polymer

E L EVIE Polymer 41 (2000) 2947-2960

Toughening and strengthening of polypropylene using the rigid—rigid
polymer toughening concept
Part I. Morphology and mechanical property investigations

G.-X. Wef®, H.-J. Sué™, J. Chd, C. Huang, K. Gond

#Polymer Technology Center, Department of Mechanical Engineering, Texas A&M University, College Station, TX 77843-3123, USA
bVisteon Automotive System, Dearborn, MI 48121, USA
‘Department of Polymer Material Science and Technology, South China University of Technology, Guangzhou, Guangdong 545007,
People’s Republic of China

Received 18 February 1999; received in revised form 18 June 1999; accepted 22 June 1999

Abstract

The morphology and mechanical behavior of isotactic polypropylene (iPP) and Noryl blends were studied. It is found that the fracture
toughness of iPP can be significantly improved by adding rigid Noryl without causing any reduction in modulus. Large Noryl particles (about
10-15um) are formed if no compatibilizers are utilized in the iPP/Noryl blend. The addition of a small amount of styrene—ethylene—
propylene (SEP) compatibilizer causes a significant reduction in Noryl particle size. A noticeable improvement in particle—matrix interfacial
adhesion is also observed. Also, the energies required for both crack initiation and crack propagation of iPP are greatly increased. The results
show that phase morphology has a great effect on the mechanical performance of these blends. The structure—property relationship in iPP/
Noryl blends is discussed in detaib 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction [3]. Although a fundamental knowledge concerning scratch
resistance in polymers is still lacking, it is believed that
Isotactic polypropylene (iPP) is known to exhibit low modulus, yield/brittle stress, yield/brittle strain, dynamic
impact strength at temperatures close to or below room friction coefficient and toughness could significantly influ-
temperature, which greatly limits its engineering structural ence scratch resistance in polymers. A delicate balance
applications. In recent years, many studies have beenamong these variables has to be reached in order to achieve
conducted to improve the impact strength of iPP. Rubber a TPO system with both improved toughness and acceptable
modification has been shown to be effective in toughening scratch resistance.
iPP even at low temperatures (i.€20°C) [1,2]. Unfortu- The recently introduced rigid—rigid polymer toughening
nately, the accompanying penalty from rubber toughening concept [4—8] has provided new routes for structural uses of
usually manifests as a noticeable reduction in modulus andpolymeric materials. Based on this new concept, it is
scratch/mar resistance. Consequently, significant research ipossible to improve both modulus and toughness of iPP
needed to overcome the above drawbacks in order forby incorporating a rigid engineering polymer, such as poly-
polymer products to compete successfully in automotive carbonate, polyethylene terephthalate, and polyphenylene
applications. oxide (PPO). Since Noryl (a mixture of PPO and high
The reduction in scratch resistance has been attributed tampact polystyrene (HIPS)) has been shown to be effective
the addition of rubber which decreases the modulus of in toughening semi-crystalline nylon 6,6 [6,7], it is chosen
thermoplastic olefin (TPO). However, the scratch resistanceto toughen iPP for the present study. It is anticipated that the
of TPO is not improved with further addition of inorganic Noryl particles can serve as stress concentrators to trigger
fillers, which is supposed to increase the modulus of TPO cavitational mechanisms, such as crazing and interfacial
debonding, and to relieve the crack tip triaxial stress
*Corresponding author. Tel:+1-409-845-5024; fax:-1-409-862-3989. constraint, which then leads to massive shear banding in
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As we know, iPP and Noryl are immiscible in each other cutter to a notch depth of 5.5 mm, followed by liquid nitro-
due to significant differences in their polarity and solubility gen-chilled razor blade tapping to open a sharp crack to a
parameters. For a blend consisting of two immiscible total depth of about 6.4 mita/W = 0.5-0.55) for J-integral
polymers, there are two important factors that affect the fracture toughness measurements. Tensile specimens were
mechanical properties of the blend [9,10]: the morphology cut from the compression molded plaques and machined to
of the dispersed phase and the interfacial adhesion betweemequired dimensions designated by ASTM method (D
the dispersed phase and the matrix. In order to improve both638M-96).
particle dispersion and interfacial adhesion, compatibilizers
can be added to the blends to mediate an attractive inter-2.3. DSC measurements

