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ABSTRACT: Inorganic nanofillers, CaCO; and nanoclay,
are widely applied to improve the mechanical properties of
polypropylene (PP). In general, the use of spherical CaCO;
can enhance the impact strength while the use of layered
nanoclay can enhance the modulus and yield stress. With
the objective to simultaneously improve the stiffness,
strength, and impact strength of PP, in this work a ternary
nanocomposite, PP/CaCO;/nanoclay (NCPP), was pre-
pared and its morphology, crystallization, and mechanical
behaviors were investigated with a comparison to the bi-
nary nanocomposites, PP/CaCO; (CPP) and PP/nanoclay
(NPP). The results showed that in NCPP the nanoclay was
extremely exfoliated with a much higher degree than that
in NPP, which was possibly because the incorporation of

CaCO; nanoparticles adjusted the matrix viscosity and thus
provided a balance between shear stress and molecule dif-
fusion. As a result of this highly exfoliated structure, a sub-
stantial increase in modulus and yield stress was attained
in NCPP. However, its impact strength was less enhanced.
The toughening effects of the CaCOj particles observed in
CPP became ineffective. This difference was ascribed to the
fact that in NCPP the crystallization behavior was domi-
nated by the nanoclay and the formation of B-phase crystal-
lites induced by the CaCO; particles was inhibited. © 2007
Wiley Periodicals, Inc. ] Appl Polym Sci 106: 3409-3416, 2007
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INTRODUCTION

Polypropylene (PP), a semicrystalline thermoplastic
polymer, has been widely used in different areas such
as packaging, textile, household goods, and automo-
bile because of its good processability and attractive
cost/performance balance. However, its brittleness,
exhibiting at low temperatures or high impact rates as
well as its inadequate stiffness, limits its versatile
applications. To expand its engineering usage, in the
past, extensive efforts have been made to improve its
mechanical properties through compounding it with
micron- or nanoscaled inorganic particles such as
mica, talc, silica, and calcium carbonate.'™'° Because
of the large specific surface area of nanoparticles
which leads to strong interfacial interactions with the
surrounding polymer matrix, nanoscaled particles are
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believed to be more effective for the improvement of
the mechanical properties of polymers. Among the
different nanoparticles, nanoclay is most preferred,
since layered silicate sheet in the nanoclay has high
aspect ratios ranging from hundreds to thousands.
With the use of nanoclay the improvement in me-
chanical property for a variety of polymers can be
achieved at very low filler contents (<5 wt %), far less
than those using traditional micron-scaled fillers (20
~ 40 wt %).” " The work on PP /nanoclay composites
has been extensively reported.'*'® In general, with
the aid of compatibilizer, the PP oligomers modified
with either maleic anhydride (MA) or hydroxyl
groups (OH), the clay can be well dispersed in the PP
matrix in a nanometer scale when using melt-blend-
ing techniques. As a result, these PP/clay systems
exhibited remarkable enhancements in modulus and
tensile strength. However, the impact resistance or
fracture toughness was always reportedly decreased
or less iml:>roved,14_16 which greatly limits the appli-
cations of the PP/clay nanocomposites.

Toughening PP/clay nanocomposites thereby
seems to be a challenging subject. Using rubber as
toughening modifier for PP is a well-known approach
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where the rubber particles can act as stress concentra-
tors to initiate and terminate crazes and undergo in-
ternal cavitation to relieve the triaxial stress state in
front of the crack tip, which facilitates shear yielding
of the PP matrix."” The occurrence of these toughen-
ing mechanisms can enhance the fracture toughness
substantially. Works with the use of rubber as tough-
ening modifier for PP/clay systems have already
been carried out.!®'® However, the results showed
that the improvement in toughness was always
accompanied with a loss of modulus and tensile
strength. Using rigid particles with low aspect ratios,
such as spherical CaCO; and SiO, particles, have
been demonstrated to be an alternative way for
toughening PP.>*” For instance, in the work done by
Chan et al,” where nanosized CaCOj; particles were
used, a threefold increase in impact strength and a
fivefold increase in fracture toughness in terms of Jic
were found. The authors proposed that the CaCO;
nanoparticles acted as stress concentrators to promote
toughening mechanisms including cavitation and
massive plastic deformation of the matrix. Despite
the remarkable toughening effect, the spherical par-
ticles exhibited a less significant reinforcing role com-
pared to nanoclay, which was ascribed to their differ-
ent aspect ratios. To simultaneously improve the
modulus, yield stress, as well as impact resistance,
compounding the PP with rigid particles with differ-
ent aspect ratios seems to be a possible way. In this
work, a ternary PP-based nanocomposite with nano-
clay and nanosized CaCO; particles was prepared.
For comparisons, binary nanocomposites, namely
PP/CaCO; and PP/nanoclay, were also prepared and
investigated.

