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ABSTRACT: Blends of poly(vinylidene fluoride)/nylon-6 (PVDF/N6) 30:70 were melt compounded with various
organoclays directly or sequentially. The morphology, thermal, and mechanical properties of the blend
nanocomposites were investigated. It was determined that the degree of compatibilization induced by the nanoclay
particles was dependent on the location of the particles and the degree of clay dispersion. The blend nanocomposite
with the best mechanical properties had good dispersion of particles throughout the matrix (N6) and at the PVDF/
N6 interface. In this blend nanocomposite, the coalescence of PVDF domains was prevented, and the crystallization
of the PVDF domains was suppressed, ultimately creating a blend nanocomposite that is stiffer, stronger, and
tougher than the blend without nanoparticles.

Introduction

Poly(vinylidene fluoride) (PVDF) is a semicrystalline engi-
neering polymer with very good resistance to chemicals,
oxidation, and UV radiation. However, it suffers from low
strength and ductility. Nylon-6 (N6), another semicrystalline
engineering thermoplastic, is very ductile and has good me-
chanical properties, but it is prone to water absorption and has
poor resistance to thermal oxidation and UV radiation. An
intuitive way to optimize the properties of these two polymers
is to blend them. To that end, Liu et al. have studied PVDF/N6
blends of different compositions and have found that the
polymers can have favorable molecular interactions compared
to other immiscible polymer blends.1 Despite the interaction
though, PVDF/N6 blends are immiscible over the entire
concentration range. To change the interface and improve the
miscibility, researchers have attempted several methods of
compatibilization including grafting a copolymer onto N6 which
is compatible with PVDF2 and complexation of N6 amide
groups with zinc cations grafted onto PVDF.3

In this study, we use inorganic nanoparticles as an alternative
means to control interfacial properties. Nanoclays are an
attractive alternative to traditional compatibilizers because they
can be inexpensive, easily melt compounded with polymers,
and non-polymer specific potentially compatibilizing many
different polymer blends. Nanoclays have also been shown to
enhance the mechanical and thermal properties and stabilize
different crystalline phases of a polymer.4,5

A few polymer blend/clay nanocomposite systems have
already been studied.6-15 Some of these systems exhibit finer
morphology and improved interfacial adhesion.6-9 Unfortu-
nately, the polymer blend nanocomposites share the same trade-
offs as traditional polymer composites and some polymer
nanocomposites: while the composites become stiffer, they also
become less tough.6,7 We report here a polymer blend/clay
system with increases in stiffness, strength, and toughness.
Furthermore, our studies using different clays as well as
sequential compounding (i.e., incorporating the clay into one
polymer before blending with the second polymer) reveal a trend
that suggests toughness is related to the domain size and degree

of crystallinity of the domain phase. The domain size is
controlled by the PVDF/N6 viscosity ratio and interfacial tension
which are ultimately determined from the surface modification
of the nanoclay and the dispersion of the nanoclay particles.

Experimental Part

N6 (1022B) pellets were provided by UBE Industries, ground
to 2 mm particles, and dried at 80°C under vacuum for 12 h. PVDF
(Kynar 721) was provided by Arkema, and modified montmoril-
lonite clays (Cloisite 30B and Cloisite 20A) were obtained from
Southern Clay Products. Both were used as received. For the one
batch samples, PVDF/N6 powders were combined in a 30:70 ratio
with the appropriate amount of clay in a speed mixer. The mixture
was extruded at 240°C under flowing nitrogen for 5 min using a
DSM twin-screw microcompounder. For the sequential studies, clay
was first extruded with one polymer. The resulting composite was
then ground to 2 mm particles and extruded with the second polymer
of the blend. The amount of clay in the sequence blends was 4.76
wt % (PVDF/N6/clay 30:70:5) after blending. When studying blends
with different clays, the wt % of silicate in the blends was held
constant (3.3%). To mold dog-bone-shaped samples (ISO 527-2-
5A standard) for tensile testing, a microinjector was used with the
barrel at 275°C , the mold at 110°C , and the injection pressure
at 110 psi.

