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ABSTRACT: Blends of polypropylene homopolymer (PP) and metallocene produced eth-
ylene—octene copolymer (EOR) with a bimodal particle size distribution were investi-
gated. The aim of the work was to study the influences of EOR characteristics and its
concentration on the tensile and impact properties of the blends. The matrix ligament
thickness between rubber particles was measured and compared to those predicted
using the theoretical models. The relationships between blend morphology and impact
property were reported. It was found that the content of comonomer and molecular
weight of the EOR as well as its concentration in the blends were the major factors
controlling the tensile and impact properties of the blends. These factors became
ineffective to impact property when the ligament thickness of the matrix was larger
than the critical value (T' ~0.3—0.4 um). To achieve blends of high impact strength, the
ligament thickness between rubber particles should be smaller than the critical value,
and for a certain ligament thickness, EOR with high octene content and high molecular
weight was preferred. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci 85: 2412-2418, 2002
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INTRODUCTION

Polymer blends are important industrial materi-
als. Their properties can be altered to satisfy a
wide range of applications. Improving mechanical
properties such as toughness is usually the main
reason for the development of thermoplastic
blends. Mechanical properties of the blends, to a
great extent, are controlled by their morphology.
For rubber-toughened polymers, the average size
of the rubber particles and their size distribution
have a major effect on properties of the blends.'~®
In high-impact polystyrene, a dual rubber parti-
cle size distribution is effective for enhanced
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toughness.® In styrene copolymers, the usefulness
of a rubber phase with a bimodal distribution has
been reported.”® However, the cases of polypro-
pylene (PP) with a bimodal distribution of rubber
particle size have not been extensively reported in
the literature.”

Apart from morphology, other factors deter-
mining the blend properties include blend compo-
sition, rheological properties, and physical char-
acteristics of the components such as their melt
viscosity, molecular weight (MW), and molecular
weight distribution (MWD). Generally, these pa-
rameters are interrelated. Study of the effect of
each parameter independently is rather difficult.
In recent years, the discovery of a new class of
catalysts called metallocene made this type of
study possible. The most distinguishing charac-
teristic of metallocene-based polymers is that
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Table I Material Characteristics

Materials

Properties PP EOR1 EOR2 EOR3
Grade P400S E8150 E8003 E8200
Octene content (% mol)* — 10.9 7.6 10.0
Molecular weight (g/mol)® 458,385 213,110 151,139 111,056
Molecular weight distribution 59 2.5 2.3 3.0
Density (g/cm®) 0.903 0.868 0.885 0.87
Mooney viscosity — 35 22 8

(ML 1+4 @121°C)

@ determined by *C-NMR.
b determined by GPC.

they are not restricted by the current immutable
property relationships that are commonly af-
fected for Ziegler-Natta catalyst products.!® Den-
sity, MW, and long chain branching can be con-
trolled independently.'® It is reported that long
chain branching has little effect on density of
polyethylene copolymer,'! whereas short chain
branching mainly controls the density;!1'* as the
content of short chain branching increases, the
density of the copolymers decreases.!1~*

Blends of polypropylene and metallocene-pro-
duced ethylene—octene copolymers (EORs) are
the focus of this study. Three grades of EOR were
selected to investigate the effects of EOR charac-
teristics including the content of octene comono-
mer, MW and MWD, and the viscosity ratio be-
tween EOR and PP phases, and of the EOR con-
centrations on the tensile and impact properties
of the blends. All blends of this study showed a
morphology where a bimodal distribution of EOR
particles of approximately 0.1 and 0.3 um was
observed. Details on the blend morphological
study have been reported elsewhere.'®

EXPERIMENTAL

Materials

Polypropylene (PP) (grade P400S) was supplied
by Thai Polyethylene Co. Ltd., Thailand. Three
grades of metallocene-catalyzed ethylene—octene
copolymer (EOR) (ENGAGE 8150, ENGAGE
8200, and ENGAGE 8003) supplied by DuPont
Dow Elastomer Co. were used. The molecular
characteristics of these polymers are shown in
Table 1.

