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ABSTRACT: In this article, the phase morphology and me-
chanical properties of polypropylene (PP)/ethylene–octane
copolymer (POE) blends with fixed ratio (60/40) obtained
via different processing conditions, including barrel tempera-
ture, injection speed, and mold temperature, have been
investigated. SEM was carried out for detailed characteriza-
tion of phase morphology from the skin to the core, layer by
layer. It was interesting that for all the processing conditions
no dispersed POE elastomer was observed in the skin layer
but elongated POE particles with large size were observed in
the subskin layer. From the transition zone to the core layer,
an increased phase separation was observed, which could
lead to a formation of cocontinuous morphology, depending
on the processing condition used. Higher barrel temperature,

lower mold temperature, and higher injection speed could
result in a smaller size of POE phase. The tensile strength
and impact strength were found not sensitive to barrel tem-
perature and mold temperature but to the low injection
speed, both tensile strength and impact strength had a higher
value for specimen obtained via low injection speed. The for-
mation of the skin-core morphology and the effect of process-
ing conditions on the phase morphology were discussed
based on crystallization kinetics of PP matrix, rheology, and
shear induced phase mixing. � 2007 Wiley Periodicals, Inc.
J Appl Polym Sci 105: 2252–2259, 2007
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INTRODUCTION

Injection molding is a widely extended process char-
acterized by high production rate and tight geometri-
cal tolerances. In this process, a hot polymer melt is
forced under pressure to flow between cold mold
walls, and the high viscous melt has a complex
behavior such as shear thinning and viscoelastic na-
ture.1 A large number of processing conditions are
available in the injection molding process, including
barrel and mold temperatures, injection speed, hold
pressure, back pressure, etc.,2 resulting in fruitful
crystal and phase morphologies in the molded sam-
ples. Li et al.3 pointed out that all parameters, in-
cluding thermal and mechanical history, thermal
transitions, or the condition of the thermal characteri-
zation, need to be designed carefully for an unambig-
uous interpretation and discussion of the results. Due
to the shear stress and thermal gradients, usually,

injection molded parts contain a hierarchy of macro-
molecular arrangements and a skin-core structure. In
the two external skin layer, the highly oriented crys-
talline can be found and a large number of spherulite
exist in the core layer. Between these two layers a
transition zone are commonly found presenting
deformed spherulite structures typically associated to
the crystallization under high shear and temperature
gradients.4–9

The morphology of heterogeneous polymeric sys-
tems, such as immiscible polymer blends or fiber rein-
forced polymers, becomes very complicated because
of the complex conditions in the processing. Karger-
Kocsis10 is one of the earliest researchers to study the
morphology of injection molded parts of polymer
blends. It was observed that the skin-core morphol-
ogy contained a pure matrix in the skin layer and
deformed rubber particles along the flow direction in
the subskin layer. Fellahi et al.11 studied injection
molded HDPE/Polyamide-6 blends, and a dispersed
phase with very tiny size in skin layer was reported.
It was explained that the skin layer was formed by
the fountain flow at the flow front and by shear flow
on the frozen layer when it comes to subskin layer.
Younggon et al.12 observed clearly the elongated par-
ticles in the skin layer in poly(phenylene oxide)/poly-
amide-6 blends.

Study of the property and morphology of polyole-
fin blends has always received great interests, not
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only because of their wide application in industry,
but more importantly because of their rich and fasci-
nated morphology depending on molecular structure,
thermal history, and external stress field.13,14 The
recent finding that shear could induce phase dissolu-
tion15,16 at a higher shear rate provides a possibility
that modulating the phase morphology, using high
shear rate via injection molding.