action between the immiscible polymer components. The . . i )

addition of a second phase material to a semi-crystalline Differential scanning calorimetry (DSC) measurements
polymer matrix may also affect crystallinity, spherulite Were performed using Perkin—Elmer DSC (model Pyris
size, and lamella thickness. This may have significant 1). All scans were conducted ina nltrogen environment at
effects on the physical and mechanical properties of the & heating/cooling rate of 1@/min. Melting temperature
polymer blends [11-14]. In the present study, the sty- (Tm) was (_1eterm|ned from the heatlng_curve while the
rene—ethylene—propylene (SEP) diblock copolymer is crystallization temperaturel{) was determined from cool-

chosen to compatibilize iPP/Noryl blend. It is expected Ng- The heat of fusion for 100% crystallinity of iPP was
that the styrene block will be miscible with the Noryl taken as 209 J/g for crystallinity calculations [15].

phase and the ethylene—propylene block will be compatible . . .
with the iPP matrix. 2.4. Dynamic mechanical analysis

This paper, which is part of a larger effort to improve both 11,4 dynamic mechanical behavior of the neat- and tough-
scratch resistance and impact resistance in TPOs, focuses OBned-iPP was studied using dynamic mechanical spectro-
utilizing rigid Noryl to improve both modulus and tough- scopy (DMS) machine, Rheometrics RMS-800, in a
ness of iPP. The effects of Noryl and SEP compatibilizer on ;g «ijnal mode, with 2% per step. A constant strain ampli-
crystallinity and spherulite size of iPP are studied. The ,4e of 0.01% and a fixed frequency of 1Hz were

relationships between phase morphology and mechanicalgyioved. The samples were tested at temperatures ranging
properties of these polymer blends are discussed in detail. ¢.o 140 to 160C. The T, was assigned to be the tan

peak temperature.

2. Experimental )
2.5. Microscopy

2.1. Materials The morphology in neat-iPP and iPP blends was investi-

The iPP used to conduct this research kigs= 100 000 ggted using transmission optical microscopy .(TOM)’ scan-
andM,, = 368 00Qwith a melt flow rate index (MFI) of 2.5. ning electron microscopy (SEM)’ anq tra_nsmltt_ed ele_ctron
The Noryl pellets, Noryt* PX0844, a mixture of PPO and microscopy (TEM). In the TOM Investigation, thin sections
HIPS, which has a glass transition temperatufg) (©f with th|ckness of about 24m were obtamgd by polishing,
150°C, were received from the General Electric Company. fo!lowmg the procedure descr!bed by.Hollk etal. [16]. The
The styrene—ethylene—propylene (SEP) diblock copolymerthm. sectlpns were then exammeql using an Olympus BX60
with T, of —58C for the EP block and 9€& for styrene optical microscope under both bright field and cross-polar-
block (Kraton-G1701), which was used as a compatibilizer, ization (_:ond|t|ons to analyze the Noryl particle size and iPP
was obtained from Shell Chemical. All polymers used in spheruht.es. L . .
this research are commercial products. Blends of iPP/10% SEM investigations were _perfo_rmed on pollshe_d speci-
Noryl, iPP/10%Noryl/2%SEP and iPP/10%Noryl/5%SEP mens to study the Noryl particle size and iPP matrix spher-

were prepared using a research grade roll milling machine ulite feat.ure in all bI.ends. In this experiment, shecimens
at a roll temperature of 20G. were polished following the same procedure as that in the

TOM investigation to obtain flat and smooth surfaces. These
2.2. Specimen preparation polished specimens were subsequently immersed in a solu-

tion containing 1.3 wt% potassium permanganate, 32.9 wt%

The iPP, iPP/10%Noryl, iPP/10%Noryl/2%SEP and iPP/ dry HsPO, and 65.8 wt% concentrated ,80, for 24 h

