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ABSTRACT: Ternary composite of nano-CaCO;/ethylene-
propylene-diene terpolymer (EPDM)/polypropylene (PP)
with high content of nano-CaCO; was prepared by two step
compounding route, in which EPDM and nano-CaCO; were
mixed first, and then melt compounding with PP matrix.
The influence of mixing time during the second compound-
ing on distribution of nano-CaCO; particles and the impact
strength of the ternary composite have been investigated. It
was found that the Izod impact strength of composite
decreased with increasing mixing time. The observation of
transmission electron microscopy obviously showed that
nano-CaCOj; particles transported from EPDM to PP matrix
firstly and then from PP to the vicinity of EPDM dispersed

phase with the increase of mixing time. This phenomenon
can be well explained by the minimization of the dissipative
energy and the Young’s equation. The scanning electron
microscope images show that lots of nano fibrils exist at the
interface between nano-CaCO; agglomerates and matrix,
which can dissipate lots of energy. The toughening mecha-
nism has been interpreted in terms of three-stage-mecha-
nism: stress concentration, void and shear band formation,
and induced shear yielding. © 2009 Wiley Periodicals, Inc. J
Appl Polym Sci 113: 2485-2491, 2009
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INTRODUCTION

Polypropylene (PP) is widely used in packing, tex-
tiles, common household, and automobile because of
its good processability, relatively comprehensive per-
formance, cheapness, and so forth. However, its poor
toughness, especially at low temperature and in the
presence of notches, restricts its applications in many
fields. Thus, it is meaningful to enhance the tough-
ness of PP for both academia and business circles.'
Among the different methods used to enhance the
toughness of polymer materials, the addition of elas-
tomer is the most successful way although accompa-
nying with the decrease of overall stiffness.
Conversely, rigid fillers are usually used to improve
the modulus of the matrix whereas with the
decrease of impact strength. To achieve an optimum
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balance of impact strength and stiffness, researchers
now pay attention to the inorganic filler/elastomer/
PP ternary composites.>* Ma et al.’ studied PP/eth-
ylene-octene copolymer (POE)/nano-CaCO; compo-
sites and found that the core-shell structure was
formed in the matrix, which can increase the impact
strength of PP. The increase of the effective volume
fraction for the dispersed phase in the ternary com-
posites was found to be the reason for the toughness
increment. In the study by Premphet et al.,” separate
dispersed phases and core-shell structures were
found in PP/ethylene-octene copolymer (EOR)/
CaCOj; and PP/ethylene-vinyl acetate (EVA)/CaCOs;,
respectively, which was attributed to the higher af-
finity between EVA and calcium carbonate. Yang et
al.’’ studied PP/ethylene-propylene-diene terpoly-
mer (EPDM)/nano-S5i0, composites. They found
that the filler-network structure could form in PP/
EPDM/nano-SiO, composites by taking two-step
processing method, which is a key role for increas-
ing toughness and moduls of PP simultaneously.

It is well known that some of the nano-inorganic
fillers such as nano-CaCOj; have relatively low price
compared with the polymer matrix. Thus, the com-
posites with high content of nano-inorganic filler
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usually have economical cost than that with low
content of filler. In view of these previous works on
nano-inorganic filler/elastomer/PP composites, the
content of nano-inorganic filler in almost all systems
is less than 15% in weight.*'%' It is really of great
importance to explore the relationship between the
microstructure and properties of these ternary com-
posite with high content of nano-inorganic filler. In
our previous works,® the compounding route of
nano-CaCO;/EPDM/PP composites and the influen-
ces on their properties were studied. It was found
the composite prepared by two-step compounding
route with nano-CaCOj; and EPDM firstly melt mix-
ing have much higher toughness compared with
that prepared by one-step compounding route. In
this study, the nano-CaCO;/EPDM/PP composites
filled with high content of nano-inorganic particles
(> 25 wt %) were prepared by two-step compound-
ing route, and the micro morphology development
of this ternary system during melt mixing was stud-
ied. It was found that the nano-CaCO; migrated
from the elastomer dispersed phase to PP matrix
firstly, and then accumulated to the region nearby
the interface of EPDM and PP. Based on it, the
toughening mechanism of the ternary composite
prepared by two-step compounding route was
discussed.

