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Toughening and strengthening of polypropylene
using the rigid-rigid polymer toughening concept
Part Il Toughening mechanisms investigation
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Toughening mechanisms in blends of isotactic polypropylene and Noryl polyphenylene
oxide/polystyrene (iPP/Noryl) are studied using optical microscopy, scanning electron
microscopy and transmission electron microscopy. Large Noryl particles (10-15 um) are
formed in iPP/Noryl blend and crazing is found to be the dominant toughening mechanism.
A detailed investigation of fracture mechanisms reveals that Noryl particles help trigger
and stabilize massive crazes in the iPP matrix. Incorporation of a small amount of
styrene-ethylene-propylene (SEP) compatibilizer helps reduce Noryl particle size and
improve interfacial adhesion between iPP and Noryl particles. Crazing and shear banding
mechanisms are found to operate sequentially in iPP/Noryl/SEP blends. As a result,
significantly improved toughness is obtained. © 2000 Kluwer Academic Publishers

1. Introduction To increase the toughness of a given polymer, the
The increasing market demands for structural applicamaterial needs to be engineered to possess effective en-
tions of polypropylene (PP) have triggered extensive reergy dissipating processes. For thermoplastics, massive
search on improving impact strength and reducingcrazing and shear yielding are the most frequently en-
notch sensitivity of PP. A widely employed strategy countered fracture energy dissipation processes. These
for improving the toughness of single phase thermoiwo energy adsorbing processes are not mutually ex-
plastics has involved the incorporation of an elas-clusive micromechanisms. In many polymers both may
tomeric phase. A disadvantage of such addition igoccur sequentially [3] or simultaneously [10-12]. The
that it reduces modulus and tensile strength, whictlrequirements for crazing and shear banding to oper-
are important benchmarks for acceptable materiaéte effectively were extensively discussed in literature
performance. To improve toughness while maintain{13-17]. In rubber toughened polymers, a commonly
ing stiffness of thermoplastics, the rigid-rigid poly- accepted view on the role of rubber particles is that the
mer toughening concept [1-6] has been introducedubber inclusions alter the stress state in the material
and shown to be a promising approach. Examplesiround the particles through rubber cavitation and in-
of these rigid-rigid polymer pairs are polybutylene duce extensive plastic deformation. For neat PP, it is
terephthalate/polycarbonate (PBT/PC), nylon 6,6/polyfound that crazing is the main fracture energy dissipat-
phenylene oxide (PA/PPQO), acrylonitrile-butadiene-ing process [18-20]. In the case of rubber-toughened
styrene/polycarbonate (ABS/PC), and nylon 6,6/acPP, crazing and shear yielding are found to be the two
rylo-nitrile-butadiene-styrene (PA/ABS) [7-9]. These most important fracture mechanisms [21-27]. If rigid
rigid-rigid polymer blends exhibit a desirable combina-thermoplastic particles in PP matrix can play the roles
tion of mechanical and physical properties of the con-similar to rubber particles, itis likely that PP can be ef-
stituents. Depending on the composition of the polymefectively toughenedia either massive crazing and/or
pair utilized, however, the rigid-rigid polymer blends shear banding without sacrificing stiffness.

are not necessarily tough [7]. In fact, blending two or The concept of rigid-rigid polymer toughening is not
more randomly chosen rigid polymers will usually re- new. The main fracture mechanisms reported in rigid-
sult in blends with poor and unpredictable properties. rigid polymer blends that contain an elastomeric phase
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are crazing followed by shear banding [3] and rubbercessing of the blends at 200. The styrene-ethylene-
phase cavitation followed by shear yielding [28, 29]. propylene (SEP) (Kraton-G1701) diblock copolymer,
On the other hand, Naket al, and Majumdart al,  which was used as a compatibilizer, was obtained from
found that addition of the second phase rigid polymerShell Chemical. All polymers used in this research
results in embrittlement of Nylon 6,6/ABS [7—-9] and are commercial products. Blends of iPP/10%Noryl,
Nylon 6/ABS [29]. They attributed the poor toughnessiPP/10%Noryl/2%SEP, and iPP/10%Noryl/5%SEP
to poor interfacial adhesion between the matrix andvere prepared using a research grade roll milling ma-
the toughener phase. However, it is still not clear whychine at a roll temperature of 20G.

