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SYNOPSIS 

Three microstructures of polypropylene (PP)/elastomer/filler hybrids were obtained by 
processing control and elastomer or PP surface modification: (a) filler and elastomer particles 
are dispersed in a PP matrix to form separate particles; (b) elastomer particles with a filler 
core are distributed in a PP matrix; or (c) there are mixed microstructures of (a) and (b). 
Morphologies and fracture of different components and microstructures were studied by 
SEM. When the lower-temperature cut samples were carefully etched, the differences be- 
tween the various microstructures were clearly observed under SEM. The core-shell mi- 
crostructure provided an elastomer interlayer between the filler and the PP matrix, which 
resulted in changing the fracture mechanism from microcrack to shear yield. The SEM 
micrographs were digitized and analyzed by IMAGE 1.52. Rubber particle size and distri- 
bution were studied. The relationship between the morphologies and mechanical properties, 
especially the brittle-toughness transition, was discussed. DSC was used to confirm the 
difference of microstructures, crystallization behavior, and compatibility. 0 1996 John Wiley 
& Sons. Inc. 

INTRODUCTION 

A study of processing, microstructure, and mechan- 
ical properties of three-component polypropylene 
(PP)/elastomer/filler hybrids was reported in a pre- 
vious article.' Various microstructures of three- 
component PP/elastomer/filler systems could be 
obtained by the control of processing conditions 
and/or the chemical modification of PP or the elas- 
tomer: (a) Fillers and rubber particles are indepen- 
dently dispersed in the PP matrix to form a sepa- 
rated particle microstructure; (b) rubber particles 
with a filler core are distributed in the PP matrix 
to form a core-shell microstructure; or (c) there are 
mixed microstructures of (a) and (b). Mechanical 
properties of various three-component PP-elasto- 
mer-filler hybrids depended on different micro- 
structures. For a certain PP-elastomer-filler system, 
a separated microstructure increased stiffness, while 
a core-shell microstructure improved toughness. 

In this article, a detailed study of morphologies 
and fracture are reported. Various fillers (talc, 
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CaC03, and nylon-12) and different maleic anhy- 
dride-modified elastomers [poly(ethylene-co-pro- 
pylene), EP, and poly(styrene-b-ethylene-co-buty- 
lene-b-styrene), SEBS] were used in the experi- 
ments. The results of fresh impact fracture surfaces 
and cut surfaces by a microtome under -130°C are 
discussed. Rubber particle size and particle-size dis- 
tribution were studied by digital image processing 
and analysis. DSC was used to identify the difference 
between the separated and core-shell microstruc- 
tures and to study crystallization behavior and com- 
patibility. 

EXPERIMENTAL 

Materials and Specimen Preparation 

Different microstructures of PP/rubber/filler hy- 
brids were obtained by processing control and poly- 
mer modification with maleic anhydride. To obtain 
separated microstructures, maleic anhydride-grafted 
PP (ma-PP) was mixed with E P  and the filler using 
a Haake twin-screw extruder followed by granula- 
tion. Maleic anhydride-modified elastomers (ma-EP 
and ma-SEBS) were used to keep the filler particles 
inside the elastomer shell, thus producing a core- 
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shell microstructure. Alternatively, using processing 
control only, the filler and the unmodified elastomer 
were dispersed first, then the filler elastomer com- 
bination was dispersed in PP. This two-step dis- 
persion method was also used with maleated elas- 
tomers to provide a greater degree of a core-shell 
microstructure. Standard test specimens were pre- 
pared using an injection-molding machine. Further 
details of the polymers and the blend preparation 
was described in a previous article.' 

Surface Preparation 

Undistorted and smooth surfaces were obtained by 
a Leica Reichert ultramicrotome, with a low-tem- 
perature chamber and glass knives. The operation 
conditions were the following: knife angle, 48"; knife 
temperature, -130°C; sample temperature, -130°C; 
and sample cross section, - 1 X 1 mm. The glass 
knife was quickly dulled in the low-temperature 
cutting operations, so a fresh length of knife edge 
was used to cut each surface. The cut surfaces were 
etched by xylene to selectively dissolve elastomer 
(EP or SEBS), leaving PP and talc undissolved. 
Surfaces were generally etched in xylene in a ther- 
mostatted ultrasonic bath at 20°C for 10 min. 