Isotactic polypropylene (iPP) is a semicrystalline
polymer, which has been used in a wide variety of
industrial applications, mainly because of its ease of
processing, low density, good stiffness, and relatively
low cost. The application of polypropylene (PP), how-
ever, has been limited by its tendency to brittleness at
temperature below its glass transition temperatures.
To overcome this limitation, numerous studies have
been carried out to improve the toughness with
balanced stiffness and modulus. In resent years,
ethylene–octane copolymer (POE) has attracted in-
creasingly interests in the modification of iPP,
because of its good toughening effect compared with
other elastomers.17 iPP and POE could be phase mis-
cible or immiscible depending on the composition
and the content of octane branching.18 The copolymer
is immiscible with iPP in the molten state if the a-ole-
fin content is less than 50 mol % and miscible with
amorphous phase of iPP if it is more than 50 mol %.19

In the present work, to better understand the mor-
phology development and structure change of PP/
POE blends during injection processing, detailed
phase morphology of PP/POE blends with fixed ratio
(60/40) under different injection molding conditions
were investigated by using scanning electron micros-
copy (SEM). We are seeking to establish a fundamen-
tal understanding of structure–property-processing
relationships through the control of phase separation,
molecular orientation and crystal morphology of iPP/
POE blends, as part of long-term project aimed at
super polyolefin blends.

EXPERIMENTS

Materials

The iPP and POE used in experiment are commercial
products. iPP (T30S, melt flow index is 2.3 g/10 min)
was purchased from the Du Shanzi Petroleum Chemi-
cal, China; POE (8150, octane content is 25%, melt
flow index is 0.5 g/10 min) was from Du Pont, USA.

Sample preparation

The blend containing 40 wt % of POE was extruded
and granulated on a twin-screw extruder (TSSJ-25
corotating twin-screw extruder). The temperatures
were set at 160, 190, 200, 200, and 1958C from the hop-

per to the die and the screw speed was about 120 r/
min. After making droplets, the blends were fed into
an injection-molding machine (PS40E5ASE, Japan) to
prepare the specimens. And the dumbbell-shaped
bars were obtained for structural characterizing and
mechanical properties testing. The processing varia-
bles that can be changed in our injection-molding
machine during the experiment are: barrel tempera-
ture, injection speed, and mold temperature. A design
of experiment method1 was used to perform a se-
quence of runs under different sets of processing con-
ditions. Samples No. 1–3, have the same injection
speed and mold temperature but different barrel tem-
peratures; samples No. 4–6 have the same barrel tem-
perature and mold temperature but different injection
speeds; samples No. 7–9 have the sample barrel tem-
perature and injection speed but different mold tem-
peratures. The high and low values of each of the
three processing parameters are shown in Table I.
And the thickness of the bars is 4 mm.

SEM experiments

The blend samples prepared from different injection-
molding conditions were fractured at the same depth
from the outmost surface of bars for comparison. Af-
ter that, the phase morphologies of all the blends
were studied by preferential etching of the dispersed
phase in dimethylbenzene at 328C for 1 h. Then the
morphologies in each layer from skin to core were
obtained in an SEM instrument, JSM-5900LV, with an
accelerating voltage of 20 kV.

Mechanical properties measurements

Tensile tests were performed by a Shimadzu AG-
10TA Universal Testing Machine at a crosshead speed
of 50 mm/min at room temperature. For impact
strength tests, the notched specimens were tested
with an I200XJU-2.75 impact tester at room tempera-
ture, and the notches with 458 were made by
machine, according to ISO 179. The values of all the
mechanical parameters are calculated as averages

TABLE I
Conditions for Injection Molding

Run no.

Barrel
temperature

(8C)
Injection
speed (%)

Mold
temperature

(8C)

1 210 14 23
2 230 14 23
3 250 14 23
4 210 5 23
5 210 20 23
6 210 25 23
7 210 14 50
8 210 14 80
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over 6–9 specimens for each injection molding condi-
tion.

