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Abstract Correlation between the rheology and morphology
of PVDF/LLDPE blends as well as the effect of LLDPE-g-MA
compatibilizer on the microstructure and viscoelastic proper-
ties of these blends were studied in detail. Morphology devel-
opment from matrix-dispersed to co-continuous and again to
dispersed-matrix was well predicted using various linear vis-
coelastic analyses and confirmed via direct SEM experiments
and continuity index analysis. Compatibilization induced alter-
ation in the microstructure of the blends, particularly PVDF/PE
50/50 blend from co-continuous morphology to dispersed-
matrix one, was also concluded from viscoelastic analysis
and confirmed. It was shown that the feeding order had a
distinct effect on morphology of the blends near the phase
inversion composition. BPhase within a phase within a phase^
morphology was observed near the phase inversion region,
provided that the components are fed simultaneously.
Different melting and crystallization temperature range of
PVDF and PE phases was understood to be the main reason
of this observation. It was also shown that compatibilization
had higher impact on LLDPE-rich blends than PVDF-rich
blends, while narrowed the co-continuity composition range.
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Introduction

Blending of two or more polymers to obtain a new polymer is
a known route to develop new materials with desirable prop-
erties [1–5]. It has clearly been understood that most of prop-
erties of immiscible polymer blends are mainly controlled by
the morphology as well as the interfacial interaction between
phases. On the other hand, the morphology is dependent on
composition, viscoelastic properties of the components, extent
of deformation flow field and compatibility [6, 7]. The dom-
inant mechanisms in morphology development of an immis-
cible polymer blend are elongation of molten droplets into
fibrous styles, breaking down of the fibrous domains into
smaller droplets and coalescence of these small droplets.
Equilibrium between these mechanisms determines the final
morphology of an immiscible polymer blend [6].

Among different morphology states of immiscible polymer
blends, matrix-dispersed and co-continues microstructures are
two most known types of morphology. Co-continuous mor-
phology is usually formed around the unstable phase inversion
composition region in which both the components exhibit
high degree of continuity, one inside the other. The blends of
co-continuous morphology are of particularly important in
cases that one phase is barrier [8] or conductive [9]. In latter
case, the continuity of conductive phase would result in con-
ductivity of the blend. For instance, in various research works
[10–12], efforts have been made to determine the composition
range of co-continuity to be able to benefit from Bdouble
percolation^ concept. Double-percolation concept refers to
the microstructure in which conductive filler selectively local-
izes and forms a three dimensional network in one phase or at
the interface of a polymer blend consisting of co-continuous
morphology [13–15].

Polyvinylidene fluoride (PVDF) is a semi-crystalline ther-
moplastic which combines excellent chemical and thermal
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resistance, high mechanical strength and dielectric permittiv-
ity and unique pyro and piezo-electric properties [16–18],
which make it suitable in various applications such as micro-
electromechanical devices, high-charge storage capacitors,
coatings, polymer processing additives, pipes, valves, etc.
[19]. However, high cost and low production volume of this
polymer are its drawbacks. Blending of PVDF with a suitable
polymer can be an effective strategy to overcome these draw-
backs. In this way, polyethylene can be a good choice, since it
has high chemical resistance, good processability and relative-
ly good dielectric permittivity, while it could cover the draw-
backs of the PVDF [17–19]. M. Kaseem et al. [20] studied the
rheological properties of PVDF/LDPE blends and showed
that the PVDF/LDPE blends are incompatible. They reported
that the co-continuous morphology was formed at 50/50 com-
position. X. Lin et al. [19] showed that the interfacial interac-
tion between PVDF and LDPE phases and consequently the
electrical properties of their blends were improved in the pres-
ence of LDPE-g-MA as an interfacial agent.

In this research work, correlation between the rheology and
morphology of PVDF/LLDPE blends and the effect of
LLDPE-g-MA on the microstructure and viscoelastic proper-
ties of the blends were systematically studied, in a wide range
of compositions. The composition range of co-continuous
morphology was also determined via indirect viscoelastic
analysis and examined directly using microscopic observa-
tions. Following to this work, the results of an interesting
research work focusing on rheology, morphology and conduc-
tive behavior of PVDF/LLDPE/Graphene blend nanocompos-
ites, at compositions near the co-continuity, will be presented.

