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ABSTRACT: A novel method of developing cocontinu-
ous morphology in 75/25 and 80/20 w/w polypropylene/
high density polyethylene (PP/HDPE) blends in the pres-
ence of small amount (0.5 phr) of organoclay has been
reported. SEM study indicated a reduction in average do-
main sizes (D) of disperse HDPE when PP, HDPE, and the
organoclay were melt-blended simultaneously at 200�C.
However, when the two-sequential heating protocol was
employed, (that is, the organoclay was first intercalated by
HDPE chains at 150�C, followed by melt blending of PP at
200�C), very interestingly a cocontinuous morphology was
found even for very asymmetric blend compositions.
WAXD study revealed the intercalation of both PP and
HDPE chains inside the clay galleries, when PP/HDPE

and clay were melt-mixed together at 200�C. However,
when the two-sequential heating protocol was used the
organoclay platelets were selectively intercalated by the
HDPE chains. Addition of SEPS in the blend decreased the
D of HDPE domains in both the blending methods. Thus,
the observed cocontinuous morphology in asymmetric
composition of PP/HDPE blend in presence of clay is
because of the barrier effect of the clay platelets in the
HDPE phase that restrict the phase inversion into the do-
main/matrix morphology. VC 2010 Wiley Periodicals, Inc. J
Appl Polym Sci 119: 3080–3092, 2011
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INTRODUCTION

The blending of conventional polymers has been exten-
sively employed to develop new polymeric materials.
However, because of unfavorable enthalpy of mixing
for two polymers, most polymer blends are immiscible,
and thus form phase-separated morphology.1,2

Depending on the blending composition and visco-
elastic properties of each blend component, immiscible
polymer blends show generally two types of the mor-
phology: dispersed domain structure in the matrix
phase and cocontinuous structure.2,3 Asymmetric blend
compositions show the former-type morphology,
namely, the minor component forms the dispersed
phase in the continuous phase of the major component.

Recently, the formation of the cocontinuous mor-
phology has become important in polymer blends,
especially for the development of the polymeric
materials with high barrier properties. The cocontin-
uous structure is anticipated for immiscible polymer
blends when the following condition is met4,5:

/A=gA � /B=gB (1)

where /i and gi (i ¼ A and B) are the volume fraction
and the viscosity of the component i. For immiscible
polymer blend with gB /gA >> 1 (or /A//B >> 1),
the component B forms the dispersed domains in the
matrix of A. On the other hand, immiscible polymer
blends with gB /gA � 1 show the cocontinuous mor-
phology for nearly symmetric compositions or blend
compositions where the weight fraction of a minor
component is not smaller than � 35 wt %. However,
there is an increasing need for the generation of the
cocontinuous morphology even for asymmetric blend
composition where the minor component is less than
30 wt %. Although some research groups showed the
cocontinuous morphology for asymmetric blend com-
position, the morphology did not represent the equi-
librium state.5,6–12

Recently, several research groups13–22 have investi-
gated the role of nanoclay on the morphology of im-
miscible polymer blends. For instance, Gelfer et al.13

reported that the preferential location of clay in
PMMA phase increased the viscosity of PMMA
that lowered the dispersed PS domain sizes in
50/50 w/w PS/PMMA blend. Wang et al.14 reported
that cointercalated polypropylene (PP) and PS chains
inside the same clay galleries played the role of
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compatibilizer in 70/30 w/w PP/PS blend with clay,
which reduced the disperse PS domain sizes. Sinha
Ray and Bousmina15,16 reported improved miscibility
between polycarbonate (PC) and PMMA in PC/
PMMA blends in the presence of organoclay. Voul-
garis and Petridis 17 reported that the surfactants
presented in organoclay played the role of emulsifier
that decreased the PS domain sizes in 25/75 w/w
polystyrene/poly(ethyl methacrylate) (PS/PEMA)
blend-clay nanocomposites. Khatua et al.18 reported
that presence of exfoliated clay platelets in nylon 6
phase prevented the coalescence of dispersed EPR
domains during mixing, which decreased the do-
main sizes of EPR phase in 80/20 w/w nylon 6/EPR
blend. Li and Shimizu19 reported the formation of
cocontinuous structure in 50/50 w/w poly(phenylene
oxide) (PPO)/polyamide 6 (PA6) blend in the pres-
ence of 5 wt % organoclay selectively dispersed in
the PA6 phase. The increase viscosity of PA6 phase
in presence of clay restricted the coalescence of PPO
domains during melt mixing that changed the ma-
trix-droplet morphology of the blend to a co-continu-
ous structure. Mantia and coworkers20 reported the
formation of highly elongated PA6 domains in high
density polyethylene (HDPE) matrix when 75/25 w/
w HDPE/PA6 blend with 5 phr of organoclay was
immediately cooled from the extrusion temperature.
Interestingly, when the extruded pellets were com-
pressed between the parallel plates of the rheometer,
the morphology became a cocontinuous structure
because of the connection of the elongated domains
after the melting. Fu and coworkers21 reported that
the sea-island morphology of 60/40 w/w poly(p-
phenylene sulfide) (PPS)/polyamide 66 (PA66) blend
changed to cocontinuous structure when 10 wt %
organoclay was selectively dispersed in the PA66
phase. They assumed that adsorption of PA66 onto
the edge-contacted network structure of clay pro-
moted the cocontinuous structure in the blend.
Zhang et al.22 reported that the increase in the vis-
cosity of PBT phase present in clay (>2 wt %)
changed the droplet morphology of 40/60 w/w
PBT/PE blend into a cocontinuous one.