EXPERIMENTAL
Materials

Polypropylene (PP, T30S, MFR: 3.5 g/10 min, homo-
polypropylene) was manufactured by Sinopec Zhen-
hai Refining and Chemical, China. The precipitated
calcium carbonate coated with fatty acids was pur-
chased from Solvay, with the diameter of 40-70 nm
(Winnofil’s PM). Nordel IP EPDM3745P rubber was
supplied by DuPont Dow Elastomers, with Mooney
viscosity 45 (ML 1 + 4 at 125°C, ASTM D-1646).

Preparation of composites

At first, master batch composed of nano-CaCO; and
EPDM was mixed in Brabender type plastic hot mix-
ing machine manufactured by Eastern Engineering,
Southern Korea, rotation speed of rotor was 60 rpm,
and mixing temperature was 140°C. The composite
composed of the master batch and polypropylene
was mixed in the same mixing machine at 170°C.
Rotation speed of rotator was 60 rpm and mixing
time was 15 min.

The composite was molded into plate (100 x 120
x 4 mm®) in hot press machine (QLB-25Q/D, Wuxi
No.1 Rubber and Plastic Machinery, China) at 185°C
for 15 min, pressure was 10 MPa, and then the plate
was cut into strips for toughness test (63.5 x 12.7 x
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4 mm®). The Izod impact bars were notched with a
notch cutter to a notch depth of 2.54 mm, in accord-
ance with ASTM D-256.

Measurement

The morphologies of the ternary composites were
characterized by transmission electron microscopy
(TEM). Thin sections were microtomed and stained
with ruthenium tetroxide (RuQ,) to enhance contrast
between the PP phase and EPDM phase. All obser-
vations were carried out on a JEOL JEM-1230 TEM
running at an accelerating voltage of 100 kV.

The contact angle was measured by the contact
angle measurement system OCA 20, according to
the sessile drop method. PP and EPDM samples for
contact angle measurement were compression
molded between clean silicon wafers at 200°C for 3
min and then cooled to 25°C under pressure for 1
min. Nano-CaCO; powders were compression
molded by using a special mold at room tempera-
ture under pressure of 10 MPa. Contact angles were
measured on 5 pL of wetting solvent at 20°C.

An XJ-300A impact tester (Gansu, China) was
used for measuring the notched Izod impact
strength, in accordance with ASTM D-256.

Scanning electronic microscope (SEM, 5-4700,
HITACH]I, Japan) was used to investigate the mor-
phology of fracture surface of the impact specimen,
the fresh surface to be investigated was coated with
gold, and the accelerating voltage was 15 kv.

RESULTS AND DISCUSSION
Morphology and selective particle distribution

The TEM images of nano-CaCO5;/EPDM/PP compo-
sites with different mixing time during the second
compounding are shown in Figure 1. In the images,
the light color region represented PP matrix, and the
gray domains and the dark particles were EPDM
dispersed phase and nano-CaCOj; particles, respec-
tively. After being mixed for 5 min, lots of large
nano-CaCO; aggregates are found in PP matrix
while only a few are dispersed in the vicinity of the
EPDM phase, as shown in Figure 1(a). With the
increase of mixing time, nano-CaCO; particles
migrate from PP matrix to the vicinity of the EPDM
phase [see Fig. 1(b)]. After 25 min during the second
compounding, it is surprising that a large number of
nano-CaCO; particles concentrated around EPDM
dispersed phase, as shown in Figure 1(c).