Experimental

Materials

The PVDF (Kynar, Mw = 70,000 and Mw/Mn = 2) from
Arkema, Paris, France and LLDPE (MFI =0.9 g/10 min;
190 °C, 2.160 kg) from Tabriz Petrochemical Company,
Iran, marked as PE hereinafter, were used as the base mate-
rials. Maleic anhydride grafted LLDPE (LLDPE-g-MA; E-
119 MFI = 1.9 g/10 min; 190 °C, 2.160 kg), denoted as
PEMA hereinafter, purchased from Pluss Polymers, India,
was used as compatibilizer. N, N Dimethylformamide
(DMF) from Daejung Co., Korea and xylene from Dr.
Mojallali Co., Iran were used as the solvents of PVDF and
LLDPE phases, respectively.

Blend preparation

To avoid the effect of moisture, all the components were dried
in a vacuum oven for 24 h at 80 °C, prior to melt blending. All
the samples were prepared in an internal mixer (Brabender

W50EHT) with a rotor speed of 60 rpm at starting temperature
of 190 °C. All the polymeric components were first dry mixed
and then fed into the chamber and blended for 10min (feeding
order: 1), unless otherwise specified. In some cases, to study
the effect of blending sequence on morphology development,
some samples were prepared using two other different feeding
orders. For this purpose, the PE phase was first fed into the
chamber and after its plastication, the PVDF phase was incor-
porated and compounding was continued for 10 min (feeding
order: 2) and in another feeding order the PE phase was fed
after melt mixing of PVDF phase at the same conditions
(feeding order: 3). The pure PVDF and PE were also proc-
essed under the same conditions, for comparison. For
compatibilized blends 5 wt% of PE phase was replaced by
PEMA. Different prepared compositions with the correspond-
ing codes are listed in Table 1. A small amount of each pre-
pared blend samples was rapidly quenched in liquid nitrogen
for morphological studies. The obtained samples were
compression-molded into suitable pieces for rheological anal-
ysis. Molding was carried out at 190 °C followed by slow
water cooling under 100 bar pressure.

Characterization

Rheological studies

Dynamic melt rheological measurements were carried out
using a dynamic rheometer (MCR301: Anton Paar) equipped
with parallel plate geometry (diameter = 25 mm, gap =1 mm).
The frequency sweep tests were performed in the range of
0.04 ~ 625 rad.sec−1 at fixed temperature of 200 °C with an
amplitude of 1% in order to maintain the response of the
materials in the linear viscoelastic regime. The measurements
were conducted under nitrogen gas flow to avoid premature
thermal degradation of the samples.

Continuity index analysis

Continuity index of the PVDF and PE phases in different
blends was determined using selective extraction method [5,
21–23]. Samples of specified weight of each blend were
stirred in DMF solvent for 48 h at a constant temperature of
60 °C to selectively extract the PVDF phase. The samples
were also extracted in boiling xylene for 12 h to extract the
PE phase. The continuity index of the considered component
(PVDF or PE) was quantified using the following equation:

CIPolymer ¼ mini−mext

mini
� 100

where, mini is the weight of the considered component initially
present in the blend and mext the weight of the same compo-
nent in the blend after extraction. The reported value was the
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average of at least three samples with the same compo-
sition. When the sample was not disintegrated after the
PVDF or PE phase extraction, the PE or PVDF phases
were considered as 100% continuous phase, respectively
and the continuity index of the other phase was quantified
from the equation.

Morphology observation

Morphology of the blends was examined using scanning elec-
tron microscopy method (SEM; VEGA, TESCAN). Only the
cryo-fractured surface of the PE-rich blends was selectively
extracted with DMF for 24 h at 60 °C for removal of the
PVDF phase. Then the fractured surfaces were coated with a
thin layer of gold to avoid electrostatic charging during exam-
ination and then micrographs were taken with different
magnifications.

Result and discussion

Rheological studies

The storage modulus of different PVDF/PE blends along with
the same results for the pure PVDF and PE are shown in
Fig. 1. The results of complex viscosity were excluded for
brevity. The results show that both pure polymers exhibit a
power law type behavior as shear-thinning materials and the
PE shows higher elasticity than the pure PVDF. Although all
the PVDF/PE blends of different compositions indicate shear-
thinning behavior, alteration in rheological behavior of vari-
ous blends is obvious, particularly at low frequency ranges.

