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The tensile behavior of injection molded poly(ethylene terephthalate) (PET)/polyethylene
(PE) and polycarbonate (PC)/PE blends was investigated. For the same blend, due to the
difference in the elongated dispersed particle concentration, the specimens molded at
higher injection speed had slightly higher tensile strength and modulus than those molded
at lower speed. Moreover, the reinforcement effect of PC to PE matrix was more noticeable
than PET to PE. For the stress-strain behavior, while the PET/PE blend behaved like a
common injection-molded immiscible blend the PC/PE blend unusually underwent twice
yielding regardless of the cross head speed. For the PET/PE blend, obvious debonding
between the dispersed PET particles and the matrix PE occurred upon elongation, resulting
in large grooves and voids behind the particles. The PET particles experienced slight plastic
deformation from spheres to ellipsoids. The stress whitening first appeared in the necking
zone then extended along cold drawing zone. For the PC/PE blend, the PC particles in the
core layer experienced considerable plastic deformation throughout the tensile test.
Consequently, most of PC particles in the fractured specimen were deformed into fibers.
Owing to comparatively high amount of injection-induced fibers that distributed or
transferred the external stress, the specimen of PC/PE blend first deformed evenly in the
entire tested zone, characterized by stress whitening in the entire specimen. Then after the
first yielding, the stress decreased slowly while the elongation continued. When the
elongation reached a certain point, the fibers in the sub-skin layer could no longer endure
the external stress, and accordingly the second yield took place. Additionally, the fibrillation
of the spherical PC particles in the core layer appeared right after the second yielding point.
C© 2004 Kluwer Academic Publishers

1. Introduction
It is well known that morphology dominates mechan-
ical properties of a plastic part to a great degree,
hence the investigation of the morphology-property
relationship is a long term subject [1–10]. The in-
jection molding is a most commonly used process-
ing operation in the plastics industry. It is also one of
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the most complicated processing operations, that im-
parts high stress and rapid cooling as the polymers are
formed into useful shapes [3]. Especially for immisci-
ble polymer blends, under both strong stress field and
non-isothermal field during injection molding, the de-
formable minor phase can be deformed in situ into a
variety of morphological structures such as spheres,
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ellipsoids, fibers, and plates [12–20]. Additionally, the
microstructure is unevenly distributed in the injection-
molded parts, displaying an anisotropic morphology,
termed skin-core structure [20–28]. This leads to more
difficulty in revealing the influences of the morphology
on the mechanical properties of the injection molded
blends. Generally, limited attention has been paid to
the phase morphology and the mechanical properties
of injection-molded immiscible blends compared to
miscible polymer blends [10, 14, 22]. Karger-Kocsis
[1] is one of the earliest researchers to systemically
study this subject. He explored the structure-property
relationship as well as the failure phenomenon of in-
jection molded polypropylene blends modified with
ethylene/propylene/diene terpolymer and thermoplas-
tic polyolefin rubber. It was found that during injec-
tion molding, a skin-core morphology was formed in
both the continuous PP matrix as well as in the mod-
ified PP blends containing rubber particles of various
deformation. It was claimed that failure during tensile
and tensile impact loading is initiated in the shear zone
along the skin-core boundary. The final failure mode
of the injection-molded blends depends the interaction
of crazing and shear yielding. Recently, Karger-Kocsis
and Mouzakis [16] studied the effect of the injection-
molding induced skin-core morphology on the behav-
ior of rubber-toughened polypropylene (RTPP) systems
by using the essential work of facture method. RTPP
with high ethylene/propylene rubber (EPR) showed no
skin-core structure after molding and the EWF ap-
proach worked well in this case. In contrast, RTPP
with low EPR exhibited a pronounced skin-core mor-
phology: EPR depletion and enrichment were observed
in the skin and core region, respectively. This mor-
phology caused necking instead of crack growth in
deeply double edge-notched specimens under tensile
loading along the mold filling direction. The necking
process not only was accompanied by a large scat-
ter but also yielded highly unrealistic specific essen-
tial work of fracture values. Guerrica-Echevarria et al.
[17] studied phase behavior and physical properties of
injection-molded polyamide 6/phenoxy blends. SEM
showed biphasic structures with slightly elongated dis-
persed phases in tensile specimens before testing that,
unlike impact specimens, became fibrillar after tensile
testing. These oriented structures appeared to be the
main reason for the observed additive ductility values,
in spite of the immiscibility.