Blending and Sample Preparation

The PP and EOR copolymers were melt-mixed in
an intermeshing corotating twin screw extruder
(PRISM TSE 16), with a screw diameter of 16
mm. The screws of the extruder were assembled
from individual screw elements, including self-
wiping screw profile, kneading blocks, and mixing
elements for providing good conveying and mix-
ing in the extruder. The temperature profile was
controlled at 160, 180, 185, 200, and 200°C from
feed to die zones. The screw speed was kept con-
stant at 150 rpm. The concentrations of EOR in
the blends were varied in the range of 0—-30% vol.
All blends were prepared under the same condi-
tions. Test specimens for tensile and impact tests
were prepared by injection molding at 200°C.

Phase Morphology

An Hitachi S2500 scanning electron microscope
operating at 15 kV was used to examine the phase
morphology of the blends. The samples were cryo-
genically fractured and etched with heptane va-
por for 20 s to remove the EOR phase from the PP
matrix. The SEM micrographs were then used for
the investigation of the rubber particle size, size
distribution, and the surface-to-surface distance
between the nearest particles (ligament thick-
ness). The analysis was carried out using a com-
puterized image analyzer with Image-Pro Plus
software. Details of specimen preparation and
analysis have been reported elsewhere.!®

Tensile and Impact Testing

Tensile properties were measured in accordance
with ASTM D638-89, using an Instron Model
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Figure 1 Cryogenic fractured and etched surfaces of
PP/EORI1 blends. (a) 5, (b) 10, (¢) 20, and (d) 30 vol % of
EOR.

4301 tensile testing machine with a crosshead
speed of 50 mm/min. A load cell of 5 kN was used.
Izod impact strength was obtained from notched
specimens, using a pneumatic impact tester (Rad-
mana ITR-2000). An impact velocity of 3.4 m/s
was used. Fifteen specimens were analyzed for
each blend. All mechanical testing was under-
taken at 23°C.

RESULTS AND DISCUSSION

Morphology of PP/EOR Blends

Qualitative and quantitative analyses of blend
morphology were carried out. Details of the inves-
tigation and their results are included in ref. 15.
Figure 1 shows the morphology of the represen-
tative PP/EOR1 blends where a two-phase mor-
phology is clearly seen. EOR droplets are dis-
persed randomly in the PP matrix. The histo-
grams of Figure 2 show a bimodal distribution of
the rubber particle sizes in the PP/EOR1 blends.
All compositions show a bimodal distribution of
the rubber particle sizes at d; of 0.1 um and d, of

0.3 pm. The explanation for the causes of bimodal
distribution of rubber particle sizes is unclear at
present. Concerning the relationship between the
average particle sizes and rubber composition, it
was found that, for a given rubber system, the
average particle sizes (d,)) increased with compo-
sition, caused by the presence of populations of
larger sizes in the system.'® However, the major-
ity of the rubber particles still had the same sizes.
As seen from Table II, the particle size at the
bimodal distribution peaks remained constant at
d; 0f 0.1 um and d, of 0.3 um as the concentration
of rubber increased. Varying the EOR used
showed no influence on these values. A systematic
decrease in the ligament thickness value (T)) was
observed when the rubber concentration in-
creased.

Tensile Properties of PP/EOR Blends

Figures 3 and 4 show the effects of the concentra-
tion of EOR and its characteristics on tensile
properties of PP/EOR blends. In this study, all
blends exhibited high elongation (>300%). The
specimens did not break under the testing condi-
tions. Therefore, the results on elongation and
strength at break are not shown here. Figure 3
shows a decrease in modulus as the concentration
of EOR increased. This result was simply due to
the incorporation of a soft elastomeric phase to
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Figure 2 Histograms of rubber particle sizes in PP/
EORL1 blends. (a) 5, (b) 10, (¢) 20, and (d) 30 vol % of
EOR.
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Table II Size Range, Frequent Occurring Sizes (d,, d,), Number-Average Rubber Particle Size (d,),
Particle Size Distribution (d,/d,,), and Ligament Thickness (T) of Various Blends

Frequent
Occurring Size
Viscosity (pum)
Ratio % Vol. of Size Range d, T

Blend Ma/Mn) Rubber (pm) d, d, (um) d,/d, (um)
PP/EOR1 0.9 5 0.10-0.55 0.15 0.33 0.20 1.35 0.60
10 0.08-0.55 0.10 0.33 0.18 1.33 0.41

