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Abstract
Multiwalled carbon nanotubes were introduced into both dispersed and co-continuous polycarbonate/polypropylene blends
through melt compounding in an internal mixer. Both the neat blends and blend nanocomposites showed viscoelastic phase
separation process where phase in phase morphologies could be observed due to viscosity disparity and Tg differences between
the component polymers. A strong compatibilising action was noticed up on the addition of a small quantity of MWCNT into
both dispersed and co-continuous morphologies. Theoretical predictions based on thermodynamic considerations clearly indi-
cated the preferential localisation of MWCNTs in the PC phase. However, because of the viscosity differences between the two
polymers, we also found that some of the MWCNTs being localised at the blend interphase and in PP phase. From linear
viscoelastic studies rheological percolation was observed at high concentration of theMWCNTs where carbon nanotubes formed
a network-like structure leading to solid state behaviour at low frequencies.
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Introduction

Melt blending of polymers is an immensely attractive
and inexpensive method of getting novel and different
structural materials [1]. We can attain a good cost/
performance ratio by the judicious mixing of low-cost
polymers with expensive polymers. They can be

miscible or immiscible. The miscibility of polymer
blend depends on the thermodynamics of mixing. Most
of the blend systems are immiscible due to unfavorable
interactions and very low contribution of entropy [2–4].
A wide range of morphologies (dispersed to co-
continuous structures) could be obtained by carefully
controlling the composition and viscosity ratio of im-
miscible polymer blends. In recent years, nanoparticles
have attracted a lot of interest due to their important
role in immiscible and incompatible polymer blends.
The nanoparticles are able to change the interaction co-
efficient between two polymers and thus improve the
compatibility between the polymer pairs [5]. The dis-
persed phase morphology (particle size less than
1 μm) improves the impact resistance of polymer sys-
tems and the co-continuous polymer blends are suitable
for conductive and mechanical applications. In recent
years, several researchers reported interesting studies
on co-continuous polymer blend systems. Some of the
papers describe the viscoelastic properties of co-
continuous blends. Galloway et al. studied the co-
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continuous morphology of PEO/PS blend system using
the solvent extraction method [6]. Castro et al. reported
on the rheological properties of co-continuous PEO/
PVDF-HFP blend system [7]. The stabilisation of a
co-continuous microstructure is very important in the
application point of view. Many researchers have used
the nanofillers to stabilise the co-continuous morphology
of polymer/polymer blends [8–10]. They have used car-
bon black, carbon nanotubes, graphene, silica nanoparti-
cles and nanoclay to stabilize the co-continuous blends.

The carbon nanotubes (CNTs) exhibit unique com-
bination properties including good internal structure,
high strength, stiffness and thermal and electrical con-
ductivity [11]. They have recently received tremen-
dous attention from scientific and industrial commu-
nities [12, 13].The polymeric materials in general
show advantages such as light weight, high strength,
anti-rust, and ease of processability. CNT-based poly-
mer nanocomposites exhibit good mechanical proper-
ties, morphology control and excellent conductivity
characteristics [14]. Polymer nanocomposites contain-
i ng CNTs a r e p romi s ing ma t e r i a l s f o r h igh -
performance application such as sensors [15], aero-
space parts [16], electromagnetic shielding compo-
nents [17, 18]. The reinforcing effect can be quanti-
fied through the percolation threshold. At the perco-
lation threshold, the CNT-CNT network structure is
achieved. At this concentration of CNTs, the rheolog-
ical properties of the nanocomposites change from
viscous fluid to solid like behaviour [19, 20]. When
the concentration of conductive fillers reaches perco-
lation threshold, the conductivity of the nanocompos-
ites tremendously increases due to the formation of
the conductive percolating network. The characteris-
tics properties of CNT-based blend nanocomposites
depends on the localisation of CNTs in the polymer
phase. Potschke et al. reported that CNTs were selec-
tively localised at the PC phase of polycarbonate/
polyethylene (PC/PE) blend composite [21]. Ozcan
et al. reported that CNT dispersed at PET component
of PP/PET/CNT blend system [22]. Many researchers
reported studies on the rheological properties of poly-
mer blend with MWCNT [23–25]. Aref et al. analysed
the effect of distribution and localisation of CNTs on
the rheological and electrical properties of PA6/PP
nanocomposites. They have reported that CNTs were
dispersed in PA6 phase [26].

