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Abstract

In this paper, the influence of processing conditions on the spatial distribution of the molecular orientation was determined within the depth
of the thickness of injection molded isotactic polypropylene (iPP) plates. Small 35 wm-thick slices were microtomed from the surface to the
core of 1 and 3 mm-thick plates. The orientation functions along the three crystallographic axes were determined on the slices from IR
dichroism measurements and WAXS pole figures. It was found that the orientation of the amorphous phase was low and the crystalline
orientation had a maximum in the shearing layer, which was solidified during the filling stage. The plate thickness seemed to govern the
global level of orientation, while the injection speed determined the thickness of the shearing layer without changing the maximum of
orientation. Changing the mold temperature from 20 to 40 °C did not modify the molecular orientation. A specific bimodal crystalline
orientation was found in the shearing layer. This crystalline structure continued in the post-filling layer, but the local symmetry axes tilted

towards the core.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Injection molding is a widely extended process charac-
terized by high production rates and tight geometrical
tolerances. Simulations of the filling phase are usually
performed to optimize the feeding system and the gate
geometry, the weld-lines, the thickness of the part or the
filling flux equilibrium. To reduce further the high tool
costs, and limit the mold modifications, in-plane shrinkages
and warpage predictions are required, but the thermo-
mechanical calculation, including the modeling of solidifi-
cation, which should be performed is very complex. Data on
the mechanical properties of the material are needed,
especially on the moduli and the thermal expansion
coefficients. As the mold shrinkages are anisotropic [1],
anisotropic mechanical properties, which depend on the
molecular orientation [2], have to be determined.

The molecular orientation, which is frozen in the solid
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polymer, is induced by a very complex flow during the three
stages of the process: the mold filling, the post-filling, which
compensates the thermal shrinkage, and the additional
cooling to solidify the center of the part [3]. Basically, it has
been suggested that the molecular orientation in the flow
direction at the skin layer is due to the fountain like flow,
which generates an extensional flow [4]. Towards the center
of the part, the shear flow has a dominant influence on the
molecular orientation, orienting the molecules mainly in the
flow direction. Molding conditions, such as melt tempera-
ture, mold temperature or injection speed, could affect the
level of molecular orientation [5].

Here, we must distinguish between amorphous and semi-
crystalline polymers. For injection molded amorphous
polymers, the molecular orientation is due to the non-
relaxed orientation generated by the melt flow. This frozen
molecular orientation can be easily determined by birefrin-
gence [5,6] and predicted by considering the viscoelastic
behavior of the polymer melt [7]. Whatever the processing
conditions, the molecular orientation leads to small in-plane
shrinkages and quasi-isotropic mechanical properties [8].
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For semi-crystalline polymers, the molecular orientation
in the melt which is being cooled generates an oriented
crystallization and therefore, the global orientation in the
solid polymer is generally higher than the one which existed
in the sheared melt [9]. Unlike amorphous polymers, high
anisotropy of in-plane shrinkage and mechanical properties
could be obtained in injected semi-crystalline polymers [1].

Although the structural development in injection molded
isotactic polypropylene (iPP) has been widely studied [10,
11,12], the aim of this paper is to show the influence of
processing conditions and especially the influence of the
thickness of the part on the spatial distribution of the
molecular orientation within the depth from infrared
dichroism and WAXS measurements.

2. Experimental procedures
2.1. Material and injection conditions

A commercial homopolymer polypropylene ELTEX PP
HV 252 from Solvay was chosen for the study (MFI = 11
g/min for 2.16 kg at 230 °C). The molecular weight (M,, =
180.8 g/mol), and the polydispersity index (M/M, = 7.3)
were measured by Solvay by means of gel permeation
chromatography.

The mold cavity is a square slab of 60 X 60 mm?, gated
through an end fan-gate with a thickness of 0.8 mm for the
1 mm-thick plate, and 1.5 mm for the 3 mm-thick plate (Fig.
1). These mold cavities have a specific fish tail feeding
system in order to obtain a polymer front parallel to the gate
[13].

The material was injected in a DK CODIM 175-400
injection press with a barrel diameter of 36 mm. The melt
temperature was set to 220 °C, the hold pressure at the
nozzle to 40 MPa, the holding time to 5 s for the 1 mm-thick
plate and 12 s for the 3 mm-thick plate, and the total cooling
time to 15 and 40 s, respectively. It was checked that the
gates were frozen before the end of the holding time.