EXPERIMENTAL
Materials and nanocomposite preparation

PP homopolymer (cosmoplene Y101) with a melt
flow index of 14.5 g/10 min was supplied by the
Polyolefin Company PTE (Singapore). Maleic anhy-
dride-modified PP (MA-PP) (Eastman Epolene G-
3003) with a molecular weight of 52 kg/mol and a
MA content of 0.8 wt % was used as compatibilizer.
Montmorillonite clay modified with a quaternary
ammonium salt (Cloisite 20A) was received from
Southern Clay Products, with a cation exchange
capacity of 95 mequiv/100 g and an interlayer dis-
tance (dgo1) of 2.4 nm. The decomposition tempera-
ture of Cloisite 20A was above 200°C. The CaCO;
particles supplied by Guang Ping Nano Technology
Group, China had a size of about 44 nm and were
coated with an organic layer of stearic acid, which
was evident with X-ray photoelectron spectroscopy.
The detailed characterization of the CaCO; particles
can be found in Ref. 5.
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Binary and ternary PP-based nanocomposites,
namely PP/nanoclay (NPP), PP/CaCO; (CPP), and
PP/nanoclay/CaCO; (NCPP), with different filler
loadings were prepared via melt blending in a
Haake mixer, with a rotor speed of 65 rpm. Before
mixing, all materials except the antioxidant (Irganox
1010) were dried in an oven at 100°C for 8 h. The
mixing temperature was set to be 180°C, which was
much lower than the decomposition temperature of
the organic coatings in the nanoclay and the CaCO;.
The nomenclature of the nanocomposites was sub-
jected to the filler loading. For instance, NPP4 repre-
sents that the filler loading of nanoclay was 4 wt %
(to the whole composite); CPP2 represents that the
filler loading of CaCO5; was 2 wt %; NCPP24 repre-
sents that the filler loadings of nanoclay and CaCOj;
were 2 and 4 wt %, respectively. In NPP and NCPP,
20 wt % MA-PP was blended in order to increase
the compatibility between the PP homopolymer and
the organic-modified nanoclay.

Characterization

The dispersion and exfoliation of the nanoparticles
in the PP matrix was examined using a transmission
electron microscope (TEM; Philips CM20) with an
acceleration voltage of 120 kV. The ultrathin sections
(~ 70 nm) were cut using a Leica ultracut-R micro-
tome and collected on 200-mesh copper grids. Wide-
angle X-ray diffraction (WAXD; Philips PW1830)
with Cu Ka radiation (A = 0.154 nm) was applied to
investigate the extent of intercalation and exfoliation
of the nanoclay, and the crystal structure of the PP
matrix. The scanning range (20) was from 2° to 30°
at a rate of 0.05°/s.

The melting and crystallization temperatures of
the nanocomposites were determined using differen-
tial scanning calorimetry (DSC, Rheometric Scientific
DSC SP). The samples were heated from room tem-
perature to 205°C at a rate of 10°C/min and under
nitrogen gas protection. After leaving the sample for
1 min for complete melting, the samples were cooled
at a rate of 10°C/min. Dynamic mechanical proper-
ties of the nanocomposites were evaluated using
dynamic mechanical analysis (DMA, TA 2980) at a
dual cantilever mode and a frequency of 1 Hz. The
rectangular sample used was with a dimensional
size of 63 mm X 12.7 mm X 3.3 mm. The scanning
temperature was from —60°C to 100°C at a rate of
5°C/min.