This alteration is mainly due to additional relaxation processes
[24–26]. Decreasing the dependency of elasticity at low fre-
quencies from (G ~ω2) for pure components to (G ~ω<2) in
immiscible polymer blends, is in the results of shape relaxa-
tion of dispersed particles and/or complicated interfacial re-
laxation phenomenon [24, 26].

The slope of the storage modulus (SSM) at low frequency
ranges was calculated for different PVDF/PE blends and plot-
ted versus PVDF content (Fig. 2). As it can clearly be seen, the
SSM smoothly decreases with PVDF content and increases
again after passing through a minimum around PVDF/PE 60/
40 composition. This change in rheological behavior can be
attributed to the change in the morphology of the blends, since
it has clearly been understood that the rheological behavior of

Fig. 1 Storage modulus versus angular frequency for different
PVDF/PE blends

Table 1 Different prepared
samples, the corresponding codes
and employed feeding orders

Code PVDF LLDPE LLDPE-g-MA Feeding order

PVDF 100 0 0 1

PVDF/PE 80/20 80 20 0 1

PVDF/PE 70/30 70 30 0 1

PVDF/PE 60/40 60 40 0 1

PVDF/PE 50/50 50 50 0 1

PVDF/PE 40/60 40 60 0 1

PVDF/PE 20/80 20 80 0 1

PE 0 100 0 1

PVDF/PE/PEMA 80/15/5 80 15 5 1

PVDF/PE/PEMA 70/25/5 70 25 5 1

PVDF/PE/PEMA 60/35/5 60 35 5 1

PVDF/PE/PEMA 50/45/5 50 45 5 1

PVDF/PE/PEMA 40/55/5 40 55 5 1

PVDF/PE/PEMA 20/75/5 20 75 5 1

PVDF/(PE) 50/50 50 50 0 2

(PVDF)/PE 50/50 50 50 0 3
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immiscible polymer blends is widely affected by the blend
microstructure as well as interfacial interaction between

phases [5, 27]. D. Wu [28] showed that the linear dynamic
rheological properties can gives more accurate information on
the phase inversion of polymer blends. From the results of
Fig. 2, it can preliminary be guessed that the matrix-
dispersed morphology at low PVDF contents, alters to co-
continuous morphology at intermediate compositions (around
60 wt% of PVDF) and changes again to matrix-dispersed after
phase inversion.

Figure 3 shows the relaxation time spectra of the pure
PVDF and PE along with the same results for different blends.
The relaxation peak of the PVDF appears at shorter relaxation
times than that of PE, which can be possibly related to the
lower molecular weight of PVDF and/or different polarity
and flexibility of the PVDF and PE chains. Relaxation time
spectra of PVDF/PE 80/20, 40/60 and 20/80 blends exhibit the
relaxation characteristics of an immiscible blend consisting of
matrix-dispersed morphology (Fig. 3b). In these spectra the
first peak is related to the relaxation of the polymeric macro-
molecules (chains) and the second wide peak, appeared at
higher relaxation times, is associated with the shape relaxation

Fig. 2 Slope of the storage modulus (SSM) at low frequency ranges for
PVDF/PE blends versus PVDF content

Fig. 3 Relaxation spectra of
PVDF/PE blends in various
compositions
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of dispersed particles. It should be noted that due to overlap-
ping of the relaxation peaks, the first peak for 40/60 and 20/80
are not clear in this figure. However in logarithmic
scales for the H(λ) . λ, which are not presented here,
two relaxation peaks are visible. For the rest of compo-
sitions (PVDF/PE 70/30, 60/40 and 50/50) a clear re-
laxation peak, associated with the shape relaxation of
dispersed particles, has not been appeared at the time
scales of experiments (max 100 s) and the values of
H(λ).(λ) goes to infinity (Fig. 3c), representative of the com-
plicated interfacial relaxation phenomena in these composi-
tions. This can be a sign of co-continuous morphology
and/or dispersion of interconnected big particles in these
compositions [29].

