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Abstract

In this paper, the structural gradients developed in co-injection molded polypropylene/polystyrene parts were investigated as a function of
process history and injection sequence. For this purpose, a series of parts with PP skin/PS core, PS skin/PP core, and PP skin/PP core were
prepared under selected mold temperatures and injection speeds and detailed structural analyses were performed using a series of structural
analysis techniques. The optical microscopy, microbeam-WAXS and birefringence techniques revealed that crystalline orientation levels in
PP are high when it is injected first to form the outer (skin) layer of the part. On going from the mold surface to the polystyrene surface the
orientation level decreases slightly but remains high even at the PS/PP interface that is located at the interior of the part. This result is mainly
caused by the additional deformation that the PP experiences as a result of secondary shearing by the polystyrene injection that occurs a short
time delay after the primary injection. When PP is injected as a core layer, the orientation levels in PP were found to be low and mainly
concentrated near the PP/PS interface. This low level of orientation is as a result of slower cooling that causes the relaxation of the chain
orientation developed during the flow prior to the crystallization. In all polystyrene skin samples, the birefringence between the two skins was
found to be the highest at the intermediate distances. When the injection speed of the core polypropylene is increased, this peak position shifts
towards the mold surface as a result of shear heating. The use of low injection speeds in the core layer injection was found to distribute this
layer more uniformly along the flow path. This is attributed to the attainment of increased levels of viscosity for the first injected layers during
the course of injection of core layers at slower speeds.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The co-injection molding process was first developed by
ICI in the UK in early 1970s and has become one of the
major production methods in recent years [1]. This process
is also known by other names such as sandwich injection
molding, or multi-injection molding in the case where two
or more materials are involved. This process has found
utility in the recycling area where scrap material can be
injected as the core layer while a high quality virgin material
forms the exterior regions of the parts [2,3].

In simultaneous co-injection molding the two materials in
two different barrels are injected into a mold at the same
time to form parts with skin–core morphology. On the other
hand, the sequential injection molding is conducted in such
a way that one material which will form a skin part is

injected first then the second material forms the core
regions.

Some of the basic ideas used to explain this process come
from the studies of stratified two-phase flow of polymer
melts through dies [4–10]. Nagano [4] and Southern and
Ballman [6] have shown that in stratified flow through
cylindrical dies low viscosity melt gradually encapsulates
a higher viscosity melt. This has been verified more recently
by several researchers [7,8,10,11]. Young et al. [12] have
conducted extensive research on the sandwich injection
molding process. It was emphasized that the viscosity
ratio of the second injected material to that of the first
injected material plays an important role in the formation
of the interfacial shape. If the ratio is too large, the material
injected in the second stage does not penetrate sufficiently
deep into the first melt resulting in a part with poor skin
thickness uniformity and the second polymer remaining
only near the gate. When the viscosity of the second mate-
rial is too low (the ratio is too small), the second melt tends
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to completely penetrate through the first injected material
resulting in ‘‘burst through’’. Only in the intermediate visc-
osity ratio, can one obtain both encapsulation and uniform
thickness [13,14].

It is also possible to make such a sandwich mold by
simultaneously injecting two materials. Menges and his
coworkers [15] have considered a similar problem in
which a melt injected into a mold is separated into two
streams and a foaming agent is injected into the annular
system. White and Lee [10] conducted an experimental
study of an annulus–core configuration of injection molding
using an Instron capillary rheometer, which simulates the
simultaneous injection molding. They reached a conclusion
similar to the sequential injection molding. Since at the
interface in annual flow, the shear stressesj12 are equal in
each phase, the equation proposed below explains the chan-
neling of the lower viscosity core:

mA
]uA

]r

�����annulus¼mB
]uB

]r

�����core

A high viscosity core will possess a lower interface velocity
gradient and an average velocity not much greater than the
lower viscosity annular ring. On the other hand, the lower
viscosity core will possess a large interfacial velocity gra-
dient and a considerably higher average velocity than the
higher viscosity annulus.

Although the structural development in injection molded
straight injection molded polypropylene [16–24] and atactic
[25] and syndiotactic polystyrene [26] has been extensively
investigated, their behavior in the co-injection molding pro-
cess has not been studied.

In this study, our focus is on the development of the
structure gradients in co-injection molded parts of varying

processing history. By using immiscible polypropylene and
polystyrene as the two injection materials, it is ensured that
there is a distinct interface between the polymers. This will
allow us to observe the effect of molding parameters and
injection sequence on the skin and core materials. The tools
used to identify and quantify the structural parameters are
polarized light microscopy, birefringence, microbeam-
WAXS methods and pole wide angle X-ray. The latter tech-
nique is particularly suited for investigating the sharp
structural gradients that are observed in injection molded
parts [27–29].

2. Experimental procedures

2.1. Materials

The materials used in this experiment were E200 (Tonen
Chemical Co., Ltd.) non-nucleated polypropylene and
Styron 666 (Asahi Chemical Co., Ltd.) polystyrene. The
weight average molecular weight of polypropylene (Mw)
was 450 000 and MFR (2308C, 2160 g) 0.5. The weight
average molecular weight of polystyrene (Mw) was
240 000. The viscosity of polypropylene and polystyrene
used in this experiment was measured at three different
temperatures, 1908C, 2108C, and 2308C, using an Instron
capillary rheometer. The data were corrected for end pres-
sure losses.

2.2. Sample preparation

The samples were prepared with the 80 ton Toyokikai-
kinnzoku Model # TP–80G2H1 co-injection molding
machine, at a series of mold temperatures and injection

Fig. 1. (a) Co-injection molding nozzle section. (b) Cavity geometry.
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speeds. This co-injection molding machine is equipped with
an 80 ton clamping unit and with two 38 cm3 injection units
oriented at an angle of 258 to each other in order to shorten
the sprue distance. The nozzle section of this machine is
schematically shown in Fig. 1(a). The actions of the two
injection units are independently controllable. This allows
the adjustment of the time lag between the onsets of the two
injections.