The rheological properties of these nanocomposites
are very important as they affect the processing con-
ditions. The rheological properties depend on the
morphology of the materials, filler dispersion, the as-
pect ratio of nanotubes, and the interactions between
filler and polymer matrix [27]. Polypropylene (PP)

and polycarbonate (PC) are thermoplastics having
good mechanical properties and processability. PP is
a semi-crystalline low-cost thermoplastic being used
for a large number of applications in packaging, au-
tomotive, containers, etc. PC is an engineering ther-
moplastic being used in various fields like electronics,
medical, optical media, etc. But the low heat resis-
tance and poor low-temperature impact performance
of PP restricts its application to a limited range of
temperature. In order to overcome these drawbacks,
blending of PP with a polymer having higher heat
resistance and better impact is being practiced.
Interestingly, polycarbonate (PC) is an expensive en-
gineering thermoplastic having high heat and impact
resistance and so the blending of PP with PC can
provide a new blend system which could be used
for many applications in an economical way [28].
However, the PC/PP blends are immiscible due to
the viscosity mismatch (PP: low viscosity vs. PC:
high viscosity) and polarity differences (PP: nonpolar
vs. PC: polar). Although many studies have been re-
ported on PC/PP blends [29, 30]. However, there is
no systematic studies on the action of CNTs on the
phase morphology and rheological behaviour of PC/
PP blends. The influence of CNT and its concentra-
tion on the compatibilisaing action, phase co-continu-
ity, refinement of the phase morphology and rheology
have not been well understood.

In this work, we have carefully studied the morphological
and rheological properties of PC/PP blend system in the pres-
ence and absence of MWCNT. The SEM, TEM and solvent
extraction studies were used to analyse the microstructure of
PC/PP blend systems. The effect of MWCNT loading on vis-
coelastic phase separation process was carefully investigated.
Morphology-property correlation has been established.

Experimental

Materials

Polycarbonate (PC) (Makrolon® 6557- melt flow index =
1.2 g/10 min, Glass transition temperature (Tg) ~145 °C)
was purchased from Bayer Material Science, Germany. The
isotactic Polypropylene (iPP) (H350 FG- melt flow index =
38 g/10 min, Melting point (Tm) ~ 165 °C, Glass transition
temperature (Tg) ~0–2 °C, crystallization temperature (Tc)
~110) was collected from Reliance, India Ltd., India. The
multiwall carbon nanotube (MWCNT) (NC7000) was provid-
ed by Nanocyl, Belgium. The diameter of MWCNTs varies
from 10 to 20 nm and the length ~ 1.5 μm and 90% purity.
Dichloromethane used in this study were of AR grade obtain-
ed from Merck Chemicals, India.
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Sample preparation

All the blend composites were prepared by Brabender 33-
internal melt mixer with a cavity size of 55 cm3 and chamber
temperature of 230 °C. Melt blending was done at 60 rpm for
10 min. Prior to mixing, PC was dried at 120 °C in oven for
12 h to eliminate all moisture. The mixed sample is compres-
sionmoulded at a temperature of 230 °C for 2min and is cooled
to room temperature at the same pressure (100 kg /cm2).

Solvent extraction

Circular sample disks of each blend were dipped in 200 ml of
dichloromethane for 24 h for the dissolution of the PC phase.
It was then kept in an oven at 80 °C and the weight of the disks
after extraction was noted. The degree of continuity PC phase
was evaluated based on its original weight and the change in
weight during etching, by the eq. (1) [6]:

Φi ¼ mi0−mif

mi0
ð1Þ

where øi is the degree of continuity of phase i, mi0 is the
initial mass of phase i, and mif is the mass of phase i after
extraction. If the degree of continuity of each phase is 1.0,
the system will be completely co-continuous.

Characterisations

The structural and rheological properties of the prepared sam-
ple have been carried out using different techniques.

Morphological studies

The morphologies of PC/PP blend were studied using
Scanning Electron Microscopy (SEM) (JEOL- ESEM). The
cryogenically fractured surface of the blend samples
wereanalysed. The filler dispersion and morphological details
of blend and nanocomposites were investigated by TEM
(JEOL-2100 HRTEM). The samples for TEM analysis pre-
pared using an ultra-microtome (Leica, Ultracut UCT).

Rheological measurements

Rheological properties were studied using Discovery Hybrid
Rheometer 3 (TA instruments, USA) in stress controlled con-
dition. The measurements were performed at 230 °C using
25 mm parallel plates geometry at a frequency range 0.1 to
100 rad/s.

