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a b s t r a c t

Rubber toughened polypropylene nanocomposites using two types of modified montmorillonite (orga-
noclay) were explored with the objective of achieving an improved balance between stiffness and
toughness. The effect of three blending sequences on microstructure and properties of the ternary
nanocomposites was also investigated. A commercial grade of ethylene/vinyl acetate copolymer (EVA)
containing 18 wt% of vinyl acetate was used as the impact modifier for polypropylene and an acrylic acid
grafted polypropylene was used to compatibilize the systems studied. The toughened nanocomposites
samples were prepared by melt compounding in a twin-screw extruder; the morphology and mechanical
properties of the resulting materials were characterized by X-ray scattering, electron microscopy and
tensile and impact testing. The results show that incorporation of EVA increases the toughness of the
polypropylene but its stiffness decreased markedly due to the incorporation of the low modulus
component. The addition of organoclay increased the modulus slightly for all the ternary nano-
composites with respect to the blend, but it remains lower than that of neat PP. Surprisingly, addition of
organoclay to the blends promoted a drastic increase in the notched Izod impact strength and
a considerable alteration of the shape of the dispersed EVA phase when the organoclay is located in this
phase. Moreover, it was found that the blending sequence effects on the morphology and properties of
the mixtures are dependent on the organoclay used.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction mechanisms by which the clay platelets influence the morphology
Blending two or more immiscible polymers can be an effective
way to obtain a polymeric system with properties that can be even
better than those of the neat polymers or with a useful combination
of properties. A good example of the former is the incorporation of
elastomeric particles in a glassy matrix to obtain a blend with
toughness greater than either neat polymer [1–3]. A more recent
technique for modifying polymers is incorporation of organically
modified layered silicates to form polymeric nanocomposites. If the
individual platelets of these organoclays or aggregates with a small
number of platelets are dispersed in the polymer matrix even at
low loading level of these silicates (about 5 wt%), the resulting
nanocomposites can exhibit remarkable improvement in certain
properties compared to the neat polymer, e.g., high modulus and
heat distortion resistance [4–6]. More recently, these two
approaches for polymer modification have been used together to
achieve polymer systems that combine the properties of blends and
nanocomposites, for example, high impact strength and modulus
[7–12]. However, there is much to be learned about the
: þ55 16 33615404.
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and mechanical properties of the blends.
The effect of organoclays on the morphology of blends has been

mentioned numerous times in the recent literature. It appears that
when the organoclay is located in the continuous phase, there is
a reduction of the domain size of the dispersed phase related to a
reduction of the coalescence rate of the dispersed phase and/or
a compatibilizing effect of the organoclay at the interface between
the two phases with perhaps some contribution from the increased
melt viscosity of the matrix. Conversely, when the organoclay is
located in the dispersed phase, there often appears to be an
increase in the dispersed phase domain size [13–19].

As a consequence of the modification of the blend morphology
due to the incorporation of organoclay, the mechanical properties
are also altered. Some studies have investigated the relationship
between the location of the organoclay in blends with elastomeric
dispersed particles and the corresponding mechanical properties,
such as in the system poly(butylene terephthalate), PBT/maleated
ethylene–vinyl acetate copolymer, EVA-g-MA/organoclay [7] and
Nylon 66/SEBS-g-MA/organoclay [8,20]. In these studies, the
addition of organoclay to the blend leads to higher stiffness and
lower toughness with the best balance achieved when the orga-
noclay platelets are located in the continuous phase instead of in
the dispersed phase. On the other hand, other reports show that

mailto:pessan@ufscar.br
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer


C.G. Martins et al. / Polymer 50 (2009) 1743–17541744
addition of organoclay to a blend can lead to an increase of the
toughness of the ternary nanocomposite relative to the neat blend
as found for the system PP/ethylene–octene elastomer blend [9] in
addition to the expected increase in modulus. This was attributed
to the decrease in the size of the dispersed elastomeric phase that
enhances the toughness and compensates at least partially the
intrinsic decrease of the toughness by the introduction of the rigid
organoclay phase.

Some other papers report an enhancement of the toughness
when the clay platelets were located at the interface or in the
elastomeric disperse phase. For example, Kelnar et al. [21,22] found
that ternary blends of polyamide-6/EPR/organoclay showed
increased toughness relative to the neat blend in spite of the
lamellar stacks of the clay located around the EPR disperse particles
but not in the matrix. Another example is the ternary blend of PP/
SBS/organoclay studied by Li et al. [23]. The clay platelets in this
system were located in the dispersed SBS phase and the toughness
increased with the addition of organoclay to the blend. These
apparent contradictory results suggest that the effect of the orga-
noclay on the mechanical properties of ternary blends probably is
not limited to a modification of the blend morphology and more
studies in other ternary blends would help to better understand the
relationship between the clay location and toughness.

