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ABSTRACT: Two series of polypropylenes with different molecular weight distribution
and tacticity characteristics were injection molded into flexural test specimens by
varying cylinder temperature and the effects of the molecular weight distribution and
tacticity on the structure and properties of the moldings were studied. Measured
propertied were flexural modulus, flexural strength, heat distortion temperature, Izod
impact strength, and mold shrinkage and structures studied were crystallinity, the
thickness of skin layer, a*-axis-oriented component fraction and crystalline orientation
functions. The relations between the structures and properties were also studied. It was
found that the molecular weight distribution and tacticity characteristics affect the
properties mainly through the molecular orientation and crystallinity, respectively.
© 2002 Wiley Periodicals, Inc. J Appl Polym Sci 84: 2142–2156, 2002
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INTRODUCTION

The Ziegler-Natta catalyst for polyolefins has
been actively studied from both scientific and in-
dustrial aspects for about 45 years since its dis-
covery. This made progress in the manufacturing
processes and qualities of polyethylene and
polypropylene (PP).

Particularly for the PP catalyst, the early
TiCl3-type catalyst has been improved to the
MgCl2-supported titanium catalyst, which has
largely improved the activity of polymerization
and the tacticity of polymer. As a result, the PP
manufacturing process has been simplified from
the deashing and washing process to the non-
deashing and nonwashing process, and further to

the ultimate gas-phase process. At the same time,
the quality of polymer has also been made an
improved step, leading to industrial production of
PPs with high tacticity and crystallinity.

The difference between PPs prepared by the
MgCl2-supported titanium catalyst and the TiCl3-
type catalyst is that the former shows higher tac-
ticity and narrower molecular weight distribution
than the latter, which is assumed to affect the
quality such as the processing and product prop-
erties.

In our previous article,1 both series of PPs have
been clarified in the molecular weight distribu-
tion and rheological characteristics intimately re-
lated to the processing properties. In the present
article, we aimed to clarify the structure and
properties of injection moldings of both series of
PPs.

As for properties, mechanical and thermal
properties such as flexural modulus, flexural
strength, heat distortion temperature, Izod im-
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pact strength, and mold shrinkage were studied.
As for structures, crystallinity, the thickness of
skin layer, a*-axis-oriented component fraction
and crystalline orientation functions were stud-
ied. The relations between the structures and
properties were also studied.

EXPERIMENTAL

Samples

Preparation

PPs prepared by the MgCl2-supported titanium
catalyst and by the TiCl3-type catalyst are called
cat.-A PPs and cat.-B PPs, respectively. Table I
shows the characteristics of samples used in this
study. They are the same ones as used in the
previous article.1 The cat.-A PPs were prepared
by use of a MgCl2-supported TiCl4 compound,
which is generally used industrially, as the main
catalyst, of AlEt3 as the cocatalyst, and of an
organic silane compound as the tacticity modifier
(external donner). The polymerization was car-
ried out in a medium of propylene monomer at
60–70°C. The MFI (molecular weight) was ad-
justed by use of hydrogen as the chain transfer.
Cat.-B PPs were prepared by use of a general
�-type TiCl3 compound (Solvay-type catalyst) as
the main catalyst, of AlEt2Cl as the cocatalyst,
and of an organic ester compound as the tacticity
modifier (external donner). The polymerization
method is the same as that of cat.-A PPs.

Characterization

The MFI (Melt Flow Index) was measured by use
of a melt indexer X416 Type (Takara Thermistor
Instruments Co. Ltd., Japan) under a 2160-g load
at 230°C according to the ASTM D1238-62T. A-1
and B-1, A-2 and B-2, A-4 and B-3, and A-5 and
B-5 have similar MFIs, respectively.

Ethylene content was obtained from the absor-
bance of the 720 cm�1 band in infrared absorption
spectrum measured by use of an infrared spec-
trometer IR-700 Type (JASCO, Japan). A small
amount of ethylene is copolymerized in A-1, A-2,
and A-4 samples.

The isotactic pentad fraction was obtained
from 13C-NMR spectrum measured by the use of a
nuclear magnetic resonance spectrometer
GSX270WB Type (JEOL, Japan). Representative
values of the pentad fraction of samples are
shown in Table I. cat.-A PPs have pentad frac-
tions about 0.02 higher than those of cat.-B PPs.
A-3 of high rigidity grade has a pentad fraction
further 0.005 higher than those of the other cat.-A
PPs.

Molecular weight distribution was measured
with a gel permeation chromatography apparatus
GPC150-C Type (Waters Ltd., USA) by use of a
column system of 103, 104, 105, 106, and 107 Å and
of o-dichlorobenzene as solvent. Figure 1 shows
the changes of various molecular weight distribu-
tion parameters with MFI. Mw/Mn, a parameter
of molecular weight distribution, scarcely de-
pends on MFI for both series of PPs, and their
values are 5.5 and 9 for cat.-A PPs and cat.-B PPs,
respectively, the former being lower than the lat-

Table I Characteristics of Samples

Catalyst
Sample
Name

MFI
(g/10 min)

Ethylene
Content
(wt %)

Isotactic
Pentad

Fraction
Mn

(104)
Mw

(104)
Mz

(104)
Mz�1

(104)
Mw/
Mn

Mz/
Mw

Mz�1/
Mz

A A-1 0.51 0.31 8.4 57 260 610 6.8 4.5 2.3
A-2 1.77 0.33 0.951 8.3 40 160 460 4.8 4.0 2.9
A-3 2.0 0 0.956 7.9 41 170 390 5.2 4.2 2.3
A-4 4.0 0.35 5.8 32 120 260 5.5 3.8 2.2
A-5 14.5 0 4.3 23 92 230 5.3 4.1 2.5
A-6 32.6 0 2.8 17 70 170 6.0 4.2 2.4

B B-1 0.49 0 8.0 63 210 400 7.9 3.3 1.9
B-2 1.73 0 0.930 4.6 43 170 330 9.4 3.9 1.9
B-3 4.0 0 3.5 32 150 290 9.1 4.7 1.9
B-4 8.9 0 2.8 27 130 280 9.5 4.9 2.2
B-5 14.7 0 2.7 24 130 260 8.9 5.5 2.0
B-6 25.1 0 2.4 20 110 260 8.5 5.4 2.4
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ter. Mz/Mw, a parameter of molecular weight dis-
tribution at the high molecular weight region,
increases with increasing MFI for cat.-B PPs,
whereas it scarcely depends on MFI for cat.-A
PPs.

