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Toughening mechanism of polypropylene (PP) blended with ethylene—propylene-diene
rubber (EPDM) following selective crosslinking was examined in comparison with that of
blends of PP before crosslinking. The yield stress, strength of craze, and density of void
which are dominant factors for enhancing toughness in PP blends were evaluated and the
deformation and fracture mechanism was discussed. It was concluded that toughness of
PP blended with EPDM is improved by selective crosslinking, since the improvement of
the craze strength is greater than the drop in the release of the constraint of strain. © 1996

210, Japan
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INTRODUCTION

It has been well known that enhancement of tough-
ness in polymers is widely achieved commercially
by blending. Several examinations have been pro-
posed to account for the toughening mechanism of
polymer blends,* but most of these investigations
were phenomenalistic studies. It is obvious that the
problem of deformation and fracture mechanism for
polymer blends, in which the modifier (such as rub-
ber) is dispersed in a matrix polymer, belongs to the
category of the mechanics of composite materials
which are based on the deformation and fracture
mechanics for composed materials. We®” have al-
ready pointed out that the development of many
voids at modifier leads to releasing the constraint
of strain which is the origin of the stress concentra-
tion. Therefore the brittle—ductile transition takes
place when the stress ahead of the local plastic zone
developed from the notch tip decreases below the
strength of craze due to the release of the constraint
of strain. As a result, the toughness is improved in
the polymer blend.
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The toughening mechanism of polypropylene
(PP) blended with an elastomer such as ethylene~
propylene rubber (EPR) has been previously re-
ported by many authors.?'®* We suggested that the
toughening mechanism of the EPR/PP blend is the
release of constraint of strain because the density
of void increases with increased content of the mod-
ifier.}®!” Recently, Inoue'®? pointed out that the
toughness of PP blended with ethylene-propylene—
diene rubber (EPDM) is improved by selective
crosslinking at EPDM. In this case, the morphology
of the modifier is similar to that of the PP blend
before crosslinking. According to the author’s opin-
ion,® the relaxation of stress concentration due to
Poisson’s contraction between the voids which are
nucleated at modifier is a basis for the toughening
of polymer blends. In general, the elastomer which
has low modulus and low cohesive strength is used
as a modifier, therefore the yield stress and strength
of craze decreases with increasing modifier content.
In these blends, if the maximum stress is adjusted
to lower stress than the strength of craze by the
release of the constraint of strain or decrease of yield
stress, then the toughness may be improved.

The purpose of this study is to examine yield
stress, strength of craze, and density of void of PP
blended with EPDM following selective crosslinking,
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and to discuss the essential factors for enhancing
toughness in this polymer blend.

EXPERIMENTAL

Materials

The materials used in this study were commercial
grades of PP (Nihon Petrochemical Co. Ltd, Ka-
wasaki, Japan) with MFR = 1.8 g/10 min as matrix
polymer, and EPDM with Moony viscosity of 88
(373 K), content of propylene of 28, and an iodine
value of 15 as modifier. The parent PP was blended
with EPDM at the ratios resulting in the volume
fraction from 5 to 30 vol %. The crosslink system
comprised N-N'-m-phenylenebismaleimido as a
crosslink agent, and polyerized (2,2,4-trimethyl-1,2-
dihydroquioline) as accelerator. Selective crosslink-
ing was carried out under twin-screw extrusion with
a radius of 30 mm at 503 K. Table I shows the MFR
and degree of crosslinking as a function of EPDM
content before and after crosslink.

Preparation of Specimens

To estimate the elastic modulus and yield stress,
sheets of 2-mm thickness for the tensile test were
prepared by compression molding. The pellets were
melted at 473 K for 10 min and then cooled to 293
K. A test specimen with the width of 10 mm and
length of 150 mm was cut from the sheet. A 1-mm-
thick sheet which was molded by compression at the
same conditions as above was used to estimate the
strength of craze. In this case, the specimen width
was 6 mm.

For a three-point bending test, rectangular bars
with width of 12.4 mm and thickness of 6 mm were
prepared by an injection-molding machine. A round

notch with radius of 0.5 mm was shaped by ma-
chining with the convex milling cutter. The ligament
thickness was 4 mm. The specimens were cooled
with water during machine processing in order to
prevent the rise of temperature.