In this work, the ternary blend-nanocomposite system PP/EVA/
organoclay was investigated in order to gain insights about the
correlation between the mechanical properties of this system and
its morphology and location of the clay platelets. The motivation for
using PP as the matrix in this ternary system is its good process-
ability, chemical resistance and low cost. However, the ability for PP
to be used as an engineering thermoplastic is still limited by its
poor mechanical properties, in particular toughness (impact resis-
tance) and stiffness (modulus) [24]. Therefore, it is expected that
the simultaneous incorporation of an elastomeric phase (EVA) and
a rigid phase (organoclay) could lead to an attractive material with
simultaneous enhancements in toughness and stiffness relative to
the neat PP. Blending sequence (order of organoclay incorporation
in the blend) is explored to see its effect on the blend morphology
and clay platelets location and, in turn, how these factors affect
mechanical properties. These investigations were carried out for
two types of organoclays with different polarity of the organic
modifier in order to see how this influences the morphology, clay
location and dispersion and mechanical properties.
2. Experimental

2.1. Materials

A polypropylene homopolymer with a melt flow index of
3.5 g/10 min (230 �C/16 kg) and trade name of H 501 HC was
supplied by Braskem (Brazil). A EVA copolymer with a content of
18% vinyl acetate by weight and a melt flow index of 2 g/10 min
(190 �C/16 kg) was supplied as pellets by Triunfo Petrochemical
(Brazil) under the trade name of Tritheva� PN 2021. A poly-
propylene grafted with 6 wt% of acrylic acid with a melt flow index
of 40 g/10 min (230 �C/16 kg) from Crompton Chemical (Polybond�

1001) was used as compatibilizer.
The organoclays Cloisite�30B and Cloisite�20A were purchased

from Southern Clay Products Inc. Cloisite�30B is a natural mont-
morillonite with a cation exchange capacity of 90 mequiv/100 g
that has been ion exchanged with methyl, tallow, bis-2-hydroxy-
ethyl quaternary ammonium chloride to form an organoclay. The
weight loss on ignition of Cloisite�30B was w30%. Cloisite�20A is
also a natural montmorillonite that has been ion exchanged with
dimethyl, dehydrogenated tallow, quaternary ammonium chloride
to form an organoclay. The weight loss on ignition of Cloisite�20A
was w38%.

Our rationale for choosing these organoclays was as follows.
Cloisite�20A is an organoclay with no polar groups on its organic
salt while the organic modifier in Cloisite�30B does have polar
hydroxyl groups. It was expected that the latter organoclay might
have better interaction with the polar EVA than Cloisite�20A, while
the opposite trend is expected for PP.

2.2. Nanocomposite preparation

All materials were vacuum dried for at least 12 h prior to melt
processing. The ternary nanocomposites were prepared in a twin-
screw extruder, B&P Process Equipment Systems, model MP19 (L/
D¼ 25, D¼ 19 mm). The temperature profile was 170, 190, 190, 190,
195 �C and the screw speed was set at 140 rpm. The extrudates
were pelletized at the die exit, dried and then molded into test
specimens using an Arburg 270 V injection-molding machine
operated at an injection pressure of 430 bar and a holding pressure
of 350 bar. The temperature profile was 190, 200, 215, 225, 225 �C
and the mold temperature was held at 40 �C. Izod bars and dogbone
bars with dimensions according to ASTM D256-06 and ASTM D638-
02a were molded for impact testing and tensile testing,
respectively.

In order to study the effect of blending sequence on the
morphology and properties of the ternary nanocomposites, three
sequences were adopted:

- mixture M1 (PPþ PP-g-AAþ EVAþ organoclay): poly-
propylene, acrylic acid grafted polypropylene, EVA and orga-
noclay were blended simultaneously.

- mixture M2 (PPþ PP-g-AAþ organoclay)þ EVA: poly-
propylene and acrylic acid grafted polypropylene were first
reinforced with organoclay and then the polypropylene/acrylic
acid grafted polypropylene/organoclay nanocomposite was
later blended with EVA.

- mixture M3 PPþ PP-g-AAþ (EVAþ organoclay): EVA was
mixed with organoclay first and then the EVA/organoclay
nanocomposite was blended with polypropylene and acrylic
acid grafted polypropylene later.

For all the sequences, the weight% of PP, PP-g-AA and EVA was
55, 5 and 40%, respectively. The weight% of organoclay was 5% over
the weight of the blend (that is, 5 phr).

