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Functionalized multiwalled carbon nanotubes (f-MWCNTs) have been introduced into immiscible
polypropylene/ethylene-co-vinyl acetate (PP/EVA) blends. Two different compositions, one (PP/
EVA¼ 80/20) exhibits the typical sea-island morphology and the other (PP/EVA¼ 60/40) exhibits the
cocontinuous morphology, have been prepared with different contents of f-MWCNTs. The impact
measurement shows that f-MWCNTs induce the great improvement of fracture toughness of cocontin-
uous PP/EVA blends. The results based on the morphologies and the rheological properties of the
composites suggest that, a local ‘‘single-network structure’’ of f-MWCNTs exists in PP/EVA (80/20) system
whereas a ‘‘dual-network structure’’ of f-MWCNTs and EVA phase exists in PP/EVA (60/40) system, and
the latter structure accounts for the largely improved fracture toughness of the composites.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, some researches have been carried out to investigate
the fracture toughness of polymer with carbon nanotubes (CNTs). It
has been reported that the orientation of CNTs as well as their good
dispersion is an efficient way to substantially toughen the compos-
ites [1–3]. Some toughening mechanisms, including the bridge effect
of the oriented CNTs on the craze and crack development during the
applied stress in the tensile test [1,2,4], the enhanced load-carrying
ability and the much-increased deformability of nanotubes-filled
composites [5–7], have been proposed based on the analysis of the
fractured surface morphologies of composites.

Besides the application of CNTs in single polymer matrix, other
researches have shown that CNTs also exhibit apparent roles in
influencing the morphologies, mechanical and electrical properties
of polymer blends. Khare et al. [8] revealed a refinement in the
morphology whether particle dispersed type or cocontinuous
structure in the presence of CNTs in polypropylene/acrylonitrile–
butadiene–styrene (PP/ABS) blends, and lower electrical percolation
threshold was observed in continuous PP/ABS blends with CNTs. Li Y
[9] reported that the addition of CNTs into polyamide-6 (PA6)
significantly increases the melt viscosity of PA6, and a phase trans-
formation from sea-island to cocontinuous occurs upon adding more
than 1.2 wt% CNTs into the blends. Both the electrical conductivity
: þ86 28 87600454.
g).
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and the ductility of the obtained composites were greatly improved.
Among all these researches, the formation of the dual percolation
was believed to be the main reason accounting for the improvement
of the electrical properties of polymer blends [8,9].

In this work, our attention is paid to the improvement of fracture
toughness of immiscible polymer blends such as polypropylene/
ethylene-co-vinyl acetate (PP/EVA). PP/EVA blends have been widely
investigated due to their poor interfacial bonding. With the
increasing content of EVA in PP, the blend morphology changes from
sea-island to cocontinuous morphology [10]. Thus, PP/EVA blends
with two typical morphologies, i.e. sea-island (PP/EVA¼ 80/20) and
cocontinuous (PP/EVA¼ 60/40) morphologies, according to the
reported references, are selected in the research. f-MWCNTs are
introduced into the phase of EVA through a controlled melt-blending
sequence, namely, f-MWCNTs are firstly dispersed in EVA phase. The
blend sequence is set based on the fact that CNTs tend to migrate to
the PP phase owing to their good affinity for polyolefin during melt-
blending [11]. It is expected that CNTs could form the network
structure in the whole system, strengthening the interfacial bonding
between the phases of EVA and PP, and finally leading to the great
change in fracture toughness of such immiscible polymer blends.