Two processing parameters were varied in the study: the
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Fig. 1. Geometry of the injected plate, localization of the sensors and of the
measured zones and definition of the specimen reference axes.

mold temperature and the injection speed. The mold
temperature was varied from 20 to 40 °C. Two injection
speeds were set in order to obtain the same polymer front
velocity for both thickness by measuring a lapse of time of
0.1 and 0.3 s between the two pressure sensor records
spaced 30 mm apart in the mold cavity (Fig. 1). This gave
two respective injection times of 0.7 and 1.6s
approximately.

2.2. Sample preparation

The studied zones were located 17 mm (zone A) and
47 mm (zone B) from the gate, close to the center of the part
(Fig. 1). Samples of 5 mm X 15 mm were cut from the
molded plates. Slices of 35 wm were cut parallel to the flow
direction (FD) in the FD—transverse direction (TD) plane
using a Reichert-Jung Mod 1140 Autocut microtome.

Although the microtoming technique is open to criticism
[14], and even if Excimer laser layer removal should be
preferred [15], it was possible to optimize the cutting
parameters (cutting speed, and cutting angle) in order to
minimize the influence of microtoming on the molecular
orientation measurement, according to Lundberg et al. [16].
The same samples were microtomed in two orthogonal
directions (transverse and flow directions) and the molecu-
lar orientation was measured by infrared dichroism. Cutting
conditions were chosen to give a difference between the two
orthogonally cut slices of less than 0.02 in terms of
Herman’s orientation function (see below): cutting
speed = 100 mm/s, cutting rake angle = 36° at ambient
temperature.

The recent microbeam WAXS method could be a good
alternative to the microtoming technique for investigating
the sharp structural gradients of molecular orientation that
are observed in injection molded parts [17], but requires
large experimental resources (synchrotron radiation).

2.3. Infrared dichroism measurements

Infrared dichroism measurements are rapid and quite
easy to perform although a lot of care has to be taken when
performing the base line determination [18]. Biaxial
orientations in films can be determined with the ‘tilted
film’ technique [19,20]. Nevertheless, in order to quickly
obtain orientation measurements within the depth for the
different processing conditions, we assumed that the
molecular chain spatial distribution has a cylindrical
symmetry in the flow direction axis, as several researchers
have recently done [21,22]. Therefore, to quantify the chain
orientation in the flow direction, the second order Hermans-
type orientation function was calculated by taking the flow
direction as reference axis [23]

= 3cos’p) — 1 (D -1 ) 2 cotan’a + 2 0
2 D +2J\ 2 cotan’?a — 1
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where ¢ is the angle between the chain axis and the flow
direction, D is the dichroic ratio and « the transition-
moment dipole angle. For the molecular orientation
function, a value of zero represents an isotropic polymer,
a value of one a perfectly aligned polymer along the
reference axis, and a value of —0.5 a perfect orientation
which is normal with respect to the reference axis. The
cylindrical symmetry of the structure around the flow
direction will be discussed later in the paper and the
crystalline phase orientation function determined from
infrared dichroism measurements will be compared to the
chain orientation function in the flow direction f.z
determined by WAXS pole figures.

The molecular orientation was determined in the A and B
zones (Fig. 1) using an infrared spectrometer Bruker IFS-28.
The 998 cm ™' peak with a transition-moment angle of 18°
was used to determine the crystalline phase orientation
function, the 1256 cm ™! peak with a transition-moment
angle of 0° for the average orientation function, and the
2725 cm™ ! peak with a transition-moment angle of 90° for
the amorphous phase orientation function [24].