Additionally, PP/PP-g-AA/organoclay (95/5/5) and EVA/organo-
clay (100/5) binary nanocomposites and PP/EVA/PP-g-AA (55/40/5)
binary blend were prepared. The binary and ternary nano-
composites and the blend were prepared under the same com-
pounding conditions described above. The composition of the
blend without organoclay was chosen based on a previous report
[25]; this composition showed the best balance between stiffness
and toughness between all the compositions of the binary blends
studied.

The ternary nanocomposites (PPþ PP-g-AAþ EVAþorganoclay),
(PPþ PP-g-AAþorganoclay)þ EVA and PPþ PP-g-AAþ (EVAþ
organoclay) are designated hereafter as: M1, M2, and M3 respec-
tively. The different types of mixtures with clay are referred to as
M120A, M220A, M320A, M130B, M230B and M330B. For example, M320A

means EVA was mixed with organoclay first and then the EVA/
organoclay nanocomposite was blended with polypropylene and
acrylic acid grafted polypropylene later; the organoclay used was
Cloisite�20A. For the sake of simplicity, PP-g-AA is omitted from the
designation of PP binary nanocomposites and where organoclay is
added to the blends with EVA; thus, the designation PP refers to
PP/PP-g-AA 95/5.
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2.3. Mechanical and thermo-mechanical properties

Tensile tests were conducted on the injection molded specimens
according to ASTM D638 using an Instron Model 5569 at a cross-
head speed of 50 mm/min. Notched Izod impact tests were per-
formed at room temperature using a Ceast model RESIL 25
pendulum according to ASTM D256.

The thermo-mechanical behavior of the samples was examined
using a MK-II Polymer Laboratories dynamic mechanical thermal
analyzer (DMTA). The experiments were carried out in bending
mode on the injection molded Izod specimens from �50 to 150 �C
at a rate of 3 �C/min and at frequency of 1 Hz. The heat distortion
temperature (HDT) of the samples was estimated by DMTA using
a technique developed by Scobbo [26] and used also by Paul et al.
[27,28]. ASTM standard D648 defines the HDT as the temperature at
which the center deflection D of a standard specimen in a three-
point bend mode reaches 0.25 mm under an applied maximum
stress smax of either 0.46 or 1.82 MPa. The condition of 1.82 MPa
stress was selected because it is typically employed for semi-crys-
talline and filled polymers. Utilizing the equation for the center
deflection of a simply supported beam we have the relationship
between the modulus E, the maximum stress and the deflection
[26]:

E ¼ smaxL2=6Dh (1)

Where L is the distance between end supports and h is the depth of
specimen (equivalent to the width, if the specimen is tested in
a edgewise position). By taken into account that L¼ 100 mm and
h¼ 12.5 mm (values defined by ASTM standard) and that
smax¼ 1.82 MPa and D¼ 0.25 mm, E is approximately 0.75 GPa.
Thus, from a DMTA curve of the logarithm of the storage modulus E0

vs. temperature, the HDT was determined as the temperature
which E0 ¼ 0.75 GPa or log E0 ¼ 8.9.
2.4. Morphology characterization

In order to study the dispersion and location of the organoclays
in the PP, EVA and the PP/EVA blends, these samples were exam-
ined by transmission electron microscopy (TEM). Ultra-thin
sections about 70 nm thick were cryogenically cut from the core of
the injection molded Izod specimens in such a way that the sections
were perpendicular to the injection flow. The sectioning was done
with a diamond knife at a temperature of �110 �C for the EVA
specimens with both organoclays used and at a temperature of
�55 �C for all other samples using a Leica Ultracut ultramicrotome.
After sectioning, the samples were collected on 400 mesh copper
TEM grids and dried with filter paper. Sections of the neat blend
were stained with RuO4 vapor for 4 h at room temperature.
However, for the blends containing organoclays, it was necessary to
increase the temperature to 50 �C during the staining, otherwise
these blends could not be stained. From this staining procedure, the
EVA phase became darker than the PP phase and, thus, it was
possible to determine whether the organoclay platelets were
located in the PP phase or in the EVA phase. The sections were
viewed using a Philips CM120 transmission electron microscope at
an acceleration voltage of 120 kV.

Besides TEM, the PP/EVA blend and PP/EVA/organoclay blends
were also examined by scanning electron microscopy (SEM) in
order to study the dispersion of the EVA particles in the PP matrix
and, therefore, the effect of the clay layers on this dispersion.
Surfaces of injection molded samples were cryogenically fractured
perpendicular to the injection flow direction and were etched with
toluene at 40 �C for 2 h to remove the EVA phase and then observed
using a Philips XL30 FEG scanning electron microscope.
2.5. X-ray analysis

Wide angle X-ray scattering (WAXD) was conducted using
a Rigaku (Multiflex) diffractomer in the reflection mode using an
incident X-ray wavelength of 1.542 Å at a scan rate of 0.5�/min in
a range of 2q from 1 to 10�. The analyses were carried out on milled
Izod bars and, therefore, the structure analyzed corresponds to the
core of the injection-molded specimens.