The morphologies of multiphase polymer blends
are determined by many factors, including melt vis-
cosity of polymer components, interfacial tensions,
the magnitude of shear stress and so on.'* For poly-
mer blends, shear stress and rheological behavior of
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Figure 1 Phase structures of nano-CaCO;/EPDM/PP
(37/13/50) composites at different mixing time during the
second compounding: (a) 5 min; (b) 15 min; (c) 25 min.

each polymer phase play an important role in the
final phase structure.'* The development of phase
structure of nano-CaCO;/EPDM/PP can be
expressed by the migration of the nano-CaCOj; par-
ticles. For nano-CaCO;/EPDM/PP composites pre-
pared by two step compounding route, nano-CaCO;
particles are first dispersed in EPDM phase. During
the second compounding, the EPDM/ nano-CaCO;
compounds are teared up by the shear stress, and
then nano-CaCOj; particles migrate from the higher
melt viscosity phase (EPDM) to the lower melt vis-
cosity phase (PP), which is believed to be caused by
the minimization of the dissipative energy.'® As a
result, nano-CaCO; particles have migrated from
EPDM phase to PP phase during 5 min of mixing.
With the increase of mixing time, nano-CaCOj; par-
ticles begin to migrate to the interface between
EPDM dispersed phase and PP matrix. The phenom-
enon of selective particle distribution was also dis-
covered in the study by Dai et al."” This anomalous
phenomenon can be explained by the interfacial ten-
sion'® and the Young’s equation. The interfacial ten-
sion can be calculated from the surface tension of
the components using the harmonic mean equation
of Wu"

vive | v
i+vs A+

Y2 =Y1+7Y2—4 1)

where 7 and 7 are the dispersive and polar term,
respectively. The contact angles with water and diio-
domethane are listed in Table I. Then, the surface
tension, dispersion and polar components of the
materials can be estimated from the contact angle
data by using eq. (1).

And then the interfacial tension of each pairs can
be calculated from surface tension by using the geo-
metric mean eq. (2)"

Yo =1+ -2 28 @

Where 7v1, is the interfacial tension, y; and vy, are the
surface tensions of the two materials in contact. The
calculated interfacial tensions of all possible pairs
are given in Table IL

It is widely accepted to use Young’s equation to
predict particle selective distribution in a polymer
blend, which was suggested by Sumita et al.” for
the first time:

Vparticle—B — Vparticle—o.
Wy =

Yos ®)

Where w, is the wetting coefficient, Yparticle-os Yparticle-p/
and vy,.p are, respectively, the interfacial tension
between particle and o-polymer, between particle
and fB-polymer, and between o- and p-polymers.
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TABLE 1
Contact Angle and Surface Tension Results of PP, EPDM, and Nano-CaCOj; particles

Contact angle

)

Surface tension (mN/m)

Water Dispersion Polar

Sample diiodomethane Total (y) component %) component ()
PP 103.8 57.9 30.12 30.03 0.09
EPDM /3745 98.7 499 34.53 34.28 0.25
Nano-CaCOs; 95.3 22.8 47.92 4791 0.01

Particles are expected to be selectively located in one
of two polymer phases where the polymer has a
higher interaction with the particle surface: w, > 0,
that is Yparticle-p > Yparticle-o» Particles in a-polymer or
at the interface; w, < 0, that is Yparticte-p < Vparticte-or
particles in B-polymer or at the interfaces. In our ter-
nary system of nano-CaCO;/EPDM/PP composites,
calculated wetting coefficient is listed in Table IIL

From this calculation, in PP/EPDM matrix, nano-
CaCO; is predicted in the EPDM phase. Namely, in
this system, after a short time of mixing, nano-
CaCO; particles migrated from EPDM phase to PP
phase are most likely to be encapsulated by EPDM
with the increase of mixing time. However, because
of the higher melt viscosity phase of EPDM, nano-
CaCQO; particles cannot migrate into the EPDM dis-
persed phase. As a result, the nano-CaCO; particles
accumulate selectively around the EPDM dispersed
phase. In addition, because of the high content of
nano-CaCO;, a part of the nano-CaCOj; particles are
also dispersed in the PP matrix, as shown in Figure
1(c).