Mechanical Testing

The initial longitudinal elastic modulus and upper
vield stress were estimated from the stress-strain
curves by the uniaxial tensile test of rectangular
sheets. Poisson’s ratio was calculated from the
change of both width and length during uniaxial
tensile deformation. The contraction of width was
measured by a Laser equipment (Keyence, L.S-3100)
and extensional strain was measured by a extension
meter with strain gauge (Shimadzu SG-50-100).
Tests were carried out at a strain rate of 0.15/min
at 296 K 1n a servohydrulic testing unit (Servo Pul-
sar, Shimadzu EHF-EB5-10L). The strengths of fi-
brillar bundles in the craze were estimated from the
strength of the oriented region formed by necking
on the uniaxial tensile test.?" In this experiment, the
strain rate was 0.4/min.

The toughness of specimen was evaluated by the
three-point bending test of a U-notched bar. The
specimens were loaded at a bending rate of 125 mm/
s with a span length of 40 mm in a servohydrulic
testing unit. The impact strength was measured by
1zod impact test using a V-notched specimen in ac-
cordance with ASTM D 256.

Morphologic Analysis of Deformation Mode

To discuss the deformation processes of U-notched
bars in the three-point bending test under plane
strain, thin sections of about 25 pm were cut per-
pendicular to the plane of initial notch using a con-
ventional microtome. The morphologies of crazes

Table I MFR and Degree of Crosslink for PP Blended with EPDM

MFR [230°C/2.16 kg):(g/10 min)]

Degree of Crosslinking (%)

PP/EPDM Before Crosslink After Crosslink Before Crosslink After Crosslink
95/5 2.4 4.7 — —
90/10 2.1 3.9 — —
85/15 1.9 3.3 — 26
80/20 1.7 2.2 — 54
75/25 1.4 1.6 — 65
70/30 14 14 — 56

Crosslink system: PN/PTMQ = 0.2/0.3; PN, N,N’-m-phenylenebismaleimido; PTMQ, polymerized (2,2,4-trimethyl-1,2-dihydro-
quioline). PP, MFR (melt flow rate) = 1.8 homopolymer; EPDM: M1 + 4 (100°C) = 88, C3 = 28%, IV = 15.
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Figure 1 Izod impact strength of PP blended with

EPDM following selective crosslinking in comparison with
that of PP blend before crosslink.

and plastic deformations were studied with an op-
tical microscope for the microtomed sections.?” The
microstructure of the plastic deformation zone was
observed with a scanning electron microscope for
the surfaces of cryogenically fractured samples.
Samples which were subjected to the bending test
were first immersed in a liquid nitrogen bath for 5
min, and broken normal to the plane of the notch
immediately after removal. Because strain recovery
on unloading significantly influences the morphol-
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ogy of the deformation zone, the deformation by
three-point bending was fixed by casting in epoxy
resin, which consisted of 100 parts per hundred (phr)
of bisphenoal-A epoxy resin (weight per epoxide
equivalent: 190 g/eq) and 60 phr of polyaminoamide
(Ankamide 506).2! Specimens were treated with ion
spatter to give an adhesiveness to the interfaces.?

RESULTS

Impact Strength and Toughness

Figure 1 shows Izod impact strength of PP blended
with EPDM following selective crosslinking in
comparison with that of the PP blend before cross-
link.2° The content of EPDM required to improve
the impact strength of the PP blend before crosslink
was above 30 wt %. On the other hand, in the blend
of PP after crosslink, the impact strength was im-
proved by an increase of 20 wt %. It is suggested
that the efficiency of the improvement of impact
strength of PP blended with EPDM is increased by
the selective crosslinking. Because the pendulum
speed of an Izod impact tester changes after im-
pacting on a specimen, the mechanism of defor-
mation and fracture is complex. Figure 2 shows the
variation of toughness with increase in modifier
content in the three-point bending test on U-
notched specimens at a constant speed. The bending
rate was a high speed of 125 mm/s. The bending
moment-displacement curves show that the mode
of fracture of the PP blend is brittle with slight ad-
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Figure 2 Variation of bending moment-displacement curves of the round notched bar
of PP blended with EPDM with increases in EPDM content.
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dition of modifier. It was indicated that the mode
of deformation changes from brittle fracture to duc-
tile deformation, showing general yielding when the
addition of modifier is over a critical content. For
the blend of PP before crosslink, as much modifier
as 10 to 20 wt % was required for the mode of de-
formation to change to ductile deformation; and for
the blend of PP after crosslink, its content was about
5 to 10 wt %. The modifier content required to
change the mode of deformation from brittle fracture
to ductile deformation depends on the bending rate.
The brittle-to-ductile transition takes place with
slight addition of modifier at low bending rate. The
addition for brittle-to-ductile transition increases
with increasing bending rate. In Izod impact testing,
the speed of a pendulum is about 3 m/s at the po-
sition just before impacting against the specimen.
The speed is one order of magnitude faster than that
in high-speed three-point bending testing. The con-
tent required to change the mode of deformation in
the three-point bending test is close to that in the
Izod impact test. Therefore it is suggested that in
Izod impact testing, the actual average speed of de-
formation exerted on the specimen is slower than
that just before impact.

