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Reactive Extrusion of Polyolefins and Their Blends
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ABSTRACT: Reactive extrusions of high density polyethylene(PE), isotactic polypropylene (PP),
PE/PP, and PP/EPR{ethylene-propylene rubber} blends were carried out in the presence of poly-
functional monomers(coagent) as well as peroxide. Effects of type and concentration of coagent
were extensively studied in terms of rheology. morphology. thermal and mechanical properties. The
acrylate type coagents gave most significant effects on the crosslinkings of PP. Peroxide and coagent
added during extrusion remained effective during injection, leading to a significant change in flow
properties upon injection. Crosslinking and chain scission were very sensitive to the viscosity ratio,

as well as to the composition in PE/PP blends.

Introduction

Postreactor modification of polyolefins has be-
come a practical method to satisfy the growing
variety of specific applications.'"® Peroxide-in-
itiated reactive extrusion of polyolefin may lead
to oxidative degradation, crosslinking, or chain
scission depending on the type of polymer, com-
pounding conditions and partial pressure of
oxygen(Figure 1).° Regarding the polymer, the
pendant group {R) determines the preferred reac-
tion pathway. For polypropylene{PPYR=CH.},
the positive induction effect of methy! group fa-
cilitates a homolytic scission of the C-H bonds and
the tertiary macroradical formed, will readily un-
dergo a chain scission even under low partial pres-
sure of oxygen. In addition, the pendant methyl
groups provide steric hindrance for coupling of
two macroradicals. For polyethylene (PE), such
effect or hindrance does not exist, and hence,
crosslinking reactions with the combination of
secondary macroradicals become dominant.”® In
the case of ethylene- propylene rubber(EPR) and
PE/PP blends, the preferred reaction should be
determined by the copolymer composition and
blend composition." Namely, with more ethyl-
ene units in EPR and with more PE content in
blends, crosslinkings are generally preferred over
chain scissions.

Crosslinking renders PE improved solvent and

stress cracking resistance, useful upper temper-
ature limit, and weatherability.”***** For PP chain
scission is preferred over crosslinking at low perox-
ide concentration and higher temperature, since
chain scission is a monomolecular reaction and has
higher activation energy than crosslinking."** Prac-
tically, the peroxide-initiated degradation of PP is
used for production of controlled-rheology resin
with tailor-made properties.”

The crosslinking of PP in the presence of perox-
ide is facilitated with the addition of a coagent,
which is typically a reactive polyfunctional mono-
mer of methacrylate or allyl compound. The ef-
fects of various types and the concentration of
coagents on the reactive extrusion of PE, PP and
polyolefin blends were studied® The roles of
coagent are twofold, L.e., to remove the steric hin-
drance for coupling(Figure 1-VID) and to minimize
the B-scission by stabilizing the macroradicals via
resonance(Figure 1-VIII).  Following Odian and
Bernstein,” the double bonds of the multifunctional
monomers are the sites for trapping macroradicals
of PP. Especially when the PP macroradical is a
tertiary alkylene, the coagent reduces the dispro-
portionation ‘reaction significantly and augments
crosslinking efficiency.

Experimental

Materials. Molecular parameters of PE, PP and
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Figure 1. Possible reaction schemes of polyolefin reactive
extrusion in the presence of peroxide and coagent.

EPR used 1n the experiments are described in the
corresponding sections.

One type of peroxide viz. 1,3-bis(t-butylperoxy-
isopropyl) benzene (BIB) and four types of co-
agents, iLe., trimethylol propanetriacrylate{ TMPTA),
pentaerythritol triacrylate (PETA), triallyl iso-
cyanurate {TAIC) and p-benzoquinone (PBQ) were
used. When PP was compounded, a 0.1% of
antioxidant(Irganox B561) was also added.

Reactive Extrusion. The resins, additives and
rubber{when included) were first dry blended in
Superfloat mixer, with attached rotating ribbons.
The reactive extrusion or blending was done in a
twin screw extruder, with L/D=30, D=25¢m at
around 230 °C. The extrudates were pelletized and
injection malded at 230 "C.

216

Characterizations. The MFI (melt flow index)
of extrudate and injection molded specimen was
measured at 190 °C for PE, and 210°C for PP and
PE/PP blends according te ASTM D1238
{Monsanto capillary rheometer). The melt visco-
sities were measured using an RDS (Rheometric
Dynamic Spectrometer) and a capillary rheometer
at 220 °C. For RDS measurements, discs measuring
12.5 mm(radius) ¥ 1.2 mm(height) were
pression molded, and measurements were done
isothermally at 220°C with 15% strain. For ca-
pillary measurements a relatively long capillary
with L/D=25 and D=1 mm was used, and no end
correction was considered.

