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Abstract—Ternary blends of PP/EPR/PE (isotactic polypropylene/ethylene—propylene rubber/high
density polyethylene) (80/10/10 by weight) were prepared using a corotating twin screw extruder. The effect
of the viscosity ratio of a rubber domain (EPR + PE) to a matrix PP (neer/nep), and peroxide/coagent
treatment on the micrograph (POM), rheology, and mechanical properties of the blend have been studied.
Rubber domain size was easily controlled by the addition of PE. When PE satisfying nee < njzer Was added,
the rubber domain size decreased, and vice versa. With increasing viscosity ratio, the rubber domain size
increased and the crystallization temperature (7<) of PP and impact strengths of the blend decreased. The
effects of peroxide treatment on domain size seem dual, i.e. originally small domains become larger and
vice versa. By contrast, the addition of coagent reduced the domain size and improved the interfacial
adhesions. The spherulite size increased somewhat with peroxide treatment, and significantly decreased

with coagent treatment. Copyright © 1996 Elsevier Science Ltd

INTRODUCTION

Although polypropylene (PP) has well balanced
physical properties and easy processability, it needs
improvement in impact toughness, especially at low
temperature, and flexibility, [1-3]. For this reason, PP
has long been blended with elastomeric polyolefins,
typically with EPR (ethylene—propylene rubber) and
EPDM (ethylene-propylene diene terpolymer) [4-6).
In PP/EPR or PP/EPDM blends, the level of rubber
(5-65%) affects the properties of the simple blends,
which are fairly straightforward as an average of the
ingredients{7]. With 5-20% EPR, low temperature
impact strength and toughness are improved with
some retention of rigidity. As the level of rubber
increases, the blends became semi-elastomer with
moderate modulus, and eventually fully elastomeric
materials.

In elastomer modified thermoplastic, rubber
particle size is important and affects the mechanical
properties. The optimum particle size ranges from
0.5 uym to several um depending on the conditions.
With rubber inclusion, certain mechanical properties,
such as tensile strength and modulus, are inevitably
reduced [8,9]. The magnitude of tensile property
decrease can be suppressed by adding the high-
density polyethylene (PE) into the binary blends
[10-12]. When PE is added to the PP/rubber blend,
PE is preferentially dissolved in the rubbery domain,
which is thermoplastically unstable and continues to
grow in the melt state [13, 14]. It has often been
observed that, in such a thermoplastically unstable
system, the component viscosity ratio has an
important role in determining the morphology and
mechanical properties of the blend [1,15]. With
regard to the viscosity effect, a number of
contributions have been devoted to PP/rubber
blends. However, to the knowledge of the present

authors, studies on the effect of the viscosity ratio in
the PP/EPR/PE system are sparse.

Peroxide is often used for the postreactor
modification of polyolefins [16-20]. In the presence of
peroxide, polyolefins may lead to oxidative degra-
dation, crosslinking, or chain scission mainly
depending on the type of polymer, i.e. the structure
of the pendant group determines the preferred
reaction pathway. In the case of PP, the positive
induction effect of the methyl group facilitates a
homolytic scission of the C-H bonds and the tertiary
macroradical formed will readily undergo chain
scission. In addition, the pendant methyl groups
provide PP with steric hindrance for the coupling
reaction of two macroradicals. For PE, such an effect
or hindrance does not exist, and hence crosslinking
reactions by the combination of secondary macrorad-
icals dominate. Since the role of peroxide is to
produce the macroradicals, it accelerates chain
scission for PP and crosslinking for PE. In the case
of EPR, the ethylene/propylene ratio determines the
preferred reaction, which in general and in our case
is the crosslinking since ethylene content is approxi-
mately threefold (74/26). The crosslinking of PP in
the presence of peroxide is facilitated by the addition
of a coagent, which is typically a reactive polyfunc-
tional monomer of a methacrylate or allyl compound.
The effect of various types of coagents on the reactive
extrusion of PE, PP and natural rubber have been
reported earlier {20-23]. The role of coagent seems
twofold, i.e. to remove the steric hindrance for
coupling, and to minimize the main chain scission by
stabilizing the macroradicals via resonance. In
blends, cross-cure between the different polymers can
also be formed, leading to the formation of graft or
block copolymers. This type of copolymer formed in
situ during extrusion can act as an effective
compatibililzer of the blends.
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Tabie 1. Physico-chemical properties of base polymers