Morphology of Plastic Zone

We have already detailed the suggested morphology
of the plastic zone of PP developed from the notch
tip.2%2* Figure 3 shows the microphotographs of
the plastic zone of PP immediately before the brittle
fracture. The plastic zone containing the micro-

crazes was observed. When the size of the plastic
zone reaches a critical extent and fulfills the unstable
condition of the deformation, the macrocraze de-
veloped.?? The brittle fracture occurred from this
macrocraze by the rupture of fibrillar bundles ex-
tending in the direction of principal stress.

The addition of a large amount of EPDM leads
to the relaxation of the stress concentration due to
the release of constraint of strain by Poisson’s con-
traction between voids nucleated at the modifier,
similar to that of PP blended with EPR. As a result,
the nucleation of catastrophic crack at the craze is
suppressed and the toughness is improved. Figure 4
shows microphotographs of the plastic zone of PP
blended with EPDM of 20 wt % before crosslink.
The plastic zone containing voids or microcrazes was
observed. Figure 5 shows microphotographs of the
plastic zone after crosslink for PP blended with
EPDM of 20 wt %. The smaller voids than those of
blends of PP before crosslink were uniformly dis-
tributed.

Strength of Craze and Yield Stress

It was already pointed out® that both yield stress
(which is resistance to plastic deformation) and
strength of fibril (which constitutes the craze) are
characteristic values for brittle fracture of ductile
polymer.>?-28 Figure 6 shows the yield stress and
strength of craze estimated by the uniaxial tensile
test of oriented polymer blend as a function of con-
tent of EPDM. It was found that in either case the
characteristic value decreases with increasing con-
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Figure 3 Microphotographs of the plastic zone of PP immediately before the brittle

fracture.
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Figure 4 Microphotographs of the plastic zone of PP blended with EPDM of 20 wt %

before crosslink.

tent of modifier. The magnitude of the decrease of
craze strength in the blend of PP after crosslink is
smaller than that in the blend of PP before crosslink.
On the other hand, it seems likely that the shear
yield stress decreases slightly with crosslinking.

Volumeric Expansion and True Stress—Strain
Curve

The effect of the release of the constraint of strain
on the improvement of toughness can be found from
the volumeric expansion.” The condition of plastic
instability for the nucleation of craze can also be

evaluated by the true stress—strain curve for an es-
sential condition and by the ratio of shear yield
stress to shear modulus for a sufficient condition.?
Figure 7 shows the volumeric strain against the lon-
gitudinal strain in the uniaxial tensile test of PP
blended with EPDM of 20 wt %. It was found that
the volumeric expansion due to development of voids
is suppressed by the selective crosslinking in the
polymer blend. Figure 8(a) shows the true stress—
strain curves in same sample. The strain hardening
was observed above the yield strain on PP blended
with EPDM following selective crosslinking, al-
though the true stress decreased above the yield

0.5mm

Figure 5 Microphotographs of the plastic zone of PP blended with EPDM of 20 wt %

after crosslink.
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Figure 6 Yield stress and strength of craze estimated
by the uniaxial tensile test of oriented PP blended with
EPDM as a function of EPDM content.

strain on the blend of PP before crosslink. Figure
8(b) shows the ratio of shear yield stress to shear
modulus as a function of EPDM content. This ratio
was nearly constant, independent of the EPDM
content and the crosslinking.