RESULTS

Skin-core morphology

The characterization of microstructure and phase
morphology in injection-molded bars is complex
because of the existence of a shear gradient and a
temperature gradient from the skin to the core, so
skin-core morphology with different orientation,
phase separation and lamella size along the thickness
direction of molded bars is expected. For example,
Figure 1 shows the multilayer structure of phase mor-
phology of sample No. 1. Various morphologies in
different layers in a specimen from skin to core can be
obviously seen in the upper one of Figure 1 because
of the shear gradient and temperature gradient dur-
ing the solidification. The bottom eight micrographs
represent the phase morphologies in much larger
magnification in the different positions of the speci-
men, and the markers on the top left corner show the
distance from surface to the layer. The skin layer is
about 40 mm and very little POE elastomer can be

found in this layer. The phase morphology evolve-
ment from the subskin layer to the core can be clearly
seen from 50 mm to 2 mm (the thickness of the speci-
men is 4mm). From 50 mm to 200 mm, oriented elasto-
mer particles can be easily found in this zone and
the size of the dispersed phase becomes smaller. Then
the size of elastomer particles becomes bigger and the
phase morphology transforms from droplet/matrix to
cocontinuous as further going to the center.

Effect of barrel temperature

The thermal field during the processing is one of the
most important factors that may affect the compatibil-
ity and the viscosity ratio of the blend system. To find
out this effect on the phase morphology in the injec-
tion-molded samples, a series of SEM were carried
out on the samples No. 1–3, and the results are shown
in Figure 2. In these photos, the upper row represents
the samples injection-molded at barrel temperature
2108C from skin to core, and the bottom one rep-
resents the specimens injection-molded at barrel
temperature 2508C. Furthermore, the SEM photos in
the same column come from the same part of the

Figure 1 SEM photos of the sample No. 1 from skin to core. The upper one is SEM micrograph in low magnification, the
numbers on the top left corner show the distance to the surface of the bar.
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specimen for comparison. One observes elongated
elastomers at the subskin layer for both conditions,
but the aspect ratio is smaller for the samples
obtained via higher barrel temperature. The size of
dispersed phase of samples molded at barrel temper-
ature 2508C is much smaller, even in the core layer,
and the phase morphology is still as droplet/matrix
and the dispersed phase size is about 0.2 mm.
Whereas the phase morphology of samples molded at
barrel temperature 2108C, has a much bigger particle
size, and develops into the cocontinuous in the core
with a size of 1 mm.

Effect of injection speed

The role of the injection speed on the hierarchy struc-
ture in the sample is also investigated, and the SEM
pictures are shown in Figure 3. The upper row repre-
sents the sample via 5% injection speed, whereas the
bottom one represents that via 25% injection speed.
Generally, higher injection speed induces higher
shear stress on the melt in the mold, and higher orien-
tation or more elongated dispersed phase. It is out of
expectation that much larger and more elongated par-
ticles were found in subskin layer of the sample
obtained via 5% injection speed (sample No. 4), com-
pared with those of the sample No. 6, which was
obtained via 25% injection speed. In the core layer,
the orientation of POE phase becomes weak, regard-
less of the different injection speed.

Effect of mold temperature

Usually, higher mold temperature can provide more
time for the phase separation for immiscible polymer
blends. The phase morphologies of samples obtained

with different mold temperatures are shown in Figure
4. Compared with the one obtained at cold mold tem-
perature, the high-mold-temperature sample pos-
sesses larger dispersed phase and less obvious hierar-
chy structure.

Mechanical properties

The mechanical properties, including the yield
strength and impact strength, are correlative to the
phase morphology. The tensile stress and the impact
strength were tested to investigate the relationship
among the processing conditions, morphology struc-
tures and the properties. Figure 5 shows the stress–
strain curves of those samples obtained at different
processing conditions, and the tensile stress and
impact strength are listed in Table II. Very interest-
ingly, it can be found that the tensile strength and
impact strength were found not sensitive to barrel
temperature and mold temperature, but as to the
specimens obtained via low injection speed, both ten-
sile strength and impact strength had the highest val-
ues. The tensile strength should be mainly related to
the orientation of PP matrix and this needs 2d-WAXD
or 2d-SAXS to calculate the molecular or lamellar ori-
entation of PP via different processing conditions. For
the impact strength, however, not only the molecular
orientation, but also the phase and crystal morphol-
ogy will play very important role in determining the
toughness.