2.4. WAXS measurements

WAXS measurements were performed in a Philips
X’pert MRD diffractometer employing punctual Cu Ko
radiation at 40 mA and 40 kV on the same slices as the ones
used for infrared dichroism measurements. Since our
specimens have a very low volume (5 X 15 X 0.035 mm?)
and our X-ray diffractometer has a small power, the beam
dimensions has to be widened as much as possible to do the
measurements in a reasonable time. As the sample area is
small, if a wide beam and a conventional diffraction
technique is used, the beam will be wider than the sample
as the azimuthal angle is increased, and the measurement
will be not valid. To solve this problem a constant area
technique was used in such a way that all the available
matter volume interacted with the X-rays during the whole
measurement. In the transmission mode, a steel sheet of
0.18 mm with a 3 mm-diameter hole was placed between
the specimen and the beam. Therefore, the specimen area,
which interacts with the beam, is always constant whatever
the azimuthal angle. The hole size was chosen to allow easy
sample positioning. In the reflection mode, a 4 mm-round
specimen was stuck on an aluminum plate using an
amorphous resin. The primary X-ray beam had a low
divergence (parallel beam optic).

DSC measurements showed that the microtomed speci-
mens in the shearing and post-filling layers (see below)
could exhibit some 3 phase traces, except for the shearing
layer of the 3 mm-thick plate, 3 phase ratio reaching 4 or
5%. Then, it was decided to study only the molecular
orientation of the a phase. The spatial distribution of the
diffracted intensity of Bragg’s family planes (110) and (040)
for the o phase of iPP was recorded at a 26 angle of 14.1 and
16.9°, respectively.

The diffracted intensity was measured in the transmission
mode and in the reflection mode since neither of the two
modes covers all the space by itself. The spatial distribution
of the diffracted intensity was obtained by a two angles
scanning: the scans in the transmission mode were made
with the Xrns angle ranging from — 90 to 90° and ¢y, from
—70 to 70°, for the reflection mode the scans were made
With Xerex Tanging from 0 to 70° and ¢yepex from 0 to 360°
(Fig. 2). Angular steps of 5° were performed for ¢ and y for
both diffraction modes. Pole figures were plotted according
to a meridional stereographic representation (Wulff rep-
resentation) [25].

The crystalline diffracted intensity values were corrected
for background, absorption and defocalization effects. The
background was measured by means of —280 scans in every
Dirans position for the transmission mode, and in every Xefiex
position for the reflexion mode. The absorption and
defocalization corrections were made using a non-oriented
specimen of the same thickness [25]. The corrected intensity
values obtained in the reflection mode were adjusted to
the same intensity level as the transmission ones using the
common points of measurement. The small zones of the
space that were not reached by the scans in the transmission
and reflection modes were interpolated (Fig. 2).

From the intensities measured, the {cos® ;) could be
calculated using the following expressions [26]
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Fig. 2. Path of the scans and angle definitions in WAXS transmission and
reflexion modes.
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where ¢y, ; is the angle between the normal of the (hkl)
plane and the J direction (flow, transverse or normal
direction), 3 is the azimuthal angle around the J direction.
As there are no strong diffractions of (I00) planes (a-
crystallographic axis or crystal growth direction) nor of
(00)) planes (c-crystallographic axis or chain direction) in
the o phase, it is possible to determine the mean-square
cosine of ¢ angle from the unit cell geometry and the
diffraction intensities from the (110) and (040) planes [27]:

(cos’ ;) = 1 — 1.099(cos’ ¢y 19.s) — 0.901{cos” P40/} (32)
(cos’ ) = 0.974(1 — (cos ¢, ;)) — 0.947(cos” P ) (3b)

Finally, the Hermans-type orientation function can be
calculated

£ = 3(cos2¢;qu> -1

where p is the crystallographic axis (p = a, b or ¢). The
following equations which link the different orientation
functions can be deduced

for thr+fHhn=0 5
Jogthhot+fes=1 (6)

where a” is the normal direction to the (b—c) crystal-
lographic plane of a phase unit cell. Eq. (6) is valid for
orthorhombic crystals, nevertheless it gives a good approxi-
mation for the monoclinic cell of iPP a phase as the 3 angle
between a and ¢ axes of the unit cell is 99.3° [28].

4)

3. Results and discussion
3.1. Orientation measurements by infrared dichroism

The consistency between the three measured orientation
functions (Fig. 3) was verified by comparing the measured
average orientation (f,,) and the calculated one (f,, caculated)
according to the following equation

fdv Calculated — ch;:r +(1 - Vc)f;lm @)

where V. is the crystalline volume fraction. V. was
determined for each microtomed specimen from density
measurements using a density gradient column and varied
between 0.5 and 0.6.