This machine was operated in sequential mode: one mate-
rial that would form a skin part was injected 1 s prior to the
second material that would later form the core of the part.
The injection time lag is set so that the core material reaches
the gate at the time of the completion of the injection of skin
material. The holding pressure is applied only by the injec-
tion unit of the core material after the completion of the
cavity fill. The cavity design used in this work is shown
Fig. 1(b). In this design, the two runners with 6 mm circular
cross-sections pass the melt from the sprue to the gate. A
rectangular gate with 13 mm3 2 mm dimensions forms the
center portion of one end of the rectangular cavity with
100 mm3 50 mm3 3 mm dimensions.

All the processing conditions are indicated in Table 1. All
samples were produced with 2308C melt temperature and
40 s holding time. As indicated in Table 1, the effect of
injection speed and mold temperature on the structure of
the parts can be studied. Three samples were made for
each condition.

2.3. Sample cutting procedure

All specimens were carefully diced into ten small pieces
with a Leco Varicut VC-50 diamond saw. Three cutting
procedures were used to section the samples as shown in
Fig. 2. Procedure A consisted of cutting sections
perpendicular to the flow direction in the TD–ND plane.

In procedure B the samples were sectioned parallel to the
flow direction in the FD–ND plane, along the center of the
sample. Finally, procedure C consisted of cutting sections
from skin to core, parallel to the flow direction in the FD–
TD plane.

2.4. Optical microscopy

2.4.1. Micrographs
Samples of 10mm in thickness were cut using a Reichert–

Jung 2050 microtome. They were then sandwiched between
two glass slides and placed on the microscope stage and
oriented with their long axes at 458 to polarization directions
of crossed polarizers. The transmission optical photomicro-
graphs were taken through a Leitz Laborlux 12 POL S
microscope using a Sony CCD camera as well as a Nikon
8008S camera.

2.4.2. Birefringence measurement of B-cut samples
The birefringence (Dn13) (1 ¼ flow direction, 3 ¼

thickness direction) was measured for samples with skin

Table 1
Molding conditions

Sample number PS injection speed PP injection speed Mold temperature Ratio of charge Holding pressure
(cm3 s¹1) (cm3 s¹1) (8C) (Volume PP/PS) (kgf)

10 13.68 5.47 50 35/34 100 (10 s)
11 13.68 16.41 50 35/34 100 (10 s)
12 13.68 27.35 50 35/34 100 (10 s)
13 13.68 5.47 70 35/34 100 (10 s)
14 13.68 16.41 70 35/34 100 (10 s)
15 13.68 27.35 70 35/34 100 (10 s)
16 13.68 5.47 90 35/34 100 (10 s)
17 13.68 16.41 90 35/34 100 (10 s)
18 13.68 27.35 90 35/34 100 (10 s)
Specimens from 10 to 18 have skin polystyrene and core polypropylene
20 5.47 5.47 40 41/24 100 (10 s)
22 54.7 5.47 40 38/28 100 (10 s)
Specimens 20 and 22 are skin polypropylene and core polystyrene
23a 5.47 40 100 (10 s)
Only one injection unit was used for making specimen 23. This procedure is considered as the normal injection molding
26a 5.47 5.47 40 39/31 100 (10 s)

aPolypropylene was injected for both skin and core for sample No. 26. No. 26 is different from No. 23 in that two injection units were used instead of one.

Fig. 2. Sample cutting procedures A, B and C.
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polystyrene/core polypropylene on the B-cut (FD–ND
plane) samples from mold side surface to polypropylene
side surface. The birefringence of these samples were
measured with a Leitz Laborlux 12 POL S microscope
with four-order Berec compensator. Through observation,
it was found that the local symmetry axis direction varies
with distance from the surface. In order to determine the
birefringence, the local direction of the symmetry axis was
determined first and birefringence was measured with
respect to this local symmetry axis. Therefore, the values
reported here represent the maximum birefringence at each
location measured.

The value of optical retardation,G (mm), was obtained
using the calibration chart provided by the manufacturer of
the compensator. The birefringence was obtained using the
equation below:

Dn13 ¼
G

d

whered is the thickness of the sample (mm).

2.5. Wide angle X-ray diffraction (WAXD) studies

2.5.1. Microbeam-WAXS
Microbeam-WAXS patterns of the B-cut were taken in

selected locations from skin to core using the matrixing
microbeam X-ray camera (MMBX) developed in our
laboratory [30]. The camera was connected to the Rigaku
RU–200B rotating anode X-ray generator operated at 40 kV
and 150 mA. The CuKa beam, having a 100mm diameter,
was obtained using a nickel foil monochromator and a
pinhole collimator. The WAXS film patterns were digitized
using a 12-bit CCD Photometrics camera, Model CH1.
Before making quantitative measurement from the digitized
images they need to be corrected for non-linearity of X-ray
film as well as the response of the CCD camera. These

corrections were done with the help of neutral density filters
and a series of exposed X-ray films. The non-linearity of the
X-ray film to the real intensity of the X-ray is calibrated
separately. Details of this calibration procedure are given
in Ref. [31]. In order to quantify the orientation of thea, b,
and c crystallographic axes, we assumed that within the
probing range of the 100mm X-ray beam, fiber symmetry
exists. Then, we determined the orientation of these axes
with respect to the local symmetry axis which may not
necessarily be along the flow direction particularly in the
interior of the parts. In order to do this we used azimuthal
intensity profiles of monoclinica (110) and (040), and
hexagonalb (300) planes. For the monoclinica phase,
Wilchinsky’s geometrical rule was used to obtain the
〈cos2 xc,z〉 value from

cos2 xc, z


 �
¼ 1¹ 1:099 cos2 x110,z


 �
¹ 0:901 cos2 x040,z


 �
as described in Alexander [32]. And using

fa, z ¼
1
2

3 cos2 xa,z

 �

¹ 1
ÿ �

fb, z ¼
1
2

3 cos2 x040,z

 �

¹ 1
ÿ �

fc,z ¼
1
2

3 cos2 xc,z

 �

¹ 1
ÿ �

and

fa þ fb þ fc ¼ 0

all three orientation factors were obtained. Though this rela-
tionship is strictly for crystal systems with orthogonal axes,
it is a good approximation for PP. (Theb angle of the unit
cell is 99.38.)