DISCUSSION

Hierarchy structure of the dispersed phase

Due to the existence of a shear gradient and a temper-
ature gradient from the skin to the core, not only the

Figure 2 SEM micrographs of sample Nos. 1 and 3. The upper row shows hierarchy structure of sample No. 1 across the
thickness from skin to core, the bottom row shows hierarchy structure of sample No. 3 across the thickness from skin to
core. The numbers on the top left corner in each picture represent the distance to the surface of the samples.

POLYPROPYLENE/ETHYLENE–OCTANE COPOLYMER BLENDS 2255

Journal of Applied Polymer Science DOI 10.1002/app



different size and shape can be observed along the
sample thickness, but the existence of the distribution
of POE content could also be possible. The fact that
little POE were found in the skin layer (Fig. 1; 0 mm)
could be resulted from (1) a decreased POE content
and (2) shear-induced compatibility that the dis-
persed POE particles were so small as not to be found
by SEM observation. Karger-Kocsis14 also found there
does not exit elastomer in the skin layer in his experi-
ments via injection molding of PP/EPR blends. The
shear-induced compatibility is worth to be further
investigated. However, from the point of crystalliza-
tion kinetic consideration, the fast crystallization may
make the PP reject the rubbery particles rather than
occlude them20,21 and thus it induces the content gra-

dient. On the other hand, in the view of rheology, the
mold cavity can be considered as the pipeline. When
the flow of a dilute suspension of spheres in a non-
Newtonian medium is examined, the direction of par-
ticle migration appears to depend on the relative
influence of elasticity and shear thinning.22,23 Under
the influence of fluid elasticity, particles move from
regions of high shear rate to regions of low shear rate;
this happens because a gradient in the first normal
stress difference results in a ‘‘lift force’’ perpendicu-
lar to the streamline direction. Thus, in tube flow,
spheres tend to accumulate along the axis, often asso-
ciating with each other in the form of a necklace,
which can be sketched in Figure 6. The effect of shear
thinning is opposite to that of fluid elasticity, and it

Figure 3 SEM micrographs of sample Nos. 4 and 6. The upper row shows hierarchy structure of sample No. 4 across the
thickness from skin to core, the bottom row shows hierarchy structure of sample No. 6 across the thickness from skin to
core. The numbers on the top left corner in each picture represent the distance to the surface of the samples.

Figure 4 SEM micrographs of sample Nos.1 and 8. The upper row shows hierarchy structure of sample No.1 across the
thickness from skin to core, the bottom row shows hierarchy structure of sample No.8 across the thickness from skin to
core. The numbers on the top left corner in each picture represent the distance to the surface of the samples.
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results in migration in a direction of increasing shear
rate. When a viscoelastic fluid is also highly shear
thinning, particles move toward the wall in Poiseuille
flow but do not actually hit the wall.23 As going to the
center, a large dispersed phase size and the oriented
elastomer particles can be easily observed as shown
in Figure 1 (50, 120, and 200 mm). Because of the high
shear stress during the injection process and the fast
quench speed, the POE particles were deformed and
held finally. And the aspect ratio became smaller,
caused by the decreased shear stress. According to
the normal theory, the size should be smaller in the
outer parts from the core of the specimens24 because
of the shear-induced mixing.6 The largest size can be
seen in the core (Fig. 1; 2 mm), and this can be under-
stood as the result of higher temperature and
decreased shearing stress. The phase morphology is
evolved into more stable state under this situation,
and finally the cocontinuous morphology is formed.
Profiting from the quenching layer by layer in the
mold, the evolvement of this hierarchy structure can
be clearly demonstrated in our experiment.