In Figs. 3 and 4, the morphologies within the depth of the
molded plates, which were observed, thanks to a microscope
under a polarized light, and the Herman’s orientation
functions are superimposed. Four layers, which are
generally observed in the literature, can be easily
distinguished.
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Fig. 3. Molecular orientation functions of the amorphous and the crystalline
phases of a 1 mm-thick injected molded iPP plate within the depth.
Superimposition of a microscopic view under polarized light. Mold
temperature = 40 °C, injection time = 1.6 s, zone A, plate 1.

The first layer at the polymer surface, called the skin
layer, is the result of the fast cooling of the molecules which
have just been submitted to an extensional deformation in
the flow front due to the fountain flow [4]. This layer, which
is 30-50 pm thick, seems to have a very high nucleation
density because no spherulites are seen. The problems of
alignment between the sample and the knife make difficult
the obtaining of this layer. A low chain orientation is
surprisingly found in this layer.

As the fluid velocity and the shearing stresses are
increased, the molecular chains are oriented in the flow
direction. The chains, which are close to the solid—liquid
boundary, solidify by rapid crystallization preserving the
orientation in the flow direction and forming crystallized
treads. These treads generally act as nucleus of crystal-
lization of chains that crystallize at lower stress levels. This
layer is called the shearing layer and corresponds to the first
maximum in the crystalline orientation function (f.;) graph

0.6

Skin = fcr iCore

Orientation function

Depth (mm)

Fig. 4. Molecular orientation functions within the depth of the amorphous
and the crystalline phases of a 3 mm-thick injection molded iPP plate.
Superimposition of a microscopic view under polarized light. Old
temperature = 40 °C, injection time = 1.6 s, zone A, plate 1.
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(Figs. 3 and 4). It is 200 pwm thick in the samples which were
molded at a low injection speed. Very small spherulites
could be observed in this layer for the 3 mm-thick plate.

When the mold cavity is full, the flow front stops moving
and the shearing stress starts decaying. A minimum in the
crystalline orientation function appears, associated with the
time delay related to the start of the post-filling stage. After
this, a second deformation field is established. Although the
shearing stresses in this stage are small, a second maximum
of the crystalline orientation function is visible. This layer,
called the post-filling layer, is 200 pm-thick for the 1 mm-
thick sample and nearly 500 wm-thick for the 3 mm-thick
sample. Spherulites are generally observed in this layer, but
it is not the case for the 1 mm-thick sample.

Finally when the gate solidifies, the flow stops and the
pressure in the mold decreases. The polymer generally
crystallizes with a spherulitic morphology. This layer,
called the core layer, exhibits a low degree of molecular
orientation.

The orientation of the crystalline phase is much greater
than the orientation of the amorphous phase, which remains
small (less than 0.1). For 3 mm-thick plates, this amorphous
orientation remains also small, but negative. A negative
orientation of the amorphous phase has already been
observed in low-drawn PP films [23]. The molecular
orientations of injection molded PS and amorphous PET
plates, which were processed with similar processing
conditions at the same injection speed, were also measured
by infrared dichroism. As very little orientation was found,
it can be stated that the large molecular orientation in the
injected polymer is given by the orientation of the
crystalline phase. As a consequence, the anisotropic
material properties of injection molded non-filled semi-
crystalline polymers are mainly due to the orientation of the
crystalline phase: this partly explains the large shrinkage
anisotropy of injected molded parts made of semi-crystal-
line polymers.

3.1.1. Influence of the thickness

Fig. 5 shows a comparison of the crystalline orientation
of the 1 mm-thick plates with that of the 3 mm-thick plates.
As the velocity of the polymer front is identical in both
cases, a large influence of the cooling (consequently of
crystallization kinetics) on the molecular orientation is
evident. Injection simulations predict a core layer solidifica-
tion 2 s after the filling stage for the 1 mm-thick plate and
20 s for the 3 mm-thick plate.

The shearing layer, which is solidified during the filling,
is the most oriented zone. The effect of cooling rate
variation can be seen by optical microscopy observation of
the crystalline microstructure under polarized light: no
spherulites are visible for the 1 mm-thick plate, whereas
spherulites are even visible in the shearing layer of the
3 mm-thick plates (Figs. 3 and 4).
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Fig. 5. Influence of the injection time on the molecular orientation functions
within the depth of the crystalline phase of a I mm and a 3 mm-thick plates.
Mold temperature = 40 °C, injection times = 0.7 and 1.6 s, respectively,
zone A.