In summary, reports on immiscible polymer blend-
clay nanocomposites indicated a reduction in disperse
domain sizes, mostly for asymmetric blend composi-
tions, by increasing the viscosity of the matrix phase in
the presence of clay that prevented the coalescence of
the domains during melt blending. However, forma-
tion of cocontinuous morphology was reported19–22

only for the symmetric or near symmetric composition
of the blends at higher amount of clay. Here, we intro-
duce a novel mixing protocol to develop highly stable
cocontinuous structure in asymmetric PP/HDPE blend
compositions. When a small amount (0.5 phr) of orga-
noclay was selectively dispersed in the HDPE before
the melting of the PP, 75/25 and 80/20 w/w PP/HDPE

blends showed the cocontinuous morphology. On
the other hand, when the blend in presence of clay
was prepared by mixing all the components directly
at 200�C, the cocontinuous morphology was not
observed.

EXPERIMENTAL SECTION

Material details

Commercial grade PP (M110, MFI 10 g/10 min) and
two different grades of HDPE (M5025L, MFI 30 g/10
min and M5018L, MFI 19 g/10 min) were received
from Haldia Petrochemicals, India. The high viscosity
(MFI 19 g/10 min) HDPE is referred to as HDPE-h.
Polystyrene-block-poly(ethylene-ran-propylene)-block-
polystyrene (SEPS, Kraton G1702) was obtained from
Kraton Polymers, USA. PE-graft-maleic anhydride co-
polymer (PE-g-MA) (A-CVR 575P) was supplied by
Honeywell, USA. Cloisite 20A, a modified montmoril-
lonite, was supplied by Southern Clay Pdt., USA. It is
a montmorillonite modified with dimethyl dihydro-
genated tallow ammonium to increase the layer spac-
ing (d) of Naþ-montmorillonite. The cation exchange
capacity (CEC) of Cloisite 20A is 95 mequiv./100 g.
Hereafter, Cloisite 20A is referred to as the clay.

Preparation of blends

Four different compositions (75/25, 80/20, 85/15, and
25/75 w/w) of PP/HDPE blends with various amounts
(0–5 phr) of SEPS and (or) organoclay were prepared
by melt mixing in an internal mixer (Brabender Plasti-
corder) having a capacity of 50 cc. All polymers and
the clay were completely dried in a vacuum oven at
80�C for 36 h prior to melt blending. Two different
blending methods were used for melt blending.

Method 1

Desired amounts of PP, HDPE, and SEPS or the clay
were dry-mixed and then fed together into the inter-
nal mixer. Mixing was carried out at 200�C, 60 rpm
for 15 min. Blend of 75/25 w/w PP/HDPE was also
prepared without SEPS and the clay for the refer-
ence. Finally, all the blends were compression-
molded in a hot press at 200�C under constant pres-
sure (20 MPa) for further characterizations.

Method 2

Desired amounts of PP, HDPE, and SEPS or the clay
were dry-mixed and fed into the internal mixer
maintained at � 150�C (above the melting tempera-
ture of HDPE but below the melting point of PP),
and mixing was carried out for 10 min. Then, the
temperature of the internal mixer was increased to
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200�C for � 10 min, and the mixing was performed
at this temperature for 15 min at a constant rotating
speed of 60 rpm. Blends of 75/25 w/w PP/HDPE
without SEPS and clay were also prepared for the
reference. All the blends were compression-molded
in a hot press at 200�C under constant pressure (20
MPa) for further characterizations.