2. Experimental

2.1. Materials

All the materials used in this study are commercially available.
PP (F401, Lanzhou Petrochemical Co, Ltd., Lanzhou, China) with
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Fig. 1. Notched Izod impact strength of PP/EVA blends with different contents of
f-MWCNTs.
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a melt flow rate (MFR) of 2.5 g/10 min (230 �C/2.16 kg) was used as
the matrix polymer. EVA (ELVAX460, 18% VA, DuPont Industrial
Polymers, USA) with an MFR of 2.5 g/10 min was selected as impact
modifier. MWCNTs were obtained from Chengdu Institute of
Organic Chemistry, Chinese Academy of Science (Chengdu, China).
The outer and inner diameters of MWCNTs are 20–30 nm and 5–
10 nm, respectively. The length of a single MWCNT is about 10–
50 mm. MWCNTs were washed and purified with concentrated
hydrochloride acid, and the purity is more than 95% in weight base.

2.2. Sample preparation

To achieve a good dispersion, pristine MWCNTs must be chem-
ically modified prior to blend with polymers. The functionalization
of MWCNTs was carried out according to Ref. [12]. The pristine
MWCNTs were mixed with concentrated HNO3 to obtain the
acid-MWCNTs with carboxyl and hydroxyl groups on the outer
surface of MWCNTs. Then the acid-MWCNTs were reacted with
maleic anhydride in the solution of concentrated HCl and ethyl
acetate at 60 �C for 5 h under sonication to obtain the maleic
anhydride functionalized MWCNTs (f-MWCNTs). After functionali-
zation, more functional groups including carboxyl, hydroxyl and
carbonyl were introduced into MWCNTs. These functional groups
are favorable to the formation of hydrogen bonding between f-
MWCNTs and VA chain segments, resulting in good dispersion of f-
MWCNTs in EVA phase. In this work, the master batch of EVA with
10 wt% f-MWCNTs was prepared firstly. Then, the master batch was
blended with different contents of PP and EVA to obtain the corre-
sponding compositions. In this work, the contents of EVA and f-
MWCNTs were set as 20, 40 wt% and 0, 0.5, 1.0, 2.0 wt% of the blend,
respectively. The blending of such samples was carried out on
a twin-screw extruder (TSSJ-25, China) at the screw speed of 110 r/
min and the temperatures of 140–200 �C from hopper to die. After
making droplets, the pellets were injection molded through an
injection-molding machine (KTEC-40, Germany) at the melt
temperatures of 190–210 �C and mould temperature of 25 �C.
Furthermore, EVA nanocomposites with only f-MWCNTs were
melting blended through using a Lab-station Brabender torque
rheometer (Plasti-Corder, Germany) with the setting temperature of
140 �C. The melt-blending time was 8 min and the rotor speed was
60 rpm.

2.3. Impact test

Notched Izod impact strength was measured using an XC-22Z
impact tester (China) according to ISO180-2000. For each blend, the
average value reported was derived from at least five specimens.
The testing was carried out at room temperature (23 �C).

2.4. Characterizations

The morphologies of EVA in the blends were characterized by
using a Fei Quanta 200 SEM (USA) with an accelerating voltage of
20 kV. Sample was cryogenically fractured perpendicular to flow
direction after being immersed in liquid nitrogen for 0.5 h, then the
sample was etched in toluene at 50 �C for 3 h to remove EVA phase
from PP matrix. To investigate the dispersion of f-MWCNTs in the
blends, the cryogenically fractured surface was firstly ion-etched at
15 kV for 10 min through NP-IX-ray Photoelectron Spectroscopy
(China), and then the ion-etched surface was characterized by SEM
too.

The rheological measurement was carried out on a stress
controlled rheometer (rheometer System Gemini 200, Germany)
using a 20 mm diameter parallel plate. The sample disk was firstly
prepared with a thickness of 1.0 mm and a diameter of 20 mm
through a compression molding way at 200 �C for 5 min. During the
rheological measurement process, the frequency sweep from 0.01
to 100 rad/s was performed at 190 �C under dry nitrogen atmo-
sphere. For all the measurements, the samples were tested within
the linear viscoelastic strain range.
3. Results and discussion