toughness is increased in some blends and not so in

others. The role of particle size and interfacial adhe-

sion in toughening is still not well understood. To an-5 o Specimen preparation

swer these questions and to establish a criterion fofpo pp iPP/10%Noryl, iPP/10%Noryl/2%SEP, and
the development of toughened polymer blends, it i PP/10%Noryl/5%SEP blends were compression
imperative that one fully understand the fundamental,, jiqed into 4 mm thick sheets at 200. Cooling

parameters that govern fracture in rigid-rigid polymer,, 1o \was used to quickly cool the plaques. DN-4PB

blends. Specifically, the sequence of toughening even§pecimens were cut from the compression molded
and the role(s) that the toughener phase plays with reg'é

. : ! . agues. Samples were machined into dimensions of
spect to each operative microscopic mechanism has 5 mmx 12.7 mmx 4.0 mm. The DN-4PB bars
be known when polymer fractures. Moreover, damagE ' . ) '

) ; o ere first notched with a 25Qm radius notch cutter
events _should be linked to material qhara;terl_stlcs, suc 4 depth of 3.75 mm and then further sharpened by
as particle phase morphology, particle size, interfaci

adhesion, and crystallinity. edging open a crack with a fresh razor blade which

; : had been cooled in liquid nitrogen. This procedure
In Part | of this series [30], the morphology and gq\res that a sharp crack tip is created. During
toughness of iPP/Noryl and iPP/Noryl/SEP blends wergyy_apg specimen preparation, efforts were made to

repo.rte'-d. Itwas'shc')wr? 'that thg presence ofarigid polygng e that the cracks generated were as nearly equal
mer in iPP matrix significantly improved the toughness;, length as possible.

of iPP without causing any reduction in the modulus 2 DN-4PB specimens were tested at 50.8 mm/min
of iPP. The addition of a small amount of SEP cOm-,qjng 4 screw-driven mechanical testing machine (In-
patlblllzer_, which .helps red_uce Noryl par_tlcle size andgiron Model 4411) at room temperature. During the

increase interfacial adhesion between iPP and Norylog; care was taken to ensure that the two inner loading
particles, further increased the toughness of iPP.  ints contacted the specimen simultaneously while the

_ The current study is part of a larger effort to gain angpecimen was supported at the outer loading points.
insight into some fundamental issues on rigid thermo-

plastic toughened iPP: Do Noryl particles play a similar

role(s) in iPP/Noryl blends to those of rubber particles .

in PP/rubber blends? If not, what are the differences?-3- Microscopy -

Can the Noryl particles alter the toughening process he DN-4PB damage zone of the subcritically propa-
in PP? And how? What is the strategy for making adated crack was cut along the crack propagation direc-
tough and stiff polymer systemia the rigid-rigid poly-  tion but perpendicular to the_ fracture s_urface using a
mer toughening concept? This study attempts to ans\,\,é:.pamond saw. The plane-strain core region of the crack
these questions through the investigations of fracturéP damage zone was prepared for TOM, SEM, and
mechanisms. A number of techniques, such as doubl€EM investigations. _ _

notch four-point bending (DN-4PB) technique, scan- In the TOM investigation, about 30m th_ln sections
ning electron microscopy (SEM), transmission elec-Of the tested DN-4PB samples were obtained by polish-
tron microscopy (TEM), and optical microscopy (OM), iNg. foIIowmg the p.rocedure described b_y Hobkgl.
were employed to investigate the deformation mechal31]- The thin sections were then examined using an
nisms in iPP/Noryl and iPP/Noryl/SEP blends. It is an-Olympus BX60 optical microscope under both bright
ticipated that the results from this study will be benefi-field and cross-polarization conditions.

cial to the development of other toughened rigid-rigid SEMinvestigations were performed on polished DN-
polymer alloys. 4PB tested specimens to investigate the toughening