The crystallization temperature Tc was mea-
sured using a differential scanning calorimeter
DSC-IB (Perkin-Elmer, USA). A 0.3 mm-thick
sheet was molded on a hot plate. A piece weighing
about 5 mg was cut out from it. This was put into
a sample pan, and after it was melted in the
furnace of the DSC in a nitrogen atmosphere at
230°C for 10 min, it was cooled at various rates.
The peak temperature of the exothermic curve
was taken as Tc. Figure 2 shows the dependence
of Tc on cooling rate. Cat.-A PPs show higher Tc
than cat.-B PPs. This is due to the higher tacticity
of the former, as shown in Table I. Low Tcs of A-1,
A-2, and A-4 are due to the copolymerization of
small amount of ethylene. Although cat.-B PPs

except for B-6 show a similar Tc, only B-6 shows a
high Tc nearly equivalent to those of cat.-A PPs
copolymerized with a small amount of ethylene.
This reason is not clear. Tc lowers with an in-
crease in cooling rate. Comparing the dependence
of Tc on the cooling rate between both series of
PPs, cat.-A PPs show a slightly weaker depen-
dence than cat.-B PPs, whose reason is also un-
known.

Injection Molding

Flexural test specimens (ASTM D790) were injec-
tion molded using a reciprocating-screw injection-
molding machine SN150S-N Type (clamping
force: 150T, capacity: 6.5 oz, Niigata Tekkosho
Co., Ltd., Japan). The shape of the test specimen
is shown in Figure 3. A polymer reservoir was
provided to make resin flow in the specimen uni-
form. Because cylinder temperature affects the
degree of molecular orientation of the product and
its mechanical properties more than any other
injection molding conditions,2 injection molding
was carried out, varying cylinder temperature
only and keeping all other conditions constant.
Table II lists the injection molding conditions
adopted. For cylinder temperature, the tempera-
ture of the metering zone (C3) at the extreme end
was used.

Measurements of Properties

After flexural and Izod test specimens were con-
ditioned under a constant temperature and hu-
midity at 23°C and 50 %RH for 1 month, flexural
modulus and flexural strength were measured
according to the ASTM D790. Heat distortion

Figure 1 Changes of various molecular weight distri-
bution parameters with melt flow index (MFI).

Figure 2 Dependence of crystallization temperature
Tc on cooling rate.

Figure 3 Shape of test specmen.
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temperature was measured under a constant
stress of 0.45 MPa according to the ASTM D648.
Izod impact strength was measured with molded-
in notched specimens according to the ASTM
D256. Length L in the flow direction (MD) of the
flexural specimen was measured with a microme-
ter and mold shrinkage was calculated by the
following equation:

Mold Shrinkage (%) �
L0 � L

L0
� 100 (1)

where L0 is the length of the mold cavity.

Structural Analysis

A thin section about 0.1 mm-thick was sliced from
the central part of the specimen perpendicular to
the MD with a microtome, and its crystalline tex-
ture was observed with a polarizing microscope
PM-6 Type (Olympus, Japan) under a magnifica-
tion of 20�. Clear skin/core structures were ob-
served for all specimens. The thicknesses of the
skin layers of both surfaces were averaged.

Wide-angle X-ray diffraction was carried out at
the central part of the specimen with an X-ray
diffractometer RU-200 Type (Rigaku Denki, Ja-
pan) using a sample spinner and the crystallinity,
Xc was calculated according to the Weidinger and
Hermans’ method.3 Using a goniometer, 2� scan
was carried out at a scan speed of 4°/min and
azimuthal scans of the (110) and (040) plane re-
flections were carried out at a scan speed of 8°/
min, and crystalline orientation functions fa*, fb,
and fc were calculated according to the Wilchin-
sky’s method.4 a*-Axis-oriented component frac-
tion [A*] was obtained by the method described in
the previous articles.5–12

These measurements were carried out for all
specimens molded from all PP samples at all cyl-
inder temperatures.

RESULTS AND DISCUSSION

Product Properties

Figure 4(a) and (b) shows the dependence of flex-
ural modulus on cylinder temperature for cat.-A
PPs and cat.-B PPs, respectively. The result of
B-2 sample as a representative of cat.-B PPs is
also shown in Figure 4(a) of the results for cat.-A
PPs for comparison. The same procedure will be
performed in the following results. Although the
flexural strength was also measured, it was omit-
ted because it showed a similar behavior to the
flexural modulus. The flexural modulus and
strength decrease with increasing cylinder tem-
perature. The degree of the decrease is the higher
at the lower cylinder temperature, and the de-
crease tends to level off at high cylinder temper-
atures. This tendency becomes more notable with
increasing the MFI or with decreasing the molec-
ular weight. It is particularly notable for A-6 sam-
ple whose flexural modulus and strength scarcely
depend on cylinder temperature. Comparing at
the same cylinder temperature, the sample with
the lower MFI or with the higher molecular
weight shows the higher flexural modulus and
strength as a large tendency. However, the order
reverses in part at high cylinder temperatures,
and the sample with the higher MFI shows the
higher flexural modulus and strength. The depen-
dence of flexural modulus and strength on MFI is
more notable for cat.-A PPs than for cat.-B PPs.
Compared at the same cylinder temperature and

Table II Injection Molding Conditions

Exp.
No.