For hexagonalb phase it is sufficient to obtainfa from the
azimuthal intensity distribution of the (300) plane and from

Fig. 3. Viscosity versus shear rate for PS and PP at 190, 210 and 2308C.
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the crystal symmetry

2fa þ fc ¼ 0

fc value is obtained.

2.5.2. Wide angle X-ray pole figures
For pole figure analyses, small rectangular samples with

0.5 mm3 0.5 mm3 2.0 mm dimensions were cut with the
long axis along the flow direction for sample No. 16. The
samples were mounted on a 0.5 mm diameter polystyrene
bristle with the long axis (FD) parallel to the bristle axis.
WAXS pole figures for the (110) and (040) planes were
obtained using an automated quarter circle GE goniometer
with Dx ¼ 58 andDf ¼ 108 (rotation about the spindle axis)
using step scanning mode. The GE XRD-6 X-ray generator
equipped with a copper target tube provided the X-ray beam
that was monochromatized using a detector side graphite
crystal.

3. Results and discussion

3.1. Melt viscosity

The viscosity of polystyrene and polypropylene used in
this research as a function of shear rate is shown in Fig. 3. At
all three temperatures measured, the viscosity of polypro-
pylene is higher than the viscosity of polystyrene. This is
particularly true at the chosen processing temperature of
2308C at which all the parts in this research were produced.
Although the material typically experiences shear rates in
the 103 s¹1 range during processing, the difference in the
viscosities of the two polymers at this range would remain
substantial as it can be deduced from extrapolation of these
two curves to this shear rate range. When the higher vis-
cosity polypropylene is co-injection molded as the outer
(skin) layer, the part should exhibit thickness instability at
the boundary of the two materials [12]. This in fact was
found in this research as discussed below. This relatively
high processing temperature was chosen to increase the
solidification time of polystyrene thereby minimizing the
short shot possibility.

3.2. The geometry of the core material

3.2.1. Polystyrene skin/polypropylene core
The optical photographs of all samples from Nos 10–18,

are shown in Fig. 4. The processing conditions of the
samples are given on the left and bottom of this figure.
The injection speed of the PP phase is indicated on the
left column of these boxes (L¼ low speed, M¼ medium
speed, H¼ high speed). The mold temperature is indicated
on the left column of these boxes. In this figure, the PP core
is easily observable through the transparent polystyrene
skin. The gate is located at the lower edge of these samples.
All the samples molded with low injection speed (Nos 10,

13 and 16) exhibit a blunt flow front, while samples molded
with intermediate and high speeds exhibit a ‘‘pointed’’ flow
front in the polypropylene core resulting in uneven distribu-
tion of the polypropylene along the flow direction.

The thicknesses of each phase along the flow direction in
the center of the sample was measured and are presented in
Fig. 5. High injection speed (No. 12) results in larger accu-
mulation of the polypropylene phase closer to the gate. Con-
versely, the decrease in the injection speed causes more
uniform distribution of the PP core regions along the flow
direction, though the effect of the mold temperature on the
thickness uniformity is low, but still noticeable, and lower
mold temperature results in slightly better distribution of the
core along the flow direction.

This behavior is explained schematically in Fig. 6, which
shows the skin polystyrene melt front movement in the mold
as it is injected first. Two distinct fronts are established
during the injection process. The first front is the flow
front, which moves with speedV1. The second is the time
front that defines the solid–liquid boundary, which moves
towards the interior of the part. This is noted asV2 and this
speed is primarily governed by the local heat flux vector
which is primarily controlled by the differences in mold
and melt temperatures. The spatial profile of the solid–
liquid boundary throughout the part at the end of the filling
stage defines the thickness of the frozen-in layer at that time
and is the boundary beyond which the nucleation density
usually decreases owing to decay of built-up stresses. The
regions toward the core remain molten and are further
deformed when core polypropylene is injected. This is
expected to have a significant influence on the structure
developed in the PS skin layer as well as the PP regions
near the interface of the two polymers. The complex flow
fields during the second injection is illustrated schematically
in Fig. 6 for high and low injection speeds. At low injection
speed the frozen layer advances further into the core of the
sample before the flow front reaches the end of the mold.
Since all nine samples discussed in this section have the
same volume change of polystyrene/polypropylene, thicker
polystyrene at a given location means thinner polypropylene
at the same location.

As explained earlier, two fronts are established during the
injection molding: the flow front and the solid–liquid
boundary. As the solid–liquid boundary moves towards
the interior, the effective cross-sectional area, through
which the polymer flows, is reduced. This results in
increased local fluid velocities for a given constant flow
rate defined by the injection unit [33]. As a result, fast
injection causes the interior material to accumulate closer
to the gate while slower injection forces the core layer to
spread in the flow direction since at lower speeds, the frozen
layer advances inwardly, decreasing cross-sectional area.
As a result, the polypropylene core advances forward in
the interior of the samples.

The thickness variation, among different mold tempera-
tures at the same injection speed, is less significant as seen
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in Fig. 5. This result also ensures the fact that core poly-
propylene has the deciding effect on the thickness variation
of the skin polystyrene. It can be concluded that injection
speed has the most influence on the geometry of the interior
samples when both materials are at the same temperature. In
order to obtain uniform distribution of the core material,
these results indicate that lower injection speed should be
used. Similar effects can also be obtained by increasing the
viscosity of the polystyrene by reducing its melt tempera-
ture. However, this was not done in this research.

3.2.2. Polypropylene skin/polystyrene core
The samples No. 20 and No. 22, which have polypropy-

lene injected first to form the skin regions and polystyrene to
form the core, exhibit a completely different core geometry,
as shown in Fig. 7, as compared with the skin polystyrene
samples shown earlier in Fig. 4. Fig. 7 shows that the

distribution of the core polystyrene is uneven across and
along the flow directions. In this figure, one half of the
skin PP was removed for clear observation of the PS core.
This behavior is consistent with the earlier reports where
this type of unstable behavior is observed when lower vis-
cosity material is injected into a higher viscosity molten pool
[11,12]. Even though no burst through was observed in our
study of skin polypropylene/core polystyrene, the thickness
variation along and across the flow direction was large.