Mechanical test

The tensile and impact bars were prepared using a
vertical injection-molding machine (Morgan Press),
according to ASTM-D 638 type IV and ASTM-D
5942, respectively. Prior to the tests, all the samples
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were conditioned at (23 = 2)°C and a relative hu-
midity of 50% * 5% for 40 h. The tensile tests were
carried out using a universal testing machine (MTS
SINTECH 10/D) at a crosshead speed of 5 mm/min.
The Young’s modulus was determined at a 0.5%
strain. For each sample, at least five specimens were
tested. Notched charpy impact test was conducted at
room temperature using an impact tester with a pen-
dulum energy of 0.5 J. Seven specimens of each sam-
ple were tested.

RESULTS AND DISCUSSION
Dispersion of nanofillers in PP matrix

To describe the structure of nanoclay, exfoliated, or
intercalated, two techniques, namely WAXD and
TEM, were widely used.' The former can quantita-
tively identify the interlayer distance of an interca-
lated structure by monitoring the diffraction peak at
low 20. However, this method is difficult to describe
the spatial distribution of the clay or any structure
nonhomogeneities in a nanocomposite. Moreover, in
the cases of irregular intercalation with nonuniform
interlayer distances, which can be induced by inho-
mogeneous distribution of surface modifiers and/or
heterogeneous intercalation process during melt
blending, weak or even no WAXD diffraction peak
can be detected, leading to a false and incomplete
interpretation of the nanostructure. A qualitative
description of detailed nanostructure of the clay can
be given through TEM observations. The main dis-
advantage of TEM is its limited observation regions,
which may not be representative of the whole struc-
ture in a nanocomposite. Comparing the results
obtained with the two aforementioned tools is
thereby always suggested.

Figure 1 depicts the WAXD patterns for the natu-
ral clay and the nanocomposites. Evidently, the dif-
fraction peak, corresponding to the clay interlayer
distance (doo1) for all the nanocomposites shifted to-
ward a lower 26, compared to the natural clay with
an organic modification. In addition, the diffraction
peak became much broader, particularly for the
nanocomposites with a low clay concentration. These
observations suggest that the nanoclay in the nano-
composites was heavily intercalated or partially exfo-
liated. In other words, with the help of compatibil-
izer, MA-PP and/or nonpolar PP molecular chains
had penetrated into the galleries between clay plate-
lets. These results were in good agreement with
other works with the use of MA-PP containing a
moderate MA content.'*?*® A moderate MA content
makes the MA-PP has a relatively strong interaction
capability with organic-modified clay and a required
miscibility with PP so that a partially exfoliated
structure of the nanoclay can be achieved in PP/clay
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Figure 1 WAXD patterns of the nanoclay and the nano-
composites.

systems.”® As suggested in Figure 1, the intercala-
tion/exfoliation extent of the clay was dependent on
the filler concentrations. In NPP, when the nanoclay
content increased from 2 to 6 wt %, the correspond-
ing interlayer distance decreased from 3.5 to 2.8 nm.
In NCPP with the incorporation of nano-CaCQO;, the
clay intercalation/exfoliation extent seemed to be
enhanced, which was hinted by the differences in
broadness and intensity of the diffraction peaks and
also evident by TEM micrographs as discussed later.
It has been understood that for a good dispersion of
nanoclay, besides the interactions between the nano-
clay and the matrix, two other factors, namely me-
chanical shear stress and molecule diffusion, need to
be considered during melt blending.***' High shear
stresses facilitate the overcome of kinetic limits asso-
ciated with the breakup of agglomerated clay par-
ticles and the transportation of broken clay platelets.
From the point of this view, high matrix viscosity is
preferred for a better nanoclay exfoliation, which can
be achieved by using polymers with a high molecu-
lar weight or adding inorganic particles into the ma-
trix. The former has been experimentally verified**
and the latter seems plausible from this work. How-
ever, it should also be emphasized that, with a high
filler concentration, the movement of the molecular
chains is constrained and thus the diffusion of the
molecular chains into the galleries between clay pla-
telets becomes difficult. As a consequence, the nano-
clay intercalation/exfoliation will be deteriorated.
The results obtained in this work suggest that using
nano-CaCOj particles may be able to adjust the ma-
trix viscosity and provide a balance between shear
stresses and diffusion processes, which finally
impart a high level of nanoclay exfoliation.