The fresh impact fracture surface was obtained 
directly from impact testing at 20°C. Undeformed 
fracture surfaces were obtained through breaking 
specimens perpendicularly to the injection-molding 
direction after immersion of the specimens in liquid 
nitrogen for 20 min. 

S E M  Conditions 

The surfaces were examined after they had been 
coated with a gold-palladium alloy using a JEOL 
JSM-840A SEM. To avoid distortion of the surface, 
the coating was applied for 10 s; then after a 10 s 
pause, the coating was repeated for a total of 100 s. 
Micrographs were obtained by collecting secondary 
electrons emitted upon bombarding the sample with 
20 kV electrons. Micrographs were obtained at mag- 
nifications ranging from 1000 to 10,000. SEM mi- 
crographs were digitized, then analyzed by IMAGE 
1.52. Rubber particle size and distribution were cal- 
c u l a t e d . 

Differential Scanning Calorimetry (DSC) 

A Perkin-Elmer DSC7 was used to study the thermal 
behavior and microstructure. Measurements were 
made on approximately the same sample masses, 
which were cut from the surface of impact specimen 

bars with about 20 pm thickness. Melting temper- 
ature, T,, and crystallization temperature, T,, were 
obtained by heating and then cooling the sample at  
20"C/min. 

RESULTS AND DISCUSSION 

In the PPlrubberlfiller hybrids, the location of the 
filler is the key factor which controlled the mor- 
phologies. Different microstructures were obtained 
by controlling processing conditions and polymer 
surface modification.' Grafted maleic anhydride was 
used as a polar group to enhance the adhesion be- 
tween the polymer and the mineral fillers. Maleic 
anhydride-grafted polymer was also used as a func- 
tional group to produce a chemical reaction with 
polyamide (PA, nylon-12) which was used as a 
meltable "filler." Separated particle microstructures 
were produced by introducing maleic anhydride- 
grafted PP in the matrix, while core-shell micro- 
structures were obtained by introducing maleic an- 
hydride-grafted elastomer. 

The difference in the microstructures of PP/rub- 
ber /elastomer hybrids was observed from cut and 
etched surfaces. Figure 1 shows the surfaces cut by 
a microtome under -130°C and then etched by xy- 
lene in a thermostated ultrasonic bath at 20°C for 
10 min. Figure 1 ( a )  is the surface of an EP-PP bi- 
nary blend which will be used as a reference. It is 
seen that E P  elastomer particles were etched by xy- 
lene and appear as dark holes on the cut surface. 
Figure 1 ( b )  shows the surface of the PP/EP/talc 
hybrid with a separate particle microstructure. It is 
seen that talc (brighter sheet) and elastomer (dark 
hole) are separated in the PP matrix. There are no 
gaps between talc particles and PP. Figure 1 (c)  
shows the PP-EP-talc hybrid with a core-shell mi- 
crostructure. It is seen that the size and shape of 
the dark holes were significantly different from the 
binary blend and the hybrid with a separate particle 
microstructure. This is expected because E P  rubber 
is concentrated at the interface between the PP and 
talc in the hybrid with a core-shell microstructure. 
When the rubber was removed, some of the talc will 
also be removed. Further observation shows that the 
shape of the elastomer in the hybrid with a separate 
particle microstructure can be considered spherical, 
which is similar to a PP/EP binary blend. The shape 
of E P  elastomer holes in the PP/EP/talc hybrid 
with the core-shell microstructure is random be- 
cause the shape depends on the shape of the talc 
particles. 
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particles remained spherical and larger rubber par- 
ticles covered more than one CaC03 particle. 