CHARACTERIZATIONS

X-ray diffraction study

The gallery height (d-spacing) of neat clay itself as
well as the clay in PP/HDPE blends was measured
by using a wide angle X-ray diffractometer, (WAXD,
Rigaku, Ultima-III, Japan) with nickel-filtered CuKa
line (¼0.15404 nm) operated at 40 kV and 100 mA,
and at a scanning rate of 0.5�/min. The sample-to-
detector distance was 400 mm.

Morphology

The morphology of the PP/HDPE blends, without
and with SEPS or the clay, was studied with the
scanning electron microscope, SEM, (VEGA II LSU,
TESCAN, Czech Republic) operated at an accelerat-
ing voltage of 5 kV (or 10 kV). The specimens were
carefully broken under liquid nitrogen atmosphere.
Then, the specimens were coated with a thin layer
of gold to avoid electrical charging and SEM images
were taken on the fractured surface.

The number–average domain diameter (Dn) was
calculated with Scion Image analyzer software (Scion
Corp., USA). The cross-sectional area (Ai) of each do-
main in the SEM micrograph was measured and
then converted into the diameter (Di) of a circle hav-
ing the same cross-sectional area by using the fol-
lowing equations.

Di ¼ 2 Ai=pð Þ12 (2)

Dn ¼
X

NiDi

.X
Ni (3)

where N is the number of dispersed domains in the
SEM micrograph.

TEM analysis

The location of the clay platelet in the PP/HDPE
blends was studied by transmission electron micros-
copy (HRTEM: JEM-2100, JEOL, Japan) operating at
an accelerating voltage of 200 kV. The clay nanocom-
posite samples were ultramicrotomed under cryo-
genic condition with a thickness of 60–80 nm. Since
the clay has much higher electron density than neat
polymers, it appeared dark in TEM images.

RESULTS AND DISCUSSION

WAXD analysis

Figure 1 shows the WAXD profiles of neat clay and
the clay in three different nanocomposites (HDPE/
clay, PP/clay, and 75/25 w/w PP/HDPE blend/
clay) prepared by two different mixing methods.
The neat clay showed the characteristic peak at a 2h
of 3.62o, corresponding to the d-spacing of 24.38 Å.
In all the nanocomposites, the characteristic peak for
the clay was shifted to lower angle, indicating the
intercalation of the polymer chains inside the clay
galleries. For instance, the appearance of the peak at
a 2h of 2.12o in HDPE/clay and 2.44o in PP/clay
nanocomposites indicated the intercalation of HDPE
and PP chains inside the clay platelets with d-spac-
ings of 41.63 Å and 36.17 Å, respectively. In the
blend/clay nanocomposites prepared by the mixing
method-1, two distinct peaks for the clay were
observed at 2h of 2.14o and 2.45o, corresponding to
the d-spacing of 41.24 Å and 36.02 Å, respectively.
This result clearly indicated that both the HDPE and
PP chains were intercalated into the clay galleries in
the blend/clay nanocomposites.
Interestingly, the blend/clay nanocomposites pre-

pared by the mixing method-2 did not show any
peak at 2h � 2.45o, indicating the lack of the interca-
lation of the clay by the PP chains. The appearance
of the peak at a 2h � 2.10o indicated the intercalation
of the clay by the HDPE chains only. Thus, we
assume that in the blend/clay nanocomposites pre-
pared by the method-2, melting of HDPE prior to

Figure 1 WAXD patterns of neat clay (a), HDPE/clay (b),
PP/clay (c), and 75/25 w/w PP/HDPE blend/clay nano-
composites prepared by two different mixing methods: (d)
method-1, (e) method-2, and (f) 75/25 w/w PP/HDPE
blend-clay nanocomposites with 3 phr PE-g-MA, prepared
by method-2. The amount of the clay in all the nanocom-
posites was 0.5 phr.
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the melting of PP, promoted selective intercalation
of HDPE chains inside the clay platelets. When
HDPE/PP/clay nanocomposite with 3 phr PE-g-MA
was prepared by mixing method-2, no characteristic
clay peak was observed. This indicated that the clay
platelets were exfoliated by the HDPE chains. PE-g-
MA is well known to promote the exfoliation of the
clays in HDPE matrix.23,24