Skin thickness

As is seen earlier, the morphology in the skin is quite
different from the other parts because of the fast cool-
ing of the melt. Thus studying the skin thickness is of
particular interest. Figure 7 shows the SEM photos of
the representative samples in low magnification. The
overall phase morphologies of these samples can be
seen from the photos, and the skin thickness can be
estimated directly. In these photos, a, b, c, d, and e
represent the samples under normal injection condi-
tions, higher barrel temperature, lower injection
speed, higher injection speed and higher mold tem-
perature, respectively. The barrel temperature has no
distinct effect on the skin thickness. The samples
under lower and higher injection speed have thicker
(80–100 mm) and thinner (20–30 mm) skin layer,
respectively. For the sample obtained via 808C mold
temperature, the skin thickness is very small (skin
thickness: � 10 mm) and can be ignored. In this case
the borderline between skin and subskin layer disap-
pears. It is interesting that larger injection speed
induced thinner skin thickness, whereas the skin
layer became blurred under higher mold tempera-
ture. The high injection speed may induce the high
heat because of the friction toward the mold wall,
and slow down the crystallization rate of PP around
this area. Since the formation of the skin layer was
related to the crystallization of PP matrix, its thick-
ness became thinner when the shear stress in the
mold was strong. In the same way, when the mold
temperature was high, the crystallization rate of PP
matrix became slowed down, and a thinner skin was
formed.

Phase morphology

The phase separation and shear-induced phase transi-
tion in blends are two important factors to control the
phase morphology of the specimens. From Figure 2, a
smaller size of the dispersed phase for sample
obtained via higher barrel temperature suggests a
good compatibility of the two phases, and it is
reported that the POE (8150) is partially miscible with

Figure 5 Stress-strain curves of the specimens under dif-
ferent processing conditions. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]

TABLE II
Mechanical Properties of Samples Via

Different Conditions

Sample no.
Tensile

strength (MPa)
Impact

strength (kJ/m2)

1 18.1 57.6
3 17.9 58.3
4 21.5 62.5
6 17.9 56.7
7 18.2 56.2
8 18.0 54.7 Figure 6 Schematic figure of particles flow in a non-

Newtonian medium.
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PP.25 Thus, the PP/POE blend in our experiments
could be classified as the one with upper critical solu-
tion point. According to the SEM photos shown in

Figure 3, the effect of shear stress on the phase mor-
phology is obvious. It is found that the size of the dis-
persed phase in sample No. 6 is much smaller than

Figure 7 SEM micrographs of samples via different processing conditions in low magnification. (a) sample No. 1,
(b) sample No. 3, (c) sample No. 4, (d) sample No. 6, and (e) sample No. 8.
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that of sample No. 4, in which the morphology in
core layer is cocontinuous. This can also be under-
stood as the result of shear-induced phase mixing. On
the other hand, the dispersed phase of sample
obtained via lower injection speed is big and highly
elongated. As we know, the size and the deformation
of a purely viscous (Newtonian) droplet surrounded
by another Newtonian fluid is mainly determined by
the parameter k. The parameter k can be expressed
by eq. (1), where s is the interfacial tension, g is the
shear rate, and the R is the droplet radius. The physi-
cal meaning of the k term is a balance between the re-
sistance to deformation of the droplet (s/R) and the
local acting shear stress (ZMg) which deforms the
droplet. According to this, the smaller the droplets,
the greater the resistance to the deformation, and the
larger droplets in immiscible systems will be
deformed more than those in the miscible blends dur-
ing the flow field.

k ¼ s
ZM _gR

(1)

CONCLUSIONS

The phase morphology and mechanical properties of
the injection-molded samples prepared via different
processing conditions have been investigated in
detail. A skin-core structure was found and the phase
morphology developed gradually from subskin to
core layer. Higher barrel temperature, lower mold
temperature and higher injection speed resulted in a
smaller size of dispersed POE phase. The tensile
strength and impact strength were found to be not
sensitive to barrel temperature and mold tempera-
ture, but also to the low injection speed, both tensile
strength, and impact strength had a higher value for
specimen obtained via low injection speed. The for-
mation of the skin-core morphology and the effect of

processing conditions on the phase morphology could
be understood based on crystallization kinetic of PP
matrix, rheology, and shear induced phase mixing.
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