Morphologies of PP/EP/PA hybrids were stud- 
ied from their fracture surfaces. Figure 3 shows the 
fracture surfaces of PP/EP/nylon-12 hybrids with 
different microstructures. Figure 3 (a) is the fracture 
surface of the PP 80/EP 20/nylon-12 10 hybrid with 
a separate particle microstructure. It is seen that 
the nylon-12 particles were separated from the ma- 
trix. Some larger particles of nylon-12 were observed 
because of its poor dispersion. Elastic deformation 
was observed, which was contributed by E P  particles 
in the PP matrix. Figure 3 ( b )  is the fracture surface 
of the PP 80/ma-EP 20/nylon-12 10 hybrid with a 
core-shell microstructure. When the E P  rubber was 
interspersed between nylon-12 and the PP matrix 
to form a core-shell microstructure, the dispersion 
of the nylon-12 particles in the PP matrix was im- 
proved significantly. It is seen from Figure 3 (b)  that 
elastic deformation appeared on the interface be- 
tween nylon-12 particles and the PP matrix to form 
fibrils. The observation of fibrils not only confirmed 
the microstructure difference but can also be used 
to explain the improvement in toughness by the 

Figure 1 SEM micrographs of cut and etched surfaces: 
( a )  P P / E P  binary blend; ( b )  PP/EP/ ta lc  hybrid with 
separated microstructure; ( c  ) PP/EP/ ta lc  hybrid with 
core-shell microstructure. 

Similar morphologies of the different microstruc- 
tures can also be observed in PP/EP/CaC03 hy- 
brids (see Fig. 2) .  Figure 2 ( a )  shows the surface of 
the PP /EP /CaC03 hybrid with separated particle 
microstructure. It is seen that CaC03 particles can 
be clearly identified and they are separated from the 
elastomer particles. It has been noticed that some 
of the CaC03 particles were also removed during the 
etching process because of the poor adhesion be- 
tween CaC03 and PP matrix; this resulted in a rough 
surface- 2 ( b )  shows a PP/ma-EP/CaC03 Figure 2 SEM micrographs of cut and etched surfaces 
hybrid with a core-shell microstructure. It is seen of PP/EP/CaCO, hybrid with different microstructures: 
that both the elastomer and CaC03 particles have ( a )  separated microstructure; ( b )  core-shell microstruc- 
been removed from the surface. The shape of rubber ture. 
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Figure 3 SEM micrographs of fracture surfaces: (a )  
PP/EP/nylon-12 hybrid with separated microstructure; 
(b  ) PP /ma-EP /nylon-12 hybrid with core-shell micro- 
structure. 

core-shell microstructure. It is well known that PP 
and polyamide are immiscible and incompatible be- 
cause their interfacial adhesion is weak; this results 
in their poor dispersion. In this particular blend, PP 
is a hydrophobic nonpolar polymer, while nylon-12 

is a hydrophilic polar polymer. Maleic anhydride- 
grafted EP rubber cannot only act as a toughening 
agent, but also as a compatibilizer. The compatibil- 
ization is considered to occur through a chemical 
bond between the anhydride on the compatibilizer 
chain and the nylon amine end group, forming amide 
and imide groups.2 Previous work has confirmed the 
formation of a graft copolymer through reaction of 
the anhydride with the nylon end group using sol- 
vent e x t r a c t i ~ n . ~ . ~  Similarly, maleated copolymer 
( PP-ma-g-PEO ) , and acrylic acid-functionalized 
PP can also be used as compatibilizers for PP /ny- 
lon blends. 

The results from DSC have confirmed that there 
is a difference in the microstructures. Figure 4 shows 
DSC curves for crystallization of different micro- 
structures in PP / SEBS / talc hybrids. It is seen that 
for a certain formulation the crystallization tem- 
perature of a separated microstructure is higher than 
that of a core-shell microstructure. Similar results 
have been found in other PPlrubberlfiller hybrids 
(see Table I ) .  Optical microscopy with image anal- 
ysis has shown that in the core-shell microstructure 
the overall crystallization growth was decreased, 
possibly due to a reduction in nucleation. This is 
expected because in the core-shell microstructure 
the area of interface between filler and PP is de- 
creased by the elastomer interlayer. The surface of 
a filler can usually act as a nucleating center and 
the effect of filler on the nucleation is much stronger 
than that of the elastomer.6 

It is well known that the crystallization enthalpy, 
AHc, is a quantity proportional to the heat of crys- 
tallization of a given sample and, thus, to its degree 
of crystallinity. Since the measurements on all of 
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Figure 4 
structures. 