3.1. Impact strength

Generally, the immiscible polymer blends show poor mechanical
properties because of the weak interface between the two phases.
Although EVA has been proved to improve the fracture toughness of
PP [13], the toughening effect is still inconspicuous. As shown in
Fig. 1, even if the content of EVA is up to 40 wt%, the impact strength
is only 10.2 kJ/m2, more inferior to the fracture toughness of
ethylene–octene copolymer toughened PP blends [14]. The addition
of a few amount of f-MWCNTs induces the change of fracture
toughness of composites in different degrees, and the improvement
of impact strength is greatly dependent of the contents of EVA and f-
MWCNTs. For PP/EVA (80/20) system, the impact strength increases
slightly with the increasing content of f-MWCNTs, indicating that f-
MWCNTs don’t influence the fracture toughness of such blend
significantly. However, for PP/EVA (60/40) system, the impact
strength increases greatly with increasing content of f-MWCNTs. For
example, addition of 2 wt% f-MWCNTs induces the enhancement of
impact strength from 10.2 kJ/m2 of PP/EVA (60/40) to 63.2 kJ/m2 of
PP/EVA/f-MWCNTs (60/40/2), about 6 times of impact strength
improvement is observed. Considering the impact strength of pure
PP (4.2 kJ/m2, not shown in the graph), one also can see that EVA and
f-MWCNTs exhibit synergistic toughening effect for PP when more
EVA is present in the composites, for example, 40 wt%. Importantly,
for immiscible PP/EVA blends with high content of EVA, the addition
of f-MWCNTs induces the great enhancement of impact strength.
This may provide a simple but efficient way to improve the
mechanical properties of such immiscible polyolefin blends.
3.2. Morphologies

Before the characterization of the phase morphology and the
distribution of f-MWCNTs in PP/EVA blends, some schematic
representations of composites are proposed and shown in Fig. 2. For
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Fig. 2. Schematic representations show the dispersion states of f-MWCNTs in PP/EVA blends. (a): f-MWCNTs tend to aggregate in dispersed EVA phase in PP/EVA (80/20) at low
load; (b): f-MWCNTs migrate to PP phase and form a local ‘‘single-network structure’’ at high load; (c): f-MWCNTs exhibit good dispersion in continuous phase of EVA in PP/EVA
(60/40) at low load and (d): f-MWCNTs form the network structure in the whole blend.
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PP/EVA (80/20) system with low f-MWCNTs content, f-MWCNTs
tend to form the clusters, which are limited in the EVA phase
(Fig. 2a); at high f-MWCNTs content, these clusters migrate to PP
phase, possibly inducing the local network structure or aggregation
of f-MWCNTs around EVA particles (Fig. 2b). For PP/EVA (60/40)
system, f-MWCNTs exhibit good dispersion in EVA phase at low
load due to the largely increased EVA phase and the good inter-
action between EVA and f-MWCNTs (Fig. 2c). At high load,
f-MWCNTs form the network structure in EVA phase. Furthermore,
some f-MWCNTs tend to migrate to PP phase, possibly inducing
some f-MWCNTs span the two phases, leading to the bridge effect
for PP and EVA (Fig. 2d). In PP/EVA (80/20) system, only f-MWCNTs
can form the local network structure in PP phase (named as ‘‘single-
network structure’’), whereas EVA presents as the isolated parti-
cles. In PP/EVA (60/40) system, besides the network structure of
f-MWCNTs, PP and EVA exhibit a certain degree of interpenetration
Fig. 3. SEM image shows the dispersion of f-MWCNTs in (a) PP/EVA/f-MWCNTs (80/20/2) an
measurement.
effect and in this condition, one can hypothesize that EVA also form
the continuous ‘‘network structure’’. Thus, a so called ‘‘dual-
network structure’’ of f-MWCNTs and EVA forms in this system.
Here, the concept of ‘‘dual-network structure’’ is very similar to the
‘‘double percolation’’ concept first introduced by Sumita [15] in
investigating the electrical properties of conductive materials.