Results and discussion

Morphology in the absence of multiwalled carbon
nanotubes

SEM analysis was employed to study the morphology of PC/
PP blends with and without the addition of MWCNT. The
cryogenically fractured surface of the blend samples were
used to SEM analysis. Figure 1 shows the SEM micrographs
of blend systems. Phase separation between PC and PP has
been observed, due to the immiscibility of PC/PP blends as
reported earlier [31]. The glass transition temperatures of iPP
and PC, crystallization of temperatures iPP may also affect
the microstructure formation in the neat blend of PC/PP and
nanotube/polymer blend composite. The morphology of
blends was found to vary from dispersed to co-continuous
followed by the phase inversion with the varying composi-
tion of the blend system. For the PC/PP (10/90) and PC/PP
(30/70) blends, PC is the minor phase which is distributed
as droplets in the PP matrix as shown Fig. 1.a and b. The
PC/PP (60/40) blends formed co-continuous phase mor-
phology, as shown in Fig. 1c. For PC/PP (70/30) blend,
PP became the dispersed phase with different droplet
shapes (Fig. 1.d). The Fig. 1.e shows SEM image of PC/
PP (60/40) blend after the preferential etching of PC phase.
The remaining PP phase forms continuous structure and
from this, the co-continuous morphology is confirmed.
The complete phase diagram is plotted in Fig. 2, where
dispersed and co-continuous regions have been marked. It
is very interesting to note that phase in phase morphology
could be seen when the PC content is more than 30%. The
careful examination of the fracture surface indicates drop-
lets of PP in the continuous PC phase. It shows that PP
particles are dispersed in the continuous PC phase and PC
particles are dispersed in the continuous PP phase. Such a
complex phase structure is associated with the viscoelastic
phase separation process which is associated with the dy-
namic asymmetry arising from the differences in Tg and
viscosity disparity between PP and PC phases [32]. The
Tg of the PP phase is around 0 °C and that of PC phase is
145 °C. Additionally, the viscosity of PC phase is much
higher than the PP phase as can be seen from the rheolog-
ical data given in the later part of the paper. At mixing
temperature, PP-rich phase shows more liquid-like behav-
iour and on the other hand, the PC-rich phase is under vis-
coelastic effect due to higher viscosity. In other words, the
mobility disparity of the component polymers causes the
viscoelastic phase separation process. Shi et al. reported
similar phase separation process for PP/PMMA blends
[33]. It is very important to add that we were the first group
to report on the viscoelastic phase separation in PC/PP
blends although this system was analysed by many research
groups previously [29, 31, 34].
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Fig. 1 SEM Images of PC/PP blend (a) PC/PP (10/90); (b) PC/PP (30/70); (c) PC/PP (60/40); (d) PC/PP (70/30); (e) PC phase etched
blend PC/PP (60/40)
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The diameter of droplets was determined using image
J software. Minimum 500 dispersed droplets were con-
sidered.

Number−average domain diameter : Dn ¼ ΣniDi=Σni ð2Þ

Weight–average domain diameter : Dw ¼ ΣniD2=ΣniDi ð3Þ
where, ni and Di are the numbers and diameter of droplets,
respectively. The polydispersity index (PDI) was evaluated
based on the ratio of number average diameter and weight
average diameter and given as [35].

Polydispersity index : PDI ¼ Dw=Dn ð4Þ

The morphology of polymer blend depends on the viscos-
ity of the component polymers, the compositions and interfa-
cial tension between the polymers. If the two polymers with
different viscosities, the microstructure depends on whether
the matrix phase has higher or lower viscosity than the minor
component. In PC/PP blend system, the polycarbonate has a
higher viscosity than polypropylene. The Dn and Dw and PDI
values of PC/PP blends are tabulated in Table 1. The number-
average domain diameter of dispersed (PC) phase is 9.6 μm

for the PC/PP (10/90) blend and 25.19 μm for the PC/PP (30/
70) blend. The Dn and Dw values were found to increase with
PC concentration and this is associated with the coalescence
of the PC phase. For the PC/PP (60/40) blend, both PC and PP
phases form continuous structures. It is very interesting to note
that the Dn and Dw values of PC/PP(30/70) blends are higher
than PC/PP (70/30) blend system. In PC/PP(70/30) composi-
tion, matrix PC phase has higher viscosity than the minor PP
phase. The high viscosity PCmatrix phase takes up high shear
forces and breaks the dispersed PP domains into finer parti-
cles. Additionally, due to the high viscosity of the PC phase
the diffusional mobility of PP domains is restricted leading to
suppression of coalescence, this could be further explained
using Wu equation. Wu suggested a simple equation to corre-
late the domain size with interfacial tension for binary blend
[30, 36].