The nanoclay structure as well as the dispersion of
the CaCOj; particles in the nanocomposites were also
examined using TEM. As can be seen in Figure 2(a),
the TEM micrographs of CPP4, the spherical CaCO;

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 TEM micrographs of the nanocomposites (a) CPP4; (b) and (c) NPP2; (d) and (e) NCPP22.

nanoparticles, were dispersed homogeneously in the
matrix without large agglomerates. Figure 2(b,c)
shows that the nanoclay in NPP2 was partially exfo-
liated where the clay tactoids consisted of several to
tens platelets was in a disordered structure. This
irregularity in interlayer distance was the result of
the penetration of PP chains into the clay galleries
and it led to the broadening of the diffraction peak
in WAXD patterns. In NCPP22, the nanoclay exfolia-
tion extent was evidently much higher than that in
NPP2 [cf. Figure 2(d,e)]. Although it is early to
declare that this was a fully exfoliated structure, a
lot of single platelets and the clay tactoids with two
or three platelets can be obviously observed. This
enhancement in exfoliation extent of the nanoclay
ought to result from the incorporation of CaCO; par-
ticles, which was uniformly embedded in the matrix
[cf. Fig. 2(d,e)]. These TEM observations were in
good agreement with previous WAXD analysis.

Crystal structure and crystallization behavior

It is known that at least three crystal forms, namely
a-, B-, and y- can be formed for PP.>> Monoclinic a-
phase is generally the predominant crystal structure.
Its characteristic peaks (20) are located at 14.0°, 16.9°,
18.5°, 21.0°, and 21.8°, corresponding to the crystal
planes of (110), (040), (130), (131), and (111), respec-
tively. The formation of B-phase can be encouraged
with the addition of B-nucleation particles. Its char-

Journal of Applied Polymer Science DOI 10.1002/app

acteristic peaks, dspp and dsp;, are located at 26 =
16.2° and 21.0°, respectively. Surface-modified
CaCOj; particles have been extensively reported to
be able to promote the nucleation of B-phase,’**
which was also evident by our WAXD results, as
shown in Figure 3, the pattern of CPP4. The B-phase
fraction can be estimated by the K-value of Jones
et al. with the use of the intensity of diffraction
peaks, i.e. K= I(300)8/(I300)g +I(110) + [(040)x +1(130)a)'25
Accordingly, K = 1 for the fully - and K = 0 for
the fully a-phase PP. For the current system, the B-
phase fraction in CPP was about 40%. Figure 3 also
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Figure 3 WAXD patterns of the neat PP and the nano-
composites.
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Figure 4 DSC scans of the neat PP and the nanocompo-
sites (a) heating curves; (b) cooling curves.

displays the WAXD patterns of the neat PP, NPP,
and NCPP nanocomposites, where only the a-phase
diffraction peaks appeared. These observations sug-
gest that the nanoclay did not have the ability to
promote the formation of B-phase PP, and the B-
nucleation effect of the CaCOj; particles was also
inhibited when they coexisted with the nanoclay.
This inhibition was very likely because the exfoliated
nanoclay had a huge specific surface area and acted
as a selective a-nucleating agent, so that the crystalli-
zation of the a-phase PP was speeded up signifi-
cantly and the growth of the B-phase nucleated by
the CaCO; particles was suppressed.

Figure 4(a) presents the DSC heating curves of the
neat PP and the nanocomposites. Only one melting
peak at about 165°C, corresponding to a-phase PP,
was detected for all the samples except CPP. In CPP,
as indicated by arrows in Figure 4 multiple melting
took place, which was an indication of the presence
of B-phase PP.° These results suggest that CaCO;
had a nucleation effect on the formation of B-phase
PP, but this effect would be preserved when it coex-
isted with nanoclay. These phenomena were consist-
ent with the WAXD data. Table I summarizes the
crystallinity and the crystallization temperatures of

these samples. Evidently, with the addition of nano-
clay and/or CaCOj the crystallinity of the PP matrix
was not significantly varied while the crystallization
temperatures were increased by 2 ~ 5°C for nano-
clay and ~ 10°C for CaCOs [cf. Fig. 4(b)]. Although
it was reported that the platy filler particles had two
magnitudes more nucleation sites per unit surface
area of the minerals than that of spherical CaCOj;
particles,®® the exfoliated structure of the nanoclay
greatly restrict the movement of the molecular
chains, which would retard the crystallization of the
matrix and lead to a lower increase in crystallization
temperature.”” Therefore, the CaCO; particles
seemed to be more effective for promoting the nucle-
ation and growth of crystalline phase in the PP bi-
nary nanocomposites. However, when the CaCOj;
particles was compounded with the nanoclay in the
PP matrix, namely in NCPP, the nucleation effect of
CaCO; was suppressed, which was believed to be
caused by the different nucleation sites between
these two particles and the restriction of molecular
chain movement.