Cylinder Temperture (°C)
Injection Speed

(cm3/s)
Holding Pressure

(MPa)
Mold Temperature

(°C)
Cooling Time

(s)C1
a C2

b C3
c Nd

1 160 190 200 190 13.5 50 40 40
2 160 220 240 220 13.5 50 40 40
3 160 250 280 250 13.5 50 40 40
4 160 280 320 280 13.5 50 40 40

a Feed zone.
b Compression zone.
c Metering zone.
d Nozzle.
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MFI, cat.-A PPs show higher flexural modulus
and strength than cat.-B PPs. This is due to the
higher tacticity of the former, as shown in Figure
2 and Table I. The A-3 sample with particularly
high tacticity among cat.-A PPs shows particu-
larly high flexural modulus and strength. The
reason why the MFI dependence of flexural mod-
ulus and strength of cat.-A PPs is more notable
than that of cat.-B PPs is because the MFI depen-
dence of molecular orientations such as the thick-
ness of skin layer and the degree of crystalline
orientation is weaker for the latter, as shown
later. This is due to the fact that the MFI depen-
dence of the relaxation time of melt orientation,
�0, is weaker for the latter as shown in Figure 5,
whose primary cause is that Mz/Mw, a parameter
of molecular weight distribution at high molecu-
lar weight region, increases with increasing MFI
for the latter, whereas it scarcely depends on MFI
for the former, as shown in Figure 1. Both figures
were presented in the previous artricle.1

The fact that the flexural modulus and
strength of injection-molded PP decrease with in-

creasing cylinder temperature is already reported
by the authors for homo PPs,2,13–15 PP copolymers
with ethylene,16,17 �-crystal nucleator-added
PPs,7 �-crystal nucleator-added PPs,18,19 polysty-
rene (PS)-blended PPs,12 particulate-filled
PPs,5,10,11 and glass fiber (GF)-filled PPs,20 and by
other researchers,21,22 and is considered to be a
common knowledge. Song et al.23 injection
molded PPs at high speed, high pressure, and low
resin temperature (165–190°C) to prepare a self-
reinforced PP by injection molding, and found
that the flexural modulus and strength increase
with increasing the resin temperature and de-
crease after showing a peak. This is the inverse
tendency of the common knowledge, and is con-
sidered to be a special case. The fact that the
flexural modulus and strength increase with de-
creasing the MFI or with increasing the molecu-
lar weight is reported by the authors.2,13–15 In the
study of the self-reinforced PP by Song et al.23

mentioned above, while the flexural modulus and
strength of conventionally injection-molded PPs
scarcely depend on the weight-average molecular
weight Mw, those of the self-reinforced PP mold-
ings show maxima at an Mw of 4.7 � 105. As for
the effect of molecular weight distribution, Tar-
tari and Bramuzzo24 and Hebert25 report that the
flexural modulus is higher as the molecular
weight distribution is broader. As for the effect of
tacticity, Phillips et al.26 report that the flexural
modulus is enhanced with increasing tacticity
due to the increased crystallinity. Phillips et al.26

and Hayashi and Kimoto27 report that the flex-
ural modulus of injection-molded PP is mainly
determined by the degree of molecular orientation
and crystallinity, and is higher as both are
higher. Phillips et al. succeeded in the separation

Figure 5 Relation between characteristic relaxation
time �0 and melt flow index (MFI).

Figure 4 (a) Dependence of flexural modulus on cyl-
inder temperature for cat.-A PPs. (b) Dependence of
flexural modulus on cylinder temperature for cat.-B
PPs.
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of the both effects. This will be discussed again
later.

Figure 6(a) and (b) shows the dependence on
cylinder temperature of heat distortion tempera-
ture HDT, which is a measure of heat resistance
for cat.-A PPs and cat.-B PPs, respectively. Simi-
lar behaviors to the cases of flexural modulus and
strength are observed. Because HDT is the tem-
perature when the deformation under a constant
stress reaches a definite value, it is higher as the
modulus at high temperatures is higher. Accord-
ingly, the result mentioned above is natural. The
leveling off of the decrease in HDT with cylinder
temperature at high cylinder temperatures is
more notable than those in flexural modulus and
strength.

The fact that the HDT of injection-molded PP
decreases with increasing cylinder temperature is
reported by the authors for PP copolymers with
ethylene,16,17 �-crystal nucleator-added PPs,7

�-crystal nucleator-added PPs,18,19 PS-blended
PPs,12 and particulate-filled PPs.10 No study of
the dependence of HDT on MFI or molecular

weight is found by the authors. The effects of
molecular weight distribution and tacticity are
also not reported. The effects of molecular weight,
its distribution, and tacticity on the HDT of injec-
tion-molded PP are reported first in the present
study.

Figure 7(a) and (b) shows the dependence of
Izod impact strength IIS on cylinder temperature
for cat.-A PPs and cat.-B PPs, respectively. IIS
decreases with increasing MFI and cylinder tem-
perature. Almost no difference in these behaviors
between both series of PPs is observed. Although
the flexural modulus and strength and HDT de-
crease with increasing MFI as a large tendency,
some indentations exist in the orders when
viewed individually. However, IIS is aligned in
the order of MFI. The decrease in IIS with in-
creasing cylinder temperature from 200 to 320°C
is 20–30%, which is nearly the same degree as
those in flexural modulus and strength. However,
the decrease in IIS with increasing MFI is very
marked compared with those in flexural modulus
and strength. Generally, the impact strengths of

Figure 7 (a) Dependence of Izod impact strength
(IIS) on cylinder temperature for cat.-A PPs. (b) Depen-
dence of Izod impact strength (IIS) on cylinder temper-
ature for cat.-B PPs.