3. Results and discussion

3.1. WAXD analysis

3.1.1. WAXD analysis of nanocomposites with Cloisite�20A
Fig. 1a shows X-ray scans of neat Cloisite�20A, the binary

systems of EVA and PP with Cloisite�20A and the ternary systems
(PP/EVA/Cloisite�20A). For the binary systems it can be seen that
the d001 peak shifts to the left (lower angles) with respect to the
peak of the pristine organoclay suggesting intercalation of the
polymer molecules into the galleries of the clay. The d-spacings for
the nanocomposites with EVA and PP with compatibilizer (Table 1)
are in good agreement with values found in the literature for
mixtures with similar compositions and processing [29,30]. The
larger d-spacing for the nanocomposite of EVA (3.84 nm) in
comparison with the nanocomposite of PP (2.55 nm) suggests
greater intercalation of EVA; this may reflect a more favorable
interaction of the EVA, in comparison with the PPþ PP-g-AA
system, with the platelets of the organoclay. This speculation is in
accord with the results of the work of Cui et al. [29] where it was
found that the higher the vinyl acetate content of EVA, the greater
the d-spacing for the Cloisite�20A organoclay. The mixtures M1, M2
and M3 with Cloisite�20A show similar d-spacings as the binary
nanocomposite EVA/Cloisite�20A, see Fig. 1 and Table 1. This
suggests that in these mixtures the organoclay Cloisite�20A tends
to reside in the EVA phase, even though the possibility of the
presence of exfoliated clay platelets in this phase and in the PP
phase cannot be ruled out, since clay in an exfoliated state would
result in a featureless WAXD curve.

3.1.2. WAXD analysis of nanocomposites with Cloisite�30B
In contrast with the nanocomposites prepared with Cloisi-

te�20A, Fig. 1b shows that the d001 peak shifts to the right (higher
angles) for the binary nanocomposites with Cloisite�30B suggest-
ing a decrease of the d-spacing of the galleries of the organoclay.
Similar behavior has been reported previously for nanocomposites
of organoclay Cloisite�30B with EVA [29–32], with EVA grafted
with maleic anhydride groups [33] and with PP [34,35,36]; this has
been attributed to the thermal degradation and loss of some parts
of the surfactant from the galleries of the organoclay during pro-
cessing causing collapse of the clay galleries. The phenomena
observed here with Cloisite�20A and Cloisite�30B are in agreement
with the results of the works done by Paul et al. [29,37,38] who
showed that the organic modifier with only one alkyl tail (like
Cloisite�30B) is less thermally stable than the organoclay with two
alkyl tails (like Cloisite�20A).

Some recent reports on EVA nanocomposites claim better
intercalation/exfoliation for the nanocomposites of EVA with Cloi-
site�30B than with Cloisite�20A [33,39–41]. These studies used
milder processing conditions (i.e., temperatures between 100 and
160 �C in an internal mixer) than those used here, this could lead to
a lower degree of degradation of the organoclay Cloisite�30B.
Under less severe conditions, it is possible that the hydroxyl groups
of the organic modifier present in organoclay Cloisite�30B interact
with the polar acetate groups of EVA before this degradation takes
place. This is in accordance with a report by Li and Ha [33] that



Fig. 1. WAXD scans for neat organoclays, binary nanocomposites (PP/organoclay and EVA/organoclay) and ternary nanocomposites (PP/EVA/organoclay): (a) systems with Cloi-
site�20A; (b) systems with Cloisite�30B; (c) expanded view of region of part b.
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better dispersion of Cloisite�30B in EVA occurs at lower mixing
temperatures (130 �C), while at higher temperatures (175 �C) a d001

peak is observed at about the same 2q value found in the present
work (6�).

Fig. 1b and Table 1 show that the shift of the d001 peak to higher
angles for the nanocomposite PP/Cloisite�30B is smaller than the
corresponding shift for the nanocomposite EVA/Cloisite�30B. The
degradation products released by organoclays are mainly long alkyl
fragments [29,42]. Shah and Paul [37] argued that these products
can only leave the clay galleries during melt processing by disso-
lution in the matrix polymer. Thus, if the alkyl fragments have high
solubility in the matrix, the organic mass of the galleries is easily
extracted and the platelets would then collapse. In the present case,
it is not clear whether the by-products of the degradation reaction
would be more soluble in EVA (82 wt% ethylene sequences) or in PP.
Therefore, it is difficult to predict how this argument would favor
gallery collapse in EVA vs. PP.
Table 1
Organoclay interlayer spacing obtained by WAXD.