d ¼ 4σ
ηγ

ð5Þ

Fig. 2 Schematic representation of viscoelastic phase separation and resulting Phase morphologies of polymer blend system (a) Dispersed morphology
(b) Co-continuous (c) Phase inversion, Dispersed phase morphology

Fig. 3 Degree of continuity of PC with respect to the blend composition

Table 1 The Dn and Dw and PDI values of PC/PP blend composite

Blend Composition Dn Dw PDI

PC/PP(10/90) 9.6 μm 10.5 μm 1.08

PC/PP(20/80) 18.21 μm 22.75 μm 1.23

PC/PP(30/70) 25.19 μm 29.73 μm 1.18

PC/PP(60/40) Co-continuous system

PC/PP(70/30) 18.15 μm 21.05 μm 1.12

PC/PP(80/20) 12.8 μm 14.83 μm 1.15
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where σ is the interfacial tension, η is the melt viscosity of the
matrix phase and γ is the shear rate. From equation no 5, it is
clear that the size of droplets is small when the matrix melt
viscosity is higher than that of minor component. Thus, when
the high viscosity PC is the matrix phase we get small particles
of PP droplets.

The co-continuous morphology of the PC/PP (60/40)
blends were further confirmed by solvent extraction experi-
ment. Solvent etching test was employed to measure øi of the
PC phase and was calculated using Eq. 1. The degree of con-
tinuity (øi) of the PC phase is presented in Fig. 3. As the
amount of PC phase increases, the degree of continuity also
increases [4]. At low PC content, the continuity is less, in
agreement with the probable morphology of dispersed drop-
lets of the low PC content composition. At 50% PC, the con-
tinuity is higher which an indication of more connected mor-
phology. The continuity index approaches 1.0 at 60% of PC in
the blend, which confirms that the PC is completely

continuous. For blends having more than 60% PC, sample
collapsed during the extraction experiment and continuity
could not be measured [37]. This is a clear indication that
PP forms a dispersed phase beyond 60 wt% of PC and is in
agreement with the morphology data. The curves have been
extrapolated to 100% PC with a continuity of index 1.0. A
similar behavior was reported by Galloway et al. for POE/PS
blends [6].

From solvent extraction studies and SEM studies, we have
confirmed that PC/PP (60/40) blend forms co-continuous
morphology [38].

Morphology in the presence of MWCNT: Refinement
of co-continuous morphology and decrease
of the dispersed phase size

Figure 4 illustrates the SEMmicrographs of the cryo-fractured
blend surface PC/PP (60/40) co-continuous blend with

Fig. 4 SEM Images of PC/PP(60/40) blends with (a) 1 wt%MWCNT, (b) 7.5 wt%MWCNT, (c) 1 wt%MWCNTwith PC etched surface, (d) 7.5 wt%
MWCNTwith PC etched surface
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MWCNT. To examine the morphology variations as a func-
tion of MWCNTcontent, we have compared the SEM images
with different loading ofMWCNTs. It is clear that blends with
MWCNT also show co-continuous morphology, while a no-
ticeable refinement in the co-continuous microstructure is
seen in the blends with MWCNT loading (Fig. 3a-b).
Fig. 3c-d show the surfaces PC/PP/MWCNT (60/40) nano-
composites where PC phase was etched out using dichloro-
methane. From the figures, the blend system showed co-
continuous structure in-spite of the MWCNT content. The
width of the phase structure of both PP and PC phases de-
creased with the addition of the MWCNT following by a
leveling off at higher concentrations of MWCNT.

The refinement of the microstructures of the blends
f i l l ed wi th MWCNT can be descr ibed by the
compatibilizing action of the MWCNTs, which re-
duces the interfacial tension between the two poly-
mers and suppresses the coalescence. A graphical de-
scription of the suggested mechanism is presented in
Fig. 5, where the addition of the MWCNT causes

refinement of the co-continuous morphology [39].
Figure 6 shows the degree of continuity of the PC
phase versus MWCNT loading for PC/PP (60/40)
blends as determined from quantitative solvent extrac-
tion experiment. As the MWCNT loading increases,
the degree of continuity of PC remains unaffected. It
indicates that the co-continuous morphology of PC/PP
(60/40) has been unchanged by the inclusion of
MWCNT [40]. However, as indicated earlier, it is
very interesting to note that the average phase thick-
ness of the PP and PC phase is found to decrease
with the addition of MWCNT followed by leveling
off at higher concentrations. It has been quantified.
The average phase thickness vs. MWCNT loading is
plotted as shown in Fig. 7. The Fig. 7 clearly indi-
cates that both PP and PC phases interpenetrate very
efficiently in the presence of MWCNTs.