mechanisms. In this experiment, the specimen was pol-

ished following the same procedure as that in the TOM

investigation to obtain flat and smooth surfaces. The
2. Experimental polished specimen was subsequently immersed in a
2.1. Materials solution containing 1.3 wt% KMng 32.9 wt% dry
The PP used to conduct this research is isotactic PR3P0, and 65.8 wt% HSO, for 24 hrs [32, 33]. SEM
(iPP) that has arM,= 100,000 andM,, =368,000 was also performed on the fracture surface to observe
with a melt flow rateTindex (MFI) of 2.5. The Noryl evidence of interfacial adhesion. All specimens were
PPO/PS pellets, NoryT PX0844, which has a glass coated with a 30 nm layer of Au-Pd and investigated
transition temperatureT§) of 150°C, were supplied using JSM-6400 SEM operated at an accelerating volt-
by General Electric Company. The PS phase conage of 15 kV.
tains an undisclosed amount of rubber. The reason that For the TEM experiments, specimens were carefully
this Noryl system was chosen was to allow the pro-trimmed to an appropriate size (an area of 5 mm)
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imens of iPP, iPP/10%Noryl, iPP/10%Noryl/2%SEP,
and iPP/10%Noryl/5%SEP blends.

3.2. Fracture behavior of neat iPP

For comparison purposes, the fracture mechanism of
neatiPP was first studied using TOM. The micrographs
of DN-4PB tested specimen are shown in Fig. 2. As
expected, a small damage zone is developed around
the crack tip. It appears that crazing is the only energy
dissipating process. No birefringence is found in the
crack tip damage zone (Fig. 2b). When the specimen
is examined at a higher magnification, it is observed

Figure 1 Fracture patterns of iPP and Noryl-toughened iPP: (a) Neat
iPP, (b) iPP/10%Noryl, (c) iPP/10%Noryl/2%SEP and (d) iPP/10%
Noryl/5%SEP. Large plastic deformation zone is observed in Noryl-
toughened iPP blends.

and embedded in DER 331 epoxy/diethylenetriamine i3k

(12: 1 ratio by weight). The epoxy mount was cured * : : i
at room temperature overnight. The cured block was : ol st
further trimmed to a size of about 0:30.3 mm. A di-
amond knife was used to face off the trimmed block
prior to RuQ staining. The faced-off block was ex- pspsgsaEy P e o NS 0 TR T T
posed to the vapor of an aqueous Rglution (0.5% PP L O L g T SIS :
by weight) for 2.5 hrs. Ultra-thin sections, ranging &&aie
from 60 to 80 nm, were obtained using a Reichert-f&

I

Jung Ultracut E microtome with a diamond knife at @ 2.
room temperature. The thin sections were placed olg%#
200-mesh formvar-coated copper grids and examine{a
using a JEOL 2000FX ATEM operated at an accelerats 4
ing voltage of 100 kV.

3. RESULTS

3.1. General view of fracture patterns
The fractured SEN-3PB specimens are shown in Fig. 1
It is observed that neat iPP experiences a brittle be
havior with little sign of plasticity. The crack propa- >:€1/ -
gates unstably once it starts. With an addition of 10%gss

by weight of Noryl particles, a pronounced damage
zone forms and the crack experiences stable growtess
during loading. This indicates that addition of Nory|
particles improves fracture toughness and increasefi=

blend. Also, the crack growth is further delayed by in- &5
corporating SEP, suggesting that SEP can effectively=
alter the fracture process. All the above fracture pro-
cesses are consistent with the load-displacement curve=
reported previously [30]. From this simple test, it is (c)
noted that rigid Noryl particles and SEP both play an _ _ _
important role in the toughness improvement of jpp19ure 2 TOM of DN-4PB neat iPP specimen: (a) Taken under bright

. field, (b) cross-polarized light, and (c) high magnification under bright
TO unambIQUOUSIy un_derStand the roles that NoryI Parieiq light. No birefringence is found (see b). Crazes go through centers
ticles and SEP play in toughening, TOM, SEM, andand boundaries of spherulites (see c). The crack propagates from left to
TEM investigations are conducted on DN-4PB spec-ight.
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that crazes go through the boundaries and centers (&
spherulites (Fig. 2c). With further loading, the main &
craze is easily developed into a crack. This deformatior
mechanism is consistent with the low toughness valu
reported earlier [30].

3.3. Toughening mechanisms

in iPP/Noryl blend
As expected, the TOM photographs of the DN-4PB
tested specimen of the iPP/Noryl blend clearly revea
that massive crazes formed around the crack tip damag, - : :
zone (Fig. 3a). However, no birefringence is observec .« = i s t i x
when the specimen is examined under cross-polarize (a)
light (Fig. 3b). This damage phenomenon is similarto ___
that observed in neat iPP. However, the size of damag
zone and the level of crazing in iPP/Noryl blend are
much higher than that in neat iPP. It is apparent tha
the observed crazes are associated with Noryl particle
when the specimen is viewed at a higher magnificatior
(Fig. 3c). Most crazes appear to be initiated from and g
terminated at the Noryl particles. The Noryl particles
may act as stress concentrators to trigger crazes ar
stabilize the growing crazes.