DSC curves of crystallization of PP/SEBS/talc hybrid with different micro- 
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Table I Thermal Behavior of Different Microstructures 

Materials Microstructure Peak Onset AH 

PP60/SEBS25/talc 15 Separation 118.69 123.29 51.55 
PP60/SEBS25/talc 15 Core-shell 117.19 121.29 51.56 
PP55/EP30/talc 15 Separation 117.71 121.05 46.50 
PP55/EP30/talc 15 Core-shell 114.70 118.46 46.10 

the samples were performed under identical instru- 
ment settings, the variations in AHc may be taken 
to represent the variations in crystallinity. The re- 
sults show that crystallinity was not affected sig- 
nificantly by the distribution of the components. 
This is expected because both filler and elastomer 
affect mainly the crystallization growth rate but not 
the crystallinity. 

DSC has also shown the improvement of com- 
patibility between PP and nylon-12 after addition 
of the ma-EP elastomer in the PP/ma-EP/nylon- 
12 hybrids. Compatibility between polymers can be 
characterized by their crystallization temperature 
difference, A T .  Table I1 gives the effect of the added 
component on the crystallization of PP and nylon- 
12. It is seen that the A T  of nylon-12 and the PP 
crystallization temperature is 41.73"C. Addition of 
E P  slightly decreased the crystallization tempera- 
ture of both nylon-12 and PP, but did not affect the 
A T .  The slight change of crystallization can be ex- 
plained by a reduction of nuclei in both nylon-12 
and PP. To prove this assumption, 10% wt of CaC03 
was added to the PP/nylon-12 blends as a nucleating 
agent. It was found that CaC03 only changed the 
crystallization temperature but not A T ,  which was 
similar to the effect of EP. When ma-EP was used 
in the hybrids, the situation was different: The crys- 
tallization temperature of nylon-12 decreased while 
the PP crystallization temperature increased; A T  
was decreased to 37.42"C. The compatibility of PP 
and nylon-12 was clearly improved, which corre- 
sponded with the SEM observation. 

Examination of a fracture surface of PP/EP/talc 
hybrids shows clearly the difference between sepa- 

ration and core-shell microstructures. Figure 5 ( a )  
shows an SEM picture of the impact fracture sur- 
faces of a PP/EP/talc hybrid. It is seen that there 
is a poor interfacial adhesion between the talc and 
the PP matrix: talc particles show a distinct sepa- 
ration from the matrix. This is expected because a 
poor interface between PP and the talc has been 
observed previously. Figure 5 ( b )  shows an SEM 
micrograph of the fracture surface of a PP/ma-EP/ 
talc hybrid with a core-shell microstructure. It is 
seen that the surface is cleaner and the talc particles 
are partly embedded in the polymer. Some elastic 
deformation around the talc was observed. The in- 
terfacial improvement for the core-shell micro- 
structure is likely contributed by the modified elas- 
tomer. 

On the basis of above experimental results, Figure 
6 shows a schematic representation of mwphologies 
of PP/elastomer/filler hybrids with different mi- 
crostructures. The morphology of the separated mi- 
crostructure is rather simple: Each additional com- 
ponent was distributed separately in the PP matrix 
and elastomer particles kept the same shape and 
size as in the PP/elastomer binary blend. The mor- 
phology of the core-shell microstructure was depen- 
dent on the shape and size of the filler particles. If 
the size of the filler particles was similar to or smaller 
than the size of the elastomer particles, such as 
CaC03, it is possible to form multiple cores and the 
shape of the elastomer particles will still tend to be 
spherical because of the surface tension between the 
elastomer and the PP matrix. If the particle size of 
the mineral filler was larger than the size of the elas- 
tomer particles, the maleic anhydride-modified 