Morphologies were studied using a scanning elec-
tron microscopy (SEM) and polarized optical mi-
croscopy (POM). SEM micrographs were taken
from cryogenically(in liquid nitrogen) fractured
surfaces of injection molded tensile specimens,
which were sputtered with gold before viewing.

Thermal properties were measured by a dif-
ferential scanning calorimetry (DSC, DuPont 1090}.
Injection molded specimens were first heated to 200
‘C at 10~20 *C/min and cooled down to room tem-
perature while measuring the crystallization
temperature{7T.). Crystalline melting temperature
(T.) and heat of fusion(AH,) were measured dur-
ing the second heating cycle.

Specimens for mechanical tests were injection
molded at 230°C, and tests were done, following
the standard ASTM procedure. Tensile tests
(ASTM D638) were done on a Tinius Qlsen using
1/4" specimens with crosshead speed of 50mm/min,
and Izod impact tests(D568) with notched 1/8"
specimens. Flexurai modulus and hardness
(Rockwell) were measured, following ASTM D790
and D785, respectively. The above tests were done
at room temperature, of at least five times, to re-
port the average.

com-

Results and Discussion

Polyethylene. The high density PE used in this
experiment was an injection molding grade (M850,
Korea Petrochemicals) with number average
molecular weight, M.,=18000, weight average
molecular weight, M.=96000, and the melt flow in-
dex, MFI=4.8 g/10 min. Important properties of
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peroxide and/or varicus coagents treated crosslink-
ed PE are tabulated in Table L

Melt properties: Table I shows that MFI is dras-
tically reduced with peroxide treatment. With
TMPTA and PETA, the reduction is much less. On
the contrary, MFI is practically not changed with
TAIC and PBQ. It seems that TAIC and PBQ do not
produce the crosslinking of PE. {t can be seen that
MFT is slightly decreased by injection molding, indic-
ative of further crosshnking during injection molding.

The complex viscosities of peroxide or coagent
treated PE are shown in Figure 2. With peroxide,
the viscosity is sigmficantly increased for all fre-
quencies. The viscosity function of 0.3 phr perox-
ide treated samples is nearly a straight line which
is typical of elastomeric materials.”* This implies
that with 0.3 phr peroxide the polymers may light-
ly be crosslinked in three dimensions in such a
way that they respond elastically in melt state,

With 0.1 phr TMPTA the viscosity is increased
over twofold, and even a viscosity yield appears
with 0.3 phr. The increased viscosity is a direct

result of the increased mwlecular weight, which
can be increased by chain branching, chain ex-
tension, and mest significantly by crosslinking,
With only crosslinking, the viscosity function tends
to become a straight line, resembling elastomeric
materials. The viscosity yield appeared with 0.3
phr TMPTA treated samples is due to the local
crosslinking of PE in the presence of TMPTA.

Thermal Properties: 7. decreased slightly with
peroxide and coagent treatments(Table I). On the
other hand, T. increased over several °C with
peroxide treatment, and it showed an increasing
tendency with PETA and TMPTA. The variation
of thermal properties with PBQ and TAIC was in-
significant. It seems that a few crosslinks can im-
prove packing of the polymer chains into a crys-
talline structure since they restrict the unfolding
of the polymer chains into the melt, and this would
be the case for PETA and TMPTA as well as
peroxide. '™

Mechanical Properties: Hardness of PE is gen-
erally increased with total crystallinity, crosslink-

Table 1. Reactive Extrusion of PE with Peroxide or Coagents

peroxide PETA TMPTA TAIC PBQ MFI (g/10min} hardness izod flexural  vield elongation 7T, T,

(phr}  (phr} {(phr) (phr} (phr) - (R)  (kgrem/em) modulus strength at break  (°C}  (°C)
pellet  specimen {kgfem?) (kg/em® (%)

