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The impact strength of blends consisting of polystyrene (PS) and ethylene-propylene—diene rubber (EPDM)
could be increased by adding a poly(styrene/ethylene—propylene) (SEP) compatibilizer and an organic
peroxide during reactive extrusion. The increased impact strength could be related to an enhanced adhesion
between the dispersed EPDM phase and the PS matrix, as a consequence of radical graftlink or co-crosslink
reactions between the rubbery part (EP) of the compatibilizer and the dispersed EPDM rubber. The
morphology of the blend proved to be dependent upon the type and amount of peroxide used. as well as
on the residence time (feeding position) of the peroxide in the extruder. The dependence of the mechanical
properties of the blends on the type and concentration of peroxide used, is discussed in relation to the
distribution of the peroxide between the PS and the EPDM phases.

(Keywords: polystyrene; EPDM rubber; polymer blend)

INTRODUCTION

The toughening of brittle polymers by the dispersion of
rubbery particles is a topic of major interest in polymer
blend research . The morphology, i.e. the state of
dispersion of the rubber in the matrix, as well as the
adhesion between the rubbery phase and the matrix, have
been considered to be important parameters in matrices
which craze upon loading, e.g. polystyrene!’-2. Van
Gisbergen ¢r ul. reported a strong increase in the Izod
impact value upon the electron beam (e.b.) irradiation of
injection moulded blends of PS and EPDM rubber when
using a polystyrene,/polybutadiene diblock copolymer as
a compatibilizer®. This increase in impact properties was
explained by a graftlink reaction between the compatibi-
lizer and the EPDM rubber, which increased the adhesion
between the dispersed phase and the matrix.

Impact improvements. comparable with the results
reported by Van Gisbergen et al.’, are presented in this
paper, using several organic peroxides as graftlinking
agents. instead of e.b. irradiation. The peroxides were
added during the melt extrusion of a PS/EPDM rubber

*To whom correspondence should be addressed

blend. using a poly(styrene/ethylene—propylene} (SEP)
diblock copolymer as a compatibilizer.

Some important differences exist when using peroxides
instead of the e.b. irradiation technique, which increase
the adhesion between the matrix and the dispersed phase.
The main difference is that during extrusion a peroxide
can initiate a crosslink or grafting reaction in situ, whereas
the e.b. technique requires an additional irradiation step
in order to achieve the same result. The second difference
is that the peroxide-induced reaction takes place under
conventional processing conditions (i.c. high tempera-
ture, shear forces), whereas e.b. irradiation is usually
carried out at room temperature (glassy state) in the
absence of shear forces. Depending on the molecular
structure of the particular peroxide, as well as on its
solubility/miscibility in the matrix and the dispersed
phase, a certain distribution of peroxide in both phases
might be expected. Therefore, the use of a peroxide could
provide the possibility of targeting reactions in the desired
phase.

The relationships between the impact properties of a
PS/EPDM extrusion blend containing a SEP diblock
compatibilizer and the degree of graft- and crosslinking,
initiated by several peroxides in different amounts, were
the topics of this research.
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EXPERIMENTAL

Materials

Polymers. Polystyrene (Styron 638'™ (Dow) M, =
70 kg mol~': M =200 kg mol ™ '); EPDM (Keltan 514™
(DSM). M, =45kgmol !, M, =180kgmol ') poly-
{styrene/ethylene—propylene) diblock copolymer (SEP)
{Kraton G-1701X™ (Shelly M =82kgmol ': M =
88 kg mol =" PS content =37 wt%). were used in this
work.

Peroxides.  2,5-Bis(t-butylperoxy)-2.5-dimethylhexane
(Trigonox 101™), 2,5-bis(t-butylperoxy)-2.5-dimethylhex-
3-yne (Trigonox 145™), t-butylcumylperoxide (Trigonox
T™). and 1-(2-t-butylperoxyisopropyl)-3-isopropenyl-
benzene (Initiator D-120™), were supplied by Akzo
Nobel, and were used as received. The peroxides were
impregnated on a solid carrier, i.e. a porous polypropylene
powder (Accurel EP 100SR™ (Akzo Fibres)), up to the
level of 40 or 50 wt% peroxide, in order to facilitate and
increase the efficiency of the addition during the
extrusion process.