Tm MFi Mw C3

('C) (g/10min) (10%g/mol) MV (%) Manufacturer
PP1 162 30 38 100 5014L, Korea Petrochem
PP2 163 7.5 25 100 4017, Korea Petrochem
HDPEI 136 4.8 9.7 — M3850, Korea Petrochem
HDPE2 129 0.8 18.6 - — E308, Korea Petrochem
HDPE3 131 0.07 23.5 — — F500, Korea Petrochem
EPR — — — 24 26 -KEP020P, Kumbo

PP: MFI under 2.16kg load at 230°C, PE: MFI under 2.16kg load at 190°C.

We consider the effect of viscosity ratio of rubber
domain (EPR + PE) on matrix PP, and peroxide/
coagent treatment in PP/(EPR/PE) (80/(10/10))
ternary blends. Two types of isotactic PP, three types
of PE, and one type of EPR were used with
and without peroxide/coagent to prepare a total of
12 ternary bends. Morphology, rheology, thermal
and mechanical properties of the blends were
studied.

EXPERIMENTAL

Materials

Table 1 lists PP, EPR and PE used in the present
experiments with their melt viscosities in Fig. 1. The basic
formulations of these blends are shown in Table 2. The
viscosity ratio of rubber domain to PP (nepsre/npr) was
largely determined by PP and EPR, and it was further
modified by adding PE of various viscosities to EPR
domains. According to the viscosity ratio the blends are
divided into four series:

Series 1 (runs 1-3)  npe < neer < Nee

Series 2 (runs 4-6) nerr < fpe < Npp

Series 3 (runs 7-9)  neer < fpe < Mpe
Series 4 (runs 10-12)  #ep < 7eer < fre

In Series 1, 2 and 3, viscosity of EPR is smaller than PP,
whereas viscosity of EPR is greater than PP in Series 4.
Viscosity of rubber domain is further decreased below EPR
in Series 1, and increased above PP in Series 4, by adding
PE of different viscosities. Each series consists of three runs:
untreated, peroxide (0.01phr) alone treated, and peroxide
(0.01)/coagent (0.3) treated runs.
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Fig. 1. Melt viscosities of PP, EPR and PE (210°C).

Compounding

Peroxide, multifunctional monomer and additives were
premixed using a Super Floater. Blends were prepared in
two stages using a corotating twin screw extruder (PEX-30,
JSW) with L/D = 30, and at 30rpm. Typical temperature
profile was 210-220-230-220°C of first, second, third and
die zone. Master pellets of EPR/PE (50/50) were first
prepared, followed by blending with PP in the second stage.
Extrudates were pelletized and dried prior to characteriz-
ation and injection molding.

Measurements

The rheological properties of the base resins and blends
were measured using an RDS (Rheometrics Dynamics
Spectrometer 7700) with a parallel plate fixture at 220°C.
Blend viscosity was measured from a capillary rheometer,
with L/D = 25, at 220°C using the dried pelletized chips.
Morphologies of the injection molded specimen were
determined from a polarizing optical microscope (POM)
and a scanning electron microscope (SEM, JSM 820) using
the injection molded specimen. SEM micrographs were
taken from the cryogenically fractured (in liquid nitrogen)
surfaces, which were sputtered with gold before viewing.
Thermal properties were determined using differential
scanning calorimetry (Du Pont 2100). Tensile properties
were measured using the injection molded specimen with
crosshead speed Smm/min and Izod impact test (ASTM D
256) with notched 1/8” specimen. Flexural modulus and
hardness (Rockwell) were measured following ASTM D 790
and D 785, respectively. The above tests were done at room
temperature, and at least five runs were made to report the
average.