3.1.2. Influence of the injection speed

Tripling the injection speed has paradoxically no large
influence compared to tripling of the thickness: the same
level of crystalline orientation is reached with the two
injection speeds, the first bump is merely narrower and
shifted towards the polymer surface (Fig. 6).

3.1.3. Influence of the polymer flow distance

The comparison of the molecular orientation level in the
zones A and B shows that the molecular orientation
decreases with the polymer flow distance (distance from
the gate to the measurement zone) Fig. 7. The thickness of
the solidified layer during the mold filling decreases with the
flow distance, and although the first maximum, which
corresponds to the shearing layer, is narrower, the same
level of crystalline orientation is reached. Due to the high
polymer viscosity, the pressure loss is large in the plate even
during the cooling, therefore the post-filling is less
influential when the flow distance increases, which is
confirmed by measuring the in-plane shrinkages along the
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Fig. 6. Influence of flow distance on the molecular orientation function of a
1 mm-thick injection molded iPP plate. Distance between zone A and
B = 30 mm, mold temperature = 20 °C, injection time = 1.6 s.
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Fig. 7. Comparison of the molecular orientation functions between infrared
dichroism and WAXS techniques for a 1 mm and a 3 mm-thick injection
molded iPP plates. Mold temperature = 40 °C, injection time = 1.6 s, zone
A, plate 2.

flow distance. This fact explains the significant decrease in
orientation between the core and the shearing layer when the
flow distance is increased.

3.1.4. Influence of the mold temperature

When the mold temperature changed from 20 to 40 °C,
there was no evidence of molecular orientation variation,
even in the skin. Such a mold temperature variation does not
significantly change the polymer cooling rate. It has more
influence on the relaxation of the thermal stress, which in
turn influences the in-plane shrinkage [1,29], than on
molecular orientation.

3.2. WAXS pole figures

The most influential parameter on the molecular
orientation level is the thickness of the molded parts, as it
can be concluded from the IR dichroism measurements.
Therefore, knowing that WAXS measurements require an
large amount of experimental work, a comparison between
some layers of 1 and 3 mm-thick plates was only performed
in the zone A for one process condition: mold
temperature = 40 °C and injection time = 1.6 s.

The studied layers to be studied were selected on the
basis of the crystalline molecular orientation measurements,
which were obtained by IR dichroism (Figs. 3 and 4). The
zone A was chosen because it is more discriminant in terms
of molecular orientation than the zone B: the solidified layer
during the cavity filling is thicker and the effect of post-
filling is greater. The microtomed specimens studied in the
shearing and post-filling layers were chosen at the locations
where the crystalline molecular orientation was maximum.
Microtomed specimens in the core and in the skin for the
3 mm-thick plate were also analyzed (Fig. 5). The actual
locations of the measured specimens are given in Table 1.

3.2.1. Skin layer

What is called the ‘skin layer’ was described in the
previous section. It solidifies when the polymer, that had
been subject to an elongational flow due to fountain flow,
enters into contact with the mold [4]. As the polymer is
cooled at a very high cooling rate [13], a lower crystallinity
can be expected in this layer: about 5—10% less than in the
rest of the plate thickness (Fig. 8). The variation in the
crystallinity within the depth explains the lower diffracted
crystalline intensity in the skin (Figs. 9(a) and 10(a)) and to
a lesser degree the diffracted intensity variations in the
others layers (Figs. 9(a)—(d) and 10(a)—(d)).

Lovinger [30] showed that when PP films were crystal-
lized with a high temperature gradient, the lamellae grow in
the direction of the temperature gradient. For our skin layer
specimen, the orientation function of the a-axis relative to
the normal direction is low and even negative (f,;y = —0.03,
Table 1). The a-axis is rather oriented in the transverse
direction. The effect of the thermal gradient cannot be
observed in our specimen. This observation agrees with
some recent papers [31,32].