Blend preparation and testing

Blends of PS, EPDM and SEP were prepared on a
co-rotating 30 mm twin screw extruder (Werner and
Pfleiderer ZSK 30, 12 zones; {/d = 36). The composition
of the reference blend was PS:EPDM:SEP =78:19:3 wt%.
The various peroxides were added to the blend in
concentrations, respectively, of 1, 2, 3, 5, and 7 mmol of
peroxide groups per 100 g of blend. Peroxides were fed
to the blend, either in the hopper together with the
polymers (position a), or close to the end (position b) of
the extruder, i.e. just before the last two zones. The
temperature in the last part of the extruder was 235 C.
The homogeneity of the dispersed peroxide was optically
checked with a tracer, with the latter (and consequently
the peroxide) being homogeneously dispersed.

The extruded strands were quenched in a water bath
and subsequently pelletized. The granules were injection
moulded at 220°C (using an Arburg 221/150R machine)
into rectangular bars (10 x 4 x 80 mm), and subsequently

Table T Characteristics of the peroxides used in this study

Trigonox Trigonox Trigonox  lnitiator
Peroxide 101 145 T D-120
H, (kJmol™ ") 66.5 76.8 66.3 63.8
b, tmol ™1y 335 324 224 272
2= 107K ) 10.4 1.5 10.2 9.4
d, at 235 C 10.5 11.2 129 1.9

(Jem™H'?

Table 2 Impact strength (notched Izod impact) of the polymer
blends studied in this work

Material Impact strength (kJ m ?)
PS 1.0
PS'EPDM 1.8
PS. EPDM:SEP 4.5
PS.EPDM/SEP Trigonox 101" 25
PS ' EPDM:SEP, Trigonox 101° 10.1

“ Peroxide feed in the hopper
" Peroxide addition at the end of the extruder
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notched according to the 1SO standard 1801982k ).
After 24 h of annealing at a temperature of 86 € the hars
were subjected to a notched Tzod mmpact test, using
Zwick 102 impact tester. and a last tensile test on o
Zwick 1, {type SB 3122) tensile machine. using a fest
speed of Tms™ !

Characterization

Heat of vaporization. The molar heats of vaporization
(AH,) of the peroxides were measured in aluminium cups
(Mettler ME 27811) using a Mettler TA 2000 differential
scanning calorimeter. operating at a reduced pressure
(2 mbar) and at a heating rate of 5 K min~'. as described
in ref. 6. Solubility parameters (3,8) of the peroxides were
calculated from the equation J,=(AH, - RT/V_ )"~
where R is the gas constant (in Jmol 'K '), T is the
absolute temperature (K) and };, is the molar volume
{I mol~"). The d, values at 235 C were calculated from
equation (1). taken from reference 7:

N0y = N6 505 — 1,252 T — 298) (1)

Values obtained for the coetlicients of thermal expansion
() are determind from density measurements®, at
temperatures up to 80 C, and are listed in Tuhble /. The
solubility parameters of PS and EPDM were taken from
Barton®. &, values at 235 C were calculated from
equation (2), taken from reference 9:

N0 =1nd20g — 2T —298) 2)

using for the volume coefficient of thermal expansion, 2,
the following values: PS=19x107* K~ below T, and
S6x107*K ! above T} EPDM=23x 10 *K !
(calculated from the coefficients of thermal expansion of
PE!2'3 and PP!>'*1%) The §, values (at 235 C) of PS
and EPDM were 16.9and 15.9 (J cm  *)! 2 respectively.

Scanning electron microscopy (SEM). The morphologies
of the blends were observed by using scanning electron
microscopy (Cambridge Stereoscan 200). Samples were
cut at liquid nitrogen temperature with a glass knife.
subsequently etched in an oxygen plasma, and finally
covered with a gold layer.

Gel fractions. The degree of crosslinking in the rubber
was measured after extraction in boiling xylene for [2 h.
The samples were washed with acetone, dried at 150°C
for 30 min and subsequently weighed. The fraction of
crosslinked material was normalized to the amount of
rubber being present in the blend.