Figure 6 (a) Dependence of heat distortion tempera-
ture (HDT) on cylinder temperature for cat.-A PPs. (b)
Dependence of heat distortion temperature (HDT) on
cylinder temperature for cat.-B PPs.

PROPERTIES OF INJECTION-MOLDED POLYPROPYLENES 2147



thermoplastics increase with increasing the mo-
lecular weight. Furthermore, because IIS de-
creases with increasing cylinder temperature or
with decreasing the degree of molecular orienta-
tion, IIS is assumed to also be affected by the
molecular orientation. In addition, the crystallin-
ity may also affect IIS in some way. From the
facts that IIS decreases largely and finely with
increasing MFI and that the degree of molecular
orientation does not show such remarkable MFI
dependence as mentioned later, it is assumed that
IIS is determined mainly by the strength of resin
itself.

The fact that the IIS of injection-molded PP
decreases with increasing cylinder temperature is
reported by the authors for PP copolymers with
ethylene,16,17 �-crystal nucleator-added PPs,7

�-crystal nucleator-added PPs,18,19 PS-blended
PPs,12 and particulate-filled PPs.10 Kantz et al.21

also report a similar result for a homo PP. How-
ever, an inverse tendency that IIS increases
with increasing cylinder temperature is also re-
ported.22,28 As for the effect of MFI on IIS, Mur-
phy et al.29 report an inverse result that IIS de-
creases with decreasing MFI. The fact that in-
verse results are obtained in the effects of
cylinder temperature and MFI on IIS and not
common is assumed to be due to the differences
among the reported studies in the shape of mold-
ing, the molding conditions, the test direction,
and the notching method (molded-in notch in the
present experiment). As for the effect of molecular
weight distribution, Altendorfer and Seitl30,31 re-
port that the IISs of controlled rheology PPs with
narrow molecular weight distributions are higher
than those of usual PPs compared at the same
MFI. Tartari and Bramuzzo24 and Hebert25 show
that IIS is generally lower as the molecular
weight is broader. No study is reported on the
effect of tacticity.

Figure 8(a) and (b) show the dependence of
mold shrinkage on cylinder temperature for
cat.-A PPs and cat.-B PPs, respectively. Mold
shrinkage decreases with increasing MFI and cyl-
inder temperature. The MFI dependence of mold
shrinkage of cat.-A PPs is more notable than that
of cat.-B PPs. This is due to the fact that the MFI
dependence of the relaxation time of melt orien-
tation, �0, is weaker for the latter, as shown in
Figure 5, whose primary cause is that Mz/Mw, a
parameter of molecular weight distribution at
high molecular weight region, increases with in-
creasing MFI for the latter, whereas it scarcely
depends on MFI for the former, as shown in Fig-

ure 1. From the facts that the mold shrinkage
finely aligns in the order of MFI and that the MFI
dependence of mold shrinkage is very similar to
that of the degree of molecular orientation as
shown later, it is assumed that the mold shrink-
age is most affected by the molecular orientation.
Although both the IIS and mold shrinkage simi-
larly finely align in the order of MFI, their causes
are different; the former is due to the strength of
resin itself and the latter is due to the molecular
orientation. Contrary to this, because the flexural
modulus and strength and HDT do not finely
align in the order of MFI and because these prop-
erties level off at high cylinder temperatures and
there are cases where a high MFI resin shows
high properties, it is assumed that these proper-
ties are considerably affected also by crystallinity.

The fact that the mold shrinkage of injection-
molded PP decrease with increasing cylinder tem-
perature is already reported by the authors for
homo PPs,2 PP copolymers with ethylene,16,17 �-
crystal nucleator-added PPs,7 �-crystal nucleator-
added PPs,18,19 PS-blended PPs,12 particulate-
filled PPs,5,11 and GF-filled PPs.20 Kantz et al.21

Figure 8 (a) Dependence of mold shrinkage on cylin-
der temperature for cat.-A PPs. (b) Dependence of mold
shrinkage on cylinder temperature for cat.-B PPs.
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and Plessmann et al.32 also report similar results.
The fact that the mold shrinkage decreases with
increasing MFI is shown by the authors,2,33 and
the fact that it is higher as the molecular weight
distribution is broader is also shown by the au-
thors.33 No report on the effect of tacticity is
found.

Higher Order Structure

Figure 9 shows the dependence of crystallinity Xc
on cylinder temperature for cat.-A PPs. Xc
scarcely depends on MFI and cylinder tempera-
ture. Similar results were also obtained for cat.-B
PPs. The mean values of Xc averaged over all
specimens are 52.2 and 51.1% for cat.-A PPs and
cat.-B PPs, respectively, the former being about
1.1% higher. The A-3 sample with high tacticity
and rigidity does not entirely show particularly
high Xc, and shows similar Xc value to those of
other cat.-A PPs. However, A-6 and B-6 samples
that show particularly high crystallization tem-
peratures Tc and particularly remarkable level-
ing-off of the properties at high cylinder temper-
atures in each catalyst system show high Xc at
high cylinder temperatures.

The authors report that Xcs of PP copolymers
with ethylene16 scarcely depend on cylinder tem-
perature and Xcs of homo PPs,8 �-crystal nuclea-
tor-added PPs,7 PS-blended PPs,12 particulate-
filled PPs9 slightly increase with increasing cyl-
inder temperature. Yang and Nun34 also obtained
similar results. Murphy et al.28 obtained an in-
verse result that Xc decreases with increasing
cylinder temperature. As for the effect of MFI,
that Xc slightly increases with increasing MFI is
reported by the authors.8 Murphy et al.29 ob-
tained an inverse result. No study is reported on

the effect of molecular weight distribution. Phil-
lips et al.26 report that Xc is the higher as the
tacticity is the higher. The experimental results
in the present study are generally on the same
line of these previous findings in the sense of little
MFI dependence.