RESULTS AND DISCUSSION

Morphology

In steady shear flows, the deformation of a
dispersed phase can be determined by two dimension-
less parameters, viz. the viscosity ratio (4) and
capillary number (x) defined below [24, 25]:

=N
1=l (1)
x=3/% @)

where 74 and 4, are the viscosity of dispersed and
continuous phases, respectively, and y, v and D are
the shear rate, interfacial tension and droplet
diameter, respectively. The numerator of equation (2)
is the shear stress (0 =#.y) imposed on the
continuous phase by screw rotation, and this force is
transferred to the dispersed phase, with the
magnitude determined by the interfacial conditions.
Assuming shear stress continuity at the interfaces, the
shear rate imposed on the dispersed phase is given by
[26,27]

. - nm-
= 3)
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Table 2. Basic formulations of the blends

Run PP1 PP2 EPR PEl PE2 PE3 Peroxide*  Coagent*
Binary 80 - 20 — — — — —
1 80 — 10 10 _ —_ —_ —
2 80 — 10 10 — — 0.01 _
3 80 — 10 10 — — 0.01 0.3
4 80 — i0 — 10 — — —
5 80 — 10 10 — 0.01 —
6 80 — 10 — 10 — 0.0t 03
7 80 — 10 — — 10 — -
8 80 —_ 10 —_ — 10 0.01 —_
9 80 — 10 - —_ 10 0.01 03
10 — 80 10 — — 10 —_ —
il — 80 10 — — 10 0.01 —_
12 — 80 10 — — 10 0.01 03

*Weight % based on total polymers.

At given screw rpm, dispersed phase deformability is
inversely proportional to the viscosity ratio. Equation
(2) can be written as

dfd

k=10 @
Then the numerator of equation (4) is the driving
stress for the dispersed phase deformation, the
denominator is the interfacial stress which acts as the
resistance against deformation, and deformation

occurs only for x greater than the critical value,
Figure 2 shows the SEM micrographs of Series 1
blends, together with the PP/EPR binary blend for
comparison. It is seen that the rubber domains of
Series 1 blends, regardless of peroxide/coagent

Fig. 2. SEM micrographs of (a) PP/EPR binary and Series | blends [(b) untreated, (c) peroxide treated,

treatment, are much smaller than those of the binary
blend. This is mainly due to the lowered viscosity of
the rubbery domain with the addition of PE since PE
is preferentially dissolved in the EPR domain. In the
presence of peroxide alone rubber domains increased
in size a small amount and were deformed elliptically
along the flow direction in the mold. With the
addition of coagent, the interfaces become blurred,
indicative of improved interfacial adhesion.

The increased and deformed rubber domains with
peroxide alone are probably due to the main chain
scission of PP, leading to the increased viscosity ratio
and hence difficult breakup of rubber domains
[equation (3)]. With the addition of coagent, chain
scission of PP is suppressed, and cross-cures between

(d) peroxide/coagent treated].
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Fig. 3. SEM micrographs of Series 2 blends: (a) untreated,
(b) peroxide (0.01) treated, and (c) peroxide (0.01)/coagent
(0.3) treated.

PP and rubber domain are augmented to form more
copolymers, which are preferentially interposed at the
PP-rubber interfaces to reduce the interfacial
tensions, resulting in the decreased interfacial stress
[equation (4)].

Figure 3 shows SEM micrographs of Series 2
blends. The untreated blend (Fig. 3(a)) shows
significantly larger rubber domains, up to several um.
However, the domain size is decreased to dpprox.
I um with peroxide treatment (Fig. 3(b)), and it is
further decreased with blurred interfaces with the
addition of coagent (Fig.3(c)). Domain reduction
with peroxide alone implies that a certain amount of
copolymer can be formed even with peroxide alone,

and the amount increased with the addition of
coagent.