The influence of MWCNT on the dispersed phase
(sea-island) morphology also studied. As a representa-
tive model, we have examined the morphology of PC/

Fig. 7 Graph showing the variation of average phase thickness of PC/PP
(60/40)vs. MWCNT loading(wt%)

Fig. 6 Degree of continuity (øi) of PC with respect to the MWCNT
loading for PC/PP (60/40)/MWCNT blend

Fig. 5 Schematic representation of refinement of co-continuous phase morphology of PC/PP blend with addition ofMWCNTs (a) withoutMWCNT (b)
with low concentration of MWCNT (c) with high concentration MWCNT
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PP (20/80) blend as a function of MWCNT content. In
this blend composition, PC forms the dispersed phase in
the continuous PP matrix. It can be seen that the diam-
eter of the PC droplets is decreased with the addition of
MWCNT into the blend system, as shown in Fig. 8.
The average diameter of PC droplets reduced from
18.2 um to 7.2 um with the addition of 5 wt% of
MWCNT into the blend followed by a leveling off as
shwon in Fig. 9. The remarkable change in the size
reduction indicted that MWCNT plays a major role in
comptibilising of immiscible PP/PC blends [41–44]. The
observed compatibilising action could be explained as
being due to: 1) the suppression of coalescence of the
dispersed phase by the MWCNTs which act as a phys-
ical barrier against particle/particle agglomeration; 2).
the decrease of interfacial tension by the localisation

of the MWCNT at the blend interface. The behaviour
is analogous to the action of block and graft copolymers
in incompatible polymer/polymer blends where the
compatibilising action is associated with the suppression
of coalescence and interfacial tension reduction. A sim-
ilar phenomenon was reported by Liu et al. for PA6/
ABS/MWCNT nanocomposites [44].

Localisation ofMWCNTs in the blend: Thermodynamic
considerations

We can calculate thermodynamically the preferred
MWCNTs position from wetting coefficient ωa [22,
45]. The wetting coefficient (ωa) can be calculated
using Young’s equation.

ωa ¼ γCNT−PC−γCNT−PP
γPP−PC

ð6Þ

where γCNT − PC, γCNT − PP and γPC − PPare the interfacial
energies between the PC and MWCNTs, the PP and
MWCNTs respectively. If the wetting coefficient is
greater than 1, preferred phase of MWCNT is polypro-
pylene phase and if ωa is less than −1, preferred phase
of MWCNT is polycarbonate (PC). If ωa is between −1
and 1, then MWCNT will be at the interface. Surface
energies of PC and PP at 230 °C were calculated using
eq. 7 and 8 and with respect to the surface energies of
the sample at 20 °C [46] which are detailed in Tables 2
and 3.

−dϒ =dT ¼ 11=9ð Þ ϒ 0=Tcð Þ 1−T=Tcð Þ2=9 ð7Þ
ϒ ¼ ϒ 0 1−T=Tcð Þ11=9 ð8Þ

Fig. 8 SEM Image of PC phase etched PC/PP(20/80) blend composite (a) without MWCNT (b) with 5 wt% of MWCNT

Fig. 9 Variation of Dn Vs MWCNT loading
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where γ0 is the surface energies at 0 K, T is the tem-
perature and Tc is the critical temperature and
Tc~1000 K. The wetting characteristics of MWCNTs
have been previously reported [22, 47, 48]. The
MWCNTs used in this work are non-functionalized. In
fact, we have calculated the surface energies of
MWCNTs based on assumptions of Barber et al. [48].

The surface energies of PC, PP and MWCNTs at
230 °C are tabulated in Table 3. The interfacial ten-
sion can be evaluated from the surface energies and
their dispersive and polar components. Both the har-
monic mean equation (Eq. 9) and geometric mean
equation (Eq. 10) were used to evaluate the interfacial
energies.

γ12 ¼ γ1 þ γ2−4
γd1γ

d
2

γd1 þ γd2
þ γp1γ

p
2

γp1 þ γp2

� �
ð9Þ

γ12 ¼ γ1 þ γ2−2
ffiffiffiffiffiffiffiffiffiffi
γd1γ

d
2

q
þ

ffiffiffiffiffiffiffiffiffiffi
γp1γ

p
2

q� �
ð10Þ

Where γ1andγ2, are the surface free energies, γd1 and γ
d
2 are

the dispersion components of the surface energies of first and
second blend components. γp1 and γ

p
2 are the polar components

of the surface energies of polymer component 1 and 2
respectively.