In paper I [29], the morphology of injection molded
poly(ethylene terephthalate) (PET)/polyethylene (PE)
and polycarbonate (PC)/PE blends is discussed. The
mold used was a single-gate mold. The results indicate
that both shape and size of the PET and PC phases de-
pended not only on the nature properties of PET/PE and
PC/PE blends, but also on the injection molding param-
eters like injection speed as well as the position through-
out the entire molded bar. The morphology in the sec-
tion perpendicular to the melt flow direction included
four layers: surface, sub-skin, and intermediate lay-
ers as well as core zone. The sub-skin layer contained
more or less fibrous structure and its thickness gradually
decreased along the molded bar from gate toward non-

gate end. At the same injection speed, the amount of
injection-induced fibers in PC/PE is much higher than
that in the PET/PE blend. In the core region, the dis-
persed phase is mainly spherical particles whose diam-
eter increased along the melt flow pathway. Between
these two layers, there is an intermediate layer where the
dispersed particles mainly assumed the form of fibers,
ellipsoids or spheres. Generally, the diameter of PET
particles is larger than PC ones no matter whether the
dispersed particles are elongated or not during injection
molding.

The objective of this study is to investigate the in-
fluences of injection-induced morphology of PET/PE
and PC/PE blends on the tensile behavior of the
injection molded blend bars, emphasizing the dif-
ferences between the two. We choose PET/PE and
PC/PE blends because PET/PE is a typical semicrys-
talline/semicrystalline polymer system with a viscosity
ratio less than unity, and PC/PE a typical amorphous
/semicrystalline polymer system with a viscosity ratio
higher than unity.

2. Experimental
2.1. Materials and preparation of test pieces
The materials and their properties, including the num-
ber molecular weight, are summarized in paper I [29].
Details of the injection molding conditions are also
given in paper I [29].

2.2. Tensile testing
The tensile tests were performed at room temperature
according to ASTM D-638 using the dog-bone speci-
mens. The distance between the grips was 100 mm as
recommended in the standard. The crosshead speed of
the apparatus varied from 30 to 300 mm/min while the
strain was determined on a 50 mm length zone in the
middle part of the specimens by an extensometer. Ten-
sile modulus was determined at a strain of 1%. Photos
of some stretched specimens were taken by a digital
camera to compare the macroscopic morphology evo-
lution of PET/PE and PC/PE blends.

2.3. Morphological observation
Electron microscopic observation of the specimens af-
ter the tensile testing was performed on a JEOL JSM-
5900LV scanning electron microscope (SEM). The
specimens were frozen in liquid nitrogen for one hour,
then cut along the drawing direction in the necking zone
with a fresh razor to make surfaces for observation. The
surfaces were covered with a layer of gold to make them
conductive prior to examination. In order to examine the
phase morphology of the surface for elongated speci-
mens, the specimens were immersed in hot xylene for
20 min to etch away the matrix, PE.