The orientation of the skin layer does not seem very
large: the calculated orientation function of the crystalline
axis is lower than 0.05. Nevertheless, the skin pole figure
(Fig. 10(a)) reveals a maximum of the (040) planes 40° tilted
towards the core from the flow direction. This maximum
induces a logical maximum of (110) planes in the transverse
direction (Fig. 9(a)). From this observation, it is possible to
rebuild the crystallite orientation: crystal growth (a-axis) in
the transverse direction and the c-axis tilted 40° towards the
core. Therefore, the orientation function of c-axis calculated
in the local symmetry reference axis would be nearly four
times higher than the one calculated in the flow direction or
in the normal direction (f.zr = 0.02—f,5 = 0.05) : this
explains the low orientation values obtained in infrared
dichroism. This result was also found for the skin layer of an
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Fig. 8. a phase crystallinity within the depth of a 1 mm-thick injection
molded iPP plate, determined by means of a gradient density column.
Density of the amorphous phase = 854 kg/m®, density of a-crystalline
phase = 954 kg/m®, mold temperature = 40 °C, injection time = 1.6s,
zone A, plate 1.
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Table 1
Molecular orientation functions from IR dichroism and WAXS measurements. Mold temperature = 40 °C, injection time = 1.6 s, zone A, plate 2
Thickness (mm) Distance from surface (mm) Layer IRD WAXD
fcr faF faT .f;ZN be be ﬁ:N f;‘F ch .f;‘N
1 0.175 Shearing 0.51 —0.07 0.14 —-0.06 —041 0.19 022 047 -032 -0.15
0.350 Post-filling 034 —-0.07 007 -0.01 -031 0.19 0.13 037 —-026 —0.12
0.525 Core 0.04 —0.03 007 —0.04 0.01 —0.04 0.03 0.03 —0.04 0.02
3 0.035 Skin 0.04 —-001 004 -0.03 -0.01 0.03 —-0.02 002 -0.07 0.05
0.175 Shearing 0.28 0.03 0.02 -005 -0.28 0.17 0.11 024 -0.18 —0.06
0.630 Post-filling 0.15 002 003 -005 -0.15 0.10 005 0.13 -0.13 0.01
1.470 Core -001 -0.03 005 -—-0.02 0.00 0.01 —-0.02 0.03 -—0.07 0.04

injection molded iPP with low injection speed by Kadota
et al. [31], but it is still difficult to explain precisely the local
structure formation and the tilt angle of the local symmetry
directions in this layer where extensional flow due to
fountain flow coincides with a very high thermal gradient.
Moreover, is the local deformation really known in this

(110) Plane - 3 mm thick-plate

Fig. 9. Contour plots and surface plots of pole figures (110 plane of a-
crystalline phase) in the ND-TD plane at different locations within the
depth of a 3 mm-thick injection molded iPP plate: (a) skin layer, (b) sheared
layer, (c) post-filling layer, and (d) core layer.

layer, since the crystallization kinetics cannot be assessed at
such a cooling rate?

3.2.2. Shearing layer
The (110) pole figures of the shearing layer exhibit two
maximums (Figs. 9(b) and 11(a)).

e One in the pole figure center, which exhibits a significant

(040) Plane - 3 mm thick-plate

Fig. 10. Contour plots and surface plots of pole figures (040 plane of a-
crystalline phase) in the ND-TD plane at different locations within the
depth of a 3 mm-thick injection molded iPP plate: (a) skin layer, (b) sheared
layer, (c) post-filling layer, and (d) core layer.
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(110) Plane - 1 mm thick-plate

Fig. 11. Contour plots and surface plots of pole figures (110 plane of a-
crystalline phase) in the ND-TD plane at different locations within the
depth of a 1 mm-thick injection molded iPP plate: (a) sheared layer, (b)
post-filling layer, and (c) core layer.

amount of (110) planes have its normal oriented in the
flow direction, typical of an a”-axis orientation in the
flow direction.

e Another higher maximum around the circumference of
the pole figure. Therefore, another fraction of (110)
planes has its normal perpendicular to the flow
direction that corresponds to a c-axis orientation in
the flow direction.

This bimodal orientation has been seen in iPP samples
submitted to extensional or shear flows [33].