- 474 4.44 61 14.8 12900 275 600<  137.26 117.78
0.05 - - - 162 0.15 62 57.6 12900 300 20 13751 120,51
0.1 - - 0.45 0.14 61 87.2 13100 355 20 137.44 120.59
0.2 - - - 0.08 0.05 61 83.2 13300 435 20 136.48 121.00
0.3 - - - - 002 0.01 61 62.5 13400 455 20 136.15 121.33
- 0.05 - - - 2.83 2.19 63 60.4 13200 205 600< 136.55 119.55
- .1 - - - 244 1.49 63 727 13400 335 30 134.51 118.94
- 0.2 - - - 1.25 0.96 62 167.6 13600 360 20 133.95 119.28
- 0.3 - - - 0.43 0.07 62 99.0 13800 365 20 133.06 119.71
0.05 4.16 4.14 62 24.4 13100 290 600<  135.12 118.80
- 0.1 - 265 1.92 63 77.6 13300 320 30 135.71 118.58
- - 0.2 - - 1.15 0.84 61 109.6 13700 375 30 135.57 120.26
- - 0.3 - - 095 0.83 62 108.4 14000 375 30 136.21 119.63
- - - 0.05 - 465 400 61 14.4 13300 280 600<  135.38 118.11
- - - 0.1 - 461 4,28 61 11.9 13200 275 " 13591 117.92
0.2 - 458 4.38 62 121 13200 275 " 13552 118.16
- - 0.3 4.56 433 62 11.6 12800 275 ” 134.81 117.80
- - - - 0.05 5.07 4.86 60 11.3 13500 265 " 13586 118.86
- - - - 01 502 4,78 59 11.8 13300 265 " 136.07 118.27
- - - - 0.2 485 4.81 58 124 13100 260 ” 135.60 117.40
- - - - 03 474 4.72 58 115 13100 260 # 135.66 117.96
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ing density, and molecular weight to some extent.
Hardness are generally increased with PETA,
TMPTA and decreased with PBQ. In peroxide sys-
tem, increase of hardness due to crosslink seems
to be counterbalanced by reduced crystallinity. It
was found that, at lower peroxide content, in-
crease of AH; is accompanied by increase of hard-
ness."™

Among mechanical properties flexural modulus
menotonically increases with peroxide and the in-
crease 15 more pronounced with TMPTA and
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Figure 2. Complex viscosities of PE at 220 “C (untreated; %,
peroxide treated(U.1 phr;© and 0.3 phr;®), and TMPTA
treated(0.1 phri&, and 0.3 phria), and PBQ treated{0.1phr;
o and 0.3 phr;m)).

Kim

PETA. With peroxide, the elongation at break(s,)
drops from over 600 to a constant level of ap-
proximately 20% at 0.05% phr, and with PETA
and TMPTA it drops at 0.1 phr. The effects of
TAIC and PBQ on & are much smaller. Yield
strength is significantly increased with peroxide,
and moderately with PETA and TMPTA. But it is
almost unaffected by PBQ and TAIC.

The most significant improvement of mechanical
properties upon peroxide or coagent treatment is
found with impact strength (Table I}. The notched
impact strength is increased over sixfold with
0.1 phr peroxide, and over sevenfold with 0.2 phr
PETA and TMPTA, and it is slightly decreased
with TAIC and PBGQ. It should also be noted that
the impact strength shows a maximum with perox-
ide, PETA, and TMPTA treatment. Upon in-
troducing crosslinks, impact strength increases be-
cause of the increased fraction of amorphous re-
gions, and interchain tie molecules providing resist -
ance to crack propagation. However, with ex-
cessive crosslinking, the materials become brittle
and the ductility falls drastically,

Effect of Coagent in Peroxide System: The
prime objective of adding coagent is to augment
crosslinking efficiency hy preventing unwanted
side reactions. The effect of coagent in peroxide
system is given in Table II. Independent addition
of 0.05phr peroxide, 0.3phr PETA and 0.3 phr
TMPTA gave MFI of 1.52, .89 and 0.90 (g/10
min), respectively, When peroxide and PETA or
TMPTA are used together, the MFI approaches
zero(0.032 and 0.034). Hardness, flexural modulus

Table II. Reactive Extrusion of PE with Peroxide and/or Coagent

peroxide PETA TMPTA TAIC MI hardness izod flexural modulus yield strength elongation at

{phr) (phr) {phr) (phr) (g/10min} {(R) (kg cm/cm) {kg/cm®) {kg/em® break{%)

- - - - 4.37 60 15 13400 275 /20
0.05 - - - 1.52 62 73 13000 310 310

- 0.3 - - 0.89 62 109 13900 370 30
.05 0.05 - - 0.38 62 90 13500 380 30
0.05 0.1 - 0.21 62 90 13900 400 30
(1L.05 0.2 - (1089 63 92 14200 410 30
0.05 (3 - - 0.032 64 94 14400 425 30
0.05 0.4 - - 1.030 63 93 14200 420 30
0.05 - - 0.3 0072 63 75 14000 410 30

- - 0.3 - 0.90 62 108 14000 375 30
(.05 03 - 0.034 64 87 14460 420 30
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and vield strength follow essentially an identical
tendency with MFT, i. e., more reduction in MFI in
peroxide-coagent system is accompanied by more
increase in modulus and strength. However, the
maximum impact strength was obtained with
PETA or TMPTA alone.

