4

Amy'm u-p

¥ 0™ 500 1000 1500 2000 2500

distance from surface (um)

Figure 11. Distributions of the full width at half-maximum (fwhm)
for the samples containing different concentrations of SB.
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Figure 12. Distributions of the thickness of crystalline lamellae for
the samples containing different concentrations of SB.

crystalline lamellae possess no preferred orientation. It can belamellae, and it should be smaller than that determined by

seen from Figure 10 that at 2@@n, for an example, the lamellar
orientation of iPP-1.2 is very significant even though thef

SAXS.
Figure 12 shows the distribution of thickness of crystalline

iPP-1.2 is equal to zero at the same position (see Figure 8a).lamellae through the depth. The thickness of crystalline lamellae

To describe quantitatively the lamellar orientation and corre-
sponding distribution, the full width at half-maximum (fwhm)

is smaller in the shear region than that in the core region,
regardless of SB concentration. As the concentration of SB is

of the main peak was calculated. The results obtained areincreased, the thickness of crystalline lamellae tends to increase.

presented in Figure 11. The increase in fwhm with the depth

In the core center, the lamellar thickening in crystalline phase

indicates the decrease in the level of lamellar orientation due is almost independent of SB, although the molecular and the

to the attenuation of shear flow. At a given position, the results
show the SB-enhanced orientation of crystalline lamellae.

It is worth noting from Figure 11 that the maximum of the
main peak of iPP-0.0 deviates, though subtly, frer= 0° at
100 um where the level of shear is expected to be maximum.

lamellar orientations are not at the same level.

Discussion

The morphological development during an injection molding
is governed by the temperature and shear flow. In addition to

For the other samples, this phenomenon appears not only athe control parameters related to the processing conditions of

100um but also other positions. This observation reveals that
the morphological development would be involved in an
inclination of oriented lamellae (or kebabs) about the shish walls,
though weak, under higher levels of shear flow or probably the
local flow perturbation.

Distribution of Thickness of Crystalline Lamellae. If a
crystallite size is small, its size can be calculated from diffraction
peaks of WAXD using the Scherrer equafidn

KA

- (13)
Bria €0SOy

I-hkl

wherelLyy is the crystallite size in the direction perpendicular
to the diffraction planehkl), K is crystallite shape factor (0.89),
andpBn = (Brk? — be?)12, with Bhy being a peak width at half-
maximum intensity andy the instrumental resolution. The
assumption in the Scherrer equation is that all the line
broadening of reflections results from the finite crystallite size.
Loo1 has to be estimated from the reflections (111), (041), and
(—131) ofa-form crystals due to the absence of a pure reflection
from (0d). The thickness of crystalline lamellae parallel to the
flow direction, Loos, calculated from the reflection+131) is
thus given as follows:

Lgo; = Lig; COS = cosw (14)

P131€0S013;

wherew is an angle between the lattice planes (001) arti3().
Using the crystal unit cell of the-form crystal 6= 6.66 A,b
=20.78 A,c=6.495 A, = 99.62, anda. = y = 90°),3% the
value ofw was calculated to be 57.89%or the present work,
the crystallite sizelgo1 is equivalent to the thickness of
crystalline lamellae with their fold chains parallel to the flow
direction. It is worth pointing out that the thickness calculated
from WAXS is the one of extended chains within fold chain

injection molding, the important morphology-related parameters
to consider include the temperature gradient (or the cooling rate)
of molding, the crystallization temperature of samples or
supercooling, and the shear stress at the solid/melt interfaces
cross the temperature gradient. The thermal lewelan be
defined as follows:

(15)

where T, and T; are an average melt temperature (or bulk
temperature) and a local melt temperature, respectively. A low
thermal level in general corresponds to a high level of shear
through the direction of thickness. The morphological develop-
ment is determined by the consequence of an intricate balance
between shear flow and thermal level.

In the shear region, the chain segments tend to be more easily
locked or frozen through a way in which they are first
incorporated due to the higher cooling rate or the lower thermal
level, which, like a quasi-quenching, causes the lower degree
of crystallinity. On the other hand, the level of shear flow is
sufficient to induce the higher growth rate of crystallization and
the higher nucleation dens#ythat should favor the higher
degree of crystallinity. The U-shape distribution of overall
crystallinity X; in iPP-0.0 suggests that the shear is a dominant
factor overX; in the shear region. The crystallization in the
core region is expected to undergo mainly in a quiescent
condition because the shear flow imposed on melt is weak. The
cooling rate is thus a governing factor. The thermal environment
was certainly modified to some extent by the addition of SB
due to the increase if.. In respect ofX; only, however, the
amount of SB in iPP-0.1 is not sufficient to cause the change
in the distribution.