The crystalline structure is not uniaxial. The diffracto-
grams exhibit a higher diffracted intensity of (110) plane in
the transverse direction compared to the normal direction
for both the a*-axis and the c-axis orientations, especially
for the 1 mm-thick plate. According to the (040) pole figures
(Figs. 10(b) and 12(a)), the main lamellae orientation can be
rebuilt (Fig. 13). A large amount of the c-axis oriented
lamellaes have their chain axes parallel to the flow direction
and they grow in the transverse direction. The most part of
the a”-axis oriented lamellaes have their c-axis oriented in
the normal direction. Nevertheless, the a*-axis orientation
of the lamellaes around the flow direction is less pronounced
than the c-axis orientation. This crystalline structural model
is verified for the shearing layer of 1 and 3 mm-thick
samples, and confirmed by the calculated orientation

(040) Plane - 1 mm thick-plate

5000 g
4000
3000
2000
1000

(0)

Fig. 12. Contour plots and surface plots of pole figures (040 plane of o-
crystalline phase) in the ND—TD plane at different locations within the
depth of a 1 mm-thick iPP plate: (a) sheared layer, (b) post-filling layer, and
(c) core layer.

functions (Table 1). As a consequence, nearly no b-axis
orientation can be found in the flow direction.

Fujiyama and Wakino [33] propose estimating the
respective quantity of the a*-axis oriented component and
the c-axis oriented component by determining the respective
areas under the two maximums of (110) plane intensity in an
azimuthal scan in the FD—TD plane. According to the same
principle, as pole figures were determined in our specimen,
we propose to calculate the volumes under each maximum
of the (110) pole figures according to Egs. (8) and (9). To do
the calculation, the isotropic intensity level of the crystalline

e
c
c b FD
orientation t:&f‘;‘ﬁ“' A7
‘ m‘ﬂ“l /
a*
R
ND
r’q
TD
a*
orientation -
Specimen

Fig. 13. Main spatial distribution of the crystalline lamellaes in the sheared
layers of injection molded iPP plates.
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phase was first determined (/izo,) :
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where R, and R, are, respectively, the ratio of the a*-axis
oriented component and the ratio of the c-axis oriented
component, the results are recapitulated in Table 2. As the
level of the c-axis oriented component increases, that of the
a-axis does also. But it seems that the high cooling rates in
the 1 mm-thick plates limit the secondary crystallization a*
(Table 2).

Several authors [34,35] attribute the formation of this
bimodal orientation to the formation of a secondary
crystalline daughter lamellae, which grows epitaxially
between the parent lamellae of the row structure. Parent
and daughter lamellae should have a parallel b-axis to
ensure better nucleation of the secondary crystallization.
Apparently, our crystalline structural model does not agree
with the fact that the b-axis of a*-axis (daughter) and c-axis
(parent) oriented lamellaes are parallel if one only looks at
the main lamellae orientations (Fig. 13). But knowing that
the a”-axis component is lower in amount than the c-axis
component (Table 2) and that the two components have a
large orientation distribution, the a*-axis lamellae could
nucleate locally on the c*-axis lamellae, which have the
same crystallographic b-axis. Therefore, our crystalline
structural model would not contradict the previous authors.

Although the same crystalline structure is found in the 1
and 3 mm-thick samples, a large difference of orientation
level can be seen in Fig. 14. The shearing layer of the 1 mm-
thick sample exhibit almost a fully bimodal orientation.
More than the injection speed, the influence of thickness,
that is the cooling rate, influences the crystalline orientation
generated by the shear-induced crystallization. Orientation
measurements by WAXS confirm the previous results
obtained by infrared dichroism measurements (Fig. 7).

3.2.3. Post-filling layer
Pole figures of post-filling layers have the same shape as

Table 2

those of the shearing layers, but with attenuated intensity
variations and a significantly higher level of isotropic
crystalline polymer. The values of orientation functions
(Table 2) are lower, but they vary in the same way.
Therefore, a* and c-axis oriented components contribute to
give qualitatively the same crystalline structural model,
which is described in Fig. 13.

As the local axes of symmetry of the 1 mm-thick
specimen merge with the flow, transverse and normal
directions, those of the 3 mm-thick specimen are tilted by
about 30° towards the core. The tilt angle of the local axes of
symmetry in the post-filling zone has been observed by
several researchers including Mavridis et al. [36] and more
recently Kadota et al. [31], but the formation mechanism of
this crystalline structure is difficult to explain.