Polypropylene. PP used in this experiment was
a general purpose grade(4017, Korea Petro-
chemicals) having M,=48000, and M,=250000.
Table Il shows basic formulations and important
properties of peroxide and/or coagent treated PP.

Melt Properties: It is seen that the MFI in-
creases with peroxide treatment(Table III). The
MFI of pellets further increases during injection
molding, indicative of further degradation during in-
jection. It is generally agreed that peroxide pre-
ferentially abstracts the tertiary hydrogen atom of
PP and leads to PB-scission.” Higher content of
peroxide abstracts more hydrogen atoms and pro-
duces primary radicals, giving higher rate of chain
scission and hence, higher MF1. With PETA and
TMPTA, alone and with peroxide, MFI decreases

with coagent concentration. With PBQ, MFI is
practically unchanged. This may imply that PBQ
drives neither crosslinking nor chain extension
reaction, except at the initial addition. Only the
triacrylates(tPETA and TMPTA) provide PP with
rheologically controllable crosslinking reactions.

Upon injection molding of the coagent treated
PP, MFI is increased several times with PETA and
TMPTA, and the relative increase becomes more
significant at higher concentration. MFI upon in-
jection molding is also increased with TAIC and
PBQ, but by a factor of about 1.4. The physical prop-
erties of PP should be more closely related to the
MFI of injection molded specimens than to the
MFT of extruded pellets.

Thermal Properties: T,, increases up to several
“C with PETA and TMPTA and decreases by about
the same degree with PBQ. T. is notably increased
with PETA(about 9°C) and TMPTA(5 °C). Total
heat of fusion(AH)) is generally decreased at lower
increased at higher con-
centrations of these three coagents. The decrease

concentration, and

Table III. Reactive Extrusion of PP with Peroxide and/or Coagent

additive(phr} MFI(g/10 min) hardness

impact

flexural yield elongation T, T AH,

R) strength  modulus strength at break (°C} (00 (/g
peroxide PETA TMPTA PBQ pellet specimen (kg-cm/cm) (kg/cmz) (kg/cm®) (%)
- - - - 7.5 7.8 95 29 15100 345 550 162.10 11569 104.3
0,01 - - - 178 236 94 2.9 14400 330 600 161.80 115.26 104.7
- 0.2 - - 4.0 15.7 98 3.0 16200 355 560 16348 121.62 1024
- 0.5 - - 2.1 10.3 98 3.0 17400 365 610 164.48 123.89 107.1
- - .2 - 5.5 15.8 95 3.0 15300 350 600 16258 118.19 102.2
- - 0.5 - 34 111 97 3.0 16700 360 650 16382 120.93 105.6
- - - 02 47 6.7 95 31 15600 345 550 160.70 117.12 103.3
- - - 05 4.7 6.7 95 33 15300 345 590 160,81 121.14 1064
0.01 0.2 - - 12.3 16.1 98 3.3 16400 365 690 163.06 12553
0.01 0.5 - - 7.6 11.7 98 3.3 16400 355 690 16333 12465
0.01 - 0.2 - 14.1 19.8 97 3.0 15600 350 670 161.79 1:21.32
0.01 - 05 - 9.1 14.2 98 3.2 16600 355 710 16251 124.49
0.01 - - 0.2 7.9 8.7 94 32 14400 340 610 161.36 11851
0.01 - - 05 7.7 8.6 95 31 14600 345 580 16229 121.16
0.05 0.2 - - 207 223 98 28 15300 340 720 16218 12277
0.05 0.5 - - 177 19.9 99 2.8 15800 345 750 16242 12356
0.05 10 - - 140 16.4 99 2.8 16000 355 750 16274 12453
(.05 - 0.2 - 221 24.9 97 2.7 15400 340 710 16244 12266
005 - 0.5 - 1940 221 93 3.0 15900 345 770 16307 124.82
.05 - 1.0 - 154 18.2 99 - 16400 355 740 162.86 125.39
0.05 - - 0.2 59 6.5 98 35 16200 3556 570 162.13 12251
0.05 - - 5 52 59 97 34 15600 345 580 16210 123.66
0.05 - - 10 5.0 5.5 96 3.3 15300 345 570 161.96 126.08
Korea Polym. J., Vol. 4, No. 2, 1996 219
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of AH at lower coagent concentration should hbe
directly related to the MFI of specimen at its low-
er concentration. Upen injection molding, MFI in-
creases more than the reduction obtained during
melt extrusion for PETA and TMPTA except at 1.0
phr. In general, crosslinks act as local defects.”*
and a reduction in total crystallinity is expected
with PETA and TMPTA. However, a few cross-
links would improve packing of PP chains into a
crystalline, like in PE described earlier. With res-
tricted chain motion, T, and 7. are likely to in-
crease as in PETA and TMPTA.