3.3. Polystyrene birefringence

Birefringence development in straight injection molded
atactic polystyrene was first studied by Ballman and
coworkers [34,35]. Their studies revealed that polystyrene
exhibits dog-eared birefringence profiles across the
thickness of the molded parts with the absolute maximum

Fig. 4. Interfacial geometry of polystyrene skin/polypropylene core samples (No. 10 and No. 18).
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of the birefringence being at intermediate regions close to
the skin. The center of the parts exhibited typically little or
no birefringence due to rapid decay of stresses and devel-
oped orientation as a result of slow cooling. This has been
confirmed by several other researchers [36–38], but some
researchers found the additional maximum near the outer
surface [37,38]. There are two main sources for birefrin-
gence developed in an injection molded amorphous polymer
like polystyrene. One is flow induced birefringence as a
result of preferential orientation of the chains in certain
directions typically along the flow, and the other is thermal
birefringence that is caused by the non-equilibrium density
change during inhomogeneous rapid cooling through the
glass transition temperature [39].

A birefringence minimum has sometimes been observed
between the surface and the maximum value and in the core
[40,41]. Birefringence is influenced, by melt temperature,
injection speed, mold temperature and packing pressure.
Generally increasing the melt temperature decreases the
maximum birefringence. This result is because of the fact
that increasing the melt temperature drastically reduces the
relaxation time of the melt. Therefore, it creates favorable
conditions for the relaxation of stresses and birefringence
after the cavity filling. Decreasing the injection speed
increases the value of maximum birefringence. According
to Isayev [42] increasing the flow rate leads to truncation of
the long-term tail of the relaxation spectrum of the polymer
melt, thus decreasing the effective relaxation time. The sec-
ond reason is that at the high flow rate, thermal convection
dominates over thermal conduction to the cold mold, thus
creating the favorable conditions for the relaxation process
and retarding the growth of the frozen surface layer.

The effect of the mold temperature on the maximum
birefringence is considered in the same manner as the effect

Fig. 5. The normalized thickness distribution of phases under (a) varying
injection speed, (b) varying mold temperature.

Fig. 6. Flow front movement in the filling stage of (a) skin polystyrene and (b) core polypropylene in the co-injection molding process.
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of the melt temperature. Increasing the mold temperature
decreases the value of maximum birefringence, creating a
favorable condition for stress and birefringence relaxation.
The packing pressure also plays an important role in creat-
ing a second birefringence maximum close to the core.
While the birefringence maximum near the wall is formed
during the cavity filling, the second birefringence is devel-

oped as a result of a rise in normal stress in the packing stage
when the core region is still hot. The development of normal
stress in layers adjacent to the frozen-in layer in this packing
stage should be retarded owing to the long relaxation time.

Due to the extremely low levels of birefringence detected
in core polystyrene, as is expected from the high melt tem-
perature, in this study we concentrated only on the birefrin-
gence measurements of the skin polystyrene.

3.3.1. Polystyrene skin/polypropylene core
The birefringence of skin polystyrene is summarized in

Fig. 8. It should be pointed out that the birefringence values
presented here are the maximum birefringence at each loca-
tion whose local symmetry axis is defined by the extinction
angle (tilt angle). In this figure, the birefringence profiles
from the mold surface to the PS/PP interface are presented.
In each graph the data in each graph represent the results of
three injection speeds at constant mold temperature. In all
the data, the birefringence first increases, shows a maximum
and then decreases towards the inner surface (polypropylene
side). However, we do not see a secondary peak near the
inner surface, though we do observe an increase in the tilt
(extinction angle) near the mold surface and near the PS/PP
interface in all samples where the PP core was injected with
the slowest injection speed (see the data for sample Nos 10,
13, and 16 for each mold temperature). This is a clear reflec-
tion of the evolution of stresses during the injection process.
The slow injection allows for the larger penetration of the
solidified layers towards the core and the polymer chains
ending up in these regions preserve orientation developed
during their flow under higher stress conditions better due to

Fig. 7. Optical photomicrograph of sample No. 20 polypropylene skin/
polystyrene core. Injection speed of PP¼ low; mold temperature¼ low.

Fig. 8. Birefringence and tilt angle distribution of skin polystyrene molded at three mold temperatures and injection speeds.
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the significantly reduced orientation relaxation at lower
temperatures [43]. The values of birefringence remaining
in all samples are relatively low as a result of the high
melt temperature of 2308C used during injection.

The relative location of the maximum birefringence value
depends on the core polypropylene injection speed. Increasing
injection speed at the same mold temperature shifts the loca-
tion of maximum birefringence towards the mold wall. Con-
sidering the fact that all skin polystyrene has the same injection
speed and charge volume, it is reasonable to assume that the
birefringence distributions were the same up to the beginning
of the PP injection stage. As the injection speed of PP is
increased, more of the unfrozen material stays near the gate,
locally reducing the PS thickness and thereby moving the
birefringence maximum closer to the mold wall. The increase
of mold temperature causes an overall decrease of the magni-
tude of birefringence. It should be noted that the local extinc-
tion angles are low at the surface and increase rapidly towards
the intermediate regions before reducing to zero at the
locations where birefringence maxima are observed.

The effect of mold temperature on birefringence can be
observed in Fig. 9. In this graph all samples have the same
low injection speed. The increase of the mold temperature
significantly reduces the birefringence throughout the thick-
ness and the peak position moves slightly closer to the mold
surface. This occurs primarily as a result of a decrease in
cooling rates upon increase of mold temperature which
decreases the relaxation time.

3.4. Optical microscopy

In injection molding of fast crystallizing materials like PP
[44,45], PE [46,47], or POM [48,49], a multi-layered struc-
ture is usually observed. This structure is also observed in
co-injection molded samples, although there are some dif-
ferences as described below. First, we will review a typical
thermal deformation history that a polymer chain experi-
ences during the course of its travel through the machine
components. Typically, a polymer chain experiences high
temperature gradients as soon as it enters the sprue section
under no slip condition, which occurs as a result of rapid
solidification of the skin region. Then a deformation rate
gradient is immediately established. The polymer chains
that end up at a skin region have usually followed the
mid-section of the flowing mass where the shear stresses
are at their lowest. They experience the extensional flow
at the flow front before being ‘‘slapped’’ against the cold
wall. They have very little time to relax to the random coiled
state from the acquired orientation levels. These chains
experience the highest temperature gradient due to their
direct contact with the cold wall.