The estimated interfacial energies using eq. 9 and 10 are
p r e s en t ed i n Tab l e 4 . The ca l cu l a t ed we t t i ng
coefficient (ωa) according to equations no. 9 and 10 are −1.3
and − 1.4, respectively. The ωa for composite is <−1, there-
fore the thermodynamically preferred phase of MWCNTs is
the PC phases.

We have examined the phase morphology and
MWCNT dispersion of PC/PP (60/40) blends by high
resolution electron microscopy (SEM and TEM). Fig.
10 a and b very clearly indicates that the PC/PP (60/
40) system in presence of MWCNT shows the co-
continuous structure in agreement with our solvent ex-
traction data. Additionally, the high-resolution SEM data
(Fig. 10) indicates that the wall thickness of both con-
tinuous PC and PP decreases with MWCNT loading as
indicated by brown lines. As shown in Fig. 10 the
MWCNTs are preferentially localized at PC phase (as
indicated by yellow circle). The selective localisation
of MWCNTs in the PC phase could be due to the po-
larity of PC phase and thermodynamic affinity of
MWCNTs towards the PC phase. We can also notice
that small quantity of the MWCNTs is localised at the
blend interface and PP phase (as indicated by green
circle and red arrows). The blend system with
MWCNT showed strong viscoelastic phase separation
process as indicated by the phase in phase morphology.
In fact, since the majority of the MWCNT is located at
the PC phase, its viscosity must have gone up and this
must have accelerated the viscoelastic phase separation
process as the viscosity disparity between the phases
(PC and PP) increased.

Figure 11 shows high-resolution TEM micrographs of
PC/PP(60/40) with 3 and 5 wt% of MWCNT. In the
TEM micrograph, PP phases appear as white regions
whereas PC phase appears as dark regions [49, 50].
The SEM and TEM data were complimentary to each
other. Large number of MWCNTs can be seen dispersed
at the PC phase of the PC/PP/MWCNT 3 wt% blend,
and a small amount of MWCNTs is localised at the

Table 2 Surface energy of MWCNTs, PC, and PP at 20 °C

Material Dispersive Component (mJ.m−2) Polar Component (mJ.m−2) Total
(mJ.m−2)

PC 27.7 6.5 34.2

PP 30.1 0 30.1

MWCNTs 17.6 10.2 [45] 27.8

Table 3 Surface energy of MWCNTs, PC and PP at 230 °C

Material Dispersive Component (mJ.m−2) Polar Component (mJ.m−2) Total
(mJ.m−2)

PC 17.9 4.2 22.2

PP 17.7 0 17.7

MWCNTs 11.4 6.6 18
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interface (marked as red circle) and in the PP phase
also. The TEM images of the PC/PP (60/40)/MWCNT
5 wt% blend is shown in Fig. 10 b. In this case also,
number of the MWCNTs are distributed in the PC phase
and a lesser number of the MWCNTs were distributed
at the interface and PP phase. This result strongly indi-
cates that the MWCNTs moves to the boundary as the
viscosity of the PC phase increases [51]. Localisation of
MWCNTs also depends upon the viscosities and affinity
between the components. Many researchers have been
reported that fillers choose to be confined in the poly-
mer component with low viscosity [51, 52]. If the vis-
cosity mismatch of two polymers is small, nanofillers
will be confined in the component with higher thermo-
dynamic affinity. As the viscosity of the PC component
is higher than the PP phase, MWCNTs will have the
tendency to go to PP phase. However, since PC is po-
lar, PC is the favoured phase thermodynamically. There
exist a competition between thermodynamics and kinet-
ics factors. However, experimental observations

indicated that MWCNTs are more localised in the PC
phase forming percolating network dominating the ther-
modynamic effect. However, we could see, minor
amount of MWCNTs in the PP and interface.