The TEM investigation performed in the sub-fracture &%
surface zone clearly shows that massive crazes are ge j&
erated (Fig. 4). Large crazes are found between particle
(Fig. 4a), and seem unorganized due to the irregularly: AR ]
shaped Noryl particles and the presence of spherulite (b)
in iPP matrix. Particle debonding from matrix is also
observed in this region, indicating that interfacial bond- &
ing is not strong. Nevertheless, Noryl particles appeal
to be effective in generating massive crazes (Fig. 4b)g
TEM micrographs taken at 50m beneath crack sur-
face (Fig. 4c) and 202m ahead of crack tip (Fig. 4d)

is observed in these regions, which indicates that evel
through the interfacial bonding between iPP and Noryl
particles is not strong, itis enough for triggering crazes,

3.4. Toughening mechanisms
in iPP/Noryl/SEP blends
Large Noryl particles (about 10-18m) are formed in ©
iPP/10% Noryl blend, which limit the fracture mecha- iy, 3 tom of DN-4PB iPP/L0%NOryI specimen taken under (@)
nism mainly to crazing. Addition of SEP compatibilizer prigntfield, (b) cross-polarized light, and (c) high magnification in craze
into iPP/Noryl blend dramatically reduces the Noryl zone. Most crazes are associated with Noryl particles (see c). The crack
particle size and appears to form a core-shell particl@ropagates from left to right.
phase morphology in iPP/10%Noryl/SEP blends as re-
ported in Part | [30] of this series. The resistances to
crack initiation and crack propagation are significantlycrack tip region. This birefringent zone, which is an
increased by addition of a small amount of SEP. indication of shear banding, is encompassed by a large
Two levels of SEP compatibilizer, i.e., 2% and 5% light scattering cavitation zone. These interesting de-
by weight, were used to compatibilize iPP/10%Noryl formation features were further studied using TEM.
blend. First, we focus on iPP/10%Noryl/5%SEP blend, TEM micrographs in Fig. 6 were taken in the crack
and then show similarities and differences between thevake at different strata on DN-4PB tested iPP/10%
two blends. Noryl/5%SEP specimen. The sequence of deformation
When 5% SEP is added into iPP/10%Noryl blend,events can be studied here. In the crazed zone, i.e.,
the damage mechanisms are dramatically changed. Asbout 100um beneath the fracture surface, massive
shown in Fig. 5, the TOM micrographs of the DN-4PB crazes are found in the iPP matrix (Fig. 6a). Particles in
specimen clearly indicate the presence of a cavitatiothis region have the same shape as that in the undam-
zone (Fig. 5a) and a birefringent zone (Fig. 5b) in theaged region (Fig. 6f) and hence there is no observable
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Figure 4 TEM micrographs of DN-4PB iPP/10%Noryl thin section taken from various regions around the crack. In (a) and (b), massive crazes are
generated by Noryl particle immediately beneath the crack surface; in (gjrbBeneath the crack surface and (d) 20@ ahead of the crack tip,
sparse crazes associated with Noryl particles are still observed. The arrow indicates crack propagation direction.

(a)

Figure 5 TOM of DN-4PB iPP/10%Noryl/5%SEP specimen taken under (a) bright field and (b) cross-polarized tight. The crack propagates from left
to right.

shear deformation in the matrix at this stage. This idails at equator of particles), implying that the iPP ma-
the first stage of the deformation sequence. Fig. 6btrix around the distorted particles has undergone shear
taken at around 5@m beneath crack surface, shows yielding to some extent. The proof of extensive shear
the second stage in the sequence. This stage consistsagformation of the matrix material is demonstrated in
distorted particles in the loading direction (indicated byFig. 6¢, d, and e which were taken immediately beneath
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Figure 6 TEM micrographs of a DN-4PB iPP/10Noryl/5%SEP thin section taken from various regions in the crack wake. ga) b@feath the

crack surface, (b) 50m beneath the crack surface, (c), (d) immediately beneath the crack surface, close to the crack tip, (¢) immediately beneath the
crack surface but 20@m behind the crack tip, and (f) undamaged region. The arrow indicates crack propagation direction.
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Figure 7 TEM micrographs of a DN-4PB iPP/10%Noryl/5%SEP thin section taken from various regions around crack tip. (a) At crack tipngb) 50
ahead of the crack tip, (c) 150m and (d) 30Q.m ahead of the crack tip. The arrow indicates crack propagation direction.