Table I1 
Nylon- 12 

Effect of Additional Components on the Crystallization of PP and 

Materials Tnylon-12 TPP AT 

PP 50/nylon-12 50 152.10 110.37 41.73 
(PP 50/nylon-12 50) 80/EP 20 151.64 110.02 41.62 
(PP 50/nylon-12 50) 80/EX 20 150.71 113.29 37.42 
(PP 50/nylon-12 50) 9O/CaCO3 10 154.89 113.74 41.66 
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Figure 5 SEM micrographs of fracture surfaces of PP / 
EP/talc hybrid ( a )  separated microstructure; ( b )  core- 
shell microstructure. 

elastomer tended to form an interlayer between the 
filler and the PP matrix. The shape of the elastomer 
shell was dependent on the shape of the filler and 
the shell could be imperfect. 

When polyamide (nylon-12) was used as a filler 
in the PP/ma-EP/nylon-12 hybrid, the nylon-12 
appeared as spherical particles and was surrounded 
by the ma-EP elastomer. Theoretically, there are 
two possible microstructures for the particles of ny- 
lon-12 with ma-EP: One is when nylon-12 and ma- 
E P  are mixed together to form binary blend parti- 
cles. The other is when ma-EP forms a shell around 
the nylon-12 particles. If the microstructure of the 
particles is of the former case, it will appear that 
the volume fraction of nylon-12 increases because 
the total volume fraction of the particles is increased. 
This was not observed through SEM observation. 
A possible explanation is that the propylene units 
in the ethylene-propylene copolymer tended to pre- 
fer the PP matrix which resulted in preventing all 
the E P  elastomer from simply mixing with nylon- 
12. Furthermore, in the maleic anhydride-grafted 
ethylene-propylene copolymer, the maleic anhydride 
group is more likely grafted onto the ethylene units 
than onto the propylene units because the propylene 

Figure 6 Schematic representation of different micro- 
structures of elastomer-modified and filled P P  (a-c) show 
a separated microstructure; ( A-C ) show a representative 
core-shell microstructure (in which E P  is the elastomer 
and PA is the polyamide) . 

units preferentially undergo scission when hydrogen 
abstraction leaves a radical on the chain. The maleic 
anhydride-grafted ethylene units will have chemical 
bonds to the polyamide, while the propylene units, 
without grafting, will have poor miscibility with the 
polyamide, which leads to formation of a core-shell 
microstructure. 

Morphologies of the various hybrids were also 
studied quantitatively by digital image processing 
and analysis. Figure 7 shows the measured E P  rub- 
ber particle density in a PP 80/EP 20 binary blend 
and PP 80/EP 20/talc 10 hybrid with different mi- 
crostructures. It is seen that there is no significant 
difference between the particle densities. Figure 8 
shows the measured area fraction for E P  rubber 
particles. It is seen that there is no significant dif- 
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Figure 7 Measured E P  elastomer particle density in 
PP 80/EP 20 binary blend and PP 8O/EP 2O/talc 10 
hybrid with different microstructures. 



PP/ELASTOMER/FILLER HYBRIDS. I1 645 

3 C  c u  

g 20 

.- 0 15 

E - 1 0  

2 
a 5  

Y 

C 

w 
0 

Q 

0 

Figure 8 Measured area fraction of EP elastomer par- 
ticles in PP 8O/EP 20 binary blend and PP BO/EP 20/ 
talc 10 hybrid with different microstructures. 

ference between PP 80/EP 20 binary blend and PP 
80/EP 20/talc 10 hybrid with different microstruc- 
tures, but the area fraction in the PP 80/EP 20/ 
talc 10 hybrid with a core-shell microstructure in- 
creased significantly. This means that a core-shell 
microstructure increases the elastomer “volume 
fraction.” This is expected because the filler core 
increased the measured elastomer content. It has 
been noticed that the measured area fractions of 
elastomer in both the PP/EP binary blend and the 
PP /EP /filler hybrid with a separated microstruc- 
ture were lower than the actual amount present. The 
reason for this can be explained by the limitation 
of a two-dimensional measurement on a surface7: 
since radii of spheres cut at most cross sections are 
smaller than the actual radii of the spheres. 