d001 (Å)

Cloisite�20A Cloisite�30B

Neat organoclay 24.2 18.4
PP/organoclay 25.5 17.2
EVA/organoclay 38.4 15.1
M1 36.9 14.8
M2 38.4 15.8
M3 37.7 14.6
3.2. TEM analysis

3.2.1. TEM analysis of nanocomposites with Cloisite�20A
TEM micrographs of the binary nanocomposites and ternary

nanocomposites based on Cloisite�20 are presented in Figs. 2 and 3,
respectively. Fig. 2a–b shows a coarse morphology for the Cloisi-
te�20A in the PP matrix with tactoids of varying sizes; however,
there is no evidence of individual platelets dispersed in PP. This is
consistent with the WAXD results and with the morphologies
found in the literature for similar nanocomposites of PP with PP-g-
AA and Cloisite�20A [33]. On the other hand, TEM images for EVA/
Cloisite�20A nanocomposites, see Fig. 2c, show a significant
number of individual platelets dispersed in the EVA phase plus
some small tactoids.

For the ternary mixtures M1, M2 and M3, the TEM images reveal
the dispersion state of the organoclay, and whether the organoclay
resides in the EVA phase or in the PP phase. In these TEM micro-
graphs, see Fig. 3, the darker phase is the EVA phase, since it is
stained by the RuO4. As described earlier, the staining of the blends
at room temperature was adequate to promote good phase contrast
in the TEM; however, for blends containing organoclays it was
necessary to perform a more intense staining at 50 �C. We believe
this resistance to staining is due to the decreased RuO4 perme-
ability into the EVA phase when nanoclay platelets are present; it is
well-known that nanocomposites have lower vapor and gas
permeability than the neat polymer [43–45].

The images in Fig. 3 seem to indicate that the organoclay resides
in the EVA phase for all the ternary mixtures corroborating the
WAXD observation; there is no clear evidence of clay platelets in
the PP phase. In the EVA phase, there are some exfoliated single
platelets in the bulk and at the interface of this phase but small



Fig. 2. TEM micrographs of binary nanocomposites with Cloisite�20A: (a) PP/organoclay(8800�); (b) PP/organoclay (40,000�); (c) EVA/organoclay (40,000�).
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tactoids account for the majority of the organoclay. This is some-
what different from what is seen for the binary EVA/Cloisite�20A
nanocomposites (Fig. 2c), where a larger amount of organoclay is
dispersed as individual platelets. However, this difference might be
expected because if one assumes that all the organoclay is
concentrated in the EVA phase (which represents 40 wt% of the
blend), the effective concentration of the organoclay in this phase is
around 12 phr vs. 5 phr in the binary nanocomposite. This high
concentration of organoclay in the EVA phase favors platelet–
platelet interaction and aggregation, leading to the formation of
a high content of small tactoids.

In summary, irrespective of the blending sequence, the platelets
of the organoclay Cloisite�20A always seem to be located in the
EVA phase. The organoclay platelets are attracted to the EVA phase
even in the mixture M2, where the organoclay is first blended with
PP and the EVA is incorporated subsequently. In this blend
sequence apparently all the organoclay initially present in the PP
phase migrated to the EVA phase during the short residence time
(about 1 min) of the second extrusion. This observation shows that
this organoclay definitely has a stronger affinity for EVA than for
the PP/PP-g-AA mixture and that this migration process is relatively
fast. This observation is analogous to the preferential location of
methacrylated butadiene-styrene (MBS) particles into the poly
(methyl methacrylate) (PMMA) phase in a blend of polycarbonate
(PC)/PMMA/MBS [46]. This location occurs irrespective of the
blending sequence and can be explained by the more favorable
interaction of the MBS particles with PMMA than with PC.

3.2.2. TEM analysis of nanocomposites with Cloisite�30B
Fig. 4 shows TEM micrographs for binary nanocomposites with

Cloisite�30B. In the case of PP, small and large tactoids of the
organoclay are observed, some having length and width as large as
8 mm and 1 mm, respectively; these are effectively primary orga-
noclay particles that have not been broken up in the compounding
process [47]. The tactoids seen in the PP/Cloisite�20A nano-
composites are much smaller and more numerous than seen here
for PP/Cloisite�30B. A similar qualitative comparison exists for the
binary nanocomposites based on EVA. Fig. 4a shows that in the
binary nanocomposite of EVA/Cloisite�30B some exfoliated plate-
lets coexist with tactoids that are much larger than the tactoids
present in the binary nanocomposite of EVA/Cloisite�20A (Fig. 2a).
A similar feature has also been reported by Zaragoza et al. [31].