Effect of PEMA on viscoelastic properties of various
PVDF/PE blends is illustrated in Figs. 4 and 5.

As can be seen, addition of PEMA to PVDF/PE 80/20 blend
increased the storage modulus and decreased tan δ at low fre-
quencies, where the effect of interfacial interaction on rheolog-
ical characteristics of the multiphase systems is more pro-
nounced. The tan δ peak also shifted to higher frequencies
(low relaxation times) upon addition of PEMA. These are in-
dicatives of compatibilizing effect of PEMA. PEMA had less
effect on rheological behaviors of PVDF/PE 70/30 and 60/40
blends, compared to PVDF/PE 80/20 blend, may be due to the
higher interfacial area in the former blends. Improvement of
the interfacial interaction in PVDF/PE 40/60 and 20/80 blends
upon addition of PEMA can also be concluded from the

Fig. 4 Effect of 5 wt.% PEMA
compatibilizer on storage
modulus of PVDF/PE blends: a
80/20, b 70/30, c 60/40, d 50/50,
e 40/60 and f 20/80
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results. Moreover, the results indicate that the effect of PEMA
on PE-rich blends is higher than those of PVDF-rich blends.
Contrary to the previously studied blends [5, 19, 24], PEMA
decreased the storage modulus and increased the tan δ of
PVDF/PE 50/50 blend, may be due to possible alteration in
morphological features of the sample after addition of PEMA,
since the composition may fall in the unstable phase inversion
region (Fig. 2). This will be evident in morphological studies.

Continuity index analysis

Figure 6 presents the continuity index of PVDF and PE com-
ponents in the un-compatibilized and compatibilized PVDF/
PE blends as functions of PVDF content. It is obvious that the

PVDF phase is continuous over the composition range of
60 ~ 100 wt% PVDF and the PE phase exhibits continuity
between 0 ~ 60 wt.% PVDF in un-compatibilized blends. For
PVDF/PE 50/50 blend, PE phase exhibits 100% continuity,
whereas the PVDF phase shows 25% continuity. In PVDF/PE
70/30 blend, PVDF and PE phases exhibits 100 and 60%
continuity, respectively. Therefore it can be claimed that un-
compatibilized PVDF/PE blends exhibit co-continuity be-
tween 50 ~ 70% of PVDF phase. Upon the addition of
PEMA, PVDF phase exhibited 0% continuity in PVDF/PE
50/50 blend, representative of alteration of morphology from
co-continuous to matrix-dispersed in this composition as a
result of compatibilization. This alteration justifies decreased
storage modulus and increased tanδ for this composition after

Fig. 5 Effect of 5 wt.% PEMA
compatibilizer on damping factor
of PVDF/PE blends: a 80/20, b
70/30, c 60/40, d50/50, e 40/60
and f 20/80
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PEMA addition (Figs. 4 and 5). Compatibilization did not
change the continuity indexes of PVDF and PE phases in
PVDF/PE 60/40 blend showing of preserved morphology
state during compatibilization. For PVDF/PE 70/30
blend, the continuity index of PE phase increased to
95% while the PVDF phase remained 100% continuous
after compatibilization. The final conclusion of these
statements is that compatibilization narrowed the co-
continuity composition range from 50 ~ 70% to 60 ~ 70%
of PVDF phase and the phase inversion is taken placed near
the PVDF/PE 60/40 composition. These results also show a
good agreement with the results of rheological analysis.

SEM observations

Figure 7 shows the SEM micrographs of cryo-fractured sur-
faces of the un-compatibilized and corresponding
compatibilized PVDF/PE blends at different compositions.