All specimens molded in the present study
showed clear skin/core structures. Figure 10(a)
and (b) shows the dependence of thickness of the
kin layer on cylinder temperature for cat.-A PPs
and cat.-B PPs, respectively. The skin thickness
decreases with increasing MFI and cylinder tem-
perature. The MFI dependence of skin thickness
of cat.-A PPs is more notable than that of cat.-B
PPs.

The skin layer in injection molding develops by
cooled solidification under a shear stress of flow in
the mold cavity,35–38 and its formation is deter-
mined by the degree of melt orientation of molec-
ular chains by the action of shear stress (recover-
able shear strain 	e), the rate of its relaxation
(relaxation time �0), and the time until solidifica-
tion (crystallization time tc or crystallization tem-

Figure 10 (a) Dependence of thickness of skin layer
on cylinder temperature for cat.-A PPs. (b) Dependence
of thickness of skin layer on cylinder temperature for
cat.-B PPs.

Figure 9 Dependence of degree of crystallinity Xc on
cylinder temperature for cat.-A PPs.
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perature Tc).
2,8,9,10,11,14,15,20,33,39–42 The higher

	e, the longer �0, and the shorter tc or the higher
Tc, the thicker the skin layer. At first as for the
effect of cylinder temperature, the higher the cyl-
inder temperature, the higher the resin tempera-
ture and then the lower 	e and the shorter �0,
which leads the thinner skin layer. As for the
effect of MFI, the higher MFI at the same cylinder
temperature (at the same tc), the lower 	e and the
shorter �0, which leads the thinner skin layer.
The difference in MFI dependence of skin thick-
ness between cat.-A PPs and cat.-B PPs is due to
the fact that the MFI dependence of the relax-
ation time of melt orientation, �0, is weaker for
the latter as shown in Figure 5, whose primary
cause is that Mz/Mw, a parameter of molecular
weight distribution at high molecular weight re-
gion, increases with increasing MFI for the latter,
whereas it scarcely depends on MFI for the
former as shown in Figure 1. It can be said from
this that the skin thickness is affected by both the
molecular weight Mw and the molecular weight
distribution at high molecular weight region, Mz/
Mw, and becomes thicker as the both become
higher. As for the effect of tacticity, because the
crystallization temperature Tc becomes higher,
and hence, the crystallization time tc becomes
shorter when the tacticity becomes higher as
shown in Figure 2, it is predicted that the skin
thickness becomes thicker as the tacticity be-
comes higher. However, Figure 10 shows that its
effect is small.

The fact that the skin thickness of injection-
molded PP decreases with increasing cylinder
temperature is already reported by the authors
for homo PPs,2,8,11,13–15,33,43,44 PP copolymers
with ethylene,11,16,17,44 �-crystal nucleator-added
PPs,18,19 particulate-filled PPs,5,9–11 and GF-filled
PPs,20 and by other researchers,21,26,32,38,45–48 and
is considered to be common knowledge. The fact
that the skin thickness decreases with increasing
the MFI or with decreasing the molecular weight
is reported by the authors2,8,11,13–15,33,43,44,49 and
by other researchers.26,48 The fact that the skin
layer is thicker as the molecular weight distribu-
tion is broader is shown by the authors33,49 and by
other researchers26,30,31,45,50,51 mainly by use of
controlled rheology PPs. As for the effect of tac-
ticity, Phillips et al.26 showed that it scarcely
affects the skin thickness as in the case of the
present study.

Figure 11 shows the dependence of a*-axis-
oriented component fraction [A*] on cylinder tem-
perature. [A*] increases with increasing cylinder

temperature and MFI. The dependence of [A*] on
cylinder temperature is stronger for cat.-A PPs
than for cat.-B PPs. This tendency is reverse of
the tendency of the skin thickness for its depen-
dence on MFI and cylinder temperature, and is
the same for the degree of MFI dependence. Ac-
cordingly, it is assumed that [A*] is affected by
the molecular weight distribution at the high mo-
lecular weight region, Mz/Mw, as well as the mo-
lecular weight Mw. It is higher as both are lower,
meaning that the a*-axis-oriented component
against the c-axis-oriented component is higher.
[A*] in the present experiment is higher than 0.7,
which means that the a*-axis-oriented component
is overwhelmingly more than the c-axis-oriented
component in injection-molded PPs. This ten-
dency becomes more remarkable as a resin with
high MFI and narrow molecular weight distribu-
tion is molded at high cylinder temperature. The
effect of tacticity is not clear.

As far as the authors know, the study of a*-
axis-oriented component fraction [A*] has only
been done by us. The fact that [A*] of injection-
molded PP increases with increasing the cylinder
temperature is already reported by the authors
for homo PPs,8,11 PP copolymers with ethylene,16

�-crystal nucleator-added PPs,7 PS-blended
PPs,12 particulate-filled PPs,5,9,10 and GF-filled
PPs.20 The fact that [A*] increases with increas-
ing MFI is also shown by the authors.8 The
present study is the first that reports the effect of
molecular weight distribution.