Figs. 3–6 show the morphologies of PP/EVA/f-MWCNTs
composites as well as the dispersion states of f-MWCNTs in the
composites characterized through SEM. Because f-MWCNTs are
firstly controlled to disperse in EVA phase and the dispersion states
of f-MWCNTs in the composites are difficult to be characterized by
usual chemical etching due to the fact that most of f-MWCNTs can
be dissolved together with EVA phase, thus the ion etching
combined with SEM was selected to characterize the dispersion of
f-MWCNTs. As shown in Fig. 3, for PP/EVA/f-MWCNTs (80/20/2)
composite, f-MWCNTs tend to aggregate together and form the
d (b) PP/EVA/f-MWCNTs (60/40/2) composites. Samples were ion-etched prior to SEM
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dispersed clusters in the system (as shown in the white circle in
Fig. 3(a)). For PP/EVA/f-MWCNTs (60/40/2) composite, f-MWCNTs
exhibit good dispersion in the composite. If we draw a graph to
contain the local area which f-MWCNTs are present, one can notice
that f-MWCNTs tend to form the ‘‘continuous morphology’’. This
can be ascribed to the fact that most of f-MWCNTs are dispersed in
the continuous phase of EVA (as shown in Fig. 3(b)).

In Figs. 4 and 5, EVA phase was chemically etched by toluene. For
PP/EVA (80/20) blend, as shown in other research [10], the blend
exhibits the typical sea-island morphology (Fig. 3(a)). At low f-
MWCNTs concentrations (0.5 and 1 wt%), f-MWCNTs tend to
maintain in the EVA phase and very few f-MWCNTs can be observed
in the matrix or in the interface (Fig. 4(b) and (c)). This result is
consistent with the previous hypothesis that f-MWCNTs are mainly
distributed in the EVA phase. When EVA phase is dissolved during
the chemical treatment, f-MWCNTs are also dissolved too. However,
once the content of f-MWCNTs is increased up to 2.0 wt%, a lot of f-
MWCNTs are observed in the matrix (Fig. 4(d)), indicating the
migration of f-MWCNTs from EVA phase to PP phase during the
blending process. In this work, although MWCNTs were function-
alized by maleic anhydride, which strengthens the interaction
between f-MWCNTs and EVA through the hydrogen bonding, the
average diameter of EVA particles is about 1–1.5 mm, much smaller
than the length of f-MWCNTs. In this condition, f-MWCNTs at high
load tend to self-entangle and form the clusters with large size,
exceeding the diameter of EVA particles and resulting some clusters
of f-MWCNTs migrate to the PP phase, possibly form the local
network structure of f-MWCNTs around EVA particles (the so called
‘‘single-network structure’’ shown in Fig. 2(b)).
Fig. 4. SEM images of PP/EVA (80/20) with different contents
Fig. 5 shows the morphologies of PP/EVA (60/40) blend with
different contents of f-MWCNTs. The typical cocontinuous mor-
phologies are observed for all the compositions. The presence of f-
MWCNTs doesn’t change such morphologies apparently. However,
one can observe that f-MWCNTs bridge EVA phase and PP phase at
higher concentrations, such as 1.0 and 2.0 wt% (Fig. 5(c) and (d)). This
can be ascribed to the fact that the length of a single nanotube is
longer than the particle or the ligament size of EVA, during the melt-
blending process, the migration of nanotubes from EVA phase to PP
phase may induce one nanotube span the two phases, leading to the
bridge effect for PP and EVA. The chain segments of f-MWCNTs with
functional groups (maleic anhydride) maintain in EVA phase
through the hydrogen bonding effect between carboxyl groups and
VA chain segments, and the other chain segments of f-MWCNTs
without functional groups migrate to PP phase. Through the bridge
effect of f-MWCNTs, the interfacial bonding of immiscible PP/EVA
blend is greatly strengthened. Fig. 6 shows the distribution of
f-MWCNTs at higher magnifications. Besides the bridge effect of
f-MWCNTs in the interface, one also can see that f-MWCNTs tend to
form the network structure in the EVA phase (as shown in the white
circle), and the so called ‘‘dual-network structure’’ is observed,
which may be the main reason for the largely improved impact
toughness of PP/EVA/f-MWCNTs (60/40/1 and 60/40/2) composites.