Mechanical Properties: Hardness is increased
with increasing PETA and TMPTA concentration,
unchanged with PBQ, and shows a small drop with
peroxide treatment. Essentially an identical ten-
dency 1is seen in flexural meodulus and yield
strength. In semi-crystalline polymers, properties
up to and including yield point (preyield properties)
are mainly determined by the level of crystallinity,®
When crosslinking is introduced in such polymers,
these properties are believed to increase further
uniess the crosslinks disturb the crystallinity. Hard-
ness, moduius and yield strength increase with
PETA and TMPTA concentration is mainly due to
the increased crosslinkings. It is noted that the
preyield properties are decreased with peroxide
treatment, as expected. 7

Following Tzoganakis et al.,"” who performed
melt extrusion of PP with peroxide under similar
conditions as those encountered here, molecular
weight distribution (MWD) as well as average
molecular weight of PP is decreased with the
peroxide concentration. It seems that the in-
creased elongation with peroxide is mainly due to
the narrowered MWD.” On the other hand, the im-
pact strength decrease with peroxide
centration 1s caused by the embrittlement of PP by
the main chain scission.

Effect of Coagent in Peroxide System: Gen-
erallv, synergistic physical properties such as mod-
ulus, vield strength, elongation and impact strength
are obtained with peroxide and coagent combination,
especially at low{0.2 phr) coagent
(Table III). As the peroxide concentration increases
(0.01 to 0.05phr), MFI further increases with
PETA and TMPTA. MFI increase with PETA and
TMPTA is generally followed by the decrease of

con-

concentration

220

physical However,
MFI decrease in PBQ with the increase of peroxide
from 0.01 to 0.05 phr, is accompanied by significant
imcrease in modulus, yield strength and impact
strength as well as reduction in elongation. It seems
that PBQ results in PP crosslinking when used with
peroxide of high concentration.

PE/PP Blends.

Melt Rheology: Melt property 1s of a prime im-
portance in processing and is an indirect indication
of whether crosslinking or chain scission pre-
ferentially occurs durtmg the reactive extrusion.
The MFI as a function of blend composition is
shown in Figure 3. The MFT of virgin PE is great-
er than that of PP by a factor of two, and MFI of
untreated blends decreases almost linearly with PP.
With peroxide(0.01 phr) and coagent(0.01 and 0.5
phr) treatment, MFI of the blends as weil as PE is
significantly decreased whereas the MFI of PP is
increased over four times with 0.01 phr TMPTA.
Only at high{0.5 phr) TMPTA concentration, MFI
remains at the level of virgin resin. The preferred
reaction ig crosslinking for PE and chain scission
for PP in the presence of peroxide. Consequently,
in the PE/PP hlends, the preferred reaction largely
depends on the blend composition. The present
results show that crosslinkings are dominant re-
gardless of blend composition. This is probably due

properties except elongation.

12 | ¥

Melt flow index (g/10min)
o
/

] 20 40 60 Bo 190
PP composition (wt %)

Figure 3. MF] of PE/PP blends (untreated;'¥, peroxide
(0.01) and TMPTA(0.1) treated; 7, and peroxide(0.01) and
TMPTA).5 phr) treated; ®).
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Figure 4. Complex viscosities of untreated. peroxide(0.01)
treated, and peroxide{(-.01) and TMPTA ((h.1phr) treated
blends at 220 “C(80/20 untreated; 0, peroxide and coagent
treated; @, 50/50 untreated;/s, peroxide treated; %, perox-
ide and coagent treated; &, 20/80 untreated: O, peroxide
and couagent treated; ® ).

to the lower viscosity of PE, which makes PE
phase continuous and allows preferential dis-
solution of the additives in PE phase.