With the nano-CaCOj; particles accumulating
around the EPDM dispersed phase, the degree of
aggregation for nano-CaCOj particles increases. The
big nano-CaCO; agglomerates at the interface
between PP and EPDM will initiate crack when the
composites is subjected to stresses or energies large
enough to exceed the crack growth resistance of
the big nano-CaCOj; agglomerates. Figure 2 shows
the relationship between the Izod impact strength
and the mixing time during the second compound-
ing for the ternary composite. It can be found that
the impact strength of the composite is decreased

TABLE II
The Value of Interfacial Tension of Nano-CaCO3;/EPDM/
PP Composites

Interfacial
Possible tension
System pairs (y12) (mN/m)
PP/EPDM 0.18
PP/EPDM/CaCO; PP/nano-CaCO; 2.12
EPDM /nano-CaCO; 1.30

gradually with increase of mixing time. The result is
in accordance with the discussion of the morphology
development for the ternary composite.

Izod impact strength and toughening mechanism

The influence of the nano-CaCOs; content on the
impact strength of the ternary composite by two
step compounding route is shown in Figure 3. With
the increase of the nano-CaCO; loading, the Izod
impact strength of the ternary composite is remark-
ably enhanced. In the case of the same PP : EPDM
ratio, a ternary composite with Izod impact strength
about two times higher than PP/EPDM binary
blends has been achieved by adding 15-30 wt %
nano-CaCOj particles. In the case of the same nano-
CaCOs; : EPDM ratio, a ternary composite with Izod
impact strength about 12-16 times higher than pure
PP has also been achieved by adding 25-40 wt %
nano-CaCOj particles. The results show that there
must exist a synergistic toughening effect between
nano-CaCO; particles and EPDM on nano-CaCOs5/
EPDM/PP composites.

The SEM images of the fracture surface of nano-
CaCO3;/EPDM/PP composites are shown in Figure
4. In Figure 4, the nano-CaCO; agglomerates are
clearly visible. The size of the nano-CaCO; agglom-
erates is in the range of 0.5-3 um. From these
images, it can be clearly observed that there are
more nano-CaCO; agglomerates in Figure 4(b,b’)
compared with that in Figure 4(a,a’). In addition,
with the increase of nano-CaCOj; in the composites,
the size of nano-CaCQOj; agglomerates increases.

In Figure 4, it can be also found that a lot of fibrils
exist at the interphase between nano-CaCOj3; agglom-
erates and matrix obviously [see Fig. 4(a’,b’)]. When
the composites is subjected to external stress, the

TABLE III
Wetting Coefficient (w,) in Ternary System
of Nano-CaCO5;/EPDM/PP Composites

o phase B phase Wy,

PP EPDM 4.55

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Izod impact strength of nano-CaCO;/EPDM/PP
composites (37/13/50) as a function of mixing time during
the second compounding.

bigger nano-CaCO; agglomerates act as stress con-
centration, resulting from the different elastic prop-
erties and the distinguishing Poisson’s ratio from the
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Figure 3 Izod impact strength of nano-CaCO;/EPDM/PP
composites as a function of the nano-CaCO; content.

matrix. At the same time, separation process occurs
at the interphase between the matrix and nano-
CaCO; agglomerates. Because of the surface treat-
ment with fatty acids, nano-CaCO; agglomerates

i 1
1.00um

Figure 4 SEM images of the impact fracture of nano-CaCO;/EPDM/PP ternary composites: (a, a') two-step compound-
ing route, nano-CaCO3;/EPDM/PP = 29/10/61; (b, b’) two-step compounding route, nano-CaCO;/EPDM/PP=37/13/50.
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Figure 5 Schematic drawing of the micromechanical de-
formation process: (a) stress concentration, (b) void and
shear band formation, (c) induced shear yielding.

have good compatibility with the PP matrix. There-
fore, when the separation process occurs, matrix is
stretched to form fibrils. This fibrillation process can
dissipates lots of energy.