Figure 12(a) and (b) shows the dependence of
crystalline orientation functions (a*-axis orienta-
tion function fa*, b-axis orientation function fb,
and c-axis orientation function fc) on cylinder

Figure 11 Dependence of a*-axis-oriented compo-
nent fraction [A*] on cylinder temperature for cat.-A
PPs.
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temperature for cat.-A PPs and cat.-B PPs, re-
spectively. Absolute values of fc and fb decrease
with increasing cylinder temperature and MFI.
The dependence of absolute values of fc and fb on
MFI is stronger for cat.-A PPs than for cat.-B PPs.
fa* scarcely depends on MFI, and increases with
increasing the cylinder temperature. Because the
c-axis orientation function in the direction of crys-
talline molecular chains is usually used as a mea-
sure of degree of crystalline orientation, the fol-
lowing discussion will be done for fc. As for the
formation of crystalline orientation, the same dis-
cussion as done on the skin thickness is used as
such. Namely, it can be explained by the recover-
able shear strain 	e, its relaxation time �0, and
the crystallization time tc. Accordingly, the effects
of cylinder temperature and MFI on the crystal-
line orientation function are omitted, and only the
fact characteristic in the present study that the
dependence of the orientation function on MFI is
stronger for cat.-A PPs than for cat.-B PPs will be
referred. This reason is because the MFI depen-
dence of �0 is weaker for the latter because

Mz/Mw increases with increasing MFI for the lat-
ter, whereas it scarcely depends on MFI for the
former. The similarity of formation mechanisms
of the skin layer and the crystalline orientation is
obvious by considering the intimate relationship
existing between the skin thickness and the crys-
talline orientation function fc.

5,15,26

The fact that the degree of crystalline orienta-
tion of injection-molded PP decreases with in-
creasing cylinder temperature is already reported
by the authors for homo PPs,8,11,14,15 PP copoly-
mers with ethylene,11,16,17 �-crystal nucleator-
added PPs,7,11 PS-blended PPs,12 particulate-
filled PPs,5,9 and GF-filled PPs.11,20 Other re-
searchers26,28,47,51,54 also obtained similar
results. The fact that the degree of crystalline
orientation decreases with increasing the MFI or
with decreasing the molecular weight is reported
by the authors8,11,14,15 and by other research-
ers.26,29 The fact that the degree of crystalline
orientation is higher as the molecular weight
distribution is broader24,26,30,31,50 –52,55 is
shown mainly by use of controlled rheology
PPs.30,31,50–52,55 As for the effect of tacticity, Phil-
lips et al.26 showed that it scarcely affects the
degree of crystalline orientation as in the case of
the present study.

In injection molding of thermoplastics, because
molten resin solidifies under inhomogeneous
stress and cooling conditions, the inner structures
of the molded article are inhomogeneous, influ-
encing the product properties. Consequently, it is
important in injection molding technology of ther-
moplastics to clarify the influences of the primary
structures of resin and molding conditions on the
inhomogeneous structure of the molded article.
We studied the distributions in the flow direction
of higher order structures such as thickness of
skin layer, a*-axis-oriented component fraction,
and crystalline orientation functions and distri-
butions in the thickness direction of higher order
structures such as crystallinity, �-crystal content,
a*-axis-oriented component fraction, and crystal-
line orientation functions in injection moldings
molded from the both series of PPs. However, no
remarkable difference was detected between
them.

Structure–Property Relationship

Various higher order structures, such as skin/core
structure, orientations of molecular chains and
crystallites, spherulite size, lamella thickness,
crystallinity, length and orientation of filled fi-

Figure 12 (a) Dependence of orientation functions on
cylinder temperature for cat.-A PPs. (b) Dependence of
orientation functions on cylinder temperature for
cat.-B PPs.
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bers, are formed according to the characteristics
of raw resin and molding conditions in injection-
molded PPs, which determines the product prop-
erties.56 Accordingly, it is important in molding
technology to clarify the relationship among raw
resin–molding conditions– higher order struc-
tures–product properties. Here, giving attention
to the skin thickness and crystalline orientation
out of the higher order structures mentioned
above, with also considering crystallinity if nec-
essary, the relationships between the structures
and properties are studied.

When observed with a polarizing microscope,
the cross-section of an injection-molded article
shows a skin/core structure, and the two-phase
model of skin and core shown in Figure 13 can be
applied. In Figure 13, b and h are, respectively,
the width and thickness of the specimen and t is
the thickness of skin layer. If, in this two-phase
model, E is the flexural modulus of the whole, Es
and Ec are the flexural moduli of, respectively,
the skin and core layers, the following equation
holds:2,5,11,14–17

E � Es �
�Es � Ec�

bh3 ��b � 2t��h � 2t�3� (2)

If E is plotted against (b�2t)(h�2t)3 with respect
to specimens with different values of t prepared at
various cylinder temperatures, a rectilinear rela-
tionship can be obtained, and Es can be obtained
from an E-axis intercept and Ec can be obtained
from the slope. Figure 14 shows such plots for
cat.-A PPs. In the case of cat.-B PPs, while such
rectilinear relationships were obtained for B-1
and B-2 samples, downward-curved relationships
with negative slopes were obtained for other sam-
ples. Compared at the same skin thickness, the
flexural moduli of cat.-A PPs are higher than
those of cat.-B PPs. Compared among cat.-A PPs,
A-1, A-2, and A-4 samples, which are copolymer-
ized with small amounts of ethylene, show lower
flexural moduli than A-3, A-5, and A-6 samples