3. Results and discussion
3.1. Stress-strain behavior of injection

molded PET/PE and PC/PE blends
Engineering stress-strain curves of PET/PE and PC/PE
specimens measured at crosshead speeds of 50 mm/min
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Figure 1 Typical stress-strain curves of PET/PE and PC/PE blends
injection molded at different speed: (a) PET/PE, 10.0 mm/s; (a′): PC/PE,
10.0 mm/s; (b) PET/PE, 23.9 mm/s; (b′) PC/PE, 23.9 mm/s.

are shown in Fig. 1. In all cases, tensile stress showed
a definite upper yield point followed by a stress drop,
with completely different subsequent yielding and cold
drawing. For PET/PE blend, the specimens obtained by
both injection rates had similar stress-strain behavior
except for the ultimate elongation. After yielding, the
stress dropped rapidly to a constant that was maintained
during the following cold drawing (necking extension).
Finally, the specimens fractured in a tough manner
without strain-hardening behavior. On the other hand,
for the PC/PE blend, it is interesting that all specimens
showed apparently two yielding zones. In the begin-
ning, the common yielding occurred after some elastic
deformation. The stress first dropped as quickly as for
the PET/PE blend, then continued to drop slowly while
the strain continued to increase substantially. When the
elongation reached a certain point, the stress began to
drop rapidly again, indicating a second yielding. There-
after, the stress remained constant until the specimens
were fractured.

All the injection molded PC/PE blend bars expe-
rienced twice apparent yielding. However there were
considerable scatter about the ultimate elongations
within samples as shown in Fig. 2, varying from 100
to 400%, with an average of 200% or so. It is inter-
esting that except for only a slight increase with ulti-
mate elongation, the second yielding began at an elon-
gation about 100 to 150% regardless of the ultimate
elongation.

The tensile properties including tensile strength, ten-
sile modulus and ultimate elongation obtained from
the stress-strain curves are listed in Table I. As shown
in Fig. 2, the tensile strength and modulus for differ-
ent specimens showed good repeatability, whereas the
elongation at break scattered considerably. Consider-
ing the large scattering of the ultimate elongation, more
than ten specimens were tested and the average value
was reported. The following conclusions were drawn
from Table I:

(1) For the same blend, the specimens injection
molded at high injection speed have a slightly bit

TABLE I Tensile strength and tensile modulus of PET/PE and PC/PE
blends injection molded at different injection speeds

Tensile Tensile Ultimate
strength modulus elongation
(MPa) (MPa) (%)

PET/PE blend
Low injection speed 23.3 940 190

(10 mm/s)
High injection speed 24.2 1060 140

(23.9 mm/s)
PC/PE blend

Low injection speed 24.5 1100 240
(10 mm/s)

High injection speed 25.5 1240 220
(23.9 mm/s)

Figure 2 Stress-strain curves of PC/PE blends injection molded at
different speed: (a) molded at 10.0 mm/s; (b) molded at 23.9 mm/s.

higher tensile strength and modulus than those molded
at low injection speed, indicating that the higher
melt flow rate in injection molding operation can, to
some degree, enhance the mechanical properties of the
parts.

(2) The reinforcement effect of PC to PE matrix was
a little more noticeable than PET to PE though both
blends were thermodynamically immiscible and tech-
nologically incompatible.

(3) The PET/PE blend had lower ultimate elongation
than the PC/PE blend. And for the same blend system,
the specimens molded at low injection rate had higher
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(a)

(b)

Figure 3 Influence of cross head speed on stress-strain behavior of
PET/PE and PC/PE blends injection molded at 23.9 mm/s. (a) PET/PE
blend and (b) PC/PE blend.

ultimate elongation than those molded at high injection
rate. This is natural that the polymer chains in the part
molded at lower rate were less oriented than those in
the part molded at higher speed.

Fig. 3 presents the influence of crosshead speed on
the stress-strain behavior of PET/PE and PC/PE blends
injection molded at low rate. The stress-strain of both
blends was crosshead speed-dependent. The tensile
strength and modulus increased, and the elongation at
break decreased with the increase of crosshead speed.
For the PC/PE blend, the second yielding was less ob-
vious for lower crosshead speed, but it was still visi-
ble. It is interesting that for the PC/PE blend, with the
increase of crosshead speed, the length of the second
cold drawing zone reduced considerably, while that of
the first cold drawing zone generally had only a little
decrease.