Morphology study

Figure 2 represents the SEM images of the 75/25 w/w
PP/HDPE blends without and with SEPS or the
clay prepared by the method-1. The SEM image of
the PP/HDPE blend without SEPS and the clay
clearly demonstrated a two-phase matrix-particle
microstructure. The minor phase (HDPE) dispersed
as spherical domains in PP matrix [Fig. 2(a)]. In
addition, the microvoids surrounding the HDPE
droplets indicated weak interfacial adhesion in the
blend. Because of the high interfacial tension
between the two polymers, the spherical morphol-

ogy is anticipated because of the minimization of
the interfacial area.25–29 It was observed that Dn of
the dispersed HDPE phase (� 6.46 lm) in PP/
HDPE blend decreased to � 3.82 lm when 0.5 phr
SEPS was added [Fig. 2(b)] in the blend. SEPS acts
as a compatibilizer for this blend system, as
reported elsewhere.30

Interestingly, addition of small amount (0.5 phr)
of the clay to the blend resulted in a great decrease
in Dn of the dispersed HDPE phase [� 2.96 lm; see
Fig. 2(c)]. With increasing the clay content to 1 phr,
Dn of the blend further decreased to 2.02 lm (Fig. 2
days). This indicates that the presence of clay plate-
lets restricted the coalescence of the dispersed
domains in the PP/HDPE blend. However, in con-
trast to the PP/HDPE/SEPS blend, the blend/clay
nanocomposites showed poor interfacial adhesion.
Thus, the mechanism for the decrease in Dn of dis-
persed domains in presence of the clay was different
from that with SEPS in the blend. We assume that,
the intercalated clay platelets in the matrix phase
prevented the coalescence of dispersed domains,

Figure 2 SEM images of the 75/25 w/w PP/HDPE blends with SEPS and clay prepared by method-1: (a) neat blend, (b)
0.5 phr SEPS, (c) 0.5 phr clay, (d) 1 phr clay.
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whereas SEPS acted as a physical compatibilizer for
making entanglement or bridging of different poly-
mer chains at the interface of the blend.

On the basis of SEM images, plots of Dn versus
the amount of SEPS or the clay are shown in Figure
3. As observed, a rapid decrease in Dn of the blend
was found at lower amounts of the clay and then a
slow but gradual decrease in Dn was observed with
further increasing the amount of the clay. This result
is consistent with the earlier report.20 The change in
Dn with the amount of clay in the blend was very
similar to the 75/25 w/w PP/HDPE blend with vari-
ous amounts of SEPS. This trend of decreasing Dn is
very similar to the emulsification curve, which has
been reported for an immiscible blend with a block
(or graft) copolymer.31

Figure 4 represents the SEM images of the blends
with different amount of clay and SEPS, prepared
by the method-2. Very interestingly, the dispersed

domain/matrix-morphology changed to cocontinu-
ous structure when only a small amount of clay (0.5
phr) was added [Fig. 4(a)]. As the clay content was
increased to 1 phr, cocontinuous morphology of the
blend was more evident [Fig. 4(b)]. On the other
hand, the morphology of the 75/25 w/w PP/HDPE
blend with 1 phr SEPS, even though it was prepared
by the method-2, showed the dispersed domain/ma-
trix morphology, where HDPE dispersed as spheri-
cal domains [Fig. 4(c)]. In this situation, the average
size of the dispersed HDPE domains was very simi-
lar to that of 75/25 w/w PP/HDPE blend with 1 phr
SEPS, prepared by the method-1. Thus, for both
method-1 and method-2, SEPS played only the role
of a compatibilizer and failed to promote the cocon-
tinuous structure of the blend. This observation led
us to conclude that the cocontinuous morphology
developed in the blend-clay nanocomposites was
because of the change in heating protocol in
method-2 that changed the sequence of clay interca-
lation during mixing.
It is known that the cocontinuous structure of a bi-

nary polymer blend can be formed within narrow
blend compositions that are governed by the relative
melt viscosities of the two components.5,32–37 It has
been reported that the presence of the clay platelets
affects the rheological behavior of polymers. With
increasing the extent of the intercalation of the clay
platelets, the melt viscosity of the polymer increases
and shear thinning behavior is more evident at high
shear rates.38,39 In the present study, the clay plate-
lets were selectively intercalated and dispersed in
the HDPE phase in PP/HDPE blend when the blend
was prepared by the method-2. However, because of
very small amount (0.5 phr) of the clay, the increase
in the viscosity of HDPE phase was only marginal.
Therefore, the cocontinuous morphology induced by
the addition of the clay was because of the barrier
effect of the intercalated clay platelets in HDPE
phase, which prevented the phase coalescence dur-
ing melt mixing and thereby stabilizing the structure
formed at initial stage of mixing.