without ethylene. The A-3 sample with particu-
larly high tacticity out of cat.-A PPs without eth-
ylene does not show particularly high flexural
modulus. If the skin thickness is regarded as a
measure of molecular orientation, plots of prop-
erty values against the skin thickness as in Fig-
ure 14 can make one separate the effect of the
skin thickness (molecular orientation) on the
property from the effect of other structural factors
and evaluate them individually. Namely, that the
position of the relation curve (straight line in the
case of Fig. 14) of the property value vs. the skin
thickness is higher on the property value-axis
means that the effect of structural factors other
than the skin thickness is stronger. Because the
structural factors affecting the flexural modulus
of injection-molded PPs are the degree of molec-
ular orientation and crystallinity,11,26,56 the posi-
tion of the relation line in Figure 14 may be re-
garded mainly as the effect of cryatallinity. As
mentioned previously in relation to Figure 9,
there is a difference of about 1.1% in average
crystallinity Xc between cat.-A PPs and cat.-B
PPs, which agrees with the tendency in Figure 14.
However, there is no clear correlation between
the crystallinities in Figure 9 and the positions of
the relation lines in Figure 14 for the same cata-
lyst system’s PPs. Rather, a good correlation is
observed between the crystallization tempera-
tures Tc in Figure 2 and the positions of the rela-
tion lines in Figure 14 (including the case of cat.-B
PPs whose figure is not shown). The higher Tc
leads the higher flexural modulus at a constant
skin thickness. Generally, the crystallinity of PP
is higher as the tacticity is higher, and is lowered
by the copolymerization with ethylene.11,26 This
tendency is clearly observed on the crystallization
temperature Tc in Figure 2 and on the flexural

Figure 14 Plot of flexural modulus E against
(b�2t)(h�2t)3 for cat.-A PPs.

Figure 13 Two-phase model of skin and core.

2152 FUJIYAMA, KITAJIMA, AND INATA



modulus in Figure 14. However, it is not clearly
reflected to the crystallinity Xc in Figure 9. From
this, it may be said that the measurement of the
crystallinity Xc by X-ray diffraction is not as good
in the precision and not suitable to the detection
of small difference in crystallinity. The small dif-
ference in the crystallinity may be able to be
sensitively detected rather by Tc and mechanical
properties.

The relations between the flexural (tensile)
modulus and the skin thickness are studied by
the authors for homo PPs2,13–15,43,49 (the effects of
molecular weight distribution and tacticity are
not studied), PP copolymers with ethylene,16,17

particulate-filled PPs,5,10 and GF-filled PPs,20

and by other researchers,22,26 and similar results
are obtained. Phillips et al.26 separated the effect
of crystallinity on the flexural modulus from the
effect of the skin thickness and corrected the flex-
ural modulus by the crystallinity. As a result,
they showed that the relation between the cor-
rected flexural modulus and the skin thickness is
expressed by a master straight line independent
of the kind of resin (differing in tacticitiy and
MFI) and molding conditions.

Figure 15 shows the relation between the flex-
ural strength and the skin thickness for cat.-A
PPs. The flexural strength increases linearly with
increasing skin thickness. Similarly to the case of
the flexural modulus, while rectilinear relation-
ships were obtained for B-1 and B-2 samples,
downward-curved relationships with positive
slopes were obtained for other cat.-B PP samples.
The relation between the flexural strength and
the skin thickness can be similarly discussed to
the case of flexural modulus. The relations be-
tween the flexural (tensile) strength and the skin
thickness are studied by the authors for homo

PPs2,13–15,43,49 (the effects of molecular weight
distribution and tacticity are not studied), PP co-
polymers with ethylene,16,17 particulate-filled
PPs,5,10 and GF-filled PPs,20 and by Kantz et al.21

for a homo PP and a copolymer, and similar re-
sults are obtained.

Figure 16 shows the relation between the heat
distortion temperature HDT and the skin thick-
ness. The HDT rises curvilinearly with increasing
skin thickness. Cat.-B PPs also show a similar
tendencies. Except that the relation is curvilin-
ear, the HDT behaves similarly to the flexural
modulus and strength. Accordingly, the HDT also
can be similarly discussed to the flexural modulus
and strength. Namely, the heat resistance of in-
jection-molded PP is improved by molding it as
the skin layer becomes thicker: by molding a resin
with low MFI or high molecular weight and with
broad molecular weight distribution at a low cyl-
inder temperature. Using a resin with high tac-
ticity and without copolymerized ethylene is also
effective. The relations between the HDT and the
skin thickness are studied by the authors for PP
copolymers with ethylene,16,17 particulate-filled
PPs,5,10 and GF-filled PPs,20 and similar results
(correlationships between the both) are obtained.

Figure 17 shows the relation between the Izod
impact strength (IIS) and the skin thickness for
cat.-A PPs. The IIS slightly increases linearly
with increasing skin thickness. Compared at the
same skin thickness, the lower the MFI or the
higher the molecular weight, the higher the IIS.
Similar results were obtained also for cat.-B PPs.
Cat.-A PPs and cat.-B PPs show similar IISs at
the same MFI and at the same skin thickness.
From this, it is assumed that the effect of tacticity
on IIS is small in the tacticity range of the sam-
ples used in the present study. The relations be-

Figure 16 Relation between heat distortion temper-
ature (HDT) and thickness of skin layer for cat.-A PPs.

Figure 15 Relation between flexural strength and
thickness of skin layer for cat.-A PPs.
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tween the IIS and the skin thickness are studied
by the authors for PP copolymers with ethyl-
ene,16,17 particulate-filled PPs,5,10 and GF-filled
PPs,20 and by Kantz et al.21 for a homo PP, and
similar results (correlationships between the
both) are obtained. However, Cunha et al.22 re-
port an inverse result that the IIS decreases with
increasing the skin thickness. The cause that the
inverse relations between the IIS and the skin
thickness are obtained is assumed to be due to the
differences in the shape of test specimen, notch-
ing manner, test direction, etc. In this connection,
molded-in notched IIS specimens were tested in
the transverse direction to the flow direction (MD)
in the present experiment.