3.2. Morphology of stretched PET/PE
and PC/PE blends

In paper I [29], the detailed gradient morphology (the
skin-core structure) of the injection molded PET/PE
and PC/PE blends is reported. Here, the morphology
of the injection molded specimens after stretching was

examined by SEM micrographs. Only the result of core
zone with spherical particles in the original specimens
is reported because the structure of the elongated phase
in the sub-skin and intermediate layers was quite com-
plicated and difficult to identify [30, 31]. Fig. 4 shows
the morphology of the necked zone for the stretched
PET/PE and PC/PE blends along the machine direction.
Obvious debonding occurred between the dispersed
PET particles and the matrix PE. The PET particles
experienced slight plastic deformation, thus became el-
lipsoids with the long axis parallel to the machine di-
rection. Additionally, there was apparent slippage at the
interface between the PET particles and the PE matrix,
resulting in voids behind the particles, and also large
grooves where the PET particles were enveloped. For
the PC/PE blend, the morphology in the core zone along
the machine direction at 34%, 92% and ultimate elonga-
tion, were examined. The PC particles in the core layer
experienced considerable plastic deformation through-
out the stretching. Consequently, most of PC particles
in the fractured specimen were deformed into fibers. At
34% elongation, most particles experienced only slight
plastic deformation and they were deformed into ellip-
soids as observed in tensile fractured PET/PE blend,
with a few large particles deformed into dog-bonelike
rods. With the elongation increased to 92%, more parti-
cles were deformed into rods or fibers along the drawing
direction. Finally, when the specimen was fractured, a
great amount of microfibers with high aspect ratio was
formed. On the other hand, there were some very fine
particles with little deformation coexisting in the frac-
tured specimen, demonstrating that very small particles
were difficult to deform upon elongation. The influence
of cross head speed on the plastic deformation of the PC
particle is shown in Fig. 5. At the speed of 30 mm/min
(comparatively low) and 300 mm/min (comparatively
high), the deformation of the PC particles was rela-
tively small. Most particles appeared to be ellipsoidal,
and were encaged in the furrows of the highly deformed
PE matrix. The morphology of the cold drawn zone for
tensile fractured PC/PE blend is also shown here in
Fig. 6. The matrix PE was etched away by hot xylene,
so many fibers were exposed. All the fibers were sinu-
ated indicating that they have experienced large plastic
deformation. Additionally, it seemed that some were
broken upon stretching.

3.3. Macroscopic morphology evolution
of PET/PE and PC/PE blends upon
stretching

Figs 7 and 8 present the macroscopic morphology evo-
lution of tensile testing specimens at a cross-head speed
of 50 mm/min at room temperature. Upon stretch-
ing, PET/PE and PC/PE blends showed quite differ-
ent macroscopic morphology development as well as
stress whitening in yielding and cold drawing. For the
PET/PE blend, the yielding and necking first took place
at one point close to the non-gate end of the specimen,
and subsequently the necking (cold drawing) spread out
uniformly from this point. The stress whitening only
appeared at the yield point and the succeeding cold
drawing zone. The specimens obtained by two groups

436



of injection molding parameters had similar stress
whitening. On the other hand, for the PC/PE blend, the
whole test zone of the specimens were first elongated
and deformed without necking behavior. Then stress
whitening appeared slowly and simultaneously covered
almost the entire specimen. Subsequently necking be-
gan to appear near the non-gate end, and the cold draw-
ing zone extended uniformly from this point. The break-
ing point of the specimens was random. The PC/PE
specimens injection molded at both low and high injec-
tion speed exhibited similar macroscopic morphology
development. It is interesting that the necking formation

(a′)

Figure 4 SEM micrographs of injection molded PET/PE and PC/PE blends with different elongation: (a) PET/PE blend; (a′), (b′) and (c′) PET/PE
blend; Elongation: (a′) 34%; (b′) 92%; (c′) and (a) ultimate (rapture). (Continued )

happened at the second yield stage, not at the first
one.