10%Noryl/5%SEP blends were compression molded into [17,18]. SEM studies were also performed to analyze frac-
thin sheets (4 mm thick) at 280. Cooling water was  ture surface features of thkeintegral tested specimens. All
used to quickly cool the plaques. Single-edge-notch three-specimens were coated with a 300ayer of Au—Pd and
point bend (SEN-3PB) specimens were cut from the studied using the JSM-6400 SEM operated at an accelerat-
compression molded plaques. Samples were machined tdng voltage of 15 kV.
reach the final dimensions of &3 127 x4 mn?. The For the TEM experiments, specimens were carefully
SEN-3PB bars were notched with a 25fh radius notch trimmed to an appropriate size (i.e.x% mnf) and
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different predetermined deflections, i.e. different levels of

P ;
crack growth. The load—deflection curve was recorded and
* monitored using a computer data acquisition program which
A allowed the potential energy (area under the load—deflection
12.7mm . . .
@ diagram) to be calculated. After unloading, each specimen
was immersed in liquid nitrogen for 3 min and broken

A 4

5
7 N
% ¢ /508 m § immediately to cause brittle fracture. The extent of crack
% & growth was measured from the fracture surface using an
optical microscope. The-integral value was calculated

using the following expression:
Razor

blade cu

~BW-a)

whereU is the input energy to the specimen given by the
area under the load—displacement cuB¢he thickness of
the specimenyV the width of the specimen aralthe crack

Notch tip
radius length.
0.0254 mi The calculatedl-values were then plotted against the

advanced crack length\a, to obtain aJ—-R curve. Using

Fig. 1. Schematic of the three-point bend test specimen used fai-the this method, thel,-values were determined at the point of
integral test. intersection between th&-R curve and the blunting line

_ . o ~ (J = 20yAa, whereoy is the yield stress).
embedded in DER 331 epoxy/diethylenetriamine (12:1ratio  Tensile tests were carried out following ASTM D 638M-
by weight). The epoxy was cured at room temperature over- 96 using Type M-Il specimen geometry. The tests were
nlght The cured block was then further trimmed to a size of performed at a crosshead Speed of 2 mm/min and at room
about 03 x 0.3 mn?t. A diamond knife was used to face off temperature.
the trimmed block prior to Rustaining. The faced-off
block was exposed to the vapor of an aqueous falition
(0.5% by weight) for 2.5 h. Ultra-thin sections, ranging from 3. Results and discussion
60 to 80 nm, were obtained using a Reichert—Jung Ultracut
E microtome with a diamond knife at room temperature. 3.1. Thermal analysis
The thin sections were placed on 200-mesh formvar-coated
copper grids and examined using a JEOL 2000FX ATEM It is well known that the crystallinity of semi-crystalline

operated at an accelerating voltage of 100 kV. polymers plays a significant role in determining their
mechanical properties and fracture behavior. The addition
2.6. Mechanical testing of second phase particles such as rubber and inorganic fillers

may affect crystallinity and spherulite morphology of iPP.
TheJ-integral test was done according to ASTM E813-89 Greco et al. [11,19], reported that polyisobutylene (PIB) and
using a multiple-specimen technique at room temperature.ethylene—propylene rubber (EPR) acted as nucleation
The schematic of the three-point bend test specimen isagents to reduce crystallinity and spherulite size of PP. On
shown in Fig. 1. An Instron (Model 4411) screw-driven the other hand, Chou et al. [20], found that the crystallinity
mechanical testing machine was used to perform the of PP was independent of the EPR rubber content while the
measurements at a crosshead speed of 2 mm/min. Duringspherulite size was dramatically decreased by the addition
testing, a series of specimens were loaded and unloaded tof EPR. Pukanszky et al. [21] and Rybinkar [22] reported

Table 1
Crystallinity (X;), melting temperatureT(,), crystallization temperaturdlf) and T, of iPP and toughened-iPP
Materials X2 (%) T at peak {C) T, at peak {C) Tgb (°C)

iPP SEP Noryl
iPP 39.7 167 114 5 - -
iPP/10%Noryl 40.7 166 117 6 - 150
iPP/10%Noryl/2%SEP 41.0 167 117 5 - 52 151
iPP/10%Noryl/5%SEP 41.0 167 117 4 —-53 152