The TEM micrographs of the ternary mixtures with Cloisi-
te�30B (Fig. 5) show that the location and dispersion of this
organoclay in the blend phases are not the same for all the
sequences used to prepare the blends, which is in contrast with
the behavior observed for the blends with Cloisite�20A. The
mixtures M1 and M2 contain only tactoids, some of which have



Fig. 3. TEM micrographs of ternary nanocomposites with Cloisite�20A: (a), (c) and (e): micrographs with magnification of 7100� of the mixtures M1, M2 and M3, respectively; (b),
(d) and (f): micrographs with magnification of 40,000� of the mixtures M1, M2 and M3, respectively.
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Fig. 4. TEM micrographs of binary nanocomposites with Cloisite�30B: (a) PP/organoclay(8800�); (b) PP/organoclay (40,000�); (c) EVA/organoclay (40,000�).
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dimensions as large as those found for the binary nano-
composites, with no evidence of dispersed individual platelets.
The majority of these tactoids seem to locate at the interface
between the polymer phases. The mixture M3 shows a different
picture with apparently all the organoclay dispersed into the EVA
phase as a mixture of exfoliated platelets and small tactoids. It is
possible that the majority of the tactoids in mixtures M1 and M2
is not located in the EVA phase because the movement of these
large particles could be too slow to reach this phase in a local
process time-scale comparative with the reciprocal of the pro-
cessing shear rate (about 103 s�1). Cheng et al. [46] found that the
characteristic time for the movement of a particle across the
interface is proportional to the particle radius if only surface
forces act to move this particle. Conversely, for the mixture M3,
the tactoids are located in the EVA phase because in this mixture
the organoclay is forced to be dispersed in this phase prior the
mixing with the PPþ PP-g-AA.

The trend for large tactoids observed here for the binary nano-
composites with Cloisite�30B is consistent with the WAXD results
that showed evidence of collapse of the clay galleries for this
organoclay. However, it should be pointed out here that exfoliated
platelets of this organoclay were still present in the nanocomposite
EVA/Cloisite�30B.
The morphology of the binary nanocomposites reflects
a complex interplay of shear forces during melt mixing where the
main role of the shear is to break down the initial clay agglomerates
into progressively smaller tactoids [48–51], the peeling away of
platelets from the tactoids when there is sufficient affinity of the
platelets for the polymer matrix, and the possible competing effects
of degradation of the surfactant that complicates these processes.
The situation in ternary mixtures is even more complex.

3.3. Scanning electron microscopy: blend morphology

SEM analysis was used to ascertain the phase morphology of the
ternary nanocomposites over a larger area than was observed by
TEM and specifically to examine the spatial arrangement of the EVA
and PP phases. The SEM photomicrographs of the neat blend
(without organoclay) and ternary nanocomposites are depicted in
Figs. 6 and 7, respectively. Comparison of the morphology of the
ternary nanocomposites of PP/EVA/Cloisite�20A (Fig. 7 a–c) with
the neat blend (Fig. 6), reveals that in these nanocomposites the
shape of the EVA particles is irregular, with smaller curvature and
larger anisotropy than the particles in the neat blend. For the
ternary nanocomposites of PP/EVA/Cloisite�30B (Fig. 7 d–f), this
irregular morphology occurs for the mixture M3, but not for the



Fig. 5. TEM micrographs of ternary nanocomposites with Cloisite�30B: (a), (c) and (e): micrographs with magnification of 7100� of the mixtures M1, M2 and M3, respectively; (b),
(d) and (f): micrographs with magnification of 40,000� of the mixtures M1, M2 and M3, respectively.
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Fig. 6. SEM micrograph of neat PP/PP-g-AA/EVA blend.
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mixtures M1 and M2; the latter have a morphology very similar to
the neat blend. The EVA particles in the ternary nanocomposites
seem to have an average size comparable to that of neat blend.
However, a quantitative analysis of the particle sizes for the ternary
nanocomposites was not practical due to the anisotropy and
irregularity of the EVA particles in these mixtures.
Fig. 7. SEM micrographs of ternary nanocomposites: with Cloisite�20A: mixtures M
From the TEM and the SEM photomicrographs, a clear correla-
tion between the clay location and the morphology of the EVA
particles, irrespective of the organoclay can be seen; that is, the
EVA particles are anisotropic when the organoclay is located inside
the particles. It is likely that this shape is due to the presence of
a fraction of exfoliated clay particles located at the interface
PP/EVA. We speculate that the presence of clay platelets at the
interface between PP and EVA lead to the irregular shape of the EVA
particles by hindering the rounding promoted by the interfacial
tension in the neat PP/EVA blend. Similar lamellar shapes of the
disperse phase have also been found in other blends when the
organoclay is located in the disperse phase, like in the blends
EPR/PP [15], PMMA/PS [16], PP/PA6 [17,18] and PE/PBT [19].
3.4. Mechanical and thermo-mechanical properties