DISCUSSION

We have already examined in detail the mechanism
of the brittle fracture of PP initiated from the
notch.2+??* Figure 9 shows the stress distribution
of the local plastic zone developed from the notch
tip. It is known from the mechanics of plasticity
that there is a maximum stress at the tip of the local
plastic zone which spreads across the ligament
thickness ahead of a round notch under the plane
strain. When the stress ahead of the plastic zone
reaches a critical stress by extending the plastic zone,
the development of the macroscopic craze, in which
the plastic strain is locally concentrated between
neighboring microcrazes, occurs at the tip of the local
plastic zone. If the stress ahead of the local plastic
zone reaches the strength of craze, then the micro-
rupture of the fibrils of craze leads to the cata-
strophic brittle fracture. Under the condition in
which fracture occurs by such mechanism as men-
tioned above, there are two ways to improve the
toughness: improve the strength of craze, and sup-
press the concentrated stress due to constrained
plasticity below the fibril strength.’

In the case of materials containing elastomer with
reduced cohesion as modifier, the increase of applied
load causes the preferential formation of void. The
breeding of void proceeds to a sufficient densely
crowded condition and Poisson’s shrinkage occurs
between voids. Under such conditions, the strain is
released from restriction to reduce the stress con-
centration. The toughness is improved by suppres-
sion of brittle fracture when the general yielding
takes place before the stress ahead of the plastic
zone reaches the strength of craze, as shown in Fig-
ure 9. The validity of such mechanism for the
toughening of polymer blends has been discussed
elsewhere.>” The strength of craze for the blend of
PP before crosslink decreases with increasing the
addition of EPDM. In this case, the improvement
of toughness suggests that the release of constrained
strain due to void formation sufficiently compen-
sates the decrease in the strength of craze.

In order to reveal the mechanism of toughening
due to selective crosslinking, it is necessary to ex-
amine the effect of selective crosslinking on the
strength of craze and release of the constraint of
strain. The strength of craze increases as shown in
Figure 6 because the interfacial adhesion between
the EPDM particles and PP matrix increases by the
graft copolymer and/or the strength of EPDM par-
ticles is improved after the crosslink reaction. On
the other hand, the yield stress decreases because it
seems that the growth of crystal is suppressed due
to the crosslink reaction. The mechanics of plasticity
indicates that the size of the plastic zone spreads
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Figure 7 Volumetric expansion against the longitudinal
strain of PP blended with EPDM of 20 wt % in uniaxial
tensile test.
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ratio of shear yield stress to shear modulus as a function of EPDM content.

out until the fracture of craze is proportional to the
ratio of strength of craze to yield stress.? % Figure
10 shows the ratio of strength of craze to yield stress
calculated from Figure 6 as a function of content of
EPDM. This ratio of the blend of PP after crosslink
increases with increasing the content of EPDM, al-
though its ratio of the blend of PP before crosslink
is independent of the addition of modifier. It is
known that the size of the plastic zone at general

Stress distribution of local plastic zone

Strengh of fibril

(General yielding)
= (Brittle fracture)

Plastic zone
contaning voids

Plastic zone

Plastic hinge
at general yielding

Crack Void

Figure 9 Stress distribution of the local plastic zone
developed from the notch tip.

yielding depends on both boundary condition and
yield criterion.®! The large ratio indicates that the
plastic zone is largely extended until the fracture
initiates at the tip of the plastic zone; therefore the
general yielding takes place at the slight addition of
modifier on the blend of PP after crosslink. In con-
trast, the density of voids, which relates to the re-
lease of the constraint of strain, is decreased by the
selective crosslinking as shown in Figure 7 since the
strength of EPDM is improved. To summarize these
discussions, we concluded that toughness is im-
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Figure 10 Ratio of strength of craze to yield stress cal-
culated from Figure 6 as a function of EPDM content.



1502 ISHIKAWA, SUGIMOTO, AND INOUNE

proved for PP blended with EPDM following selec-
tive crosslinking since the improvement of the
strength of craze is greater than the drop in the re-
lease of the constraint of strain.

It is found on the true stress—strain curves shown
in Figure 8 that unloading, which is an essential
condition for concentration of plastic strain, is in-
hibited by the crosslinking; and the ratio of shear
yield stress to shear modulus, which is a sufficient
condition, is independent of the crosslinking as
shown in Figure 8(b). Therefore, it is understood
that the nucleation of macrocraze is suppressed by
crosslinking.

CONCLUSION

The yield stress, strength of craze, and density of
void for PP blended with EPDM following selective
crosslinking was examined in comparison with the
blend of PP before crosslink, and the essential factor
for enhancing toughness of this polymer blends was
discussed. It was concluded that toughening is im-
proved for PP blended with EPDM following selec-
tive crosslinking since the improvement of the
strength of craze is greater than the drop in the re-
lease of the constraint of strain.
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