& Crystallinity normalized by sample weight.
P Temperature at which tahicurve of DMS at 1 Hz is a maximum.
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Fig. 2. Dynamic mechanical spectra of iPP vs. toughened-iPP. DMS of: (a) iPP, iPP/5%SEP and iPP/10%Noryl/5%SEP; (b) iPP, iPP/10%Noryl and iPP/

10%Noryl/2%SEP.

that mineral fillers may strongly affect the crystallization addition of Noryl and SEP does not have a significant effect
process of semi-crystalline polymers in a quantitative and on the crystallinity and the melting behavior of iPP. Since
qualitative manner. Rybnikar observed that the number of the melting behavior observed in DSC is determined primar-
nucleation centers was greater for filled PP than for unfilled ily by the characteristics of crystallites, this feature suggests
PP. This led to the growth of a large number of smaller that the crystalline structure in iPP at the size scale of lamel-
spherulites. The effect of the second phase materials onlae is not strongly affected by the presence of Noryl and
crystallinity and spherulite morphology depends on blend SEP. In fact, our small angle X-ray (SAXS) analysis results
composition and structure of the second phase. To evaluateconfirm that lamella thickness and the long period of crys-
extent to which Noryl and SEP influence the crystallization talline phase in all specimens are the same, i.e. 5 and 15 nm,
process in iPP blends, DSC analyses were performed onrespectively [23]. On the other hand, the crystallization
neat-iPP and its blends. The results are summarized intemperature is about°@ higher for iPP/Noryl and iPP/
Table 1. It is noted that both crystallinity and melting Noryl/SEP blends than that of neat-iPP. This is an indication
temperature T,,) is about the same for all samples. The that Noryl acts as a nucleation agent which may affect the
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Table 2

Selected mechanical properties of iPP and toughened-iPP

Materials Young’s modulug (GPa) Yield stress (MPa) Je (kJ/m?) Storage shear modulus G’ (MPa)
25C 80°C

iPP 1.61+ 0.06 35.5+£ 0.5 3.0 787 270

iPP/10%Noryl 1.79- 0.08 30.5+£0.7 145 830 325

iPP/10%Noryl/2%SEP 1.550.04 28.7+-1.2 28.1 805 298

iPP/10%Noryl/5%SEP 1.4t 0.05 30.0+ 0.6 19.2 726 271

Fig. 3. Transmission optical micrographs of: (a) iPP; (b,c) iPP/10%Noryl; (d,e) iPP/10%Noryl/2%SEP; and (f,g) iPP/10%Noryl/5%SEP taken,arg)er (a,
cross-polarized and (b,d,f) bright field.
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morphology of iPP spherulites. This feature will be further
discussed when TOM and SEM results are presented.

3.2. Dynamic mechanical analysis

The dynamic mechanical spectra of iPP and toughened-
iPP are shown in Fig. 2. For comparison purposes, the DMS
spectrum of the 5% SEP-modified iPP is also plotted. The
Tgs of all the blends are listed in Table 1. As shown, the
presence of well-separated tarpeaks of iPP, SEP and
Noryl indicates a clear phase separation among them. The
maximum tans of iPP does not shift with the addition of
Noryl or SEP. However, the tah peaks of SEP shift to a
higher temperature (aboutGincrease) with the addition of
Noryl. This suggests that SEP and Noryl are partially
compatible (i.e. styrene block in SEP is compatible with
Noryl). The addition of SEP into iPP/Noryl blend can signif-
icantly reduce Noryl particle size. Th&; of Noryl is
discernible even though it is close to the melting point of
iPP. It is interesting to note that th§ of Noryl is not
affected by the SEP while the t@anpeak intensity is