Figure 3 Plot of Dn versus various amounts of SEPS and
clay in 75/25 w/w PP/HDPE blends, prepared by
method-1.

Figure 4 SEM images of the 75/25 w/w PP/HDPE blends with clay and SEPS, prepared by method-2: (a) 0.5 phr clay,
(b) 1 phr clay, and (c) 1 phr SEPS.
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The development of morphology in 75/25 w/w
PP/HDPE blend without and with clay has been
investigated in detail with the mixing time. Figure 5
represents the SEM images of the blends without
any clay, at different mixing times, prepared by
method-2. Since the melting temperature (Tm) of PP
(180�C) is higher than the Tm of HDPE (130�C), in
method-2, HDPE melted first formed the matrix
phase and PP pellets were suspended in the HDPE
matrix. As the temperature reached 180�C, PP pellets
started melting and remained as dispersed phase
until they touched each other. With increase in mix-
ing time, the PP phases combined together to form
the continuous phase and phase inversion took
place. Finally, the minor phase HDPE formed the
droplets and were dispersed in the continuous PP
matrix. The higher volume fraction and melt viscos-
ity of PP in 75/25 w/w PP/HDPE blend composition
resulted in the formation of this droplet morphology
of HDPE in the PP matrix.

Interestingly, the development of phase morphol-
ogy in the blend-clay nanocomposites prepared by

method-2 was found to change dramatically com-
pared with that without any clay. Figure 6 represents
the SEM images of the blend in presence of 0.5 phr
clay at different mixing times. Here, the clays were
allowed to intercalate selectively by the HDPE chains
in the first stage of mixing. In contrast to Figure 5(a),
PP pellets were suspended in the intercalated HDPE–
clay nanocomposites matrix until the temperature
reached the Tm of PP [Fig. 6(a)]. With increasing mix-
ing time, PP started to melt and was deformed into
elongated structures [Fig. 6(b)]. At 10 min of mixing,
dispersed PP phases were more elongated and dis-
persed phase was still observed. The PP phases did
not contact each other, and the continuous structure
was not formed yet [Fig. 6(c)]. Finally, a cocontinuous
structure of HDPE and PP was found in the blend-
clay system at 15 min of the mixing (Fig. 6, days). We
propose that the intercalated clay platelets in the
HDPE matrix might have restricted the movement of
PP droplets and hence prevented the coalescence of
the PP phases to form the continuous matrix phase by
phase inversion process.

Figure 5 SEM images 75/25 w/w PP/HDPE blends without the clay at different mixing times after reaching the mixing
temperature at 180�C during the blending by method-2: (a) 2 min, (b) 5 min, (c) 10 min, and (d) 15 min.
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If the above scenario for the role of clay is reason-
able, then one can expect formation of highly cocon-
tinuous structure in the presence of exfoliated clay
platelets in the HDPE phase prior to the melting of
PP during mixing. For that purpose, we prepared
the 75/25 w/w PP/HDPE blend-clay nanocompo-
sites in presence of 3 phr PE-g-MA by the method-2.
Addition of PE-g-MA promoted the exfoliation of
clay platelets in the HDPE phase (Fig. 1). Figure 7
represents the SEM images of the blend-clay nano-
composites with PE-g-MA. It is seen that the extent
of cocontinuous morphology in the blend-clay nano-
composites [Fig. 7(a)] with PE-g-MA was increased
compared to that without PE-g-MA. Again, the
cocontinuous morphology of the blend was highly
stable even after 30 min of mixing at stage-2 [Fig.
7(b)]. This observation indicated that compared with
intercalated clays, exfoliated clay platelets in the
minor phase (HDPE), prior to the melting of major
phase (PP), were more effective in promoting cocon-
tinuous morphology in 75/25 w/w PP/HDPE blend.
We also investigated the morphology of 75/25 w/w

PP/HDPE blend with 3 phr PE-g-MA, prepared by
the method-2 without the clay. However, absence of
the clay in this blend indicated the formation of dis-
persed domain/matrix-morphology, where HDPE
was dispersed as domains in the PP matrix [Fig.
7(c)]. Furthermore, when the blend-clay with PE-g-
MA was prepared by method-1, we could not see
any cocontinuous structure [Fig. 7(d)], which was
similar to the morphology of pure PP/HDPE blend
[Fig. 2(a)] prepared by method-1. A slight increase
in Dn of the dispersed HDPE domains was because
of the presence of PE-g-MA that selectively exfoli-
ated the clays in the HDPE domains, and hence
increased the melt viscosity of HDPE.