20 0.08-0.60 0.10 0.30 0.19 1.36 0.23

30 0.08-0.75 0.10 0.33 0.26 1.35 0.15

PP/EOR2 1.0 5 0.08-0.48 0.10 0.33 0.18 1.33 0.50
10 0.08-0.53 0.10 0.30 0.17 1.29 0.38

20 0.08-0.70 0.10 0.30 0.25 1.32 0.22

30 0.08-0.83 0.10 0.30 0.28 1.36 0.16

PP/EOR3 0.5 5 0.08-0.35 0.10 0.30 0.10 1.10 0.48
10 0.08-0.38 0.10 0.30 0.13 1.23 0.32

20 0.08-0.57 0.10 0.30 0.19 1.42 0.20

30 0.08-0.60 0.10 0.30 0.18 1.44 0.13

the PP matrix. The same trend was also found for
tensile yield strength. In this study, the highest
values of modulus and yield strength were ob-
served in the PP/EOR2 system, followed by the
PP/EOR1 and PP/EORS blends, respectively. The
differences in these properties became more pro-
nounced at high rubber loadings. Compared to
EOR1 and EOR3, EOR2 has lower comonomer
content (7.6% mol). According to Simanke,'® an
increase in the comonomer content generally re-
sulted in difficulty for the chains to crystallise,
and as a consequence, tensile yield strength and
the resistance to strain (modulus) decreased. In
the blends of PP and metallocene based random
ethylene/1-butene copolymers (EB), stiffness de-
creased with increasing 1-butene content,
whereas toughness/stiffness synergism was ob-
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Figure 3 Effect of EOR content on modulus of vari-
ous PP/EOR blends.

served at a 1-butene content in EB of 48 wt % (31
mol %).17

To study the effects of molecular weight and
molecular weight distribution of EOR on tensile
properties, a comparison was made between the
PP/EOR1 and PP/EORS blends. Both EOR1 and
EORS3 have a similarity in their octene content
(~10 mol %) but EOR1 has relatively high MW
and narrow MWD. The tensile results showed
that blends of PP and EOR1 gave a higher tensile
modulus and yield strength than those containing
EOR3. From these results, it can be concluded
that the blends of higher modulus and yield
strength were obtained by the use of EOR con-
taining low comonomer content, and for a given
comonomer content high molecular weight was
preferred.

Yield strength (MPa)

——R1 T+R2 & R3

0 T T T T
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Figure 4 Effect of EOR content on yield strength of
various PP/EOR blends.
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Figure 5 Effect of EOR content on impact strength of
various PP/EOR blends.

Impact Properties of PP/EOR Blends

Figure 5 shows the effect of EOR content on
notched Izod impact strength of various PP/EOR
blends at room temperature. Under the testing
conditions, PP failed in a brittle manner with an
impact strength of 26 J/m. An enhancement of
impact strength of PP was obtained by the addi-
tion of EOR. As the concentration of EOR in the
blends increased, the impact strength increased.
A sudden jump of impact strength occurred at the
rubber concentration of 10 vol %. A sudden
change from brittle to ductile behavior or “brittle—
ductile transition” has been reported in various
polymer blends.'®!? General observations of brit-
tle-ductile transition for PP occurred when the
total content of elastomer was about 20-25%. In
the study of Paul and Kale, the transition was
observed at the elastomer (Engage 8150) concen-
tration of about 10-15%, instead of 20—25%. It
was reported to be due to the fact that the PP
used in their work was a copolymer that con-
tained 10% ethylene content.'® In the present
study, the critical concentration of 10% was ob-
served even though the PP used was a homopoly-
mer.

From Figure 5 it can be seen that the curves
can be divided into two regions. In the low rubber
concentration region (<10%), a slight increase in
impact strength was observed. The impact prop-
erty was independent of the grade of EOR used. A
significant difference in impact strength by the
use of different grades of EOR was observed in
the second region where the concentration of EOR
was in the range of 10-30%. The use of EOR1
gave the blends of highest impact strength, fol-
lowed by EOR3 and EOR2, respectively. In other
words, high impact strength was favored by the
use of EOR with high octene content and high
MW. From these results, it can be concluded that