Fig. 4. Scanning electron micrographs of etched surfaces of: (a) iPP; (b) iPP/10%Noryl; (c) iPP/10%Noryl/2%SEP; and (d) iPP/10%Noryl/5%8IE&s Spher
cannot be observed on SEP-compatibilized iPP/Noryl blends (see (c) and (d)).
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Fig. 5. Transmission electron micrographs of: (a) iPP/5%SEP; (b) iPP/10%Noryl; (c) iPP/10%Noryl/2%SEP; (d) iPP/10%Noryl/5%SEP at low roagnificati
and (e) iPP/10%Noryl/5%SEP at high magnification.
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decreased with increasing SEP content. This phenomenornSEP-compatibilized iPP/Noryl blends (Fig. 4(c) and (d)).

further confirms that SEP strongly interacts with Noryl. The
reason thely of Noryl does not seem to shift is because of

The iPP/Noryl blend with a higher SEP content results in
even smaller Noryl particles (compare Fig. 4(c) and (d)).

the low content of styrene block in SEP and the low amount Both TOM and SEM are unable to reveal the SEP phase. To

of SEP utilized. TheT, of styrene block in SEP is not
detected because the tampeak of styrene block overlaps
with the hump of iPP at temperature around D0

determine the exact Noryl particle morphology and the reason
for SEP to be so effective in reducing Noryl particle size, TEM
investigations are conducted on iPP/5%SEP, iPP/10%Noryl,

The shear storage moduli of all specimens are reported iniPP/10%Noryl/2%SEP, and iPP/10%Noryl/5%SEP blends.

Table 2. The addition of 10% Noryl particles increases the

The TEM micrographs of the iPP blends are given in Fig.

shear storage modulus of iPP, especially at higher temperab. It is clearly shown that the SEP is a two-phase diblock

tures &80°C). This indicates that the heat deflection tempera-
ture of iPP is likely to be increased. However, this property is

slightly decreased by the addition of SEP. Upon further addi-

copolymer (Fig. 5(a)) which is consistent with the informa-
tion provided by Shell Chemical [24]. The phase separation
between iPP and SEP is well maintained during blending.

tion of SEP, a larger drop of shear moduli is observed (Table This phenomenon is consistent with the test results of DMS,

2). The change of the shear moduli is primarily due to the

which indicates a clear phase separation between them.

addition of the second phase particles. The addition of rigid Blending iPP with Noryl alone results in large irregular
Norylincreases the shear modulus of iPP while the addition of elliptical Noryl particles in the iPP matrix (Fig. 5(b)). The

soft SEP decreases the shear modulus of iPP/Noryl blend.

3.3. Morphology observations

Transmission optical micrographs of polished thin
sections (about 2m) of neat- and toughened-iPP samples

rubber phase (which appears dark due to Rst@ning) and
sub-inclusions inside the Noryl particles, which are charac-
teristics of HIPS, are observed. The thick, dark layer located
at the interface of iPP and Noryl is believed to be the
rubbery phase from HIPS. When 2% by weight of SEP is
added to the iPP/10%Noryl blend, small elliptical Noryl

are shown in Fig. 3. The neat-iPP forms well-defined spher- particles are formed (Fig. 5(c)). The average size of these
ulites during cooling (Fig. 3(a)). The average size of these particles, which is about 0,8m, is much smaller than that

spherulites is about 6@m. When iPP was blended with
10% Noryl, large and non-uniform Noryl particles (about
10—-15pm in diameter) (Fig. 3(b)) are formed while the
spherulite size is reduced approximately to @ (Fig.
3(c)). As expected, the incorporation of 2% SEP compati-
bilizer into the iPP/10%Noryl blend makes Noryl particles
much smaller and more uniform than that of the iPP/Noryl
blend (Fig. 3(d)). Again, the spherulite size of iPP is reduced
to about 2Qum (Fig. 3(e)). The boundaries between the

of iPP/10%Noryl (comparing Figs. 3(b) and 5(b)). A careful
inspection reveals that a thin, dark layer of SEP surrounding
Noryl particles is formed. No individual SEP phase is
observed. This indicates that SEP prefers to reside at the
interface between iPP and Noryl particles. The TEM micro-
graph of iPP/10%Noryl/5%SEP blend further confirms this
observation. After 5% by weight of SEP is added into iPP/
10%Noryl blend, much smaller Noryl particles (0.2—
0.5um) are produced (Fig. 5(d)). A thicker SEP layer

