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ABSTRACT: The average rubber particle size, size distribution, and matrix ligament
thickness between particles in polypropylene blends containing metallocene catalyzed
ethylene—octene copolymers have been quantitatively analyzed, as functions of blend
composition and phase viscosity ratio. Comparison has been made between experimen-
tal data and those predicted from a number of theoretical models. All blends showed
two-phase morphology, with interestingly a bimodal distribution of the rubber particle
size. The ranges and averages of rubber particle size were mainly determined by blend
composition and viscosity ratio between the phases, irrespective of comonomer content
along the rubber chains. The logarithmic relationship between the matrix ligament
thickness and rubber concentration was observed. The values of ligament thickness
obtained from the experiments and theoretical models were not in agreement. © 2001

John Wiley & Sons, Inc. J Appl Polym Sci 82: 2140-2149, 2001
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INTRODUCTION

Polypropylene (PP), although it has been exten-
sively used for many applications, possesses low-
temperature impact strength. It is well known
that the impact properties of polypropylene can
be considerably enhanced by the incorporation of
a rubbery material such as the ethylene—pro-
pylene copolymer,'? ethylene—propylene diene
terpolymer,>* and ethylene—octene copolymer.>¢
During mixing, discrete rubber particles are
formed and randomly dispersed in the polymer
matrix. These rubber particles act as stress con-
centrators, promoting crazing, and/or shear yield-
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ing of the polymer matrix. In polymer/polymer
blends, the important morphological parameters
include the average rubber particle size and size
distribution, interparticle distance (matrix liga-
ment thickness), and spatial distribution of rub-
ber particles in the polymer matrix.

Wu’ proposed that the matrix ligament thick-
ness is the only parameter that determines
whether a blend will be tough or brittle. A blend
will be tough if the matrix ligament thickness is
smaller than the critical value. For the cubic
packing of spherical particles with uniform size,
the matrix ligament thickness (7)) can be obtained
from eq. (1)

T =d[(m/6$)"® — 1] (1
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where d is the rubber particle diameter and ¢ is
the rubber volume fraction. The T value was
found to be dependent on the matrix characteris-
tics,®® properties of the rubber phase,'®!! strain
rate,'? etc. The critical matrix ligament thickness
has been found in several rubber-toughened poly-
mers, such as nylon,”® polypropylene,'® and poly-
vinyl chloride.'*~1?

To account for the effect of particle size distri-
bution (o), eq. (1) was modified and the following
equation was obtained.®

T = d[(7/6¢)"® — 1]exp(In®0) (2)
Equation (3) was derived by Liu et al.}* for calcu-
lating matrix ligament thickness of polymer

blends with a morphology of well-dispersed par-
ticles as follows:

T = d[(7/6$)Y%exp(1.5 In%0) — exp(0.5 In%0)] (3)

The particle size distribution parameter (o) can
be calculated from eq. (4).
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In the case of monodispersity, the value of o is
equal to 1; and when there is polydispersity, o is
greater than 1.

In addition to the average particle size, size
distribution, and the interparticle distance, the
particle spatial distribution (spatial packing or
dispersion state) is another morphological param-
eter that has been reported to influence the brit-
tle—ductile transition of polymer blends.'”*° To
obtain a toughened blend, the morphology of well-
dispersed particles is usually expected. However,
there is another spatial distribution that was re-
ported to give a much higher toughening effi-
ciency than the morphology of well-dispersed par-
ticles,2°~23 which has been called the pseudonet-
work morphology.!”2° The relationship between
rubber spatial distribution (¢) and other morpho-
logical parameters is shown in eq. (5).

T = d[é(7/6 ) exp(1.5 In%0) — exp(0.5 In0)]
(5)

For polymer blends with the morphology of
well-dispersed particles, ¢ is equal to 1; and for
the pseudonetwork morphology, ¢ is smaller
than 1.

The present article aims to report the effects of
blend composition and phase viscosity ratio on
the morphology of polypropylene (PP) and ethyl-
ene—octene copolymer (EORs) blends. The aver-
age rubber particle size, size distribution, and
matrix ligament thickness between rubber parti-
cles were quantitatively analyzed and compared
to those predicted from theoretical models. The
correlation between blend morphology and me-
chanical properties will subsequently be reported.