the fracture surface. Highly deformed particles are ob{Fig. 6c). This finding is consistent with the work on
served inside this region, suggesting that plastic deforPA/PPO [3].

mation has occurred. Very short and narrow crazes are TEM investigations reveal complex deformation fea-
also visible in this region. The crazes appear to be distures in regions ahead of the crack tip (Fig. 7a). Again,
torted by the shear yielding process. A careful investigaerazes are distorted as those observed in Fig 6¢. The
tion of the micrograph reveals that the interfacial layers matrix material in the region near the crack tip experi-
which mainly consist of SEP compatibilizer (indicated ences large scale stretching (Fig. 7a). Obviously, diffuse
by a dark color due to staining), are highly elongatedshear yielding occurs in this region. The fan-shape de-
(see tails in the equator of particles) while the coreformation zone is caused by crack tip stretching and
of the particles remain almost undeformed (Fig. 6d).unloading. At approximately 5@m ahead of the crack
The elongation direction is at an angle of about 80 tip, Fig. 7b, the length of the tails at the equator of
40> with respect to crack growth direction in the re- the particles is smaller compared to that at the crack
gion close to the crack tip (Fig. 6¢c and d). This angletip (Fig. 7a) and the crack wake (Fig. 6c). This fea-
decreases with increasing distance behind the crack tifure is similar to that observed in the transition region
(Fig. 6e). The tail lengths at the equator of the particleof the crack wake (Fig. 6b). Only a few crazes are ob-
exhibit a decreasing elongation and alignment with reserved in this region. Further ahead of the crack tip, i.e.,
specttothe crack surface away from the fracture surfacat 150um and 300um, respectively, only crazes are
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SEM and TEM investigations were further performed
on iPP/10%Noryl/2%SEP.

The crack tip damage zone in DN-4PB iPP/10% No-
ryl/2%SEP is shown in Fig. 9. It is clear that the dam-
age feature in 2% SEP compatibilized blend is similar
to, but larger than, that of the 5% SEP compatibilized
blend. Since the level of plastic deformation in the 2%
SEP compatibilized blend is much higher, the evidence
of fracture mechanisms at the crack tip cannot be re-
tained after TEM thin-sectioning. As a result, the frac-
ture mechanisms cannot be observed using TEM and
instead, were investigated using SEM on an etched sub-
fracture process zone.

The DN-4PB sub-fracture process zone was etched
using an oxidizing acid agent described in the experi-
Figure 8 A schematic of the deformation features in the damaged DN—memal section. T_he ther_moplastlc Noryl particles, SEP
4PB iPP/10Noryl/5%SEP specimen. The location of TEM micrographsPhase and materials inside the crazes were etched pref-
shown in Figs 6 and 7 are indicated in this drawing. Note that the feature@rentially and could be easily revealed using SEM. Itis
are not drawn to scale. important to point out here that the specimen is feature-

less under SEM before etching. The SEM photographs
observed (Fig. 7cand d). The crazes become thinner arf@ken in the crack wake and the crack tip regions are
smaller with increasing distance away from the crackshown in Figs 10 and 11. The particles are removed
tip. Most crazes appear to be linked to Noryl particles by the etching solution, leaving semi-spherical cavi-
No signs of matrix stretching or tails at the equator ofties that are connected by deeply etched crazes in the
particles are found. A schematic drawing of the loca-regions away from the fracture surface and the crack
tions chosen for TEM investigation is shown in Fig. 8. tip (Figs 10b and 11c). The removed particles and