Effect of minor phase viscosity on blend
morphology

In 75/25 w/w PP/HDPE blend with 0.5 phr of the
clay prepared by method-2, clays were mostly inter-
calated/dispersed in the HDPE phase, as evident
from the WAXD study. Thus, assuming all the clays

Figure 6 SEM images of 75/25 w/w PP/HDPE blends with 0.5 phr clay at different mixing times after reaching the mix-
ing temperature at 180�C during the blending by method-2: (a) 2 min, (b) 5 min, (c) 10 min, and (d) 15 min.
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selectively dispersed in HDPE, the effective clay
loading in HDPE in the blend was 2 phr. We meas-
ured the complex viscosity (g*) of neat PP, HDPE,
HDPE-clay (2 phr), and 75/25 w/w PP/HDPE blend
with 0.5 phr clay. As observed in Figure 8, the addi-
tion of 2 phr clay slightly increased the viscosity of
HDPE. This implied that the Dn of HDPE in 75/25
w/w PP/HDPE blend-clay (0.5 phr) nanocomposites
would increase slightly when all the clays were
located in HDPE phase. However, a decrease in Dn

was observed (Fig. 2) when the blend was prepared
by method 1 in presence of 0.5 phr clay. This can be
explained in terms of the change in viscosity ratio of
PP and HDPE induced by the intercalation of the
clay in the blend-clay nanocomposites. Since the clay
did not have any special affinity to intercalate with
either PP or HDPE in the blend prepared by
method-1 (Fig. 1), we assume that most of the clays
in 75/25 w/w PP/HDPE blend were located in the
PP phase because of a higher volume fraction of PP.
Thus, Dn of the blend was decreased because of the

Figure 7 SEM images of the 75/25/3 w/w PP/HDPE/PE-g-MA blends with 0.5 phr clay at different mixing times dur-
ing the blending by method-2: (a) 15 min, (b) 30 min; (c) without any clay, 15 min; and (d) with 0.5phr clay prepared by
method-1, with mixing time of 15 min.

Figure 8 Plot of complex viscosity (g*) with frequency
(x) at 200�C: (a) PP, (b) HDPE, (c) HDPE-clay (2 phr),
(d) HDPE-h, (e) 75/25 w/w PP/HDPE blend with
0.5 phr clay, (f) 75/25 w/w PP/HDPE-h blend without
any clay.
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barrier effect of the clay in matrix phase (PP), as
well as decrease in the viscosity ratio of HDPE and
PP in presence of clay.

Now, one can argue whether the observed of
cocontinuous structure in the blend-clay system pre-
pared by method-2 was because of the viscosity
effect of HDPE or the presence of the clay. To check
this possibility, we also prepared the 75/25 w/w
PP/HDPE blend with another high viscosity HDPE
(HDPE-h). The viscosity of 75/25 w/w PP/HDPE-h
blend appeared almost similar to that of 75/25 w/w
PP/HDPE blend with 0.5 phr clay throughout the
entire frequencies (0.1–100 rad/s).

Figure 9 shows the SEM images of 75/25 w/w
PP/HDPE-h blend without and with the clay, pre-
pared by two melting methods. Regardless of the
melting method, in 75/25 w/w PP/HDPE-h blends
without any clay, HDPE-h was dispersed as spheri-
cal domains in the PP matrix [Fig. 9(a,b)], similar to
that of PP/HDPE blend. Dn of dispersed HDPE-h
was significantly increased (more than 12 lm) as
compared with the D (� 6.46 lm) with low viscosity