3.3. Rheological properties

Fig. 7 shows the variation of storage modulus (G0) and melt
viscosity (h*) with frequency for various compositions at 190 �C. For
PP/EVA (80/20) system, the addition of only 1.0 wt% f-MWCNTs
induces the great enhancement of G0 and h*. Further increasing
of f-MWCNTs. (a) 0 wt%, (b) 0.5 wt%, (c) 1 wt%, (d) 2 wt%.



Fig. 5. SEM images of PP/EVA (60/40) with different contents of f-MWCNTs. (a) 0 wt%, (b) 0.5 wt%, (c) 1 wt%, (d) 2 wt%.
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f-MWCNTs induces the further enhancement of G0 and h* slightly.
This is most likely ascribed to the migration of f-MWCNTs from EVA
phase to PP phase at high f-MWCNTs load and in this condition, the
effect of f-MWCNTs on G0 and h* is available. However, for PP/EVA
(60/40) system, the addition of f-MWCNTs exhibits weak effect on
the G0 and h* possibly due to the largely increased EVA phase
compared to PP/EVA (80/20). Although it is expected that the
change of G0 would prove the presence of network structure of
f-MWCNTs in PP/EVA/f-MWCNTs composites through the devel-
opment of a plateau at low frequency [8], no evidence can prove the
Fig. 6. SEM image shows the morphology of PP/EVA/f-MWCNTs (60/40/2) at higher
magnification.
formation of f-MWCNTs network structure in the composites most
likely due to the fact that the melt temperature of 190 �C is much
higher than that of the fusion temperature (Tm) of EVA (the fusion
temperature of EVA used in the work is about 87 �C), and the
rheological properties of the composites are mainly controlled by
EVA rather than by f-MWCNTs.

Thus, the rheological properties of EVA with f-MWCNTs were
measured to prove the presence of the network structure of
f-MWCNTs in PP/EVA (60/40) ternary composites indirectly. In
order to make a comparison between PP/EVA/f-MWCNTs ternary
composites and EVA/f-MWCNTs binary composites, it is very
important to maintain the consistent of the f-MWCNTs content.
Thus, EVA composites with 1.25, 2.5 and 5 wt% f-MWCNTs were
prepared. During the rheological measurement, the melt temper-
ature was set as 150 �C. As shown in Fig. 8, G0 and h* increase with
increasing f-MWCNTs. Once the content of f-MWCNTs is up to
2.5 wt%, the composite exhibits a visible plateau in storage
modulus, and the plateau becomes more apparent at 5 wt%
f-MWCNTs, indicating the formation of the network structure of
f-MWCNTs. Combining the results obtained from SEM (Figs. 4 and
5), one can believe that the network structure of f-MWCNTs
develops easily in the cocontinuous PP/EVA (60/40) blends.
3.4. Toughening mechanism