Owing to the poor thermal conductivity of the polymers,
the highest cooling rates are usually confined to the bound-
aries, and the rate of cooling rapidly decreases towards the
interior of the parts. As has been studied in the absence of
flow by many researchers [50,51], the crystallizing polymer

exhibits a so-called ‘‘transcrystalline layer’’ in which the
preferred fast growth direction is primarily along the
steepest slope of the temperature gradient.

As the solid–liquid boundary in the filling stage moves
inward from the mold, shear crystallized layers of very high
nucleation density and lower nucleation density regions are
established. The boundary of these two layers is defined
from the moment the flow front stops moving at the end
of the cavity, thereby suddenly stopping the shearing pro-
cess throughout the molten path. Once flow stops, the very
high shear stresses start decaying. Depending on the local
cooling rates, the polymer crystallizes at decaying cooling
rates towards the core. This cooling results in the decrease
of nucleation density towards the core. In the following
section, the layered structure of each molding condition
will be described.

3.4.1. Polystyrene skin/polypropylene core
Fig. 10 shows the cross-section of core polypropylene,

sample No. 10 (lowTm and low coreI s) and sample No.
18 (highTm and high coreI s), cut parallel to the flow direc-
tion. Polystyrene was removed before these micrographs
were taken. Despite the fact that core polypolylene was
injected into a still molten polystyrene environment, the
skin layer is still observed. Under cross-polarized light the
skin region exhibits a uniform extinction angle, indicating
there is no spatial variation of local symmetry axes that are

Fig. 9. Effect of mold temperature on birefringence distribution in skin
polystyrene (at low injection speed).
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pointing in the flow direction. It is also noted that in sample
No. 18, which has the highest mold temperature, the skin
layer disappears close to the gate.

The next layer towards the core is the shear layer, which
consists of highly deformed crystallites. In micrographs
with a first-order red wavel plate (Fig. 11) the crystallites
of this layer show a deep blue color, which indicates that
crystallites in this layer are highly oriented to the flow direc-
tion. The large transcrystalline layer growing perpendicular
to the flow direction can be observed as the next layer. This

layer has a distinct bright field, which is typical ofb crystalline
polypropylene. The spherulites of theb crystalline region are
known to be type III negative. In location No. 5, the trans-
crystalline layer becomes the first layer of the core poly-
propylene. This is more pronounced in the high mold
temperature sample. The micrograph of this transcrystalline
region reveals that the size of the crystallites in this layer
gradually increases toward the center of the sample. The core
layer makes up the majority of the rest of the polypropylene.
The spherulites in this layer are type Ia spherulites.

Fig. 10. Optical photomicrographs of the PP core in samples No. 10 and No. 18 cut parallel to the flow direction (FD–ND) plane.
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3.4.2. Polypropylene skin/polystyrene core
The samples molded with PP as the skin layer exhibit

different layer structures as shown in Fig. 12. Due to the
significant shear against the mold wall, the outside polypro-
pylene has little or no core region compared to the center of
the polypropylene injected as the core layer. In the latter
large, fairly isotropic spherulites are observed.

In Fig. 12, the skin layer is observed just as in straight
injection molded samples. The thickness of this layer does
not exceed 10mm. A very large, highly oriented shear layer
taking up more than 80% of the total thickness of the sample
is observed. The neat transcrystalline layer grows perpen-
dicular to the flow direction along the steepest temperature
gradient. The orientation behavior in these regions will be
discussed in the following X-ray sections.

3.5. Local orientation behavior studied by microbeam-
WAXS

Before discussing the details of X-ray patterns for each
condition, typical microbeam-WAXS patterns are presented
in Fig. 13 to help in their interpretation. In this microbeam-
WAXS experiment of co-injection molding samples, two
different polypropylene crystalline modifications were
observed, monoclinica and hexagonalb. The plane indices
for b modification are based on the B-cell model [52] of the
Turner-Jones et al. classification. While monoclinica mod-
ification is observed in most crystallizations from the melt,
hexagonalb can be observed in rapid crystallization from
the melt into the temperature range of 120–1308C. Lovinger
et al. [50] also showed that theb phase is easily initiated
by growth transformation along the orienteda front. At
higher orientation levels especially in the shear region,
bimodal orientation of thea modification can be seen. In
X-ray patterns, (hk0) planes of thec-axis oriented compo-
nent appear on the equator and (hk0) planes of thea*-axis
oriented component appear on the meridian when the flow
direction is vertical. When monoclinica modification
appears with hexagonalb modification, some diffraction
peaks are overlapped making it difficult to identify the ori-
gin of the peak. For example, the monoclinica modification
(110) plane has a 2v value of only 0.068 smaller than the
hexagonalb modification (210) plane as shown in Fig. 13.
As a result, those peaks appear together. As will be shown
below, it is possible to distinguisha (040) andb (300)
planes on the equator as thed-spacing of (300) (5.508 A˚ )
is slightly larger than that of thed-spacing of (040)
(5.235 Å). It is well known that polypropylene under exten-
sional or shear flow, results in samples exhibiting bimodal
orientation [53]. This can be seen in the diagram of mono-
clinic a modification (left) in Fig. 13. (110) and (130) planes
have two distinct peaks, one on the equator, which shows
the c-axis component contribution and the other one from
the a*-axis component on the meridian. Fig. 13 illustrates
why (040) has only one peak on the equator. The unit cell
above shows thea*-axis oriented parallel to the FD and the

one below shows thec-axis parallel to the FD. It is noticed
that the (040) pole points out in almost the same direction in
both cases. This observation is the reason why only one
peak is observed for (040) planes.

3.5.1. Polystyrene skin/polypropylene core at low mold
temperature

Although we explored the structural variation by
using three different injection speeds at three different
mold temperatures, we will present only selected results in
the following sections.

The results of the sample molded at low mold temperature
with low injection speed are shown in Fig. 14. For all these
samples a constant PS injection speed is used.