spherulites are not distinct and the shape of the spherulitessurrounding Noryl particles is present as shown in Fig.
is more ribbon-like. When the SEP is increased to 5%, the 5(¢). It is interesting to note that crystalline texture of iPP
Noryl particle size and iPP spherulites are optically similar seem to penetrate into the SEP phase, suggesting a good
to those of 2% SEP-modified iPP/10%Noryl blend (Fig. 3(f) compatibility between these two phases. It is also observed
and (g)). Noryl particles in SEP-compatibilized iPP/Noryl that the thick SEP-sheathed Noryl particles tend to promote
are too small to be discernable using TOM (Fig. 3(d) and aggregates (Fig. 5(d)), which may have a negative effect on
(f)). From the optical microscopy study, it is evident that the toughness. Again, no individual SEP phase is observed even
addition of SEP has a significant effect on the Noryl particle though the SEP content is as high as 5% by weight.
size, the dispersion of Noryl particles and on the crystalline Itis noticed that increasing the SEP content from 2 to 5%
morphology in iPP. Unfortunately, detailed information by weight only reduces the Noryl particle size to a small
about particle size and crystallite morphology cannot be extent (from about 0.8 to 0.2-0m). However, this
observed unambiguously using TOM due to its low resolu- increase causes the formation of a thick SEP layer between
tion. SEM is therefore employed. the iPP and Noryl particles. Aggregation of Noryl particles,
When iPP and its blends are etched with an etching which may deteriorate the effectiveness of toughening, may
solution and investigated using SEM, the differences in be caused by the presence of the thick SEP layer. It is
spherulite features as well as the Noryl particle size in iPP possible that the addition of an even smaller amount of
blends are clearly revealed (Fig. 4). Well-developed spher- SEP, say, 0.5%, may be effective in dispersing Noryl parti-
ulites with clear boundaries between spherulites in neat-iPPcles and maintaining a good interfacial adhesion.
can be unambiguously observed (Fig. 4(a)). This is consis-
tent with TOM result (Fig. 3(a)). Small but well-formed 3 4 Tensile properties
spherulites in iPP/Noryl specimen are clearly shown (Fig.

4(b)). No distinct spherulites can be detected in the The moduli and yield stress of iPP and its blends are
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Fig. 7. J-values versus crack growth for different samples: (a) neat-iPP; (b) iPP/10%Noryl; (c) iPP/10%Noryl/2%SEP; and (d) iPP/10%Noryl/5%SEP.
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Fig. 8.3-Rcurves of iPP vs. toughened-iPP.