Figure 18 shows the relation between the mold
shrinkage and the skin thickness for cat.-A PPs.
The flexural strength increases linearly with in-
creasing skin thickness. Compared at the same
skin thickness, while the lower the MFI or the
higher the molecular weight, the slightly higher

the mold shrinkage. Similarly to the cases of the
flexural modulus and strength, while rectilinear
relationships were obtained for B-1 and B-2 sam-
ples, downward-curved relationships with posi-
tive slopes were obtained for other cat.-B PP sam-
ples. That the lower the MFI or the higher the
molecular weight, the slightly higher the mold
shrinkage is the same also for cat.-B PPs. From
these, it is assumed that although the mold
shrinkage is determined almost by the skin thick-
ness, other factors also partly affect it. From the
fact that cat.-A PPs and cat.-B PPs show similar
mold shrinkages at the same MFI and at the
same skin thickness, it is assumed that the effect
of tacticity on the mold shrinkage is small in the
tacticity range of the samples used in the present
study. The relations between the mold shrinkage
and the skin thickness are studied by the authors
for homo PPs,2,33 PP copolymers with ethyl-
ene,16,17 particulate-filled PPs,5,10,11 and GF-filled
PPs,20 and by other researchers,21,32 and similar
results (correlationships between the both) are
obtained.

Next, relations between the properties and the
crystalline orientation functions will be studied.
The c-axis orientation function fc in the direction
of crystalline molecular chains is used out of the
crystalline orientation functions. Figure 19 shows
the relation between the flexural modulus and fc.
The flexural modulus increases linearly with in-
creasing fc. Compared at the same fc, cat.-A PPs
with higher tacticity show higher flexural modu-
lus than cat.-B PPs. A small amount of copolymer-
ization decreases the flexural modulus. These be-
haviors are almost similar to those in the case of
the skin thickness and, hence, the discussion in
the case of the skin thickness is applicable as
such. The relation between the flexural modulus

Figure 17 Relation between Izod impact strength
(IIS) and thickness of skin layer for cat.-A PPs.

Figure 18 Relation between mold shrinkage and
thickness of skin layer for cat.-A PPs.

Figure 19 Relation between flexural modulus and
c-axis orientation function fc for cat.-A PPs.
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and fc was studied by Phillips et al.26 They sepa-
rated the effect of crystallinity on the flexural
modulus from the effect of the molecular orienta-
tion and corrected the flexural modulus by the
crystallinity. As a result, they showed that the
relation between the corrected flexural modulus
and fc is expressed by a master straight line in-
dependent of the kind of resin (differing in tactic-
itiy and MFI) and molding conditions. Hayashi
and Kimoto27 measured the crystallinities and
the degrees of molecular orientation by infrared
dichroism for various PPs and found that the
flexural modulus can be expressed as a function of
the degree of molecular orientation and crystal-
linity. The present experimental results are on
the same line of these previous findings.

The properties other than the flexural modulus
also show linear or downward-curved curvilinear
relations with positive slopes with fc, which is
similar to that in the case of skin thickness. Indi-
vidualities of samples remain in the relations be-
tween the properties other than mold shrinkage
and fc, and their relations are different for each
sample. However, the individualities do not re-
main in the relation between the mold shrinkage
and fc, and its relation is expressed by a master
curve. This relation is shown in Figure 20. From
this, it is assumed that the mold shrinkage is
determined mainly by the molecular orientation,
and the effect of tacticity is very small. Although
the individualities of samples that the mold
shrinkage slightly increases with decreasing MFI
slightly remain in the relation between the mold
shrinkage and skin thickness as shown in Figure
18, the individualities are vanished in the rela-
tion between the mold shrinkage and fc as shown
in Figure 20. This reason is as follows: although
the molecular orientation in injection-molded PPs

is condensed mainly in the skin layer, additional
molecular orientations exist at parts besides the
skin layer,8,9,11,14,15,26 which also are assumed to
affect the mold shrinkage. Although the plots
against the skin thickness do not pick up all mo-
lecular orientations, the plots against fc do be-
cause fc is measured throughout the whole thick-
ness direction.

CONCLUSIONS

Two series of PPs with different molecular weight
distribution and tacticity characteristics were
prepared by the MgCl2-supported catalyst (cat.-A
PPs) and by the TiCl3-type catalyst (cat.-B PPs).
Flexural test specimens were injection molded
from these PPs at cylinder temperatures of 200–
320°C and the effects of molecular weight distri-
bution and tacticity on the structure and proper-
ties were studied. Measured propertied were flex-
ural modulus, flexural strength, heat distortion
temperature, Izod impact strength, and mold
shrinkage, and structures studied were crystal-
linity, the thickness of skin alyer, a*-axis-ori-
ented component fraction, and crystalline orien-
tation functions. The relations between the struc-
tures and properties were also studied. The MFI
(molecular weight) dependence of the properties
is higher for cat.-A PPs than for cat.-B PPs. This
originates from weaker MFI dependence of the
degrees of molecular orientation such as the skin
thickness and the crystalline c-axis orientation
function for the latter. This further originates
from weaker MFI dependence of the relaxation
time of melt orientation for the latter. Its primary
cause is that Mz/Mw, a parameter of molecular
weight distribution at high molecular weight re-
gion, increases with increasing MFI for the latter,
whereas it scarcely depends on MFI for the
former. Compared at the same skin thickness or
c-axis orientation function, cat.-A PPs show
higher flexural moduli and strengths and heat
distortion temperatures than cat.-B PPs. This is
assumed to be due to the higher tacticity and
crystallinity for the former. It is said that the
molecular weight distribution and tacticity char-
acteristics affect the properties mainly through
the molecular orientation and crystallinity, re-
spectively.

The authors would like to thank Tokuyama Corp. for
permission to publish this article.

Figure 20 Relation between mold shrinkage and c-
axis orientation function fc for cat.-A PPs.
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