3.4. Origin of tensile behavior for injection
molded PET/PE and PC/PE blends

The results obtained above indicate that the tensile be-
havior of injection molded PET/PE blend was gen-
erally similar to the common blend, while injection
molded PC/PE blend exhibited unusual stress-strain
curves, neck formation as well as stress whitening upon
elongation.
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(b′)

(c′)

Figure 4 (Continued ).

As observed from the morphology of the as-injection
molded PET/PE and PC/PE blends, both blends had
skin-core structures [29]. In the sub-skin layer, there
were more or less fibers. It was these in situ generated
fibers that enhanced the tensile strength and modulus
of the PET/PE and PC/PE blends. Fisa et al. [32] have
compared the tensile mechanical properties of PP/PC
blends obtained by injection molding and compres-
sion molding. Owing to flow induced dispersed phase
orientation in injection molding, the tensile strength
and modulus of the directly injection molded speci-
mens were higher than those of compression molded
specimens. In this study, when the melt flow rate was

increased during injection molding, there were more
highly elongated dispersed phase particles (sub-skin
thickening). Therefore, it is reasonable that the tensile
properties obtained at high injection speed were supe-
rior to the case at low injection speed. Moreover, the
PC/PE blend has a little bit more noticeable reinforce-
ment on the matrix PE than the PET/PE blend does
though both blends are thermodynamically immiscible
and technologically incompatible. This should be as-
cribed to the fact that PC/PE blend has relatively higher
elongated orientation and a thicker sub-skin layer with
fibrous structure, and the in situ fibers generated from
the spherical particles in the core layer upon stretching.
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In a previous study [33], the morphology-tensile me-
chanical properties of PET/PE and PC/PE blends with
high interfacial bonding (pseudo-adhesion) were deter-
mined. It was found that in PC/PE blends numerous
PC microfibers were formed in situ, while in PET/PE
blends, slippage took place between the PET particles
and the PE matrix, and hence PET particles exhibited
only slight deformation. Consequently, PC had more
pronounced reinforcement on PE than PET did. By cal-
culation, the hydrostatic stress acting on PC particles
upon stretching exceeded the yield strength of PC and

(a)

(b)

Figure 5 SEM micrographs of injection molded PC/PE blends tested at different cross head speed: (a) 30 mm/min, (b) 50 mm/min, and
(c) 300%. (Continued )

thus PC particles underwent huge plastic deformation
(fibrillation). Conversely, the stress on PET particles
was lower than the yield strength of PET, thus only
slight deformation occurred for the PET particles [34].
It seems that the same mechanism causes fibrillation of
PC at an appropriate tensile rate as shown in Fig. 4 and
hence more pronounced reinforcement on PE matrix.

The difference of macroscopic yielding deforma-
tion between the injection molded PC/PE blend and
the PET/PE blend was caused by the different defor-
mation mechanism upon elongation. For the PET/PE
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(c)

Figure 5 (Continued ).

Figure 6 SEM micrograph of the surface of stretched PC/PE blend specimen etched by hot xylene.

blend, macroscopic deformation first took place on a
weak point in the specimen, and the dispersed particles
also underwent deformation. Because of the poor com-
patibility between PET and PE, debonding and slip-
page occurred at their interfaces, and hence small de-
formation occurred for PET particles. The elongated
PET particles in the sub-skin layer had some rein-
forcement on PE, but the reinforcement was very lim-
ited since only a very small proportion of the PET
particles were elongated. The reinforcement of PET

particles could not offset the decrease in hardness
caused by local temperature rise during stretching.
The deformation continued from the weak point and
propagated from this zone, followed by regular neck-
ing formation and cold drawing phenomenon. Due
to interfacial slippage between PET particles and PE
matrix, grooves and voids were formed, and cavita-
tion occurred. Therefore, the necking and cold drawing
were accompanied by stress whitening in the deformed
zone.
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Figure 7 Macroscopic morphology evolution of injection molded PET/PE blend specimen during elongation.