reported in Table 2. As expected, the addition of Noryl spherulites is higher than that of the iPP with larger
increases the modulus of iPP. When 2% SEP by weight of spherulites. On the other hand, the iPP/Noryl/SEP blends
compatibilizer is added into the iPP/10%Noryl blend, with smaller spherulites have lower modulus than that of
Young's modulus is slightly decreased. After 5% by weight the iPP. We therefore surmise that the spherulite size effect
of SEP is incorporated, more reduction in Young'’s modulus on modulus and yield stress is at best secondary. The second
is found. It is noted that the yield stresses of all toughened- phase particles are the main cause of the change in modulus.
iPP specimens are reduced by about 15% due to the additionThe reduction in yielding stress is mainly ascribed to the
of Noryl and SEP. Several factors may contribute to the presence of second phase particles which act as stress
reduction of modulus and the yield stress. Generally speak-concentrators to decrease the overall yield stress.
ing, for a semi-crystalline polymer, a higher crystallinity
gives rise to high modulus and yield stress. The larger the 3 5_crack growth resistance curves (J-R curves) and crack
spherulite, the higher the modulus is observed [14]. For jjitiation energy J
polymer blends, no direct correlation between crystallinity
and tensile property can be made due to complex morphol- Typical load—displacementP—d) curves obtained at
ogy and deformation processes. Nevertheless, the effects ofoom temperature for neat- and toughened-iPP are shown
crystallinity and spherulite size on modulus and yield stress in Fig. 6. The neat-iPP experiences brittle fracture behavior
in polymer blends should show the same trend as those in awith little sign of plasticity. With an addition of 10% by
single component semi-crystalline polymer. weight of Noryl, a pronounced non-lined—d curve is
From the DSC results and optical micrographs (see Table observed (Fig. 6). This indicates signs of plastic deforma-
1 and Fig. 3), all samples show almost the same crystallinity tion in iPP/Noryl. After the crack initiates, the crack propa-
but different spherulite sizes. According to Way'’s result gates in a stable manner. As for the iPP/Noryl/SEP blends,
[14], however, variation in spherulite size below 1,00 the samples show non-line&-d curves with even more
has only minor effect on yield stress. Only when the spher- stable crack growth. No unstable fracture occurs in these
ulite size is larger than 100m will the size effect become  blends. This strongly indicates that the iPP/Noryl/SEP
significant. In the present study, we observed difference in blends exhibit a much higher fracture toughness than iPP
spherulite sizes among neat- and toughened-iPP. Evenand iPP/Noryl. Itis of interest to note that large scale plastic
though the difference is large, the average spherulite sizedeformation takes place before crack growth in PP/
in all samples is well below 10@m. Further investigations  10%Noryl/SEP specimens as indicated by the flat portion
on spherulite size using the etching technique show that theof the P—d curves (Fig. 6).
spherulite features of iPP, iPP/Noryl and iPP/Noryl/SEP  The J-R curves with blunting line for the iPP blend
blends are different. Fully grown spherulites cannot be systems are shown in Fig. 7. It is worth mentioning that
observed in the SEP-compatibilized iPP/Noryl blends. the neat-iPP specimen experiences a stable—unstable type
However, the yield stress of these blends is almost the of crack growth. After a certain amount of stable crack
same. The modulus of the iPP/Noryl with smaller propagation, crack instability occurs abruptly and the
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Table 2. Thel, of iPP is relatively low and consistent with
those published in the literature [25-27]. It is evident that
the utilization of Noryl and SEP has greatly improved the
fracture toughness of iPP. Clearly, Noryl alone is effective
in toughening iPP. Addition of the SEP further increased the
toughness of the iPP/Noryl blend. For comparison purposes,
theJ-Rcurves of neat-and toughened-iPP blends are shown
in Fig. 8. Obviously, the Noryl-toughened blends have a
much higher crack propagation resistance as well as crack
initiation resistance than those of neat-iPP. It is noted that
the J; value of the 2% SEP-compatibilized iPP/10%Noryl
blend is higher than that of the 5% SEP-compatibilized
iPP/10%Noryl blend. This difference is discussed in Part
Il [28] of this series, which focuses on the toughening
mechanism investigations. In this studyvalues, instead

of Ji;. values, are reported due to insufficient specimen thick-
ness for all iPP blends.

3.6. Morphology—structure—property relationship

The improvements in crack initiation and propagation
resistance of iPP blends are related to the morphology of
blends. It is well known that crystallinity, spherulite size,
second phase particle size and interfacial adhesion between
the particle and matrix have great influence on both crack
initiation and propagation in polymer blends. In the present
study, the crystallinity and crystalline size of all specimens
are about the same. However, the iPP spherulite features and
Noryl particle sizes are dramatically different among the
blends analyzed. Varga [29] in his excellent review
explained that spherulite boundaries in neat-iPP are the
“weak paths”, and failure often initiates at these locations
by coalescence of microvoids and crazes. The weakness of
these interspherulitic zones arises from the non-crystallized
components which are accumulated in these regions. Horn-
bogen and Friedrich [30] and Lustiger et al. [31], indepen-
dently showed that cracks propagate easily at the interface
between coarse spherulites and that fracture resistance can
be improved by improving inter-crystalline and inter-
spherulitic links. In the present study, one can see that spher-
ulites are well developed in the neat-iPP specimen (Figs.
3(a) and 4(a)). During fracture, a small amount of plastic
deformation occurred near the fracture surface of the stable
crack growth region (Fig. 9(b)). The fracture surface ahead
Fig. 9. Scanning electron micrographs of the neatJR&st specimen: (a)  Of the crack tip plastic zone is smooth (Fig. 9(c)), which is
an overview of the fracture surface; (b) taken at the stable crack growth characteristic of brittle failure. No other effective energy