the elastomer characteristics, such as octene con-
tent, MW, and MWD, showed a strong influence
on impact property of PP/EOR blends only in the
high concentration region (conc. ~10-30%). In
the low concentration region, the use of EOR of
different characteristics gave similar impact
property. Many explanations have been proposed
for the brittle-ductile transition mechanisms.
Wu demonstrated that the distance between rub-
ber particles or “matrix ligament thickness” is the
key parameter for rubber toughening. Regardless
of particle size and rubber concentration, the
blend is tough if the matrix ligament thickness is
kept lower than a critical value.?% 2! The ligament
thickness value of 0.3 um was reported for poly-
amide 6,6%! and 0.6 um for polyethylene.?? In the
PP blended with EPDM, Wu et al. reported the
value of 0.15 um,?® whereas that of 0.8 um was
found for PP/EPR blends.?* Although the crite-
rion of toughening by Wu is generally accepted,
and can be applied to various blend systems, some
conflicting results still remain. Van der Waal
found that the brittle—ductile transition, as mea-
sured by notched Izod impact strength for PP/
EPR blends, cannot be described with a ligament
thickness parameter. For blends containing 5 and
20% of EPR, data did not fall on one line, and the
data of 10% rubber were in between.! In blends of
PVC and NBR, one brittle—ductile transition
master curve was not attained, owing to the effect
of rubber particle spatial distribution on impact
property. The dependence of toughening effi-
ciency on the spatial distribution was reported to
be stronger than on the matrix ligament thick-
ness.?%26

In this study, it was of interest to find out
whether the concept of ligament thickness and
percolation theory can be applied to the studied
PP/EOR blends. The values of matrix ligament
thickness between EOR particles (T) were ob-
tained from both experimental measurement and
theoretical calculations using the equation pro-
posed by Wu?° and the modified equation by Liu
et al.?” as follows.

T =d[(m/6)° — 1] (1)
T = d[(7/6¢)" exp(1.5ln%0) — exp(0.5In’0)] (2)

where d is the average rubber particle diameter
and ¢ is the rubber volume fraction.

The particle size distribution parameter (o)
can be calculated from eq. (3).
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Figure 6 The plot of impact strength against matrix
ligament thickness for various PP/EOR blends. The
experimental data (exp.) were compared to those calcu-
lated using the equation proposed by Wu and that by
Liu.

N

>n(nd; —Ind)?
i=1

Ino= 3)

where n, is the number of particles with diameter
d; and N is the total number of particles. In the
case of monodispersity, the value of o is equal to
1; and when there is polydispersity, o is greater
than 1.

Figure 6 shows the plot of impact strength
against the matrix ligament thickness for PP/
EOR blends. One brittle—ductile transition mas-
ter curve cannot be attained. The experimental
data (solid lines) were in between those calculated
from eqs. (1) and (2). It can be seen that the
impact strength decreased sharply with increas-
ing the matrix ligament thickness and then lev-
eled off when the ligament thickness was greater
than ~0.3-0.4 um. This implies that the critical
matrix ligament thickness for the studied PP/
EOR blends was about 0.3—-0.4 um. Above this
critical value, the experimental data points fell on
one line. This suggested that the characteristics
of rubber have no effect on toughening efficiency
in that situation, but show a significant role on
impact strength improvement as the matrix liga-
ment thickness was smaller than the critical
value.

CONCLUSIONS

Qualitative and quantitative analyses of phase
morphology of PP/EOR blends showed a morphol-

ogy where a bimodal distribution of the EOR par-
ticle sizes at 0.1 and 0.3 um was observed. The
particle size at the bimodal distribution peaks
remained constant on changing the type and con-
centration of EOR in the blends. Increasing the
EOR concentration resulted in an increase in the
number of EOR particles and, as a consequence, a
systematic decrease in the matrix ligament thick-
ness values.

The tensile results showed that blends having
high modulus and yield strength were obtained
by the use of EOR containing low comonomer
content and for a given comonomer content high
molecular weight was preferred. Increasing the
EOR concentration in the blends led to a drop of
tensile properties. Unlike the results of tensile
properties, a sudden jump of impact strength was
observed at the EOR concentration of 10%. The
EOR characteristics such as MW, MWD, and oc-
tene content showed a strong influence on impact
property only when the concentration of EOR in
the blends was higher than 10%. High impact
strength was achieved by the use of EOR with
high octene content and high molecular weight.
By plotting the impact strength against the ma-
trix ligament thickness, one brittle—ductile tran-
sition master curve cannot be attained. The crit-
ical ligament thickness of approximately 0.3—0.4
pm was observed for the PP/EOR blends. The
impact strength increased dramatically with de-
creasing the ligament thickness below this criti-
cal value. Above this critical value, the character-
istics of rubber showed no role on toughening
efficiency.
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