Mechanical properties of the composites are deter-
mined not only by the components, but also by the
phase structure. Kim et al.®*"** explored the
toughen mechanism of particle filled semi-crystalline
polymers by studying the micromechanical deforma-
tion process. A three-stage mechanism is put for-
ward in the study by Kim et al. In the first stage,
stress concentration takes place around the modifier
particles, resulting from its different elastic proper-
ties from the matrix. In the second stage, micro
voids form through cavitation inside particles or
debonding at the particle matrix interface with fur-
ther increasing strain. Simultaneously, weak shear
bands form in the matrix between the particles. In
the third stage, shear flow in the matrix will be
accelerated as increase of the void size.

In our nano-CaCO;/EPDM/PP composites with
high content of nano-CaCO;, dispersed EPDM phase
and nano-CaCQOj; agglomerates coexist in the PP ma-
trix. According to the TEM images of Figure 1, it can
be clearly observed that neither of the dispersed
components exhibits any tendency to spread on the
other. When EPDM dispersed phase is surrounded
by PP, this kind of micromechanical deformation
process is defined as a fibrillized debonding process
at the interface.® Although the nano-CaCO; agglom-
erate is surrounded by PP, the kind of micromechan-
ical deformation process can be divided into two
situations, namely the large nano-CaCO; agglomer-
ate and the small nano-CaCO; agglomerate. Figure 5
is the schematic drawing of the micromechanical de-
formation process. During the deformation process,
the stress concentration occurs first around the large
nano-CaCO; agglomerate [see Fig. 5(a)]. Because of
the smaller specific surface areas at the interface,
with further increase in strain, separation process at
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the interface between nano-CaCOj; agglomerate and
PP matrix occurs at first on the polar region propa-
gating to the equatorial region of nano-CaCOj; ag-
glomerate [see Fig. 5(b)]. Because of a certain phase
adhesion, a few fibrils exist at the interface [see Fig.
4(a’,b")]. In connection with these debonding proc-
esses, the PP matrix between the voids deforms
more easily to obtain a shear band [see Fig. 5(c)].
When the small nano-CaCO; agglomerate is sur-
rounded by PP matrix, because of the small interpar-
ticle distance between nano-CaCOj particles, shear
flow process, and fibrillation can be easily activated
in the thin PP matrix bands between the particles
[see Fig. 5(b)]. As a result, if the PP matrix distance
between the aggregates is sufficiently small, the PP
matrix can be further deformed through the shear
flow [see Fig. 5(c)].

CONCLUSION

Nano-CaCO;/EPDM/PP composites with the high
content of nano-CaCO; were prepared by two-step
compounding route. The impact strength, phase
morphology, and interfacial tension of the ternary
composite were investigated. The TEM images show
that nano-CaCO; particles transported from EPDM
to PP matrix firstly and then from PP to the vicinity
of EPDM dispersed phase with the increase of mix-
ing time during the second compounding. The
micromorphology observation also shows that lots
of nano fibrils existed at the interface between nano-
CaCO; agglomerate and PP matrix, which can dissi-
pate lots of energy and may also initiate shear band
in the matrix. The relationship between Izod impact
strength and nano-CaCO; concentration indicates
that increasing the nano-CaCOj; concentration can
increase the toughness of the ternary composite
obviously. The impact strength of nano-CaCO;/
EPDM/PP composites reaches the maximum value
when the nano-CaCOj; content reached 29 wt %. Sat-
isfied toughening effect can still be obtained in this
ternary composite with the loading of 37 wt % nano-
CaCOs.
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