Figure 4 shows typical POM morphology of the
blends as a function of peroxide and coagent
treatment (runs 4-6). The spherulite of PP is
increased a small amount with peroxide treatment.
However, it is significantly decreased with the
addition of coagent. This tendency was generally
observed with other series of blends, and the tendency
should be related to the thermal properties of the
blends to follow. SEM morphology showed a domain
reduction with peroxide and a further reduction in
domain size with improved interfaces with the
addition of coagent. It seems that the lowered

Fig. 4. POM nirori)hblogiesvof Seﬁes 2 blends: (a) untreated,
(b) peroxide (0.01) treated, and (¢) peroxide (0.01)/coagent
(0.3) treated.
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Fig. 5. SEM micrographs of Series 3 blends: (a) untreated,
(b) peroxide (0.01) treated, and (c) peroxide (0.01)/coagent
(0.3) treated.

molecular weight of PP, and hence the lowered
viscosity, induced the crystallization at a slightly
lower temperature. In general, lower temperature
crystallization of a given polymer gives smaller
spherulites due to fast nucleation and slow rate of
crystal growth.

Figure 5 shows the SEM micrographs of Series 3
blends, which are similar in domain size to Series 2.
Viscosity of PE added to this series is greater than
that of PP, and the rubber domain viscosity is higher
(assuming additivity of viscosity) than that of Series
2. It seems that the difference is insignificant to
modify the domain morphology greatly.

Figure 6 shows the SEM micrographs of Series 4
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blends. Due to the large viscosity ratio, the break-up
of the rubber domain is a minimum, up to approx.
4-5 ym in the major dimension. This more or less
decreases with peroxide alone treatment, a dramatic
reduction in size as well as interface improvement is
obtained with the addition of coagent.

From the morphology study, it seems that the
domain size is largely governed by the viscosity ratio,
i.e. the smaller the viscosity ratio, the smaller the
domain size. Peroxide generally contributes to the
reduction in domain size via the formation of
copolymers. When the compatibilizing effect of the
copolymers is greater than the increased viscosity
ratio due to main chain scission of PP, domain size

(cy

Fig. 6. SEM micrographs of Series 4 blends: (a) untreated,
(b) peroxide (0.01) treated, and (c) peroxide (0.01)/coagent
(0.3) treated.
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Fig. 7. Melt viscosities of PP/(EPR/PE) blends as a function
of peroxide and coagent (210°C).

decreases with improved interfaces. However, when
the domain size of untreated blends is too small, main
chain scission of PP may contribute to the
coalescence of fine rubber domains to a large and
deformable size since coalescence is more feasible in
less viscous media. However, addition of coagent
seems essential to reduce to domain size, probably via
the effective formation of copolymers and stabiliz-
ation of PP macroradicals.

Rheology

Typical melt viscosity of the blend as a function of
peroxide and coagent are shown in Fig. 7 As
expected, melt viscosity of the blends is decreased
with peroxide treatment, and it is increased a small
amount with coagent addition, but below the
untreated one. This implies that coagents suppress
the main chain scission of PP and/or augment the
crosslinking reactions.

Thermal properties

Table 3 shows the thermal properties of the blends.
As compared with the binary blend, 7. and AH; of
PP are decreased in the ternary blend (Run 1). With
increasing viscosity ratio, crystallization temperature

I. H. Do et al.

increases, and hence the degree of supercooling (AT)
decreases for PP. Though marginal, peroxide
treatment gives lower T, of PP, in general. However,
with the addition of coagent, T is increased while
keeping the T., essentially unchanged, leading to the
decreased degree of supercooling and increased
crystallinity (AH;) for PP. On the other hand, total
crystallinity and T, of PE is decreased with peroxide
and coagent treatment. The lowered T, of PP with
peroxide treatment seems due to decreased viscosity
of PP by main chain scission, which makes the chain
folding of PP plausible at low temperature. With the
addition of coagent, crosslinkings as well as chain
scission are obtained. Extensive crosslinks should
disturb the crystallinity. However, a few crosslinks
can also improve packing of the polymer chains into
a crystalline structure at even higher temperature
since they can restrict the unfolding of polymer
chains from packed stack to melt pool. Such
restrictions make chain packing plausible even at
higher temperature, leading to the increased T.. Fine
break-up of the dispersed phase should contribute to
the increased number of dispersed domains and areas
of nucleation sites leading to the smaller spherulites
of the blends. The decrease of T, and AH; for PE is
mainly due to the formation of copolymers and their
dilution effect on PE crystallization since most
copolymers formed are preferentially interposed at
the interfaces.