EXPERIMENTAL

Materials

The polymers used in this study were an isotactic
polypropylene (PP) (P400S) supplied by Thai
Polyethylene Co. Ltd., Thailand; and three met-
allocene catalyzed ethylene—octene copolymers
(EOR) (ENGAGE 8150, ENGAGE 8200, EN-
GAGE 8003) supplied by DuPont Dow Elastomer
Co. The molecular characteristics of these poly-
mers are shown in Table I. The rheological prop-
erties of PP and EORs were studied using a Ro-
sand RH-2000 capillary rheometer. Figure 1
shows the plot of log viscosity against log shear
rate for PP and EORs.

Blending and Sample Preparation

The PP and EOR copolymers were melt-mixed in
an intermeshing corotating twin screw extruder
(PRISM TSE 16). 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,
because at a higher concentration of EOR (.e.,
40%), coalescence of the dispersed EOR particles
became predominant. This added more complica-
tions to the morphological analysis. In this study,
all blends were prepared under the same process-
ing conditions.

Phase Morphology Studies

SEM was used to examine the phase morphology
of the blends. The samples were cryogenic frac-
tured and etched with heptane vapor for 20 s to
remove the EOR particles, thus improving con-
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Table I Material Characteristics

Materials
Properties PP EOR1 EOR2 EOR3
Trade name P400S E8150 E8003 E8200
Melt flow index (g/10 min) 3.5 0.5 1.0 5.0
Density (g/cm®) 0.903 0.868 0.885 0.87
Mooney viscosity — 35 22 8
(ML 1+4 @ 121°C)
Octene content (% mol)* — 10.9 7.6 10.0
Molecular weight (g/mol)® 458,385 213,110 151,139 111,056
Molecular weight distribution 5.91 2.5 2.3 3.01
@ Determined by 3C NMR.
» Determined by GPC.
trast between the two phases. The specimens N
were then sputter coated with platinum-palla- > nid,;
dium prior to SEM examination. An Hitachi i=1
S2500 scanning electron microscope operating at dn= N (6)
15 kV was used to view the specimens. The SEM > n,
micrographs were then used to analyze the rub- i-1
ber particle size and shape, size distribution, and
the distances between particles (ligament thick- N
ness). The analysis was carried out using a com- S nd?
puterized image analyzer with Image-Pro Plus i1
software. Typically, 400—700 particles and sev- d,= N (7)
eral fields of view were measured. The number S nd
(d,), weight (d,,), and volume (d,) average rubber o
particle sizes in the blends were calculated using
the following equations.?* 25 v
2 ndj
i=1
d,=" (®)
nd?
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Figure 1 Log shear viscosity against log shear rate
for PP and EORs.

where n,; is the number of rubber particles within
the diameter range i. For the ligament thickness,
the surface-to-surface distances between neigh-
boring rubber particles were measured.

RESULTS AND DISCUSSION

Dispersed Particle Size

Figures 2—4 show cryogenic fractured and etched
surfaces of PP/EOR1, PP/EOR2, and PP/EOR3
blends, respectively. The rubber phase appears as
dark circular holes within the PP matrix. The two
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Figure 2 Cryogenic fractured and etched surfaces of PP/EOR1 blends: (a) 5, (b) 10, (c)

20, and (d) 30% vol of EOR.

phase morphology is clearly visible at all compo-
sitions. The amount of discrete rubber particles
evidently increases with increasing rubber con-
centration. Visual inspection of SEM micrographs
suggested that the size and shape of the dispersed
particles are similar in the blends containing
EOR up to 20%. The distribution of the rubber
particle size seems to become broader as the con-
tent of EOR in the blends increases. Generally, a
uniform distribution of the minor phase will be
obtained when the mixed polymers have similar
melt viscosities, no matter which is the minor
component.?%27 In the case where the components
have different viscosities, the morphology of the
resultant blend depends on whether the minor
component has a lower or higher viscosity than
that of the major one. If the minor component has
a lower viscosity, the minor component will be

finely dispersed. On the other hand, the minor
component will be coarsely dispersed if its viscos-
ity is higher than that of the major one. However,
there were some contradictory results reported in
the literature.?®

To provide a quantitative assessment of com-
position effect on rubber dispersion, representa-
tive rubber particles were measured and counted
using an image analyzer. The number (d,),
weight (d,,), and volume (d,) average rubber par-
ticle sizes as well as the most frequently occurring
sizes (d; and d,) of various blends are shown in
Table II. For a given rubber system at low rubber
concentrations (0-10 vol %), the average dis-
persed phase sizes change slightly with composi-
tion. In the strong shear field developed during
intense melt mixing and for low rubber concen-
trations, the extent of dispersion and the proba-
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Figure 3 Cryogenic fractured and etched surfaces of PP/EOR2 blends: (a) 5, (b) 10, (¢)