The Noryl particles appear to be effective in trigger- Crazes form massive void line arrays. These void line
ing crazes and preventing them from developing intoarrays become narrow in the region close to the frac-
premature cracks. Upon further loading, shear bandingre surface (Fig. 10a) and are distorted at the crack tip
begins to take place due to the relief of triaxial tension(Fig. 11a and b). The general deformation feature in
by extensive crazing in the crack tip region. It is in- this blend is similar to that in 5% SEP compatibilized
teresting to note that Noryl particles at this small sizeblend, i.e., crazing followed by shear banding. How-
(~0.3 um) are still effective in triggering crazes. A ever, carefulinvestigation reveals that the 2% SEP com-
transformation of toughening mechanism from Crazing)atibilized blend exhibits more extensive crazing than
to shear banding has clearly taken place in this blendhat in 5% SEP compatibilized blend (Fig. 7c and d
This is similar to that observed by Sue and Yee [3] inVS. Fig. 12a). The large Noryl particles<Q.8 um)
PA/PPO alloy. in the 2% SEP compatibilized blend (Fig. 12b) are

The morphological studies of the iPP/10%Noryl/5% more effective in triggering crazes than the small No-
SEP blend revealed that SEP compatibilizer reduceéy! particles 0.3 um) in the 5% SEP compatibilized
the Noryl particle size down to about Q.3n (Fig. 6f).  blend.

The 2% SEP compatibilized iPP/10%Noryl blend has

a larger particle sizex0.8 um) and a higher tough-

ness than the 5% SEP modified iPP/10%Noryl blendt. Discussion

[30]. To understand the differences and similarities inThe details of the toughening principles for poly-
fracture mechanisms between the two blends, TOMmers with rubber-toughened epoxy were discussed and

Crazed zone

Shear yielded zone

400 um

(@)

Figure 9 TOM of DN-4PB iPP/10%Noryl/2%SEP specimen taken under (a) bright field and (b) cross-polarized light. The crack propagates from left
to right.
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Figure 10 SEM micrographs of iPP/10%Noryl/2%SEP DN-4PB speci-

men taken in the crack wake. (a) Immediately beneath the crack surfacéigure 11 SEM micrographs of iPP/10%Noryl/2%SEP DN-4PB spec-

(b) 150.m beneath the crack surface, and (c) undamaged region. Masmen taken in front of crack tip. (a ) Crack tip, (b) 50n ahead of the

sive crazing (b) and shear banding (a) are observed. The crack propagatesck tip, and (c) 80@&.m ahead of the crack tip. The transformation of

from left to right. crazing (c) into shear banding (a, b) are observed. The crack propagates
from left to right.

summarized by Yee and Pearson [16]. For rigid-rigiddeformation. Unfortunately, the materials used in the
toughened polymers, Sue and Yee [3] demonstratedbove systems are commercial products, which makes
that toughness could be improved through crazing and impossible to clearly determine the roles that the indi-
transformation of crazing into shear banding in PA/PPCQvidual components play in the toughening process. The
alloy. Studies on PBT/PC blends [28] showed anotheaim of this study is to obtain an unambiguous under-
toughening route, i.e., crazing and debonding-cavistanding of the roles played by individual constituents
tationatthe PBT/PC interface, followed by matrix shearin the toughening process.
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(b)

Figure 12 TEM of DN-4PB iPP/10%Noryl/2%SEP thin section taken at (a) 2B®ahead of the crack tip, (b) high magnification of (a).
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In iPP/10%Noryl blend, it is noted that Noryl parti- though the deformation phenomenon in these material
cles have sizes ranging from 10—4®n. These parti- systems is similar, the detailed toughening processes
cles are effective in initiating and terminating crazes.are different. One should note that PA/PPO alloy con-
The level of crazing is not sufficient to relieve triaxial tains an elastomeric phase that initiates crazes inside
stress constraint due to large inter-particle distances. Ithe PPO particles. The crazes then propagate from the
addition, the interfacial adhesion between Noryl parti-PPO particles into PA matrix. In the iPP/Noryl/SEP
cles and iPP matrix is not strong (Fig. 4a). With in- blends, the crazes are initiated by Noryl particles. No
creased loading after matrix crazing, the debondingraze is found inside the Noryl particles. Studies have
takes place. Subsequently, cracking ensues. As a rehown that crazing is the main fracture mechanism in
sult, the shear yielding mechanism is suppressed. Weeat iPP. This means that the stress level required for
surmise that if the mixing is done at a higher tempera-crazes to occur in iPP is lower than that for yielding to
ture (e.g., 230C) and a higher level of Noryl particles occur. The level of stress concentration at the equator
is incorporated, smaller particles and shorter distancef Noryl particles first reaches the required stress level
between particles could be achieved due to the reducetd initiate crazes. With increasing loading, more crazes
viscosity at high temperatures. By doing so, there is are generated and this relieves the triaxial stress at crack
good chance that the fracture mechanisms in iPP/Norytip. These two processes enable shear yielding to occur
blend may be transformed from being crazing dominantasily.
to crazing/matrix shear yielding dominantmechanisms. Crack tip blunting mechanism has clearly operated in
This will further increase the fracture toughness of thethe iPP/Noryl/SEP blends. The TEM and SEM inves-
iPP/Noryl blend. tigations of DN-4PB specimens (see Figs 7a and 11a)