HDPE. This was because of the higher viscosity of
HDPE-h, compared with the HDPE. However, a
slight decrease in Dn of HDPE-h was observed when
the blend was prepared by method 1 in presence of
0.5 phr clay [Fig. 9(c)]. Interestingly, the droplet
morphology of 75/25 w/w PP/HDPE-h blend with
0.5 phr clay was changed to cocontinuous structure
when blending was done by method 2 [Fig. 9(d)].
These observations lead us to conclude that the
increased viscosity of the minor phase (HDPE) by
the clay was not a main factor in developing the
cocontinuous structure. The presence of the interca-
lated clay platelets in HDPE phase, prior to the melt-
ing of PP phase, prevented the coalescence of the PP
phases that promoted the formation of cocontinuous
morphology in 75/25 w/w PP/HDPE blends.
To investigate the effect of low viscosity of the dis-

persed PE phase on phase morphology of PP/HDPE
blend-clay nanocomposites, we studied the 75/25 w/w
PP/LLDPE blend with very low viscosity LLDPE
(ReleneVR M26500 from Reliance Industries; MFI 50 g/
10 min). Figure 10 represents the SEM images of the

Figure 9 SEM images of the 75/25 w/w PP/HDPE-h blends without (a, b) and with 0.5 phr clay (c, d), prepared by two
methods: (a, c) method-1; (b, d) method-2.
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blends without and with 0.5 phr clay. As observed, the
droplet morphology was formed in the blend without
[Fig. 10(a)] and with the clay [Fig. 10(c)] when mixing
was done by method-1. Interestingly, intercalation of
the clays in PE phase prior to the melting of PP showed
the cocontinuous morphology (Fig. 10 days) even for
the 75/25 w/w PP/LLDPE blend with 0.5 phr clay pre-
pared by method-2. This observation clearly showed
the role of intercalated clays in promoting cocontinuous
structure in the blend when the minor phase is allowed
to melt, prior to the melting of major phase during melt
mixing.

TEM study

Figure 11 represents the TEM images of the 75/25 w/w
PP/HDPE blends with 0.5 phr of clay at different mag-
nifications prepared by the method-2. The TEM images
[Fig. 11(a,b)] revealed that in PP/HDPE/clay nano-
composite, the clay platelets were mostly located in the
HDPE phase and not in the PP phase or at the inter-
face. This might be because of the intercalation of the
clays by the HDPE chains prior to the melting of PP

during melt-mixing in method-2. Based on the TEM
observation, a schematic for the location of clay plate-
lets in the blend is shown in Figure 11(c). The dark por-
tions in the schematic indicate the HDPE phase. We
propose that the network structure of intercalated clay
platelets in the minor phase (HDPE) played the role of
physical barrier, and thereby prevented the coales-
cence of PP phases even after the melting of PP in
method-2. Thus, the phase inversion process of PP to
become a continuous phase and formation of dispersed
HDPE droplets were prevented, and both phases
formed a cocontinuous structure in the blend.

Morphology of highly asymmetric blend
compositions

To check whether cocontinuous structure can also be
observed with increasing the asymmetric composi-
tions of PP/HDPE blend in presence of clay, we pre-
pared 80/20 w/w and 85/15 w/w PP/HDPE blends
by using two different mixing methods. Figure 12
represents the SEM images of 80/20 w/w PP/HDPE
blends without and with clay. As observed, the

Figure 10 SEM images of 75/25 w/w PP/LDPE blends without (a and b) and with 0.5 phr clay (c and d) prepared by
two methods: (a, c) method-1; (b, d) method-2.
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blend without or with 0.5 phr clay indicated the for-
mation of droplet/matrix-morphology [Fig. 12(a,b)]
when mixing was done by method-1. Interestingly,
the cocontinuity was observed for 80/20 w/w PP/
HDPE blend with 0.5 phr clay when the blend was
prepared by method-2 [Fig. 12(c)]. However, 85/15
w/w PP/HDPE blend with 0.5 phr clay did not
show the cocontinuous morphology in the entire
sample even though it was prepared by method-2.
In this situation, HDPE phases were dispersed
mostly as spherical domains, although some regions
still showed cocontinuous structure [Fig. 13(b)].