During the post-filling, the shear rate is very low
(typically less than 1s~') and the shear-induced crystal-
lization should not lead to high levels of molecular
orientation. Wang and Cakmak [37] suggested that the
crystalline structure is the result of the mix of ‘apparently’
unoriented spherulitic structure and high extended crystal-
lites (treads) formed upstream, which were transported
downstream by the surrounding melt polymer. This
hypothesis is not unreasonable, but the polarized optical
micrographs do not indicate the presence of highly
birefringent crystalline treads. We believe rather that
oriented nuclei are formed during the filling and post-filling
stages while the temperature approaches the crystallization
temperature. These nuclei could be reoriented by the post-
filling flow and could generate an oriented crystallization.

This type of phenomenon can be observed in a shearing
device [38]: the polypropylene is sheared for few seconds
(typically 5 or 10s at 140°C) and a shear-induced
crystallization can be observed several minutes later (1—
3 min for the previous shearing conditions), while in fact the
melt orientation due to the initial shearing has largely had
the time to relax. Then, a significant crystalline orientation
can be measured.

3.2.4. Core layer

The level of molecular orientation is small in the core
layer. Nevertheless, a small amount of the a"-axis
orientation component seems to remain in the 3 mm-thick
sample. Oriented nuclei could have been transported
towards the core during the filling and post-filling stages.

Assessment of a” and ¢ oriented components distribution with respect to the flow direction. Mold temperature = 40 °C, injection time = 1.6 s, zone A, plate 2

Thickness (mm) Layer a* oriented ratio (%)
1 Shearing 27

Post-filling

Core 1
3 Shearing 13

Post-filling 9

Core 4

¢ oriented ratio (%) Isotropic distribution ratio (%) ale
65 8 0.41
36 55 0.27
11 88 0.10
18 69 0.68
11 80 0.82

14 82 0.27
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(110) Plane

(@
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Fig. 14. Comparison of surface plots of pole figures (110 plane of a-crystalline phase) in the FD—TD plane at different locations within the depth of a 1 mm and
a 3 mm-thick injection molded iPP plates: (a) sheared layer, (b) post-filling layer, and (c) core layer.

4. Conclusion

Although high levels of chain orientation in the crystal
phase can be obtained in injection molded iPP, the
orientation of the amorphous phase remains very low.
Therefore, the anisotropy of injection molded semi-crystal-
line polymers is governed by the orientation of the
crystalline phase.

The shearing layer exhibits the highest level of crystal-
line orientation. Despite having almost the same shear layer
thickness, the chain orientation in the 1 mm-thick plate is
twice as high as that in the 3 mm-thick plate. More
surprising is the very low influence of injection speed on
the maximum of the chain orientation when it is tripled.
Therefore, we can conclude that the thickness of the part is
the parameter which governs the global level of crystalline
orientation. In other words, the cooling rate is the most
influential parameter on the crystalline orientation gener-
ated by the flow induced crystallization in the injection
molding of iPP.

High levels of chain orientation were found in the skin
layer, but the direction of orientation tilted towards the core.
This tilting of the local axes of symmetry explains the small
orientation function value, which was determined by
infrared dichroism. At the moment, it is difficult to describe
precisely the mechanism that tilted the orientation induced
by the extensional flow at the melt front.

A bimodal crystalline orientation was generated in the
shearing flow direction: the chains of the main lamellae (‘c-
axis direction’) are oriented in the flow direction while the
lamellae principally grow in the transverse direction. The
secondary lamellae grow orthogonally to the main lamellae
in the flow direction, while their chains are principally
parallel to the normal direction. The b-axis of the main
groups of a” and c-axis oriented lamellaes do not have the
same direction, as observed by most researchers, but this
result does not contradict the literature because this property

could be locally verified, as the proportion of the a*-axis
oriented component is lower than that of the c-axis.

In the post-filling layer, the orientation remains high
despite the low shear stresses. Moreover, the bimodal
crystalline orientation continues to exist while its local axes
of symmetry tilt towards the core. The formation of this
crystalline structure could be explained by orientated nuclei
which were created during the injection phase and which
would rotate under the very slow flow during the post-
filling, but is still difficult to clearly explain the tilt of the
superstructure local axis. Some of these nuclei could also be
transported to the core layer since a small amount of the a*-
axis orientated component seems to remain in the 3 mm-
thick sample. Nevertheless the orientation in the core layer
is very low.
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