Typical complex viscosities(n™) of untreated,
and peroxide(0.01) and coagent({(.1 phr TMPTA)
treated blends at 230°C are shown in Figure 4.
With peroxide alone, melt viscosity of 5t)/5( blend
is decreased below the untreated one. Upon perox-
ide and TMPTA treatment, viscosities are in-
creased over the untreated ones for PE-rich(80/20)
and 50/50 blends, and decreased for PP-rich blend
(20/80).

80/20 and 50/50 blends show viscosity vield at
the low frequency. Dzuy and Boger” reported that
an apparent yield i1s observed in concentrated
suspensions under conditions where the attractive
forces between the suspended particles are such
that they form a three dimensional network. In
view of this, the yield may be due to the local
crosslinkings and aggregations of PE regions ac-
cording to the preferred dissolution of peroxide

Korea Polym. ]., Vol. 4, No. 2, 1996
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Figure 5. T, of PE and PP in PE/PP blends (untreated;
(PE), &(PP), peroxide(0.01) and coagent(0.1} treated; o
(PE), m{PP?}, peroxide(0.01) and coagent{0.5 phr) treated; ©
(PE}, @ (PP)).

and coagent in PE phase.

Thermal Properties: When two polymers are
compatible in amorphous domains, 7, decreases in
blends due to partial mutual dissolution.** Figure 5
shows that 7. of PE as well as PP generally de-
creases as the composition of the other compunent
increases. And this trend is more evident in treat-
ed blends. This shows that the partial mutual dis-
solution is increased whereas on the other hand, is
presumably due to the compatibilizing effect of
block or graft copolymer formed during reactive
extrusion.” In treated hlends, the decrease of T,
for PE is larger than that of PP, showing predom-
inant dissolution of PP molecules(low molecular
weight and atactic components) into PE domain
than the reverse.

Mechanical Properties: Mechanical properties
of the blends as a function of blend composition
and coagent conceniration are shown in Table IV.
Generally, mechanical properties(yield strength,
flexural modulus and strength, impact strength) in-
crease with coagent concentration, and the effect,
especially impact strength, is more pronounced in
PE-rich blends. This composition and coagent de-
pendent properties are related to the relative sig-
nificance of crosslinking and chain scission. The
augmented mechanical properties, especially in PE-
rich blend is due to the increased molecular weight
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Table IV. Reactive Extrusion of PE/PP Blends with Peroxide and Coagents

PP PE peroxidle TMPTA hardness  impact strength  flexural flexural yield  tensile elongation MFI
(%) (phr)  {phr} (R) (kg-cm/cm) modulus strength strength strengtb at break (g/10 min)
room temp,  -12°C {kgfem® (kgfem®) (kgfem® (kg/om®) (%)
80 20 - - 90 4.8 24 15700 b60 33 105 460 3.5
0.01 0.10 29 48 24 15600 550 330 80 350 22
0.01 0.25 89 37 26 15800 580 330 125 440 1.7
0.01 0.50 93 3.8 2.3 16100 bas 345 115 290 0.92
0.01 1.00 92 4.0 24 16000 585 340 70 200 (.86
50 b0 - - 79 54 25 14400 500 310 35 235 54
.01 0.10 78 119 2.6 14800 510 330 20 175 1.3
0.01 0.25 78 8.8 3.3 15100 525 340 20 90 (.45
0.01 0.50 82 44 2.4 15100 530 345 25 100 0.32
0.01 1.00 81 2.7 24 14800 530 335 20 8¢ 0.28
200 80 - - 67 3.1 35 13100 425 280 150 705 7.1
0.01 0.10 66 39.6 39 13700 460 335 20 60 1.1
0.01 0.26 68 46.1 23.1 15000 530 390 160 20 0.30
0.01 0.50 72 26.9 19.3 15000 530 420 380 20 0.084
0. 1.00 71 256 16.2 15200 535 415 370 20 0.060
of PE by crosslinking, and in situ formation of o EPn
block or graft copolymers which functions to com- el o EPRum
patibilize the blend. The increased molecular 2 PP
weight with coagent concentration is ciearly de- ° EPRA
monstrated with a dramatic decrease in MFI. With
increased melecular weight by crosslinking, chain o
entanglements are chemically fixed and polymer 2 s}
chains hbecome difficult to slip. This leads to a ‘S_
dramatic decrease in MFI, as well as, the elon-
gation at break.
PP/EPR Blends. In these series of experiments,
one type of PP(M,=46000, M,=370000, MFI=2.2 g/ w0y
10 min} and three types of EPR were chosen so
that the viscosity ratic (Mezw/Mer) greater than
{EPR-h). smaller than (EPR-1), and approximately dud el Y
equal to unity (EPR-m) are obtained (Figure 6). 10 1w 1ot w o
The propylene contents of the EPRs were prac- Frequency(a)