Blend morphology was examined using a Leo 1550 Keck Field
Emission SEM and a Technai T12 TEM operating at an accelerating
voltage of 120 kV. Samples for the SEM were fractured under liquid
nitrogen and then coated with Au/Pd. Samples for TEM were
sectioned from molded dog bones to 70 nm at-60 °C using a
diamond knife. The difference in electron density between N6 and
PVDF was sufficient to provide contrast in the TEM. Domain size
was determined using ImageJ processing program on several images
ranging from 20K× to 50K× magnification. Diffraction spectra
were collected on a Scintag Inc.θ-θ diffractometer with a Cu KR
source (λ ) 1.54 Å) and a germanium detector, scanning at 3°
min-1. The degree of crystallinity was evaluated by following the
equations outlined previously4,16and using a TA Instruments Q1000
DSC scanning 10°C/min from ambient temperature to 250°C; a
heat/cool/heat cycle was used to eliminate any thermal history in
the extruded material. Thermomechanical properties were obtained
from a TA Instruments DMA 2980 scanning from-70 to 200°C
operating at 1 Hz. Mechanical properties were determined using
an Instron 5569 tensile tester at an extension rate of 5 mm/min
(strain rate of 18%/min). Five dog bone specimens were tested for
each sample. The standard deviations were within 10% of the* Corresponding author. E-mail: epg2@cornell.edu.
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average values of the tensile properties. Rheological measurements
were made using a MCR 300 under nitrogen flow at 240°C in
oscillatory shear configuration with a 1% strain.

Results

Homopolymers with Clay. To aid determining the role of
the clays in the blend, the effect of the clays on each polymer
must be first ascertained. The clay nanoparticles used in this
work were modified via cation exchange with quaternary
ammonium cations to render the clay surface more organophilic.
The differences in the functional groups of the cations offer
varying affinities to the polymers such that the location of the
clay can be tuned to optimize blend properties. Cloisite 30B
(herein referred to as 30B) is modified with bis(2-hydroxyethyl)
tallow alkylammonium and interacts more favorably with the
polar amide group of N6. In N6, the clay is well dispersed
(exfoliated), whereas it is intercalated in PVDF (Figure 1a).
Cloisite 20A (herein referred to as 20A), modified with dimethyl
dehydrogenated tallow alkylammonium, is less polar than 30B
and interacts comparably with the two polymers; both PVDF
and N6 intercalate 20A (Figure 1b). Given that N6 disperses
one of the clays, N6 was chosen to be the matrix phase (70%)
and PVDF to be the domain phase (30%).

One Batch Blend with Cloisite 30B.As expected from the
known immiscibility of PVDF and N6, PVDF forms domains
in the N6 matrix. The size of the largest domains is∼150 nm
as determined from TEM and SEM imaging (Figure 2a,c). (In
the TEM micrograph, dark zones represent PVDF domains.)
In comparison, the morphology of the blend with 5% 30B clay
is finer and more uniform with the largest domains being 60
nm (Figure 2b). The location of the clay nanoparticles was also
investigated by TEM and SEM (Figure 2b,d). The TEM
micrograph (Figure 2b) shows the majority of the clay dispersed
in the N6 matrix. XRD patterns (Figure 1a) confirm the
disordered (exfoliated) structure as the nanocomposite blend did
not possess a characteristic peak indicative of layered clays.
The TEM micrograph also shows some of the clay at the PVDF/

N6 interface. The SEM micrograph of the fracture surface of
this blend nanocomposite (Figure 2d) supports the improvement
in the interfacial adhesion as the blend nanocomposite has fewer
visible domains compared to the blend and shows practically
no debonding.