(a)

(b)

Figure 8 Macroscopic morphology evolution of injection molded PC/PE blend specimen during elongation: (a) low injection speed and (b) high
injection speed.

For the PC/PE blend, owing to comparatively higher
concentration of injection induced fibers that dis-
tributed and transferred the external stress, the spec-
imen first deformed evenly in the entire tested zone,

and after the first yielding, the stress dropped slowly
while the elongation continued. Due to the incompat-
ibility between PC and PE, the interfaces debonded
to some degree, and cavitation occurred causing the
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Figure 9 Macroscopic morphology evolution of injection molded PC/PE blend specimen during elongation: (a) low injection speed and (b) high
injection speed.

stress whitening over the entire specimen. However,
the debonding is minor compared to that in the PET/PE
blend because of the limitation of the fibers in the
sub-skin layer. When the elongation reached a certain
value, the fibers in the sub-skin layer would no longer
endure the external stress and then failure occurred.
The second yield and necking took place when the
load dropped quickly to a constant value. Hereafter,
the strain continued to increase until the specimen was
broken.

The typical deformation and fibrillation process of
PC/PE blend upon elongation was presented in Fig. 9.
The fibers formed in the subskin layer during injection

Figure 10 Schematic representation for the typical deformation and fibrillation process of PET/PE blend upon elongation: (a) surface, (b) sub-skin
layer, (c) intermediate layer, and (d) core zone.

molding were stretched and developed into finer fibers,
while the spherical or ellipsoidal particles were plasti-
cally deformed into rods, and even fibers at very high
elongation. That is why the fibers on the cold zone sur-
faces were sinuous (Fig. 6), indicating that these fibers
experienced plastic deformation. The deformation of
PET/PE blends upon elongation was also schematically
presented in Fig. 10. The former elongated PET par-
ticles might be further drawn and became finer upon
stretching like PC fibers while the spherical particles
in the core zone only experienced slight deformation
to form ellipsoids. The slippage between PET particles
and PE matrix resulted in various grooves.
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4. Conclusions
(1) For the same blend, the specimens injection

molded at higher injection speed had slightly higher
tensile strength and modulus than those made at lower
injection speed. The reinforcement effect of PC to PE
matrix was more noticeable than PET to PE. The ulti-
mate elongation of the PET/PE blend was lower than
that of the PC/PE blend.

(2) For the stress-strain behavior, while the PET/PE
blend behaved like a common injection-molded immis-
cible blend, the PC/PE blend unusually exhibited two
yielding stages. The ultimate elongation of the PC/PE
blend scattered noticeably, the second yielding began
to appear at an elongation ranging from 100 to 150%.
Samples stretched at lower crosshead speed showed less
obvious second yielding. With the increase of crosshead
speed, the length of the second cold drawing zone re-
duced considerably, while that of the first cold drawing
zone had only a little decrease.

(3) For the PET/PE blend, obvious debonding be-
tween the dispersed PET particles and the matrix PE
occurred upon stretching, resulting in voids behind the
particles and also large grooves. The PET particles ex-
perienced slight plastic deformation to form ellipsoids.
For the PC/PE blend, the PC particles in the core layer
of the specimen experienced considerable plastic de-
formation throughout the tensile test. Consequently,
most of PC particles in the fractured specimen were
deformed into fibers.

(4) Owing to comparatively high concentration of
injection-induced fibers that can average or transfer the
external stress, the specimens made from the PC/PE
blend first deform evenly in the entire tested zone, and
after the first yielding, the stress decreases slowly while
the strain extends. When the elongation arrives at a
certain value, the fibers in the sub-skin layer cannot
endure the external stress, and accordingly the second
yield takes place. From the macroscopic view, the sec-
ond yield and necking take place while the load drops
quickly to a constant value.
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