Figure 9 shows the number distribution of mea- 
sured EP elastomer particles in the PP 80/EP 20 
binary blend and PP 80/EP 20/talc 10 hybrid with 
different microstructures. It is seen that all the 
shapes in the distribution are similar: The number 
fraction decreased as the size increased. About 40- 
50% of the particles are smaller than 1 pm. It should 
be pointed out that the cumulative frequency of the 
particle sizes up to 10 pm in the binary blend and 
the hybrid with the separated microstructure was 
nearly loo%, and in the hybrid with the core-shell 
microstructure, it was about 85%. That means there 
is about 15% of EP particles in the hybrid with core- 
shell microstructures larger than 10 pm which were 
not shown in this figure. 

Figure 10 shows the measured area distribution 
of E P  rubber particles in the PP 80/EP 20 binary 
blend and the PP 80/EP 20/talc 10 hybrid with 
different microstructures. It is seen that the area 
distribution in the PP 80/EP 20/talc 10 hybrid with 
a core-shell microstructure changed significantly: 
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Figure 9 Number distribution of measured EP elasto- 
mer particles in PP 8O/EP 20 binary blend and PP 80/ 
EP 20/talc 10 hybrid with different microstructures. 

The area fraction of small particle sizes decreased 
and the area fraction of large particle sizes increased. 
Further observation showed that the area fraction 
of the particles with sizes smaller than 5 pm in the 
binary and the hybrid with the separated micro- 
structure were about 92 and 98%, respectively; but 
in the hybrid with the core-shell microstructure, it 
was only about 54%. The results corresponded with 
the measured area fraction of the elastomer in the 
materials (see Fig. 7) .  That means that there is no 
significant difference between the particle densities, 
but the elastomer area fraction in the PP 80/EP 
20/talc 10 hybrid with the core-shell microstructure 
increased because the elastomer particle size in- 
creased. These results can be used as one of the rea- 
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Figure 10 Area distribution of measured EP elastomer 
particles in PP 80/EP 20 binary blend and PP BO/EP 
20/talc 10 hybrid with different microstructures. 
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sons to explain the increase in toughness because 
the particle distance is inversely proportional to the 
particle size if the particle densities are the same. 

CONCLUSION 

The microtome sampling technique with SEM and 
optical microscopy is a useful tool to study the mi- 
crostructures of PP /elastomer /filler hybrids. The 
difference between the separated microstructure and 
the core-shell microstructure was clearly observed 
by SEM through microtomed and etched surfaces. 
The fracture surfaces were different for the same 
compositions with different microstructures. In the 
core-shell microstructure of the PP /EP /talc hy- 
brid, the talc particles are partly embedded in the 
elastomer. Some plastic deformation around the talc 
was observed. In the core-shell microstructure of 
the PP/EP/nylon-12 hybrid, elastic deformation 
appeared on the interface between the nylon-12 
particles and the EP shell to form fibrils. The mi- 
crostructures observed by SEM corresponded to the 
designed microstructures. 

A quantitative optical microscopy study of mor- 
phologies showed that elastomer particles in the PP/ 
elastomer binary blend and the PP/elastomer/filler 
hybrid with a separated microstructure were similar. 
Elastomer particle size and particle-size distribution 
in the PP/elastomer/filler hybrid were significantly 
different from the PP/elastomer binary blend and 

the PP /elastomer/filler hybrid with a separated 
microstructure. There was no significant difference 
between the particle densities, but the elastomer area 
fraction in the PP 80/EP 20/talc 10 hybrid with a 
core-shell microstructure increased significantly 
because the elastomer particle size increased. These 
results can be used as one of the reasons to explain 
the increase in toughness. 

This project was funded by the CRC for Polymer Blends 
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