The presence of clay simultaneously in the bulk and the
interface is atypical. Previous studies of polymer blend/clay
systems usually show the clay residing either at the interface6,9,13

or in the bulk.7,10 This dual positioning indicates two roles for
the nanoclay particles: one as a compatibilizer with the clay
being shared by both polymers and the other as a nanofiller,
stabilizing a different polymer crystalline phase and improving
the mechanical properties as will be discussed in the following
paragraphs.

Since 30B interacts favorably with N6, it is expected that
the polymer would display the same polymorphism behavior
as previously observed in nylon nanocomposites.5,16,17N6 has
two stable crystalline phases,R and γ. Injection-molded N6
consists of a mixture ofR andγ phases, but upon clay addition
N6 preferentially forms theγ phase. From the wide-angle XRD
patterns (Figure 3) and DSC melting thermographs of the blends
(Figure 4a), N6 in the blends experiences the same crystal phase
transformation when compounded with clay. In the blend with
no clay, N6 exists mainly in theR-form, but with increasing
clay concentration, the ratio ofR to γ phase decreases with the
5% clay blend consisting mainly ofγ phase. (In Figure 3, the
diffraction peaks at 2θ ) 19.5° and 23.5° correspond to the
R-phase while that at 2θ ) 21° corresponds to theγ-phase. In
Figure 4a, theR-form of N6 melts at 220°C while theγ-form

Figure 1. XRD plots for (a) 30B, PVDF with 5% 30B, N6 with 5%
30B, and PVDF:N6 30:70 blend with 5% 30B; (b) 20A, PVDF with
5% 20A, N6 with 5% 20A, and PVDF:N6 30:70 blend with 5% 20A;
(c) composites after first step in sequential blending [PVDF with 14.3%
30B and N6 with 6.7% 30B] and after second step [(PVDF/30B)/N6
and (N6/30B)/PVDF)].

Figure 2. TEM micrographs of (a) PVDF/N6 30:70 blend and (b)
30:70 blend with 5% 30B. SEM micrographs of fracture surfaces of
(c) PVDF/N6 30:70 blend and (d) blend with 5% 30B. Inset in (b)
shows some clay residing the PVDF/N6 interface.
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melts at 212°C.) In the blend nanocomposite, the clay in the
N6 matrix acts as a nucleating agent stabilizing theγ crystalline
form of N6 similarly to the clay in the homopolymer.16

The effect of the clay on PVDF, however, is to hinder
crystallization. The PVDF melting peak (at 169°C) shifts to
higher temperatures (indicating interaction with clay4,18) and
decreases in area as the amount of clay increases (Figure 4a).
In addition, theTc andTg peaks of PVDF are also suppressed
as observed by DSC (not shown) and DMA (Figure 5),
respectively. The crystallization and glass transition suppression
are due to the restricted movement of the PVDF. Not only is
the PVDF in smaller domains (such that the PVDF properties
are no longer dominated by the larger more bulklike domains),
but the PVDF chains are constrained by clay platelets surround-
ing the domains. Other studies with confined polymers have
also shown suppressed thermal transitions.14,19-22 For example,
Nakajima et al.19 found that polypropylene confined in meso-
porous silica does not exhibit a crystalline melting point, and
Jiang et al.20 saw the same with poly(ethylene oxide) confined
in organic networks.

One of the ultimate purposes for polymer blending and
compatibilizing is to improve mechanical properties. If in fact
there is compatibilization, the blend should exhibit improved
mechanical properties. Figure 6a shows a representative stress/
strain curve for the blend and the blend with 1 and 5% clay.
With as little as 1% clay, the tensile properties of the blend

nanocomposite are improved compared to the blend without
clay. The blend with 5% clay is even stronger and tougher. Not
only are the blend nanocomposites stiffer (with a modulus ofE
) 2.68( 0.05 GPa for the 5% blend compared to 1.90( 0.04
GPa for the blend without clay), they also show higher
elongation and strength. For the 5% clay blend, these improve-
ments translate to≈170% increase in toughness (defined as the
area under a stress/strain plot). For comparison, the stress-
strain curves of the homopolymers and their nanocomposites
are shown in Figure 6b. The 30B blend nanocomposite also
has higher yield and ultimate stresses and is stiffer than PVDF
(E ) 1.31 ( 0.06 GPa), the PVDF nanocomposite (E ) 1.36
( 0.04 GPa), N6 (E ) 1.67 ( 0.09 GPa), and the N6
nanocomposite (E ) 2.40 ( 0.12 GPa).