The distribution ofX; changed from U-shape to flat is largely
due to the increase X of the core region. Since the degreeé)lsv
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crystallinity increases with increasing thermal le¥ethe
decrease inT, — T¢) due to the increase iRt in the core region
should accompany the more decreaselin- T;). The higher
diffusion rate of chains toward crystallizing germs and an
ordering processing would also be taken into account. Unlike
the core region where the thermal level is dominant, the value
of X.in the shear region is a consequence of the balance betwee
the lower thermal level and the higher shearing.

The increase inX; is consistent with the thickening of
crystalline lamellae. In the presence of nucleating agent, the
effect of AT on the thickness of a crystalline lamella, can
be given, in a simplest way, as follows22

vTh

c'm

% AR~ T

O, = oeu(l +

whereoegandoe are the fold surface enthalpy without and with
nucleating agent, respectivelfsH¢/v. is the melting enthalpy

per unit volume, and\ (<0) is related to the concentration of
nucleating agentre would be locally decreased with increasing

C

(16)

with

A
T(r)n_Tc)

17)

at a givenAT or T.. On the other hand, the high@&g or the
lower AT leads to a lamellar thickening. The contributions of
oe and AT to the thickness play opposed roles. The present
results have shown thafT is a dominant factor. Assuming that
the volume fraction of the lamellar stacks is almost a constant,
the thickening of crystalline lamellae is proportional to the
increase inXe.

The special behavior during the morphological development
always emerges at the position of 5@@. This can be related
to a local maximum of pressure in the close vicinity to 200
during the packing stage of injection moldifigl. can be shifted
by AT; to T, + AT, by the pressure jump. As a result, the
crystallization rate decreases in the positioff gbut increases
in the position aff; + AT..32 Since the temperature increases
continuously from the mold wall to the core center, the
crystallization at a position should undergo at a relative low
temperature betweeh, and T, + AT,. The crystallization rate
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is almost perpendicular to theaxis of thea*-axis-oriented
components, as shown in Figure 1, fh@lone cannot show a
relative level of molecular orientation.

The orientation of crystalline lamellae has important implica-
tions regarding the molecular orientation. For example, the
SAXS fwhm of iPP-1.2 is smaller than that of iPP-0.0 at 200
fAm, although the values df are about 0 for iPP-1.2 and 0.3
for iPP-0.0 (see Figure 11). If the chains in a crystalline lamella
were randomly oriented to the flow direction, a crystalline
lamella would not be constructed and the SAXS fwhm would
not be measured from the azimuthal pattern of meridian
scattering. It is concluded that the decreasd;iwith SB is
only associated with the increase in the amoun@btiaxis-
oriented components. The molecular orientation, like lamellar
orientation, is in fact enhanced by the addition of SB, which is
consistent with our previous repcft.

The effect of the “pressure quenching” on the molecular
orientation is also imprinted at 500, irrespective of SB concen-
tration. Computer simulations and experiments have shown that
the flow fields are always essential for the formation of the shish,
whereas the kebabs (or tlweaxis-oriented components) can
grow on the shish in the absence of any fl&w28 In addition,
the studies leading to the morphology shown in Figure 1 suggest
that some of polymer chains would be rejected from the kebabs
(or c-axis-oriented components) before their solidificatién.
él’ hose rejected chains stay in the space between the kebabs and
act as nuclei to initiate the second crystallization, leading to
the epitaxial growth o&*-axis-oriented components. The level
of shear flow is much attenuated at 50, compared with
the positions closer to the skin, and the thermal level is
dominant. The faster cooling rate due to the “pressure quench-
ing” causes lower levels of-axis orientation at 50@m. On
the other hand, the chains just squeezed out of the lamellar
precursors or “wet” kebabs can possess the segment alignment
to some extent. The highég is attributed to the growth of
a*-axis-oriented components on these squeezed chains.

The SB molecules are distributed in different regions in
relation to the orientation and the growth af-axis-oriented
components. First, prior to the crystallization, some of SB
molecules are aligned along the flow direction, probably in the
form of self-assembly. The polymer melt is therefore modified
by the ways including a stress concentration, a melt concentra-
tion, or deformatior?#3%49The polymer segments could drift

at such a position cannot reach its maximum. This phenomenontogether on the surfaces of SB to form an overlap region of

is called as a “pressure quenching”, which in this work happens
at 500um. Consequently, the crystallinity of-form crystal is
dropped to its minimum. As SB is increased to 1.2%, however,

aligned chains in the direction of the shear fléfnOnce the
overlap regions form, they would spread rapidly over the entire
chains to form a complete shish structétéJpon cooling, the

the crystallization temperature is increased to such a stage thaSB-modified iPP melt templates the nucleation and growth of
the “pressure quenching” is not longer significant. On the other kebabs oc-axis-oriented components, which induces the higher
hand, it has been known that the conditions for the nucleation /evel of molecular and lamellar orientations. These SB molecules
and growth ofs-form crystal aré* (a) from an oriented melt, ~ Subsequently can remain in the crystalline bulk and the boundary
(b) by quick cooling from the melt to 166125 °C, and (c) areas between shishes and kebabs.
high pressure. Apparently, the “pressure quenching” meets these It is suggested that the second region where the SB molecules
conditions well, which explains the observation of the maximum could reside be in the basal interfaces of the formed kebabs or
crystallinity of g-form crystal at the position of 500m. c-axis-oriented componentd According to the literaturé? the