RESULTS AND DISCUSSION

Impact strength

Typical impact strength values of the materials
investigated are listed in Twble 2. By blending polystyrene
with EPDM rubber. the resulting impact strength is
increased. By adding a compatibilizer, in this case 3 wt%
of a SEP diblock copolymer, the impact strength increases
further, due to a reduced particle size'® of the dispersed
rubber and an increased adhesion between the PS and
EPDM phases. If a peroxide is also introduced via
addition in the hopper (position a), the impact strength
is increased to a lesser cxtent. Addition of the same
peroxide close to the end of the extruder (position b),
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resulted in a substantial increase in impact strength of
the blend.

Morphology

Scanning electron micrographs of the blends (Figure
1) show that the differences in impact behaviour for the
two different peroxide feed positions, may be related to
the morphology that is obtained.

Figure la shows the morphology of a PS/EPDM/SEP
blend in which the peroxide (Trigonox 101) was added
in the hopper. A coarser morphology (average rubber
particle size of ~4 um) was obtained in this case, when
compared to the morphology of the same blend without
peroxide (average particle size of ~2 um). Morphology
coarsening is caused by crosslinking of the rubber phase,
which is initiated by the peroxide added in the hopper.
A shift of the dynamic equilibrium between breaking up
and coalescence of the rubber particles, in favour of
coalescence/coarsening, can be assumed.

Figure 1b reveals the finer morphology of a
PS/EPDM/SEP blend in which the peroxide was added
close to the end of the extruder (average rubber particle
size of ~2 um).

From comparison between Figures la and Ib it is
obvious that besides the size, the shape of the rubbery
particles also is influenced by the peroxide feed position.
This difference in shape may influence the impact

b . e — 10 gm
Figure 1 Scanning electron micrographs of PS/EPDM/SEP,/Trigonox
101 blends: (a) peroxide added in the hopper: (b) peroxide added close
to the end of the extruder
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Figure 2 Impact values of various PS'EPDM SEP peroxide blends
rersus the concentration of the different peroxides. with the latter added
close to the end of the extruder: (4} notched 1zod value: (b} fast tensile
(1 ms™ ") failure energy

behaviour, since truncated edges tend to initiate crazes
more efficiently than smooth boundaries with a relatively
large radius of curvature!’. However, when considering
the morphologies presented here, the differences in size
are assumed to be more important than the shape of the
rubbery particles.

Considering these data, one can conclude that the
residence time of the peroxide in the extruder gives the
opportunity of 4 tailoring of the desired impact strength.
Optimal residence time can provide a sufficient
homogeneity of the peroxide within the blend, a
reasonable amount of crosslinks and graftlinks, and a
proper morphology, as a result of the competition
between breaking up and coalescence of the dispersed
phase.

Impact strength versus peroxide concentration

In Figures 2a and 2b, the notched Izod impact values
and the failure energies of the fast tensile testing of various
PS/EPDM/SEP blends, with peroxide added close to the
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end of the extruder, are presented, with both sets of data
showing similar patterns.

For all of the peroxides an optimum concentration
exists, resulting in optimum impact properties, which is
in agreement with the results presented by Teh and
Rudin'®. The appearance of this optimum peroxide
concentration is most likely related to an increasing
adhesion between the dispersed phase and the matrix.
(increasing impact), and with a morphology coarsening,
(decreasing impact)'°>-*“. The increase in adhesion can be
explained by a radical-induced co-crosslinking (graft-
linking) of the rubbery part of the compatibilizer with
the EPDM phase. (Possibly, the unsaturation of the diene
segment of the dispersed EPDM phase reacts with a
tertiary radical, formed previously at a propylene segment
of the SEP copolymer.) The adhesion between the rubbery
phase and the polystyrene phase is dependent on the
number of graftlinks between the rubbery part of the
compatibilizer and segments of the EPDM. It is expected
that the number of graftlinks will increase with the
peroxide concentration. because the number of graftlinks
generated will be proportional to the number of radicals
present. This is not the case for the whole range of applied
peroxide concentrations. The shapes of the curves in
Figure 2 point to the other superimposed effect.

Above a certain optimum peroxide concentration, the
impact values and fast tensile failure energies start to
decrease and the amount of gel fractions starts to increase
substantially (Figure 3). This implies that the crosslinking
of the EPDM. at peroxide concentrations higher than the
optimum, becomes more pronounced.

In the scanning electron micrographs presented in
Figure 4 the morphologies of the PS/EPDM/SEP biends
with different peroxide (D-120) concentrations are shown.
Above the optimum peroxide concentration (1 mmol
of peroxide groups;100g of blend) an increasing
coarsening in morphology takes place as a result of
extensive crosslinking.