Sequential Compounded Blends with Cloisite 30B.For the
blends in the previous section, the clay nanoparticles were
blended with both polymers simultaneously. To better under-
stand the kinetics of nanoparticle diffusion on blend properties,
a series of experiments were performed where the 30B clay
was first compounded with one polymer and then the resulting
composite was compounded with the second polymer. The 30B
clay interacts more favorably with N6, so in the blend in which
PVDF is blended with 30B first and then with N6 (referred to
as (PVDF/30B)/N6), it is expected that 30B will migrate to the
interface and/or the matrix. For the inverse sequence blend in
which 30B is compounded first with N6 and then with PVDF
(referred to as (N6/30B)/PVDF), it is expected that the 30B
nanoparticles will more likely reside in the matrix.

To assess the evolution of the clay dispersion, XRD patterns
were obtained after the first sequence step and again after the
blends were fully compounded (Figure 1c). As expected, 30B
compounded with N6 is exfoliated as is the (N6/30B)/PVDF
blend. For the inverse sequential blend, 30B compounded only
with PVDF is intercalated. When this PVDF/clay composite is
compounded with N6, the blend has traces of intercalated clay
but appears to be mostly exfoliated. The DSC melting curve of
this sequential blend, (PVDF/30B)/N6, confirms the migration
of clay from PVDF to N6 as the N6γ crystalline phase, the
phase typically present in N6 nanocomposites, is the dominant
phase. However the ratio of N6R- to γ-phase of the (PVDF/
30B)/N6 blend is larger than the ratio for the (N6/30B)/PVDF
blend, indicating incomplete migration of clay from the PVDF.

TEM images support the overall exfoliation of clay in N6
for both blends (Figure 7). Comparison of the TEM images with
each other as well as to the image of the one batch blend (Figure
2b) shows a striking difference among the blends’ domain sizes.
The PVDF domains in the (PVDF/30B)/N6 blend are∼110 nm;

Figure 3. WAXS plots of the PVDF/N6 30:70 blend and blends with
various concentrations of 30B.

Figure 4. DSC melting curves for (a) PVDF/N6 30:70 blend and
blends with various concentrations of 30B, (b) sequential 30B blends,
and (c) one batch 20A blend.

Figure 5. DMA tan δ curves showing the glass transition temperatures
of PVDF and N6 for the blend and blend with 30B clay.
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the domains are not as small as the one batch blend (∼60 nm)
but not as large as the domains of the blend with no clay (∼150
nm). However, the (N6/30B)/PVDF sequential blend exhibits
larger domains (∼240 nm) than the blend with no clay. The
reasoning for this discrepancy will be addressed in a later
section.

In addition to different domain sizes, the amount of PVDF
crystallization in the two sequential blends is also different.
Unlike the one batch blend with 5% 30B, the PVDF in the
sequential blends experiences little or no crystallization sup-
pression. PVDF in the (PVDF/clay)/N6 blend is 24% crystalline,
and it is 33% crystalline in the (N6/clay)/PVDF blend.
Comparison of the domain size to the PVDF percent crystallinity
indicates that smaller domains correlate to less crystalline
domains.