Inthe SEP-compatibilized iPP/Noryl blends, a higherconfirm that the iPP matrix is highly stretched around
SEP contentreduces Noryl particle size but does notimthe crack tip, suggesting that plastic flow has occurred.
prove fracture toughness. In fact, the toughness meas a result, the crack tip has been effectively blunted
surement results showed thitvalue of iPP/10%No- due to the surrounding plastically deformed material.
ryl/2%SEP blend is higher than that of iPP/10%Noryl/  Itis demonstrated that the rigid-rigid polymer tough-
5%SEP blend [30]. This can be tentatively explainedening concept works well in Noryl particle toughened
as follows. As is well known, the particle size plays aniPP. Toughness of the rigid polymer blends can be sig-
important role in toughening. It has been shown thamnificantly increased through crazing or crazing/shear
large rubber particlesx{1 um) in HIPS and ABS are banding toughening mechanisms. One should note that
more effective in generating crazes than small particleshe molecular structures of iPP and Noryl are very dif-
[14, 34]. In rubber toughened PP, Jang [22] reportederent, and Noryl particle has a much higher modulus
that samples with average particle diameter larger thaand is more brittle than the matrix (iPP). The blend
0.5 um exhibited pronounced crazing while no crazecan still be tough. This provides an attractive route
was found in the sample with particles lessthan®  to improve both toughness and modulus of polymer
Donald and Kramer [14] and Bucknall [35] elaboratedmatrix simultaneously. We surmise that this concept
the reasons for large particles to be more effective irmight work for all polymer blends so long as the effec-
triggering crazes in polymer matrix. In the blends stud-tive toughening mechanisms, such as crazing and shear
ied here, the average particle size in 2% SEP compabanding, can be achieved by properly controlling par-
ibilized blend is about 0.8m, while that in 5% SEP ticle size and interfacial adhesion between the matrix
compatibilized blend is about 0,8m. Since a higher and the toughener phase.
level of crazing and a larger crazed zone are generated
in 2% SEP compatibilized blend, it is possible that the
optimal particle size for triggering crazing in iPP is 5. Conclusion
close to 0.8§m. The toughening mechanisms iniPP, iPP/Noryl and iPP/

High level of crazing may be responsible for a largeNoryl/SEP blends have been examined using a variety
shear banding zone in the 2% SEP compatibilizedf microscopy techniques. The results show that neat
blend. To achieve shear banding, the plane strain cornPP undergoes brittle failuréa unstable crazing. Noryl
straint at crack tip has to be relieved by dilatationalparticlesiniPPP/Noryl blend act as stress concentrators
deformation. In rigid-rigid polymer blends, crazing is to trigger and stabilize crazes. Crazing is the dominant
a main dilatational deformation process because cavracture toughening mechanism in iPP/Noryl blend.
itation of rigid particles is difficult. Therefore, the SEP compatibilizer, which reduces the Noryl particle
level of crazing is critical to the size of the shearsize in iPP matrix and improves interfacial adhesion
yielded zone. A high level of crazing is more likely between iPP and Noryl particles, plays an important
to relieve the triaxial stress at the crack tip. As a re-role in toughening. Addition of SEP transforms craz-
sult, a larger shear yielded zone can be developed iimg dominant mechanism in iPP/10%Noryl into craz-
iPP/10%Noryl/l2%SEP (Fig. 9b). ing/shear yielding mechanisms in iPP/10%Noryl/SEP

The transformation of a crazed zone into a sheablends.
yielded zone in iPP/10%Noryl/SEP blends is observed
in the present study. The similar phenomenon was pre-
viously described and the possible reasons for its ocAcknowledgements
currence were extensively discussed by Sue and Ye€he authors would like to thank GE Plastics and Shell
[3] in PA/PPO alloy. It should be pointed out that al- Chemical for donating materials for the present work.