The above results show that only local ‘‘single-network struc-
ture’’ of f-MWCNTs forms in PP/EVA (80/20) system, whereas
‘‘dual-network structure’’ of f-MWCNTs and EVA forms in PP/EVA
(60/40) system. It is clear that the morphological difference
between the two systems accounts for the improvement of fracture
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Fig. 7. Rheological properties of PP/EVA (80/20) and (60/40) melts containing different contents of f-MWCNTs: (a) and (c) storage modulus (G0), (b) and (d) complex viscosity (h*).
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toughness in different degrees when f-MWCNTs are introduced
into them. In the former system, although f-MWCNTs have a high
affinity with PP, they mainly locate in EVA phase at low load and in
this condition, f-MWCNTs tend to aggregate together due to the
length of a single carbon nanotube range from 10 to 50 mm, which is
much longer than the diameter of EVA particles; at high load, the
clusters of f-MWCNTs migrate from EVA phase to around PP phase,
resulting the local network structure or aggregation. Thus the
network structure of f-MWCNTs in PP/EVA (80/20) is very poor, and
the interfacial bonding between PP and EVA is very weak too. The
similar network structure of filler has been reported in poly-
propylene/ethylene–propylene–diene terpolymer/silicon dioxide
(PP/EPDM/SiO2) composites, in which nano-SiO2 forms the
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network structure around EPDM phase, and such network struc-
ture is thought to be the main reason for the great improvement of
impact toughness of composites [16,17]. However, in this work, the
network structure of f-MWCNTs in PP/EVA (80/20) is very poor.
Contrarily, the local aggregation of f-MWCNTs in PP phase most
likely induces the severe stress concentration, which is unfavorable
to the improvement of fracture toughness.

In the latter system, EVA exhibits the continuous morphology,
which is in favor of the exfoliation and well dispersion of
f-MWCNTs in EVA phase. Furthermore, it is evident that the
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respect to the sea-island morphology, making more chances for f-
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the decrease of Van der Waals forces among f-MWCNTs. The
interfacial bonding between PP and EVA is largely strengthened
through the bridge effect of f-MWCNTs, which prevents the prop-
agation of crack in the interface of PP and EVA, leading to the
improvement of fracture toughness. On the other hand, it can be
believed that the network structure of f-MWCNTs in cocontinuous
PP/EVA (60/40) is more perfect than that in PP/EVA (80/20) with
sea-island morphology. During the fracture process, the stress is
easily to be transferred between matrix and EVA phase through the
network structure of f-MWCNTs and the bridge between PP and
EVA, inducing more homogeneous distribution of stress and
avoiding the severe stress concentration which leads to the
prematurely fracture of sample. Finally, one should notice that for
PP/EVA (60/40) blend, there is a certain degree of interpenetration
between the two phases, and the formation of the ‘‘dual-network
structure’’ of f-MWCNTs and EVA in the blends possibly brings the
similar effect on mechanical properties compared to the dynamic
vulcanization in the thermoplastic elastomer blends [18].

Finally, it should be pointed out that in this work, the acid
treatment of MWCNTs inevitably reduces the length of MWCNTs.
As well known to all, the formation of the network structure is
greatly dependent of the length of single CNT. The CNTs with larger
length have more tendencies to span several ligaments of PP and
EVA to show more apparent bridge effect on one side. On the other
side, long CNTs are more favorable to the formation of network
structure in both PP and EVA phase. Thus, the treatment of
MWCNTs, which not only achieves the good dispersion but also
maintains the large aspect ratio of CNTs, most likely results in more
apparent in improving the fracture toughness of PP/EVA blends.
Further work is being carried on to prove this hypothesis.

4. Conclusions

f-MWCNTs have been introduced into immiscible PP/EVA blends
through the special melt-blending sequence. The measurement
of the fracture toughness show that in the composites which
exhibits the cocontinuous morphology, the addition of f-MWCNTs
induces the great improvement of fracture toughness, and the
fracture toughness increases with the increasing content of
f-MWCNTs. However, in the composites which exhibit the typical
sea-island morphology, f-MWCNTs have inconspicuous role in
improving the fracture toughness. Further results show that the
continuous EVA phase is in favor of the network structure forma-
tion of f-MWCNTs. The great improvement of fracture toughness is
ascribed to the bridge effect of f-MWCNTs in the interface and the
formation of ‘‘dual-network structure’’ of f-MWCNTs and EVA. This
work proves that the fracture toughness of immiscible polymer
blends can be improved through the formation of a ‘‘dual-network
structure’’ of filler and polymer.
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