For better contrast in some samples (PVDF/PE 20/80, 40/60,
50/50, 60/40 and PVDF/PE/PEMA 20/75/5, 40/55/5, 50/45/5,
60/35/5 blends), the PVDF phase was etched byDMF solvent.
A matrix-dispersed morphology is obvious for the PVDF/PE
80/20 blend, in which the spherical PE particles are dispersed
in the PVDF matrix. For the PVDF/PE 70/30 blend, the
dispersed PE domains clearly exhibit elongated or fi-
brous structures. Both the PVDF and PE phases formed
continuous phase structure, as the PE content increased
to 40 wt.%. In the PVDF/PE 50/50 blend, the PVDF
phase displays fibrous-like and/or formless dispersed do-
mains in PE matrix. In other word, the morphology of
the 50/50 blend can be considered as semi co-
continuous morphology. Further increase in PE content
led to dispersion of spherical dispersed droplets of the
minor PVDF phase in the PE matrix for PVDF/PE 40/
60 and 20/80 blends. These results suggest that PVDF
and PE phases basically form the co-continuous struc-
ture in the composition region of 50 ~ 70% of the
PVDF phase, confirming the results of continuity index
analysis. As expected, the domain size of the less vis-
cous PVDF phase for PVDF/PE 20/80 blend was far
smaller than that of the dispersed PE phase for PVDF/PE
80/20 blend.

The PVDF/PE 20/80 blend showed a monotonous particle
size distribution of the dispersed PVDF domains and washer-
like halos around etched dispersed phase which is indicative
of elongated interfaces during sample fracturing and relatively
strong interface. This observation may be attributed to solid-
ification process. According to literature, crystallization tem-
peratures of the PVDF and LLDPE are about 125–150 °C
[30–32] and 100–110 °C [33, 34], respectively. Therefore
when the 20/80 blend is cooled after melt mixing, the
PVDF domains are crystallized before than PE matrix,
resulting to compressing of the solid PVDF domains
during the PE matrix solidification leading to physical
interaction at the interface. On the other hand, in PVDF/
PE 80/20 blend, crystallization and shrinkage of PE
droplets after solidification of PVDF matrix leads to
lower interaction at the interface.

As it was observed un-compatibilized blends represent rel-
atively broad particle size distribution of the dispersed phases
and the sharp interface regions between the phases are indic-
ative of high interfacial tension between the components. For
matrix-dispersed compositions, there is also evidence of poor
interfacial bonding leading to some of droplets being detached
from the surrounding matrix, leaving holes on the fractured
surface under the fast cryogenic fracture or lying loose on the
surface. It seems that the presence of PEMA improved the
interaction between phases more or less in different composi-
tions. As evidence, the particle size of the PE droplets of 80/20
blend decreased from about 7 μm (Fig. 7a) to about 5.5 μm
(Fig. 7a‘) after compatibilization and also they exhibited

Fig. 6 Continuity index of PVDF and PE phases in a un-compatibilized
and b compatibilized PVDF/PE blends as functions of PVDF content
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narrower particle size distribution. The results show that the
big dispersed spherical particles of PE changed to elongated
semi-continuous domains after addition of PEMA to 70/30
blend, confirming the results of continuity index analysis.
Compatibilization did not clearly change the co-continuous
morphology of 60/40 blend, as it was predicted using rheo-
logical analysis. The co-continuous morphology of 50/50
blend altered to dispersion of PVDF particles in PE matrix
after compatibilization. This alteration was understood to be
responsible for decreased elasticity and increased damping
factor (Figs. 4 and 5). For 40/60 blend (a PE-rich blend)
compatibilization also decreased the size of PVDF dispersed
domains. For 20/80 (another PE-rich blend) compatibilization
had less effect on the morphology. Considering the rheologi-
cal behavior and morphological alteration in all the

compositions, it can be seen that compatibilization had higher
effect on PE-rich blends than those of PVDF-rich blends. It
may be due to the easier diffusion of PEMA towards the
interface through PE matrix compared to PVDF matrix.

Figure 7 (c and c’) indicates that for un-compatibilized and
less for compatibilized 60/40 blend there are some spherical
particles left on the etched surface. Since SEM images have
been taken after etching of the PVDF phase, these spherical
particles cannot be the PVDF particles and they should be
trapped PE particles in continuous PVDF phase inside the
continuous PE phase. In other words, the real morphology
of these samples is phase within a phase within a phase, in
which both PVDF and PE phases are continuous and some
part of PE phase is dispersed within the PVDF phase. SEM-
EDX analysis was employed to further analyze the nature of