Table 2 shows values for the tensile modulus, yield stress,
notched Izod impact strength and HDT for the neat polymers,
binary blends and the ternary mixtures. As mentioned earlier, the
HDT was estimated using the storage modulus curves (Fig. 8)
obtained from DMTA analysis. Estimates of HDT values, defined at
a maximum stress of 1.82 MPa, correspond to the temperature
where the E0 curve crosses the horizontal line drawn at this stress
on the log E0 axis (line illustrated in the plots of Fig. 8).
1(a) M2 (b) and M3 (c). With Cloisite�30B: mixtures M1(d) M2 (e) and M3 (f).



Table 2
Mechanical and thermo-mechanical properties of the neat polymers and
nanocomposites.

Composition Tensile
modulus
(GPa)

Yield
strength
(MPa)

Heat distortion
temperature
(�C)

Izod impact
strength
(J/m)

PP 2.17� 0.13 38.0� 0.1 57 19� 2
PP20A 2.58� 0.13 41.5� 0.4 66 22� 3
PP30B 2.34� 0.06 39.1� 0.2 61 23� 2
EVA20A – – �12 –
EVA30B – – �15 –

PP/EVA18/PP-g-AA
(55/40/5)

1.05� 0.18 22.3� 0.3 24 124� 3

M120A 1.27� 0.12 22.8� 0.5 33 244� 18
M220A 1.24� 0.14 22.6� 0.2 31 252� 16
M320A 1.16� 0.06 22.6� 0.3 33 217� 23
M130B 1.22� 0.03 23.1� 0.3 29 87� 2
M230B 1.36� 0.18 24� 1 27 84� 4
M330B 1.18� 0.10 22.6� 0.2 30 195� 7
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As seen in Table 2, the binary nanocomposites based on PP show
increased modulus, yield stress and HDT compared to PP, while the
Izod impact strength is essentially unchanged considering the
standard deviation associated with this measurement. Prior work
suggests that the extent of enhancement of the modulus as well as
HDT are indicators of the aspect ratio of the organoclay particles
dispersed in the polymer matrix and, therefore, reflect the state of
exfoliation or dispersion of the organoclay [27,52]. Thus, it is seen
that the increase of modulus is more significant for the nano-
composite based on Cloisite�20A than on Cloisite�30B; the same
trend is observed for the yield stress and HDT, consistent with the
presence of smaller primary particles in the nanocomposites of the
former organoclay than the latter one as shown by TEM analysis.
Similar correlations can be seen between the organoclay
morphologies and the properties of the binary nanocomposites of
EVA. It should be mentioned that the relative efficacy of the orga-
noclay Cloisite�20A in comparison with Cloisite�30B in improving
the mechanical properties may be even greater than the results
shown here. This is because the comparison shown here is at a fixed
content of organoclay, i.e., 5 wt%, thus, the effective concentration
of inorganic alumina–silicate platelets is lower for the nano-
composites based on Cloisite�20A than Cloisite�30B, since the
organic content of the former organoclay is higher than for the
latter, 38 vs. 30 wt%, respectively.

From Table 2 it can be seen also that the incorporation of 40 wt%
of EVA in PP decreases the modulus, yield stress and HDT but
increases the Izod impact strength; that is, there is a decrease of
stiffness and an increase of toughness caused by incorporation of
Fig. 8. DMTA curves of storage modulus (E0) vs. temperature for the systems
this elastomeric phase. Addition of organoclays to the PP/EVA blend
leads to a slight increase in modulus and HDT, and a marginal
increase in yield stress; these changes are nearly independent of
the organoclay used and of the blending sequence, considering the
standard deviations of the measurements. Overall, the average
increase in modulus and HDT is 18% and 25%, respectively;
however, despite this increase, the values for the mixtures with
nanoclays are still significantly below those for the neat PP.

The notched Izod impact strength of the mixtures with orga-
noclays show more interesting but complex trends. Compared to
the neat blend, there is a significant increase in Izod values for all
the mixtures with the Cloisite�20A; the increase is about 100% for
mixtures M1 and M2 and 75% for mixture M3. For the mixtures
with Cloisite�30B, toughness is increased only for mixture M3
(increase of 57%), while there is a decrease in the toughness for the
mixtures M1 and M2.

The changes in stiffness and toughness can be best appreciated
by plotting the tensile modulus vs. Izod impact strength (Fig. 9) and
the HDT against Izod impact strength (Fig. 10). From these figures, it
is clear that, for all the mixtures with Cloisite�20A and for the
mixture M3 with Cloisite�30B, the organoclays are more effective
for improving impact strength than for reinforcement; the opposite
effect was found for binary nanocomposites of PP.