To better understand the localisation of MWCNT in the
blend, the experiments were performed where the MWCNT
was first melt mixed with one polymer and then the resulting
composite was mixed with the second polymer. The
MWCNTs were even found to be in both phases and interface
when they were pre-dispersed in PC (or PP) before subsequent
melt blend with neat PP (or PC). Here, the MWCNTs were
found to be migrating from pre-dispersed phase to neat phase
during the melt mixing. The Fig. 12.a shows the TEM image
of the nanocomposite, the MWCNTs were pre-dispersed with
PC phase and subsequently melt mixed with neat PP. From the
TEM image, it’s clear that MWCNTs are migrated from PC
phase to neat PP phase. The red arrows indicated that
MWCNTs are migrating from PC (premixed phase) phase to
PP phase. Here the kinetic factor is playing a major role in the
distribution of MWCNTs. In the case, where MWCNTs were

Fig. 10 SEM micrographs of (a) PC/PP (60/40)/MWCNT3wt%; (b) PC/PP (60/40)/MWCNT 5 wt%

Table 4 Interfacial energies as
evaluated using Eq. 9 and 10 Material Based on harmonic mean equation (mJ.m−2) Based on geometric mean equation (mJ.m−2)

PC/PP 3.9 4.2

PC/MWCNTs −3.4 −3.7
PP/MWCNTs 2.4 2.5
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pre-dispersed with PP and subsequently melt mixed with neat
PC, the MWCNTs are migrated from pre-dispersed phase to
PC phase (Fig. 12.b). In the Fig. 12.b, the red arrows indicated
that MWCNTs are migrating from PP (premixed phase) phase
to PC phase. It is due to the thermodynamic affinity of
MWCNTs towards the PC phase. There exist a competition
between thermodynamics and kinetics factors. Hence, the dis-
tribution ofMWCNTs in PC/PP composite is really a compro-
mise of these two factors [24, 53, 54]. In fact the interfacial
loca l i sa t ion of MWCNT plays a majo r ro le of
compatiblisation of the blends and viscoelastic phase separa-
tion process.

Viscoelastic properties

Figure 13 illustrates the storage modulus of PC, PP
and PC/PP (60/40) blends as a function of frequency
which varies from 0.1 to 100 rad/s. The modulus of
the PC phase is found to be higher than the PP phase
over the entire frequency range. The modulus of the

blend is intermediate to the component polymers,
however, the behaviour is not strictly composition de-
pendent on the high-frequency region whereas the
blend behaviour is more towards the PP phase. As
discussed earlier, the PC/PP (60/40) blend system
has a co-continuous morphology where both phases
interpenetrate each other and the modulus displays
power law characteristics at low-frequency region
[55]. At low frequency, the slope of the PC/PP (60/
40) blend curve is smaller than constituent polymers.
This may be described by the co-continuous micro-
s t r uc tu r e o f b l end sys t em. The behav iou r i s
characterised by G’α ωα with α <1. The domains
with different lengths scale produce relaxation pro-
cesses with different characteristics times [55, 56].
Fig. 14 shows the Cole- Cole plot that in fact defines
the connection between η” (η” = G’/ω) and η’ (η’ =
G”/ω) and relates to the relaxation spectrum of chain
orientation. A tail appears at high values, which cor-
responds to the relaxat ion of networks of co-

Fig. 12 TEM images of (a) PC-MWCNT (3 wt%)/PP; (b) PC/PP-MWCNT (3 wt%)

Fig. 11 TEM images of (a) PC/PP (60/40)/MWCNT 3 wt%;(b) PC/PP (60/40)/MWCNT 5 wt%
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continuous phases. These properties are manifestation
of the power law characteristics in the low-frequency
region [57, 58].

Rheological analysis based on oscillatory shear
could be used for predicting blends structure-property
correlations. The linear viscoelastic response of the PC/
PP blend were investigated by performing SAOS
(small amplitude oscillatory shear) test. Storage modu-
lus of the blends from SAOS analysis are shown in
Fig. 15. From figure it can be seen, the slope of the
modulus decrease with respect to the phase morpholo-
gy (from droplets to co-continuous morphology) of the
blends. For co-continuous blend (60/40) modulus value
are nearly frequency independent in the low frequency
zone, which is indicative of the formation of inter-
connected morphology of PC and PP in the blend
[59, 60].