tically the same (26-28%}. Basic formulations of
the reactive extrusion are given in Table V.
Morphology: SEM morphology of runs 1, 2 and 3
are shown in Figure 7, where the dominant mor-
phology 1s particles in matrix. It is seen that par-
ticle size monotonically increases with increasing
viscosity ratio, which varies from approximately 0.5
to 2.0 at o(frequency)=10* rad/s, approximately
corresponds to the compounding conditions. Fol-
lowing Wu,” who experimented in a bread range of
viscosity ratio, the finest breakup of the dispersed
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Figure 6. Melt viscosities of PP and EPRs at 220 °C.

phase was obtained when the viscosity ratio ap-
proached unity. In our experiments, the range of
viscosity ratio was small and close to unity, and
the particle size was approximately the minimum
and seemed inversely proportional to the shear
rate imposed on dispersed phase;

£=n_m
o M

Korea Polym. J., Vol. 4, No. 2, 1996
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Table V. Basic Formulations of PP/EPR Binary
Blends(%)

un PP EPR-1 EPR-m EPR-h peroxide coagent
{phr) (phr}

1 30 20 - - - -
2 bl - 20 - - -
3 80 - - 20 -

4 80 20 - - 0.01

5 30 20 - - 0.01 0.1
6 80 20 - - 0.01 0.2
7 30 20 - - 0.01 0.3
8 80 - 20 - 0.01 0.3
9 80 - - 20 0.01 0.3

where ¥ is the shear rate, and subscripts d and m
desighate dispersed phase and matrix, respectively.
This equation is simply obtained hy assuming
shear stress continuity at the interfaces.”

POM micrographs(Figure 8) showed that the
size of PP spherulite increased with the increase
of viscosity ratio.”™ This implies that EPR provides
PP with nucleating sites. With increasing viscosity
ratio. rubber domain increases with size and the
PP-EPR interfacial areas decrease to provide room
for large spherulite growth.

Rheology: Figure 9 shows typical melt visco-
sities of the reactive blends, i. e.. the effect of
peroxide/coagent treatment. The decrease in melt
viscosity with peroxide is suppressed by adding
more coagent.

Figure 10 shows the effect of viscosity ratio of
virgin resins on the melt viscosity of peroxide and
coagent treated blends. The decrease of viscosity
upon peroxide and coagent treatment minimum
with run l{lowest viscosity ratio}, and maximum
with run 3(highest viscosity ratio).

Thermal Properties: Thermal properties of the
PP/EFR blends are summarized in Table VL. With
the increase in viscosity ratio, the crystallization
temperature upon cooling(7.) decreased over 10 °C.
while keeping the crystalline melting temperature
(T.) unchanged(runs 1, 2, and 3). This gave a high
degree of supercooling(AT). The results seem in
line with the SEM morphology(Figure 7), where
larger viscosity ratio gave larger dispersed par-
ticles and smaller interfacial areas. Then crys-
tallization occured only with higher degree of su-
percooling, and with fewer nucleation sites the nu-
clei grow larger until they met the other ones.

With peroxide treatment (run 4) 7. was de-

Korea Polym. J., Vol. 4, No. 2, 1996

T

41,508 180 HOES

(a) run #1
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{b) run #2
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paKky k3 §38
{¢) run #3

Figure 7. SEM micrographs of untreated PP/EPR blends
with different viscosity ratio{runs 1, 2, 3.

3986,

creased over 12°C, leading to an increase in degree
of supercooling over 10 °C as compared to the un-
treated one (run 1). However, with the addition
and increase of coageni concentration, AT was de-
creased {runs 5, 6, 7). It seemed that rubber par-
ticles provided the PP with nucleation site. With
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Figure 8. POM micrographs of untreated PP/EPR blends
(runs 1, 2, 3).

only peroxide treatment, particle size increased
due to the increased viscosity ratio, thus providing
less sites for PP nucleation, As coagent con-
centration increased, particle size decreased and
more PP-rubber interfaces were created to pro-
vide more sites for nucleation.

Mechanical Properties: Mechanical properties

of the PP/EPR blends are shown in Table VII.
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Figure 9. Effect of peroxide and coagent treatment on the
melt viscosities of PP/EPR blends.
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Figure 10. Effect of original viscosity ratio(Nge/Me) on
the melt viscosities of peroxide and coagent treated PP/
EPR blends.