The sample was cut along the flow direction and
microbeam-WAXS patterns were taken at the No. 3 location
whose polarized micrograph is also shown in this figure.
The left side of the photograph marked as skin is the PS/
PP interface. PS layers in the photomicrograph are not
shown for clarity. Although the PP is injected into the
core of the polystyrene, which provided thermal insulation
during the process, it still exhibits orientation gradients
particularly near the PS/PP interface as indicated in the
WAXS pattern. The first 200mm from the interface show

Fig. 11. Optical photomicrograph of injection molded polypropylene near
the transcrystalline layer.
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highly oriented WAXS patterns. At the surface (position a)
the population of the (110) planes is almost exclusively at the
meridian indicating that ana* oriented population dominates.
At this position (040) planes are still concentrated on the
equator (normal to the flow direction) resulting in a negative
value infb as indicated in the orientation factor graph shown
in the inset. At about 100mm (position b) from the surface
the WAXS pattern shows significant levels ofb phase

formation as evidenced by the high intensity of (300)
planes. This is in accord with the optical picture where a
bright band ofb crystals is observed between the positions
of a and b (indicated by the dashed line in the orientation
graph). The increase of injection speed does not change
the overall morphological gradients described above, but
merely shifts their positions and changes their size. For
instance at a middle injection speed shown in Fig. 14(b),

Fig. 12. Optical photomicrographs of the PP skin of samples No. 20 and No. 22 cut parallel to the flow direction (FD–ND) plane.
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the transcrystalline growths that contain botha and b

phases moves closer to the PS/PP interface and its size
increases. This is most possibly as a result of crystalliza-
tion of the PP at a temperature range of 120–1308C where
b phases preferentially nucleate and grow. As we have
seen earlier the increase in injection speed causes an
even distribution of material along the flow direction
which in turn increases the thickness of skin layers at
positions near the gate and decreases them at the end of
the gate. This increased distance to the surface can cer-
tainly cause these regions to cool more slowly resulting in
b phase growth. An increase of injection speed further
effectively eliminates this layer as evidenced in the optical
photomicrograph as well as in WAXS patterns where the
(300) peak of theb crystal is no longer observed near the
PS/PP interface as shown in Fig. 14(c).

3.5.2. Polystyrene skin/Polypropylene core at the middle
mold temperature

As shown in Fig. 15(a)–(c), the overall morphology is
similar to that observed at the lower mold temperature
with minor variations. At the skin we now observec þ a*

orientation as evidenced by the presence of equatorial

(normal to flow direction) as well as meridional peaks. At
this mold temperature theb form is observed closer to the
PS/PP interface. This is expected as a result of the reduced
cooling rate experienced by the polymer. Especially at low
and middle injection speeds, hexagonalb peaks are
observed in the transcrystalline layer. X-ray patterns
indicate that the skin region of sample No. 14 [Fig. 15(b)]
has only the hexagonalb phase which disappears towards
the core and gives way to thea form. Interestingly the
transcrystalline layer that is near the interface disappears
at the highest injection speed and randomly dispersedb

spherulites are observed throughout the cross-section. How-
ever, a closer inspection of the polarized light micrograph
reveals that there is an increased proportion ofb form
spherulites throughout the thickness of the sample. This is
possibly an ndication of increased melt temperature due to
shear heating at elevated injection speeds.

3.5.3. Polypropylene skin/polystyrene core
When polypropylene is injected first to form the skin layer

the level of orientation observed becomes quite substantial as
can be observed in Figs 16 and 17. The polarized light micro-
graphs are taken with polarizer and analyzer directions parallel

Fig. 13. Typical WAXS patterns ofa abdb modifications of polypropylene.
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to the edges of the photographs and they show the sample from
the mold surface to the PS interface and PS layers not shown.

At low injection speed the local symmetry axis shows a
significant tilt as indicated qualitatively on the WAXS
patterns of the surface layer (position a) and quantitatively
as the tilt angle that is equal to 408 tilted towards the core
from the (08 ¼ flow direction) in the graph at the inset. This

pattern also shows that orientation levels with respect to this
local symmetry axis are quite high and noa* orientation is
observed at the meridian. The same is also true at 100mm
from the mold surface (position b). These regions appear
brighter in the optical micrograph as the local symmetry
axis is tilted away from the polarizer and analyzers. At
location c, which is 200mm away from the mold surface,

Fig. 14. (a) Microbeam-WAXS patterns, optical photomicrographs and orientation factors for the PP core sample molded at low mold temperature with low
injection speed. (b) Microbeam-WAXS patterns, optical photomicrographs and orientation factors for the PP core sample molded at low mold temperature with
medium injection speed. (c) Microbeam-WAXS patterns, optical photomicrographs and orientation factors for the PP core sample molded at low mold
temperature with high injection speed.
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the regions also appear brighter in the photomicrograph but
this position shows tilting towards the mold surface. This is
a clear result of the complex flow history imposed by the
fountain flow as shown by a number of researchers includ-
ing Mavridis et al. [54]. The interior of the micrograph
appears dark as the symmetry axes are all parallel to the
vertical edge of the sample (along the flow direction) as also
seen in the WAXS patterns. Theb phase that was absent in
the first 250mm begins to appear at position d and increases

in proportion and at the inner interface it completely
dominates the local structure. At positions h and l the local
structure is a highly directionally grown transcrystalline
region. The WAXS pattern at position l (800mm) shows
distinct (300)b peaks on the equator and (210)b peak on
the meridian. The orientation factors determined from these
patterns indicate that the highestc-axis orientation is observed
at about 200mm from the surface anda-axis orientation is
negative at the mold surface and becomes slightly positive at

Fig. 14 (continued)
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the PP/PS interface whileb-axis orientation remains negative
throughout the thickness.

The increase of injection speed has a number of effects on
the local structure. Theb phase is observed throughout the
thickness of the sample although its proportion
continuously increases towards the PS side. The
orientation characterc þ a* orientation is observed
throughout the sample and position g is almost exclusively
b phase as also revealed in the optical observation.

Although the mold surface has higher orientation levels in
this sample this rapidly decays towards the PS side possi-
bly as a result of a higher temperature build-up at elevated
shear rates.