Fig. 7 SEM micrographs of un-
compatibilized and
compatibilized PVDF/PE blends:
a 80/20, a’) 80/15/5, b 70/30, b’)
70/25/5, c 60/40, c’) 60/35/5, d
50/50, d’) 50/45/5, e 40/60, e’)
40/55/5, f 20/80, f’) 20/75/5
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these dispersed particles. Fig. 8 shows the EDX spectra to-
gether with the atomic percentage of Carbon (C) and Fluorine
(F) inside, corresponding to two different parts in the 60/40
blend sample (A: continuous PE phase and B: spherical par-
ticles left on the surface). A single peak, corresponding to
Carbon (C), can be seen in Fig. 8a, showing the characteristics
of pure PE surface. A negligible trace of Fluorine (F;
3.92 atm.%) together with the Carbon (C; 96.08 atm.%) can
be seen in the surface of the individual particles (Fig . 8b).
This shows that, the individual particles are PE particles and
the trace of Fluorine is related to the PVDF chains at the
surface of PE particles. It was understood that the difference
in melting temperatures of PVDF and PE phases is the main
reason behind of development of this type of morphology.
During the melt blending process, after simultaneous feeding
of PVDF and PE phases, PE phase with lower melting tem-
perature (120–125 °С [30–32]) melts at first and forms the
continuous phase with the solid particles of PVDF within PE

phase. After melting of the PVDF phase at about 170 °С [34]
it dominates the PE phase to form continuous phase inside the
PE phase based on the composition. In this stage some do-
mains of PE phase are trapped in PVDF phase and they don’t
reach to each other and/or to continuous PE phase. These are
schematically illustrated in Fig. 9.

To investigate the effect of feeding sequence on the mor-
phology of 50/50 blend two other 50/50 blends were also
prepared using the second and third types of feeding orders
(Table 1). For PVDF/(PE) 50/50 and (PVDF)/PE 50/50 sam-
ples the PE and PVDF phases were fed at first, respectively
and then the other phase was fed after melting of the first
phase. Interestingly the SEM images showed that both the
blends exhibited a clear matrix-dispersed morphology in
which the PVDF phase is dispersed in PE matrix, without
trapped PE particles in PVDF phase (Fig. 10). Therefore the
equilibrium morphology in this composition is matrix-
dispersed morphology without trapped PE particles within

Fig. 8 SEM-EDX spectra of the
60/40 blend: a the spectrum cor-
responds to the A region (PE ma-
trix) and b the spectrum corre-
sponds to the B region (individual
dispersed particles)

Fig. 9 Schematic representation
of the formation of PE particles
within continuous PVDF phase
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the PVDF phase. From these results it can also be concluded
that in the case of simultaneously feeding of PVDF and PE
phases, trapping of PE particles within the PVDF phase in-
creases and decreases the apparent volume fractions of PVDF
and PE phases, respectively, leading to creation of semi co-
continuous morphology.

Conclusion

Relationship between the microstructure and linear vis-
coelastic properties of PVDF/PE blends in a wide range
of composition were studied in detail. The effect of PEMA
compatibilizer on rheology and morphology of these blends
was also studied. The obtained results were conducted to the
following conclusions:

Using rheological analysis, it was predicted that the matrix-
dispersed morphology of PVDF/PE blends, at low PE con-
tents, would alter to co-continuous morphology at intermedi-
ate compositions and again change to dispersed-matrix mor-
phology with further increase in PE content. The results of
SEM experiments as well as continuity index analysis, con-
ducted via selective extraction method, confirmed the results
of rheological studies.

Compatibilization induced morphology alteration, particu-
larly near the phase inversion region, was also well predicted
using rheological analysis and supported via direct morpho-
logical observations, so that compatibilization narrowed the
co-continuity region. Considering alteration in rheology and

morphology of all the compositions indicated that
compatibilization had higher effect on PE-rich blends than
those of PVDF-rich blends.

It was shown that the feeding sequence had a distinct effect
on the morphology of the blends near the phase inversion
region. Feeding of PVDF and PE phases one after another
led to dispersion of PVDF particles in continuous PE phase,
while, one step feeding of PVDF and PE led to a complicated
morphology in which both the PVDF and PE phases were
continuous and the continuous PVDF phase consisted of some
PE dispersed particles. Different melting and crystallization
temperature range of PVDF and PE phases was understood
to be the main reason of this observation.
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