Hardness, flexural modulus, vield and break
strength generally increased and elongation at
break decreased with the increase of viscosity ra-
tio. It seems that the increased mechanical prop-
erties were related to the larger spherulite size
since the PP amorphous domains were reinforced
with PP crystalline domains.®

Impact strength of run 1 was approximately
threefold of runs 2 and 3, where run 2 was the

Korea Polym. J., Vol. 4, No. 2, 1996



Reactive Extrusion of Polyolefins and Their Blends

Table VL. Thermal Properties of PP/EPR Binary

Blends
run T,0C) AH/(J/g) T.C) T T
1 159.6 31.1 122.2 374
2 158.4 834 114.0 44.4
3 158.6 820 110.8 47.8
4 1580 79.3 109.8 48.2
5 160.6 8L.1 11638 43.8
3] 1616 75.4 119.2 42.4
7 161.2 83.6 120.6 4.6
8 161.8 79.5 121.8 40.0
9 161.9 81.0 1215 40.4

Tahle VII. Mechanical Properties of PP/EPR Binary
Blends

run hardness flexual  yield break impact g,
(R}  modulus strength strength strength (%)
(ke/em®) (kgfem™ (kg/cm’) (kg-cmfcm)

1 61 G700 240 330 46.9 510
2 66 10100 255 315 16.0 470
3 68 10400 260 330 17.3 480
4 60 10500 265 315 49.6 540
5 69 10900 250 285 27.0 520
6 68 10300 245 285 728 530
7 67 10000 240 295 77 330
3 66 9700 245 315 78.6 550
9 72 10800 245 215 7.3 560

poorest. The greatest impact toughening obtained
with run 1 was due to the smallest particle size
(submicron in diameter), and the lowest one ob-
tained with run 2 was probably due to the el-
liptically deformed rubber domains allowing high
stress concentration.” Though the particle size in-
creased in run 3, its impact strength was slightly
increased due to the spherical shape of the rubber
domains.

Mechanical properties of the blends are gen-
erally increased with peroxide treatment(run 4).
The effect of adding and increasing coagent at fix-
ed peroxide content is not unique. Certain
property(hardness) is increased, certain property
(yield strength) is decreased, and certain prop-
erties are decreased followed by increase(break
strength, elongation at break, and impact strength}.
The effect of peroxide to augment the mechanical
properties seems to work via the modification of
PP molecular parameters, in addition to the co-
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potymer formation. With peroxide treatment,
MWD as well as average molecular weight is de-
creased, resulting in the improved mechanical prop-
erties, ™™

The effect of peroxide/coagent(0.01/0.3) treat-
ment is most pronounced with impact strength(run
1 vs. 7, and 2 vs. 8). However, with originally
(untreated) large particles(run 3), peroxide/
coagent treatment lowers the PP viscosity and aug-
ment the viscosity ratio further, resulting in the
decrease in impact strength below the untreated

blend(run 3 vs. 9).
Summary

Reactive extrusion of polyolefins and their
blends were done in the presence peroxide and/or
coagents.

For PE peroxide treatment gave most significant
reduction of MFT and increase in melt viscosity.
Among four types of the coagents. TMPTA and
PETA gave effects similar to peroxide. The effects
were more pronounced when the peroxide and
coagents were used together. With peroxide and/
or coagent treatment, notched impact strength m-
creased over six with drastic reduction in elon-
gation at break.

For PP MFI increased with peroxide and de-
creased with PETA and TMPTA, implying that
these coagents can be used as crosslinking agent of
PP. Combhination of peroxide and coagent produced
MFI of PP lower than the peroxide, and higher
than the coagent treatment. Generally synergistic
physical properties were obtained.

For PE/PP blends MFI of the blends as well as
PE decreased. and melt viscosity increased with
peroxide and coagent treatment. This implies that
PE/PP can he crosslinked with peroxide and coagent
treatment depending on the relative amount of
coagent. Crystallization melting temperature(T,) de-
creased in the blends, and the decrease was more
pronounced with PE. implving more preferential dis-
solution of PP in PE than the reverse.

For PP/EPR(80/20) blends larger viscosity ratio
{Na/ M) gave larger Tubber domain size and larg-
er spherulite size. Melt viscosity of the blends was
possibly controlled by the relative amount of perox-
ide and coagent. The effect of peroxide and
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coagent treatment was most pronounced with im-
pact strength.
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