20, and (d) 30% vol of EOR.

bility of particle recombination probably remains
independent of composition. Increasing rubber
concentration further to 30 vol %, an increase in
average rubber particle size is observed. This is
believed to be due to the presence of populations
of larger sizes in the system. The majority of the
rubber particles, however, still have the same
sizes, which can be clearly seen from the histo-
grams of Figure 5. In the present study, all blends
interestingly show a bimodal distribution of the
rubber particle sizes at d; of 0.1 um and d, of 0.3
pm. With increasing the rubber content in the
blends, the particle size at bimodal distribution
peaks (d; and d,) remained constant (Table II).
Varying the EOR used shows no influence on
these values.

To study the effect of phase viscosity ratio on
the blend morphology, the comparison of the av-

erage particle sizes was made between the blends
of EOR1, EOR2, and EORS3. In the range of shear
rate developed during mixing in the extruder
(~600 s~ 1), the viscosities of EOR1 and EOR2 are
very similar to that of PP (n,/m,, = 1), whereas
the viscosity of EOR3 is considerably lower (1,/7,,,
= 0.5) (Fig. 1). From Table II, it can be seen that
the average phase sizes (d,, d,,, and d,) of PP/
EOR1 and PP/EOR2 blends were rather similar
and slightly larger than those of PP/EORS3 blends,
especially at high concentration of EOR. The
range of particle size and the average particle size
of the dispersed rubber phase were found to be
determined mainly by the value of phase viscosity
ratio and composition, irrespective of comonomer
content along the EOR chain. Under the same
processing conditions, the EOR3 with its rela-
tively low viscosity had a strong tendency toward
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Figure4 Cryogenic fractured and etched surfaces of PP/EOR3 blends: (a) 5, (b) 10, (¢)

20, and (d) 30% vol of EOR.

droplet breakup, and thus the coalescence proba-
bility at high rubber loading was reduced com-
pared to EOR1 and EOR2. The type of depen-
dence of the size of the dispersed particles upon
the phase viscosity ratio observed for the PP/EOR
systems investigated agrees well with those found
for PP/EPDM,?® PP/EPR,?* and PP/PC?' blends.

Particle Size Distribution

To evaluate the dispersity of rubber particle size
in the blends, the particle size distribution pa-
rameter (o) may be calculated either by using eq.
(4) or from the log-normal distribution plot of the
cumulative number densities of particles at or
below a specific size against particle diameter.*
A Gaussian distribution of particles would appear

as a straight line with the number average parti-
cle size at 50% and the standard deviation in-
versely proportional to the slope. A steep slope
indicates a narrow distribution. A monodisperse
distribution would be a vertical line. Curvature
indicates deviation from the Gaussian form and
generally reflects skewness in the distribution. A
bimodal distribution would appear as two
straight line regions, if both populations are
Gaussian. The offset and slopes are the means
and standard deviations of the two populations.?®
In the present blends, cumulative distribution
plot of Figure 6 appears as two straight lines,
indicating a bimodality of rubber particle size.
The bimodal distribution of rubber particles in
the present study can also be clearly observed
from the histograms of Figure 5. Generally, uni-
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Table II The Number (d,,), Weight (d,,), and Volume (d,) Average Rubber Particle Sizes, the
Frequent Occurring Sizes (d;, d,), and the Particle Size Distribution Parameter (o) of Various Blends