Morphology coarsening at peroxide concentrations
higher than the optimum results in decreasing impact
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Figure 3 Gel fraction (normalized to the amount of rubber present

in the blend), rersus the concentration of peroxide added during the
extrusion process
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Figure 4 Scanning electron micrographs of PS'EPDM.SEP blends
with different concentrations of peroxide D-120: (a) | mmol of peroxide
groups per 100 g tb) S mmol of peroxide groups per 100 ¢

properties (see Figure 2} as a consequence of the reduced
number of craze initiating rubber particles. The average
particle size should be minimized (but not below 2 um,
because of the decreasing ability of craze initiation)!” -2,
Apparently. the occurrence of crosslinking is undesirable.
Although crosslinking in the dispersed rubbery phase. as
such, can have a direct influence on the fracture resistance
of the blend?!. the observed effects on the impact
behaviour cannot be explained by the level of crosslinking
achieved in the EPDM phase. This has been demon-
strated by the electron beam irradiation experiments of
PS/EPDM blends carried out by Van Gisbergen et al.®

At low peroxide concentrations, no significant cross-
linking occurs, but the graftlink reaction is the
predominant one, thus causing the impact improvement.

Evidently the peroxide radicals initiate selectively, with
respect to the crosslink reaction in the EPDM phase, a
graftlink reaction between the rubbery part of the block
copolymer and the EPDM chains. This selectivity in
favour of the graftlink reaction could be explained by the
migration process of the peroxide from the polystyrene
phase (the largest fraction in the blend) towards the
rubber. During this process, the peroxide will encounter
the compatibilizer first, because this component is
positioned at the interface.

Because the desired reactions take place at the interface
in the rubbery phase (gel permeation chromatography
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measurements show that no significant molecular weight
reduction of the polystyrene is caused by the peroxide at
the applied temperature), the peroxide content in the
rubbery phase is of great importance. The distribution
of the peroxide between the matrix and the dispersed
phase can be qualitatively considered as being a
consequence of the different mobility and solubility of
the peroxide in the two phases. This distribution depends
therefore upon the molar mass of the peroxide and the
Hildebrand solubility parameters of both the peroxides
and the polymers. It is well known that the mutual affinity
between the peroxide and the polymer increases if the
difference in the &, values (Table 1) decreases, although
for a more exact discussion each specific contribution'*
(d4=dispersive term. J,=polar term and d, =hydrogen
bonding term) to the total solubility parameter (6,) should
be considered. A correlation between the Hildebrand
solubility parameter (J,) and the peroxide concentration
at which crosslinking starts (Figure 3) does appear to
exist, since the amount of peroxide required for
crosslinking decreases with increases in d,. The exception
is initiator D-120, which possesses, in addition to the
peroxide group, a double bond which may increase the
ability to induce the crosslink and graftlink reactions.

However, differences in the migration velocity and
crosslink efficiency® of the peroxides may also influence
the optimum peroxide concentration. Therefore, it is not
possible to derive a reliable correlation between the
Hildebrand solubility parameter and the optimum
concentration of the peroxides. on just the basis of these
few tested peroxides.

CONCLUSIONS

The impact strength of a PS/EPDM/SEP blend can be
doubled by adding a peroxide to the polymer blend
during the melt extrusion process. By thermal decompo-
sition the peroxides form radicals, which most likely
mitiate a graftlink reaction between segments of the
dispersed EPDM rubber and the rubbery part of the
compatibilizer. This reaction enhances the adhesion
between the PS and the EPDM phases, thus resulting in
an improved impact strength.

As a result of crosslinking of the EPDM, which takes
place if the amount of added peroxide is too high, or if
the position of the peroxide feed to the extruder is
unfavourable. a morphology coarsening can take place,
resulting in inferior impact properties, despite an
improved adhesion between the dispersed and matrix
phases.

The positive contribution of the adhesion. and the
negative contribution of the morphology coarsening to
the impact behaviour, give rise to an optimum peroxide
concentration. Itis possible that the value of this optimum
might be correlated with the distribution of the peroxides
over the PS and the rubbery phases, and consequently
with the molecular structure of the peroxide.
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