There is a close correlation between the morphology of the
mixtures and their mechanical properties. The incorporation of
organoclays into PP/EVA blends leads to only a slight improvement
in modulus and HDT. This is probably due to the small concentra-
tion of clay in the PP continuous phase; for all mixtures with
Cloisite�20A and the mixture M330B, the clay is located primarily in
the EVA phase and in the case of the mixtures M130B and M230B the
large clay tactoids are located mainly at the EVA/PP interface. Prior
studies have shown that the enhancement of stiffness is small
when the clay is located in the dispersed phase or at the interface
instead of in the matrix polymer [7,17,18,22,23,53].

There is also a clear connection between the toughness of these
systems and their morphology. The mixtures M130B and M230B,
both of which have a lower Izod impact strength than the neat
blend, contain large tactoids of Cloisite�30B. Most likely these large
organoclay particles act as stress concentrators that lead to easy
crack initiation and propagation and, thus, premature failure with
low energy absorption.

On the other hand, all the other mixtures showed an enhance-
ment of the Izod impact strength relative to the neat blend, and in
these cases the organoclay is rather well dispersed/exfoliated
inside the EVA dispersed phase. This is consistent with several
others reports on blends with organoclays showing an increase in
toughness when the organoclay is exclusively located in the
studied: (a) systems with Cloisite�20A; (b) systems with Cloisite�30B.



Fig. 9. Plots of tensile modulus vs. notched Izod impact strength for the systems
studied.
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dispersed phase or at the interphase between the two polymers
[21,23,53]. It is anticipated that the toughness of the neat blends is
related, at least to some extent, to the cavitation of EVA particles;
this is a well-known aspect of toughening mechanism in polymer
blends [1,2]. The incorporation of clay platelets in these particles
may advantageously control the cavitation process and the stress at
which shear yielding of the matrix occurs, thus enhancing blend
toughness. Another possibility is related to the mechanism of
toughening proposed by Gersappe [54]. According to this theory,
the clay platelets could create temporary cross-links between the
EVA chains, thereby increasing the strength of the polymer in the
vicinity of the micro-voids originated by the cavitation process. This
could decrease the growth rate of these micro-voids and therefore
increase the dissipation of energy.

On the basis of these results and the discussion above, it can be
postulated that dispersing the organoclay in both the EVA and PP
phases would lead to greater improvement in stiffness while
maintaining high toughness. In this situation, the organoclay in the
EVA would promote toughness while having the organoclay in the
matrix would increase stiffness. This could be achieved by
increasing the polarity of the matrix since this would promote
Fig. 10. Plots of heat distortion temperature (HDT) vs. notched Izod impact strength for
the systems studied.
a higher affinity of the matrix for the organoclay. This increase of
polarity could be obtained, for example, by increasing the
concentration of the functional PP-g-AA mixed in the PP matrix.
The use of another compatibilizer, like PP grafted with maleic
anhydride (PP-g-MA) also might be an effective strategy. These
approaches are currently being investigated in our laboratory.

4. Conclusions

In this work, ternary nanocomposites of PP/EVA/organoclay in
the weight ratio 60/40/5 were prepared by three different blending
procedures. In all cases, the phase labeled PP contained 91.7% PP
homopolymer and 8.3% of an acrylic acid graft, i.e., PP-g-AA, with
the latter acting as a ‘‘compatibilizer’’. The influence of blending
sequence on the dispersion and location of the organoclay in the
blends is dependent on the kind of organoclay used. For Cloisi-
te�20A where the organic modifier has two long alkyl groups, the
organoclay is always located in the dispersed EVA phase, irre-
spective of the blending sequence adopted. However, for Cloisi-
te�30B where the organic modifier is polar and has only one long
alkyl group, the organoclay is located in the dispersed EVA phase
only when this organoclay is first mixed with EVA. There is a clear
relationship between the clay location and the morphology in the
ternary nanocomposites, as well as between the morphology and
the mechanical properties of these systems. For the blends where
the organoclay is in the dispersed EVA phase, the particles of this
phase have a lamellar shape, and the impact strength is consider-
ably higher than for the neat blend. On the other hand, for the
ternary nanocomposites where the platelets are not well dispersed
in the EVA phase, the impact strength is decreased relative to the
neat blend. The modulus and HDT, however, are nearly indepen-
dent of the type of organoclay. The blends with the highest impact
strength are those containing Cloisite�20A in which case mixing
protocol has only a minor effect. An important result of this work is
the observation that Cloisite�20A can migrate from the PP phase to
the EVA phase at a surprisingly high rate.
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