Frequent
Occurring Size

% Vol Size Average Particle Size (um)
of Range
Blend Rubber (um) d, d, d, d,q d, o
PP/EOR1 5 0.10-0.55 0.20 0.27 0.40 0.15 0.33 1.51
(ng/n,, = 0.9) (0.11)* (0.11) (0.11)
10 0.08-0.55 0.18 0.24 0.37 0.10 0.33 1.58
(0.10) (0.10) (0.10)
20 0.08-0.60 0.19 0.26 0.38 0.10 0.30 1.68
(0.11) (0.11) (0.11)
30 0.08-0.75 0.26 0.35 0.46 0.10 0.33 1.92
(0.15) (0.15) (0.15)
PP/EOR2 5 0.08-0.48 0.18 0.24 0.33 0.10 0.33 1.63
Me/M,, = 1.0) (0.10) (0.10) (0.10)
10 0.08-0.53 0.17 0.22 0.35 0.10 0.30 1.65
(0.10) (0.10) (0.10)
20 0.08-0.70 0.25 0.33 0.44 0.10 0.30 1.88
(0.14) (0.14) (0.14)
30 0.08-0.83 0.28 0.38 0.51 0.10 0.30 1.95
(0.17) (0.17) (0.17)
PP/EOR3 5 0.08-0.35 0.10 0.11 0.12 0.10 0.30 1.28
(ng/n,, = 0.5) (0.04) (0.04) (0.04)
10 0.08-0.38 0.13 0.16 0.24 0.10 0.30 1.40
(0.06) (0.06) (0.06)
20 0.08-0.57 0.19 0.27 0.42 0.10 0.30 1.84
(0.14) (0.14) (0.14)
30 0.08-0.60 0.18 0.26 0.39 0.10 0.30 1.77
(0.12) (0.12) (0.12)

2 Standard deviation in parentheses.

modal distribution was observed in most polymer
blends such as nylon 66/EPR,” nylon 6/ULDPE,3?
and PP/EPDM blends.?® However, Jang observed
a bimodal distribution of SBR particles in PP/SBR
blends.?° The occurrence of bimodal distribution
of the rubber particles in the studied blends is
unclear at present.

To calculate the o parameter from the log-nor-
mal distribution plot, the curve must be perfectly
fit as a straight line. Unfortunately, the curves of
the present study deviated from the log-normal
distribution due to the bimodality of sizes. There-
fore, particle size parameter is calculated from eq.
(4), and is shown in Table II. The o values of
PP/EOR blends range from 1.28 to 1.95, indicat-
ing polydispersity in these blends. The polydis-
persity of the particle size distribution is found to
increase with increasing the rubber concentra-
tion.

Matrix Ligament Thickness

Another important parameter that has a strong
effect on toughness of binary polymer blends is
the matrix ligament thickness. The matrix liga-
ment thickness was defined by Wu as the surface
to surface distances between rubber particles in
the matrix.® It may be obtained by either experi-
mental measurement or calculating from various
theoretical equations. In this work, the values of
matrix ligament thickness (T') were measured and
compared with those calculated from eqgs. (1)—(3).
In the calculation of T, the o values calculated
from eq. (4) were used. Figure 7 shows the loga-
rithmic relationship between the matrix ligament
thickness (7) and rubber concentration. An in-
crease in rubber concentration led to a decrease in
the T values. This is as expected, because there
were a larger amount of rubber particles dis-
persed in the blends. At low rubber concentra-
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Figure 5 Histograms of rubber particle sizes in PP/EOR1 blends: (a) 5, (b) 10, (c) 20,

and (d) 30% vol of EOR.

tions (<20 vol %), the greatest ligament thickness
was found in the PP/EOR1 blends, whereas the
lowest were observed in the PP/EOR3 systems.
The differences in matrix ligament thickness can
be negligible when the concentration of EOR is
higher than 20 vol %. The comparison of 7' values
obtained from the experimental measurement
and the theoretical calculations for PP/EOR1
blends is demonstrated in Figure 8. It can be seen
that the experimental T values did not fit the
theoretical calculations. This may be partly due to
a complication in the blend morphology where
two populations of particle sizes existed. The sim-
ilar observations were also found for the blends of
PP/EOR2 and PP/EORS3.

CONCLUSIONS

Quantitative characterization of dispersed parti-
cle size, size distribution, and matrix ligament

thickness in PP/EOR blends was carried out.
SEM study revealed a two-phase morphology
where EOR as droplets dispersed in the PP ma-
trix. Cumulative log-normal distribution plots
showed two populations of particle size in the
blends. The occurrence of bimodal distribution
was unclear at present. For the blend systems
with low rubber content, the average rubber par-
ticle sizes slightly increased with composition. A
further increase in rubber content contributes to
an increase in average particle sizes caused by
the presence of populations of larger sizes in the
system. The matrix ligament thickness (7) was
found to be related to rubber concentration in a
logarithmic relation. A decrease in the T values
was found when the rubber concentration in-
creased and the phase viscosity ratio decreased.
There were some disagreements between the
measured 7" values and those calculated from the-
oretical equations.
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Figure 6 Typical log-normal distributions of rubber
particle sizes in PP/EOR blends.
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