In order to quantify thec-axis orientation versus thea*,
the corresponding equatorial and meridional peaks in the
azimuthal direction were separated using a peak separation
program and the ratios of their areas are plotted in Fig. 18(a).
The a*-axis oriented polypropylene gradually increases

Fig. 14 (continued)
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from the mold side surface to the polystyrene side surface
reaching a maximum value near the transcrystalline layer in
which about 75% are thea*-axis component. As discussed
earlier in this section, the hexagonalb component has a
diffraction peak of (210), which appears on the meridian.
This peak coincides with the meridional peak of monoclinic
a modification (110), which may result in an overestimation
of the a*-axis oriented proportion as the fraction of theb

phase increases. The X-ray pattern shows only the hexago-
nal b crystalline due to the absence of (040) and due to
presence of (210) on the meridian.

We also plotted the chain axis orientation factor of theb

phase in Fig. 18(b). Skin polypropylene showed the hexa-
gonalb phase in most of the locations. In normal injection
molding thisb phase appears sporadically in the boundary
between shear and core layer. Therefore, a quantitative
orientation measurement along the thickness direction was
rather difficult. Owing to the nature of the growth habit in
the transcrystalline layer, this phase has its growth direction
along the steepest temperature slope. As a result, a fairly
high level of c-axis orientation in both samples was
observed. Thec-axis orientation factor has its maximum

Fig. 15. (a) Microbeam-WAXS patterns, optical photomicrographs and orientation factors for the PP core sample molded at medium mold temperature with
low injection speed. (b) Microbeam-WAXS patterns, optical photomicrographs and orientation factors for the PP core sample molded at medium mold
temperature with low injection speed.
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value in the transcrystalline layer and in the case of sample
No. 22, there is another maximum in the mold side skin
surface where another population of transcrystalline layers
is clearly observed in the micrograph.

3.5.4. WAXS pole figures
As explained earlier, WAXS pole figures of (110) and

(040) reflections were taken in the skin and the core of
sample No. 16 at location No. 1. The optical photo-
micrographs of the b-cuts of the regions from No. 1 to
No. 4 in increasing distance from the gate are shown in

Fig. 19. These b-cuts are shown from the center symmetry
plane (right-most position on the pictures) to the left
end of the sample. In addition to the wealth of informa-
tion that can be observed in these micrographs we
noticed that the left ends of these cuts exhibit brightly
oriented regions that are tilted towards the core. These
regions appear optically brighter as a result of their tilt
away from the polarizer and analyzer axes. We took
two samples, one near the skin and one near the core,
to investigate this tilting behavior. The result is shown in
Fig. 20.

Fig. 15 (continued)
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Fig. 16. Microbeam-WAXS patterns, optical photomicrographs and orientation factors for the PP skin molded at low mold temperature with low injection
speed.
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Fig. 17. Microbeam-WAXS patterns, optical photomicrographs and orientation factors for the PP skin sample molded at low mold temperature with high
injection speed.
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In Fig. 20(a), on the left, is a pole figure obtained for the
(110) reflection of polypropylene recorded at 2v ¼ 14.18. In
this figure, the central region of high intensity lies parallel to
the direction of the flow, representing thea*-axis oriented
component. In the same figure, the arc-shaped cap on the
bottom left part of the pattern shows the contribution of the
c-axis orientation.

It is usually the case that if there is no tilt angle involved,
the preferred direction of the axis of rotational symmetry of
thec-axis oriented component is exactly parallel to the flow
direction. Then two of the arc-shaped caps should be
observed 1808 apart. The fact that significant tilt was
involved in the c-axis oriented component and the high

level of thea*-axis orientation (low level ofc-axis oriented
species), makes it hard to find the other cap on the other side
of the corner. Although the intensity is low, a non-zero value
of relatively high intensity was found in that region.

The (040) reflection of polypropylene recorded at 2v ¼

17.18 is shown to the right. Botha* and c-axis oriented
components contribute to give the pattern. The (040) pole
does not show transverse isotropy—instead it is preferen-
tially oriented close to the transverse direction, but with an
approximately 208 tilt angle. The core region pole figure of
(110) planes (left) shows a preferential orientation of thea*

while thec-axis component is not observed. The pole figure
of (040) (right) shows a very broad pole distribution in the

Fig. 18. (a) Ratio ofa-axis oriented PP toc-axis oriented PP, and (b)c-axis orientation factors of theb phase.
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ND–TD plane. Even though two arcs show a broad pattern,
their intensity maxima lie almost 458 to the TD–ND direc-
tion. Their intensity is contributed to only by thea*-axis
oriented component. Because of the small contribution of
thec-axis oriented component to skin (040), the comparison
of (040) in the skin and core regions shows a significant
level of crystallite rotation from skin to core in this region.
This result could explain the unusual behavior of the sig-
nificant tilt observed in this region. The cause of this tilt
angle has not yet been identified.

3.6. Structural interpretation

A number of publications shows that polypropylene crys-
tallized under extensional or shear flow conditions exhibits
bimodal orientation behavior. One of the orientations is
the so-calledc-axis oriented component and the other is
the a*-axis oriented component. In thec-axis oriented

component, thec-axis is preferentially oriented in the direc-
tion of highest deformation. On the other hand, in thea*-
axis oriented componenta* is the reciprocal axis, which
makes an angle of 908 to theb–c crystallographic plane. It
is preferentially oriented in the direction of the highest
deformation. The (110) plane of monoclinica shows two
different diffraction spots, each corresponding to different
orientation modes. The example has already been shown in
Fig. 13. Clark and Spruiell proposed the formation of this
bimodal orientation by the formation of a secondary crystal-
line region grown epitaxially in between lamellae of the row
structure. They suspected that the epitaxial matching occurs
between the 13 A˚ spacing of the folds of thec-axis oriented
primary lamellae and the 13 A˚ spacing between two turns of
the 31 helix conformation. This is depicted in Fig. 21.

WAXS measurements of Katayama et al. [55] on a melt
spin-line indicate that thec-axis oriented population
crystallizes first and at a higher temperature, and the

Fig. 20. Isointensity contour plots of pole figures taken at the indicated locations of sample No. 16.
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a*-axis oriented domains crystallize further down the spin-
line, where the temperature is much lower. Additional
evidence comes from their heating experiment, which showed
that thea*-axis oriented crystallites melt earlier than thec-axis
oriented crystallites [55]. This indicates that thea*-axis
oriented crystallites are smaller and have a lower melting
point as a result of their formation at a lower temperature.