zone A; and (c) taken at the fast crack zone B. dissipation process can be observed. This is consistent
with the relatively lowJ. and d/dAa values of iPP.
specimen breaks into two halves. The maximdivalue When 10% Noryl is added into iPP, the spherulite size is

obtained at break for neat-iPP is about 20.3 KJ/@n the significantly reduced even though the Noryl particles are
other hand, a completely stable fracture is observed in thestill large (about 10—15m), as shown in Figs. 3(b), 4(b)
iPP/10%Noryl and iPP/10%Noryl/SEP blends. Upon and 5(b). Scanning electron micrographs of fhiategral
loading, the crack tip is seen to blunt extensively with a tested specimen fracture surface reveal the evidence of
large amount of crack tip plasticity for SEP-compatibilized ductile failure (Fig. 10(b)), where highly drawn fibrils
iPP/Noryl blendsJ.-values of all specimens calculated from are found on the fracture surface. A careful investigation
the intersection ad—Rcurves and blunting lines are listed in  suggests that the adhesion between iPP and Noryl is quite
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Fig. 11. Scanning electron micrographs of the iPP/10%Noryl/2%Bt€Bt
specimen: (a) an overview of the fracture surface and (b) taken at the stable
crack growth zone.

large scale plastic zone ahead of the crack tip is developed
(Figs. 11(a) and 12(a)). A careful examination of the
fracture surface shows that plastic flow and fibril formation
of iPP matrix are present. Interfacial adhesion between
Noryl particles and iPP matrix appears to be very good as
indicated by the presence of well-bonded Noryl particles
found on the fracture surface (Fig. 13). SEP cannot be
observed on the fracture surface by SEM due to the lack of
contrast. As shown in the TEM micrographs, the SEP phase is
located at the interface between Noryl particles and iPP
Fig. 10. Scanning_electron micrographs of the iPP/10%Nattgst speci- matrix. No significant Noryl particle drawing is observed.
;ﬁ\'}\;ﬂ(]ago"’:]”e?‘;f];v'(i‘;"hci’;;h;;r::itf‘i‘ézt;‘:]ﬁ;"(et;fb) taken at the stable crack riq o\ ggests that the strength of SEP is much lower than

that of the Noryl particles. As a result, SEP rupture takes

place and causes the Noryl particles to be exposed on the
poor (Fig. 10(c)). No signs of Noryl particles are observed fracture surface (Fig. 13). Except for particle sizes, no signifi-
on the fracture surface. The poorly adhered Noryl parti- cant differences on fracture surface between 2 and 5% SEP-
cles must have escaped from iPP matrix during fracture. compatibilized iPP/10%Noryl blends are observed (Figs.
The SEM photographs in Fig. 10(b) and (c) suggest that 11(b), 12(b) and 13). The above analyses are all based on
Noryl particles induce matrix voiding on the fracture fracture surface observations. The detailed fracture mechan-
surface. isms and deformation sequences are discussed in Part |1 [28] of

In the SEP-compatibilized iPP/10%Noryl blends, a this series through sub-critical crack tip damage zone analy-

ductile failure mode is predominant (Figs. 11 and 12). A sis of the iPP blends using OM, SEM and TEM.
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Fig. 12. Scanning electron micrographs of the iPP/10%Noryl/5%BEBt
specimen: (a) an overview of the fracture surface and (b) taken at the stable
crack growth zone.

4., Conclusions

Polypropylene can be toughened through the rigid—rigid
polymer toughening concept. Noryl can be utilized to signif-
icantly increase iPP toughness without sacrificing stiffness.
SEP is an effective compatibilizer for iPP/Noryl blend. The
addition of this compatibilizer greatly reduces Noryl parti-
cle size and improves particle-matrix interfacial bonding.
This further improves the fracture toughness of iPP.
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