Melting sequences of PP and HDPE and blend
morphology

To study the effect of melting sequence of PP and
HDPE on the morphology of the blend prepared by

method-2, we also investigated the morphology of
25/75 w/w PP/HDPE blends without and with
0.5 phr clay. In this composition, HDPE was the
major phase, contrary to the 75/25 w/w PP/HDPE
blend where HDPE was the minor phase. It’s note-
worthy that irrespective of the blending sequences
25/75 w/w, PP/HDPE blends only showed the ma-
trix/droplet morphology without having cocontinu-
ous structure, where PP was dispersed as domains
in HDPE matrix (Fig. 14). The intercalation of the
clay in HDPE matrix before melting the PP phase in
method 2 significantly reduced the Dn of PP in the
blend as compared with that prepared by method 1.
The decrease in Dn of the blend in presence of the
clay was because of the barrier effect of the interca-
lated clay platelets in HDPE matrix that prevented
the coalescence of PP domains, and the increase in
the viscosity of HDPE in presence of clay that
decreased the viscosity ratio of PP and HDPE. A
similar observation was reported by Paul and co-
workers in PC/SAN and PBT/ABS blends with
clay.40,41 For 25/75 w/w PP/HDPE blend composi-
tion, the PP became minor phase in the molten
HDPE (major phase) during the initial stage of mix-
ing at 150�C in method 2. Thus, this minor phase
maintained without the phase inversion because of
the smaller volume fraction of PP, even at tempera-
tures above the Tm of PP. This was in contrast to the
75/25 w/w PP/HDPE blend prepared by method 2,
where the final morphology was formed through
phase inversion process. Thus, the observed cocon-
tinuous morphology in 75/25 w/w PP/HDPE blend-
clay nanocomposites, prepared by method 2, was
because of the presence of intercalated clays in the
minor phase.
The above results clearly indicated that to gener-

ate the cocontinuous structure in asymmetric blend
composition in presence of clay, the minor phase
should have lower melting temperature (Tm) than
that of the major phase. The barrier effect of
the intercalated clay platelets in the minor phase,
prior to the melting of the major phase, prevented

Figure 12 SEM images of 80/20 w/w PP/HDPE blends without and with 0.5 phr clay prepared by different mixing
methods: (a) no clay, method-1; (b) 0.5 phr clay, method-1; (c) 0.5 phr clay, method-2.

Figure 11 TEM images of the 75/25 w/w PP/HDPE
blend with 0.5 phr clay: (a) lower magnification; (b) higher
magnification; (c) schematic for the location of the clay
platelets in the blend.
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the phase inversion process by restricting the coales-
cence of major phases during mixing. The increased
viscosity of the minor phase by the clay did not play
a major role in promoting cocontinuous structure.

CONCLUSIONS

The cocontinuous morphology in asymmetric com-

positions of PP/HDPE blend in the presence of

Figure 14 SEM images of the 25/75 w/w PP/HDPE-h blends without (a, b) and with 0.5 phr clay (c, d), prepared by
two methods: (a, c) method-1; (b, d) method-2.

Figure 13 SEM images of 85/15 w/w PP/HDPE blends with 0.5 phr clay prepared by two methods: (a) method-1; (b)
method-2.
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small amount (0.5 phr) of clay has been developed

by changing the heating protocol during melt blend-

ing. Direct melt blending (method-1) of PP and

HDPE at 200�C in the presence of clay (0.5 phr) sig-

nificantly reduced the average domain sizes of

HDPE in 75/25 w/w PP/HDPE blend than that of a

physical compatibilizer (SEPS) at same loading. The

intercalated clay platelets in the PP matrix played

the role of a barrier that prevented the coalescence

of dispersed HDPE domains during melt mixing.

Interestingly, a slight change in the heating protocol

in melt blending (method-2) that led to the melting of

HDPE prior to the melting of PP resulted in the for-

mation of cocontinuous morphology in 75/25 w/w

and 80/20 w/w PP/HDPE blend in presence of

0.5 phr clay. WAXD study revealed the intercalation

of the clays by the HDPE chains only when PP,

HDPE, and clays were melt blended by method-2.

Exfoliation of clay platelets in the HDPE phase by

using PE-g-MA increased the extent of phase coconti-

nuity in (75/25 w/w) PP/HDPE blend, prepared by

method-2. Irrespective of the heating sequences dur-

ing blending, addition of PE-g-MA or SEPS decreased

the average domain size of dispersed HDPE in the

blends, and did not show any phase cocontinuity

of PP and HDPE in absence of the clay. Moreover,

25/75 w/w PP/HDPE blend in presence of 0.5 phr

clay showed the droplet/matrix structure, even when

the blend was prepared by method-2. Thus, selective

dispersion of clays in the minor phase (HDPE), prior

to the melting of the major phase (PP) in method-2,

restricted the phase inversion process that led to the

formation of cocontinuous structure in 75/25 w/w

and 80/20 w/w PP/HDPE blend with 0.5 phr clay.
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