Finally it should be mentioned that Series 4
demonstrates the most favourable thermal properties,
regardless of peroxide and coagent treatment. This
series shows the lowest T and AT, and the greatest
AH; for PP.

Mechanical properties

Table 4 shows the mechanical properties of the
blends. As compared with the PE/EPR binary blends,
addition of PE gives increased hardness, modulus
and yield strength in spite of decreased AH; of PP,
due to the rubber domains reinforcement, with
crystalline polymers. Hardness generally increases
with peroxide, alone and with coagent. Impact
strength of the untreated blends decreased with
increasing viscosity ratio and peroxide treatment and

Table 3. Thermal properties of PP/EPR/PE ternary blends

PE PP

Tm AH; T Tn AH; Te AT
Run O W) O (O (O _wp_ (O (0
Binary -— — — o 159.6 81.1 122.2 374
1 133.8 32.1 114.8 19.0 162.2 64.7 114.8 474
2 131.0 36.1 114.7 16.3 159.3 67.1 114.7 44.6
3 129.1 328 121.3 7.8 160.9 72.2 121.3 39.6
4 128.8 328 115.5 13.3 159.2 70.5 1155 43.7
5 128.2 322 113.6 14.6 158.4 69.2 113.6 44.8
6 126.0 28.5 114.5 IL.S 159.9 72.8 122.0 379
7 126.8 30.8 115.5 11.3 157.5 60.9 115.5 424
8 128:1 26.8 113.4 14.7 158.7 58.9 1134 45.3
9 126.6 28.6 114.7 11.9 160.5 72.6 122.0 38.5
10 128.5 29.6 115.5 13.0 164.8 82.5 123.1 41.7
11 128.5 29.4 114.8 13.7 164.9 81.2 123.1 41.7
12 1264 279 113.9 12.5 165.3 84.9 125.6 39.7

Tw: crystalline melting temperature,

T..: crystalline temperature upon cooling,
AT =Tp — T,

AH;: heat of fusion.
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Table 4. Mechanical properties of PP/EPR/PE ternary blends

Hardness F/M Y/S B/S I/ €
Run (R) (kg/em?)  (kgjem?) (kg/em?) (kgcm/cm) (%)
Binary 61 9700 240 330 46.9 510
1 75 11,700 300 275 29.2 470
2 77 12,000 295 250 15.3 500
3 81 12,300 290 300 18.0 550
4 76 11,800 305 260 31.6 480
5 77 12,100 290 230 126 490
6 79 12,500 285 310 23.2 570
7 77 12,200 310 250 13.6 490
8 78 12,300 300 260 1.7 510
9 78 12,200 285 260 19.8 560
10 84 13,300 305 225 7.4 560
11 83 13,000 295 210 7.3 610
12 83 12,900 285 205 12.3 610
F/M: flexural modulus,
Y/S: yield strength,
B/S: break strength,
I/S: notched impact strength,
e elongation at break.

decreases with coagent addition. The decrease of 9. Stehling, F. C,, Huff, T., Speed, C. S. and Wissler, G.,

impact strength with increasing viscosity ratio is
directly related to the increased domain size, and the
decrease with peroxide should be related to the main
chain scission of PP, whereas the increase with
coagent is related to the improved rubber-PP
interfaces via the compatibilizing effect of copolymers
formed in situ. Flexural modulus and yield strength
slightly increase and decrease with coagent treatment,
respectively.
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