The viscoelastic properties of the blend /MWCNT
nanocomposites are presented in Fig. 16. Due to the
selective localisation of the MWCNTs in the PC
phase, the phase morphology is highly refined. The
interfacial localisation of MWCNTs gives rise to a
percolating network structure in the polymer blend
resulting in a stable and homogenous morphology.
M. Moniruzaaman and K.I. Winey was discussed in
detail the rheological behaviour of CNT contained
polymer nanocomposites [61]. The rheological re-
sponse can serve as a qualitative measure of the dis-
persion state of the fillers in the composites. As the
MWCNT loading is increased, storage modulus (G’)
also increases (Fig. 16.a). At 1 wt% MWCNT load-
ing, no reinforcing effect was seen compared to
higher filler loading because, at very low nanotube
loading, it acts as a flaw in the blend matrix [62].
At low-frequency region, the non-terminal behaviour
in the storage modulus and viscosity upturn are more
pronounced with MWCNT content. It means that, the
rheological behavior progress from a liquid like re-
sponse (G’ α ω2) to a solid like response (G’ inde-
pendent of ω) with MWCNT loading. At low fre-
quency, the storage modulus is increases and the
slope of curve is decreases with nanotube concentra-
tion. This is because the polymer chain relaxations
effectively restrained by the nanotubes due to the bet-
ter dispersion in the composites. A similar phenome-
non was reported by Amir et al. [63] for PC/ABS/
MWCNT nanocomposites. At high-frequency region,
the effect of the MWCNT addition on the storage
modulus and viscosity is relatively weak. It means
that MWCNTs does not significantly influence the
short-range motion of polymer chains and also due
to the high relaxation time of polymer chain at high

Fig. 13 Storage modulus G’ (ω) as a function of frequency for PP, PC
and PC/PP(60/40) blend

Fig. 15 Storage modulus of the PC/PP blends from SAOS analysis

Fig. 14 Cole-Cole plots of the PC/PP (60/40) blend
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frequencies [61]. As observed in the complex viscos-
ity graphs, the samples show shear thinning behaviour
with frequency, indicating pseudoplastic behaviour
(Fig. 16.b). The slope of the complex viscosity is
increased with MWCNT. This is due to the orienta-
tion of MWCNT at high shear rates.

The rheological percolation of the nanocomposites was
calculated from Van Gurp Palmen Plots. The phase angle
(δ°) is drawn aginst complex modulus (G*) and shown in
Fig. 17.

The phase angle slope varies from negative to positive
along with complex modulus. It may be due to the enhance-
ment of the elasticity of composite byMWCNT network [64].
A substantial change in slope of the curve is seen at above
5 wt% of MWCNT and below this, the phase angle curve
approaches to an angle near 70 ° indicating the dominating
viscous flow behaviour. As theMWCNTs loading is increased
to 5 wt%, the lower frequency phase angle decreases to less
than 55 ° representing a rheological viscous fluid - solid
evolution. Beyond 7.5 wt% MWCNT loading, the lower

frequency phase angle dramatically decreases, indicating
a very strong solid-like behavoir. From Fig. 16, it is
very clear that the system shows percolation process at
5 wt% of MWCNT. This behaviour is indicative of a
rheological percolation at which the nanotubes delayed
the motion of polymer chains.

Conclusions

In this study, we have studied the effect of the addition of
multiwalled carbon nanotube on morphology and viscoelastic
properties of PC/PP blend nanocomposites. The SEM and
solvent extraction studies confirmed that PC/PP (60/40) blend
has co-continuous morphology. Both the neat blends and
blend nanocomposites showed viscoelastic phase separation
due to viscosity difference and Tg differences of polymers (PP
and PC). We could observe phase in phase morphology. A
substantial refinement in the co-continuous structure was also
observed with the addition of MWCNT. The size of the dis-
persed PC droplet was found to decrease with the addition of
the MWCNT followed by a levelling off at higher concentra-
tion. This behaviour is analogues to the action of block copol-
ymers in polymer/polymer blends. The significant change in
the phase thickness and droplets size indicted that MWCNT
plays a major role in comptibilising immiscible PP/PC blends.
Theoretical predictions based on thermodynamic consider-
ations clearly indicated the preferential localisation of
MWCNTs in the PC phase. As a result the viscoelastic phase
separation became more predominant due to the increase in
viscosity of the PC phase. Due to the viscosity differences
between the two polymers, we found that some of the
MWCNTs are localised at the blend interphase and in PP
phase as being evidenced by the high resolution TEM data.
The storage modulus and complex viscosity of blend nano-
composites were increased with the addition of MWCNTs. At
low frequency region, non-terminal characteristics, viscosity

Fig. 16 (a) Storage modulus for PC/PP (60/40)/MWCNT nanocomposites (b) Complex viscosity for MWCNT filled PC/PP (60/40)

Fig. 17 Van GurpPalmen Plot for PC/PP (60/40)/MWCNT
nanocomposites
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upturn were observed, indicating a 3D network formation of
MWNCTs in the polymer matrix. The rheological percolation
threshold was determined from storage modulus curves and
Van Gurp Palmen Plot. The nanocomposite system showed
percolation process at 5 wt% of CNT loading.
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