565



Special thanks are given to Defense Logistic Agencyie

(Contract # SPO 103-96-D-0023) for the financial sup-17-

port of this work.

References

1. A. F. YEE,D. S. PARKER,H.-J. SUEandl.-C. HUANG,
PMSE Div., Preprints, 194th ACS National Meeting, Aug. 1987.

2. H.-J. SUEandA. F. YEE, SPE-RETEC (Chicago), The Soci-
ety of Plastics Engineers, Sept. 1987.

3. H.-J. SUEandA. F. YEE, J. Mater. Sci24(1989) 1447.

. Idem, ibid. 26 (1991) 3449.

5. H.-J. SUE,R. A. PEARSONandA. F. YEE, Polym. Eng.
Sci.31(1991) 793.

6. M. HEINO,J. KIRJAVA,P. HIETAOJA andJ. SEPPALA,
J. Appl. Polym. Scie5 (1997) 241.

7.S. V. NAIR,S.-C. WONGandL. A. GOETTLER, J. Mater.
Sci.32(1997) 5335.

8. S. V. NAIR andA. SUBRAMANIAM, ibid. 32(1997) 5347.

9. Idem, ibid. 33 (1998) 3455.

10. R. P. KAMBOUR, J. Polym. Sci., Macromol Re¥.(1973) 1.

11.C. B. BUCKNALL, D. CLAYTON andW. E. KEAST,
J. Mater. Sci7 (1972) 1443.

12. A. M. DONALD,E. J. KRAMER andR. P. KAMBOUR,
ibid. 17 (1982) 1739.

13. R. R. DURST,R. M. GRIFFITH, A. J. URBANIC and
W. J. VAN ESSEN, ACS Div. Org. Coat. Plast. Prep84(1974)
320.

14. A. M. DONALD andE. J. KRAMER, J. Appl. Polym. Sci27
(1982) 3729.

15.C. B. BUCKNALL, “Toughened Plastics” (Applied Science,
London, 1977).

N

566

.A.F. YEEandrR. A. PEARSONJ. Mater. Sci21(1986) 2462.
Idem, ibid. 21 (1986) 2475.

18. H. G. OLF andA. PETERLIN, J. Polym. Sci., Polym. Phy$2

19.
20.

21.
22.
23.
24.
25.

26.
27.

28.
29.

30.
31.

32.
33.
34.

35

(1974) 22009.

R. GRECOandG. RAGOSTA, J. Mater. Sci23(1988) 4171.
M. SUGIMOTO,M. ISHIKAWA andK. HATADA , Polymer
36(1995) 3675.

B. Z. JANG, D. R. UHLMANN andJ. B. VANDER
SANDE, J. Appl. Polym. Sci30 (1985) 2485.

Idem, Polym. Eng. Sci25 (1985) 643.

J. KARGER-KOCSISandl. CSIKAI, ibid. 27(1987) 241.
M. ISHIKAWA,M. SUGIMOTO andT. INOUNE, J. Appl.
Polym. Sci62(1996) 1495.

C. J. CHOU,K. VIJAYAN,D. KIRBY,A. HILTNER and
E. BAER, J. Mater. Sci23(1988) 2521.

Idem, ibid. 23(1988) 2533.

D. E. MOUZAKIS,F. STRICKER,R. MULHAUPT andJ.
KARGER-KOCSIS, ibid. 33(1998) 2551.

J. S. WU andY.-W. MAI, ibid. 28(1993) 6167.

B. MAJUMDAR, H. KESKKULA andD. R. PAUL, J.
Polym. Sci. Part B, Polym. Ph$2 (1994) 2127.

G.-X. WEI andH.-J. SUE, Polymer in Press.

A. S. HOLIK,R. P. KAMBOUR,S. Y. HOBBSandD. G.
FINK, Microstruct. Sci7 (1979) 357.

R. H. OLLEY andD. C. BASSET, Polymer23(1983) 1707.
D. C. BASSETandR. H. OLLEY, ibid. 25(1984) 935.
Idem, J. Mater. Sci13(1982) 1765.

.C. B. BUCKNALL, ibid. 4 (1969) 214.

Received 13 April
and accepted 4 May 1999