More interesting evidence comes from Lovinger’s [50]
zone solidification experiment. The polypropylene film
was crystallized with a temperature gradient of
4008C cm¹1. The result shows that the lamellae grow in
the direction of the temperature gradient and its growth
axis is thea* direction. Thisa*-axis orientation is concluded
based on the angular separation between 110 reflections of
36.88 if a is radial, or 32.08 if a* is radial. The (110) diffrac-
tion appeared on the meridian, which is the direction of the
temperature gradient, while (040) planes are oriented in the
direction normal to the temperature gradient. These results
clearly demonstrate that under a thermal gradient, polypro-
pylene crystals grow ina*.

When we examine the WAXS pattern of the normal injec-
tion molded samples, in the shear layer we clearly observe
the a* þ c-axis bimodal orientation. This shear layer is
formed during the filling stage and we suspect thatc-axis
oriented crystallites crystallize during the filling stage while
a*-axis oriented crystallites may start to crystallize after the
filling stage, and they complete their formation well after
the cessation of flow, particularly at the high mold tempera-
ture. It is very important to note thata*-axis oriented crystal-
lites form with theira*-axis along the flow direction, which
is exactly 908 to the steepest temperature gradient. This
result clearly indicates that this temperature gradient did
not play a role in their directionality and that the epitaxial
crystallization mechanism forces the chains in the
secondary population to grow at 908 to the highest heat
flux vector.

Beyond the boundary of the shear layer, the (110) peaks,
corresponding toc-axis orientation, greatly decrease while
the meridional (110) peak, correspondinga*-axis
orientation, remains relatively high. This result indicates

that thea*-axis orientation behavior in FD persists despite
the fact that thec-axis oriented crystallites have greatly
reduced, but that they are not completely absent as indicated
by the presence of equatorial intensity in the (110) plane in
straight injection molded samples (Fig. 22). We suspect that
c-axis oriented shish region of the crystallites still persists
even towards the interior of the parts.

Hexagonalb is the other type of polypropylene crystal
modification observed in processing. Compostella et al. [56]
and Ishizuka [57] have reported that slow cooling of
polymer melt results in monoclinic modification while
rapid cooling results in the hexagonal form. Meille et al.
[58] grew the directionally crystallized hexagonalb form
utilizing the zone-solidification method. They found that the
preferred crystallographic growth direction ofb is thea-axis
which is parallel to the largest heat flux vector (along the
steepest temperature gradient). The growth occurs with the
twisting caused by the rotation of the lamellae in theb–c
plane. This is shown in Fig. 23. Their X-ray diffraction
pattern shows that molecules are oriented with thec-axis
transverse to the temperature gradient, although the orienta-
tion level is not high. The tear-drop-like crystal observed in
this figure is of a monoclinica form. This shape was formed
as a result of the growth speed difference between thea and
b crystals. Theb crystals grow about 20% faster than thea

form.
Jinan et al. [59] reported the formation ofb modification

in the melt spinning process. It was found that at low take-
up velocity monoclinic crystals are formed due to rela-
tively higher crystallization temperatures as a result of
the slow cooling rate. With increasing take-up velocity,
the cooling rate increases and the crystallization tempera-
ture decreases. As a result, hexagonalb crystals are
formed. Their X-ray patterns show strong (300)
diffraction on the equator, which is normal to the tempera-
ture gradient direction.

In our co-injection study, skin polypropylene showed
fairly high orientation in the transcrystalline layer with the
c-axis oriented to the flow direction. In sample No. 22 skin
polypropylene (which was molded with a high core poly-
styrene injection speed), two transcrystalline layers were
observed resulting in two highb orientation peaks. Even
though optical micrographs do not show a brightb phase
in the shear region, a strong (300) intensity was observed in
the X-ray patterns for this layer that is about 500mm thick.
At the same mold temperature and the same polypropylene
injection speed, the straight injection molded sample reveals
a fairly thick shear layer that is about 500mm in thickness.
In this shear layer theb peaks were found only in the
200mm thickness region near the transcrystalline layer
(Fig. 22). In skin PP theb phase was observed throughout
the thickness. As indicated in the literature, such phases are
formed by rapid quenching to 120–1308C in stress-free con-
ditions and in a temperature gradient, or they can be created
under flow. It appears that both mechanisms are responsible
for the formation ofb crystallites.Fig. 21. Structural model fora* þ c crystallization.
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4. Conclusions

The thickness of core polypropylene decreases along the
flow direction while the thickness of skin polypropylene
was found to fluctuate, indicating this system is unstable.
Injection speed has the greatest effect on the geometry of the
core polypropylene. This is primarily caused by its effect on
the local kinematics through heat transfer. At slower speeds,
the local solid–liquid boundary advances further into the

core during injection, as a result, the second polymer
spreads more uniformly in the flow direction.

In skin polystyrene the maximum birefringence is
observed at intermediate distances between the mold sur-
face and polypropylene surface. The position of maximum
value moves towards the mold surface with an increase of
injection speed. This change in position is a result of
increasing heat generated by the shearing of core polypro-
pylene at a high injection speed.

Fig. 22. Microbeam-WAXS patterns, optical photomicrographs and orientation factors for the PP sample molded at low mold temperature with low injection
speed.
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Microbeam-WAXS patterns of core polypropylene indi-
cate that although the overall level of the orientation remains
low it is still present particularly near the PS/PP interface. In
these regions thea*-axis orientation is generally higher than
thec-axis orientation. Pole figure WAXS of core PP confirms
thea* þ c-axis orientation in the skin region and thea*-axis
orientation in the core region. The orientation of thea*-axis
decreases with an increase of injection speed except near the
polystyrene surface. We have also observed unusual structural
formations in the transverse direction in the core region. The
pole figures taken in these regions indicate that they have
distinct tilted orientation forming a ‘‘V’’ between the two
PS/PP interfaces.

When the PP is injected to form the first (skin) layer a
high level ofc-axis orientation observed in the skin poly-
propylene decreases towards the polystyrene surface while
a*-axis orientation increases. Thea*-orientation crystal
population reached its maximum near the polystyrene sur-
face showing that about 75% of the crystalline population is
primarily a*-axis oriented.
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