Mechanical property

The mechanical properties of the nanocomposites
were investigated by using DMA, tensile, and
impact tests. Figure 5 shows the storage modulus of
the nanocomposites as a function of temperature. It
can be seen that with the incorporation of the nano-
particles, the storage modulus of the nanocomposites
was dramatically increased within the entire test
temperature range. Obviously, the reinforcing effect
of the nanoclay was superior to CaCOj; at a same fil-
ler concentration such as 4 wt %. This phenomenon
was generally ascribed to the large aspect ratio of
exfoliated clay. Most interestingly, when adding
both nanoparticles simultaneously, much higher
moduli were obtained, which should resulted from
the better exfoliation of the nanoclay as discussed
previously. The variations of stiffness of the nano-
composites with the nanoparticles were further con-
firmed with tensile tests, conducted at room temper-

TABLE I
Melting and Crystallization Temperatures of the Neat PP
and the Nanocomposites (X, Was Calculated by Taking
170 J/g to be the Standard Heat of PP Crystallization®)

Sample T,, (°C) X, (%) T. (°C)
PP 165 53 116
CPP4 142, 150, 164 53 126
NPP2 165 53 120
NPP4 164 54 121
NPP6 163 50 118
NCPP22 164 54 121
NCPP24 164 50 120
NCPP42 163 48 120

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Storage modulus of the neat PP and the nano-
composites as a function of temperature.

ature. The results are shown in Figure 6. Evidently,
the highest stiffness of the nanocomposites was
attained when blending the PP with both nanoclay
and CaCQOj particles [cf. Fig. 6(a)].

Figure 6(b) presents the changes of the yield stress
of the nanocomposites. In CPP, the yield stress was
less changed, and a slight decrease occurred at a
high filler loading. This phenomenon can be attrib-
uted to the nucleation effect of the CaCOj particles
and the weak interfacial interactions between the
CaCO; particles and the PP matrix. The former
reduced the spherulite size and thus the yield
stress.” The latter made it possible for the occurrence
of debonding at the particle/matrix boundary before
yielding.6 Differing from CPP, in NPP the yield
stress was increased considerably, which suggests
that the interfacial interaction between the nanoclay
and the matrix was quite good. The good interfacial
interaction should be benefited from the use of MA-
PP as compatibilizer. In NCPP, the yield stress was
almost the same as that in NPP although a slight
increase was found. This comparable yield stress
between NCPP and NPP was believed to be a result
of two counter balance effects associated with the
addition of CaCO;3; in NPP. One was the enhanced
exfoliation extent, leading to a higher yield stress,
and the other was the detrimental effect of the
CaCQO; particles on the yield stress.

The variations of notched impact strength of the
nanocomposites are illustrated in Figure 6(c). In ac-
cordance with other reports, the incorporation of
CaCO; effectively improved the impact strength. For
instance, the increase was more than 50% when 4 wt %
CaCOj; was added. According to literature review,*
the main toughening mechanisms of PP/CaCO;
nanocomposites can be summarized as (1) crack
deflection; (2) reduction in spherulite size due to the
nucleation effect of the nanoparticles; (3) formation
of B-phase crystallites, which is believed to have a

Journal of Applied Polymer Science DOI 10.1002/app
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higher impact resistance than a-phase crystallites®®;
(4) occurrence of interfacial debonding between the
particles and the matrix, which can release the triax-
ial stress constraint at the crack tip and subsequently
trigger massive plastic deformation of the matrix
around the particles. In the current case, it seems
that the mechanism of debonding and subsequent
matrix plastic deformation did not occur, as indi-
cated by the SEM micrograph shown in Figure 7(b),
which was taken at the fracture surface of a CPP4
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Figure 7 SEM micrographs taken on the fracture surface
of the nanocomposites. (a) Neat PP; (b) CPP4; (c) NPP2;
(d) NCPP22.