As shown in Figure 1, the orientation functiofisand fa nucleating agent molecules may tend to diffuse toward the
include the contributions of bottraxis orientation and*-axis formation of basal interfaces, through the some ways of epitaxy,
orientation from c-axis-oriented components ana-axis- because the extra energy is required for the nucleating agent
oriented components. The decreasé: iwith increasing SB in molecules to diffuse to the amorphous bulk. The existence of
a given position can indicate either that the contributioc-axkis nucleating agent molecules in basal interfaces leads to a local
orientation from thec-axis-oriented components decreases or decrease iwe. If we adopt such a model, the distribution of
that the contribution ofc-axis orientation from thea*-axis- SB molecules may be schematically shown in Figure 13. These
oriented components increases. The latter is equivalent to theSB molecules could assist the nucleation and growtla*ef
increase irfy. Since thec-axis of c-axis-oriented components  axis-oriented components in the secondary crystallization. %%?/
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Figure 13. A schematic diagram for the distribution of SB molecules
residing in a branched shish-kebab structure.

that for solution-cast iPP/SB films prepared with special
procedures the epitaxial crystallization rests on the interaction
between SB and the (010) planemfphase crystal wita 5 A
periodicity?! The epitaxial crystallization oé*-axis-oriented
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crystallinity of 5-form crystal is observed. This special behavior
of morphological development is attributed to the “pressure
guenching” during the packing stage in the course of injection
molding. Since the crystallization ofi-form crystal at the
“pressure quenching” should occur at a relatively low temper-
ature, the crystallization rate of-form crystal at the position
cannot reach its maximum and consequently the crystallinity
accordingly decreases. As the concentration of SB is increased
to 1.2%, however, the crystallization temperature is increased
to such a stage that the effect of “pressure quenching” on the
crystallization is not longer significant. On the other hand, the
“pressure quenching” provides the favorable conditions for the
formation of -form crystal.

Itis found that the decrease in the orientation funcfiomith
SB indicates the increase in the amount of daughter lamellae
or a*-axis-oriented components. The increase in the amount of
daughter lamellae is also evidenced by the increase in the
orientation functiorfz. In the absence of SB, the contribution
from c-axes of parent lamellae @raxis-oriented components
would be dominant, which can be reflected in the positive values
of fc. As the SB is added, the daughter lamellae are nucleated
by the epitaxial growth and thd. decreases. When the
concentration of SB exceeds a critical value, the contribution

components in sheared iPP melt sh_ould be more complicated.,om c-axes of daughter lamellae is dominant andftieecomes
It has been suggested that the lattice matching would not be, negative. However, the decrease in the orientation funtgion

necessary for the epitaxial crystallization of dense polymer melt
under shea#?4° The SB molecules residing in the basal

is not necessarily associated with low levelg@ixis orientation
of parent lamellae ot-axis-oriented components. Even though

interfaces may cause the higher level of orientation of daughterthefc of a-form crystal is equal to zero and even negative, SAXS

lamellae ora*-axis-oriented components, analogous to that in
the parent lamellae oc-axis-oriented components. The SB

data indicate that the-axis orientation of parent lamellae retains
in a certain level. The molecular orientation and lamellar

molecules in the different regions may act independently orin g ientation of then-form crystal are increased with increasing
conjunction with each other to varying degrees, depending on gg

the time scale, SB dispersity, and level of shear flow.

The azimuthal patterns of SAXS have shown a slight
inclination of the oriented lamellae in the presence of SB. Since
the molecular orientation and the lamellar orientation are
simultaneously enhanced by the addition of SB, the polymer
chains in crystalline lamellae are more oriented to the flow
direction, but the lamellar normal of few crystalline lamellae
could be slightly inclined with respect to the flow direction. It
is suggested from this observation that the inclination of oriented
lamellae may be attributed to a chain sliding in boundaries

between the shishes and kebabs. The shish walls are compose

The results show that the thickness of crystalline lamellae
increases with increasing depth of plates and concentration of
SB. The thickness of crystalline lamellae is determined by the
fold surface enthalpy and cooling rate. The cooling rate would
play a crucial role in the thickening of crystalline lamellae.
Furthermore, the azimuthal patterns of SAXS have shown a
slight inclination of the oriented lamellae in the presence of
SB. The chain sliding in boundaries between the shishes and
kebabs may be attributed to the SB mediation and uneven stress
%istribution.
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Conclusions
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