specimen. Moreover, because of the small size of the
CaCOj; particles, the occurrence of crack deflection
became impractical. Thus, the enhancement in
impact strength for the current CPP nanocomposites
can be ascribed to the reduction in spherulite size
and the formation of B-phase PP. In NPP, the impact
strength was severely weakened and gradually
decreased with increasing the clay concentration. As
shown in Figure 7(c), the fracture surface of NPP
was featureless, indicating a rather brittle fracture.
This decrease in impact strength was considered to
be caused by the presence of partially exfoliated
nanoclay, which restricted the flexibility of the ma-
trix molecules and thus the degree of plastic defor-
mation. Another possible embrittlement mechanism
proposed by Cotterell et al.*’ recently is that because
of the large aspect ratio of the nanoclay and its ori-
entation, multiple crazing happening ahead of the
crack tip during fracture may be inhibited, making
semicrystalline polymers such as PP embrittled.

In NCPP, although the impact strength was
slightly increased when compared to NPP, this
increase was much less than our expected value. As
shown in Figure 7(d), the fracture surface of NCPP
exhibited a higher density of stress-whitening site
than that of NPP, which was believed to be a result
of their different clay exfoliation extents. Because of
the different Young’s modulus and Poisson’s ratio of
the nanoclay and the PP matrix, exfoliated clay pla-
telets became stress concentrators when subjected to
a load, which finally resulted in stress-whitening on
the fracture surface. Therefore, the higher the exfoli-
ation extent, the denser stress-whitening sites were.
Although the fracture surface of NCPP had a minor
difference from that of NPP, it was also featureless
and brittle-like. This brittle feature suggests that the

CaCO; particles in NCPP did not show any toughen-
ing effect as they did in CPP. This difference should
be resulted from the different crystallization behav-
iors in CPP and NCPP. As discussed previously, in
NCPP the crystallization behavior was dominated by
the nanoclay, so that the nucleation effect of CaCOj;
was suppressed and no B-phase crystallites were
formed. Consequently, the toughening mechanisms
raised by CaCOj; particles in CPP became ineffective
in NCPP. Moreover, similar as CPP, in NCPP inter-
facial debonding between the CaCO; particles and
the matrix seemed not to take place, and no local-
ized plastic deformation occurred in the matrix at
the vicinity of the CaCOj; particles. As a result, the
impact strength and fracture surface in NCPP were
comparable to those in NPP. It can therefore be con-
cluded that with the coexistence of the CaCO; and
nanoclay particles, although the stiffness of the
nanocomposites can be effectively improved, the
toughening mechanisms of CaCOj particles associ-
ated with its nucleation effects including spherulite
size reduction and B-phase formation will no longer
take effect. In the future, the efforts should be taken
to promote the most important toughening mecha-
nism of spherical CaCO; nanoparticles, i.e. particle
debonding and subsequent shear deformation of
interparticle matrix ligament, to take place in the ter-
nary NCPP nanocomposites.

CONCLUSION

Binary and ternary PP-based nanocomposites with
nanoclay and nanosized CaCOj; particles were pre-
pared via melt blending. With the addition of
CaCO; in NCPP, the exfoliation extent of the nano-
clay particles was substantially enhanced. Much
higher moduli and yield stresses were thereby
resulted. The impact strength in NCPP was, how-
ever, not significantly increased. The toughening
effects of CaCO; particles observed in CPP seemed
to be ineffective in NCPP, which was attributed to
the following fact. The crystallization behavior in
NCPP was dominated by the partially exfoliated
nanoclay which had a huge specific surface area, so
that the nucleation effect of CaCO3; was inhibited
and no B-phase PP crystallites were formed. In addi-
tion, the mechanisms of crack pinning, particle
debonding, and subsequent matrix shear deforma-
tion were not observed in both CPP and NCPP. The
fracture behavior in NCPP was therefore similar to
that in NPP, leading to their comparable impact
resistances.

The assistance from Materials Characterization and Prepa-
ration Facility (MCPF) and Advanced Engineering Materi-
als Facility (AEMF) of HKUST for sample preparation and
characterization is highly appreciated. The authors also
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need express great thanks to Southern Clay Products (Gon-
zales, TX) and Guang Ping Nano Technology Group Ltd.,
China for providing the clay and CaCO; particles.
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