Because of the larger domain size and lack of crystallization
suppression in the sequence blends, the mechanical properties
of the sequential blends were poorer than those of the one batch
blend (Figure 6a). The (N6/clay)/PVDF sequence blend with
large domains is stiff (E ) 2.52 ( 0.06 GPa) but showed no
improvement in toughness or strength compared to the blend
with no clay. Conversely, the (PVDF/clay)/N6 blend is stiffer
(E ) 2.59( 0.04 GPa), stronger, and tougher compared to the
blend with no clay but was inferior to the one batch 30B blend.

One Batch Blend with 20A. While the 30B clay interacts
favorably with both polymers, it prefers more the N6 and hence
is more likely to be dispersed in the matrix. To study the effect
of clay location on the blend, a less polar clay, 20A, was chosen
for blending. The 20A particles interact comparably with the
polymers and are more likely to reside at the interface than the
30B particles.

The blend nanocomposite of PVDF/N6 30:70 with 20A clay
shows an intercalated structure (Figure 1b). Since both polymers
intercalate to approximately the samed-spacing, it cannot be
distinguished which one is intercalating the clay. The DSC curve
of the blend (Figure 4c) shows both a shift of PVDF melting to
higher temperatures and a shift of N6 melting to predominantly
γ-phase, indicating that both polymers are interacting with the
clay. It is possible that they both intercalate the clay but not in
the same gallery.8

TEM images of the blend nanocomposite with 20A clay
indicate that the intercalated clay layers are located primarily
at the interface interacting with both PVDF and N6 (Figure 8).
The images also show the average size of the PVDF domains
as being∼120 nm, but unlike the 30B blends, the PVDF domain
size for the 20A blend is highly varied ranging from 70 to 150
nm.

The inhomogeneity of domain sizes translated to differing
toughness for the 20A blend nanocomposites (Figure 6c). Some
blend samples strain hardened and were comparable in elonga-
tion to the 30B samples. Other samples failed to strain harden
and fractured prematurely, and some fractured somewhere in
between. There was not enough statistical consistency despite
efforts to improve the processing conditions. Since there was a

Figure 6. Tensile stress-strain curves for (a) blend and 30B modified
blends, (b) the homopolymers and their nanocomposites, and (c) 20A
modified blend.

Figure 7. TEM micrographs of PVDF/N6 30:70 blend nanocomposites
with 5% 30B in which (a) clay was compounded first with PVDF
[(PVDF/30B)/N6] and (b) clay was compounded first with N6 [(N6/
30B)/PVDF].
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correlation between PVDF crystallinity and toughness in 30B-
based nanocomposite blends, DSC measurements were per-
formed on the 20A dog bone specimens at the point of fracture
to assess the crystallinity. Indeed, PVDF in high strain fractured
samples was∼25% less crystalline than the PVDF in samples
that fractured early, reinforcing the idea that crystallization
suppression of PVDF is vital to blend toughening. Compare
the PVDF percent crystallinity of the low-strain 20A blend (Xc

) 34%) and the high-strain 20A blend (Xc ) 26%) to the blend
with no clay (Xc ) 29%) and the sequential blend nanocom-
posites [Xc ) 24% for (PVDF/30B)/N6 andXc ) 33 % for (N6/
30B)/PVDF].

Discussion

The blend nanocomposite that displayed the best compati-
bilization characteristics is the one batch blend with 5% 30B.
In this nanocomposite, the clay prevented the coalescence of
the minor phase, stabilized the domain morphology, changed
the interfacial properties, and enhanced the blend performance.
To some degree these properties were also observed in the
(PVDF/30B)/N6 sequence blend and to a lesser extent the blend
with 20A. The differences in behavior of these blends offer
insight into the overall compatibilization mechanism.

There appears to be a direct link between mechanical
toughening and percent crystallinity of the domain phase;
tougher blends have less crystalline PVDF domains. The one
batch 5% 30B blend was the most tough, and the (PVDF/30B)/
N6 sequence blend and 20A blend samples with suppressed
crystallinity in the tensile region also displayed large strains to
failure. On the other hand, the (N6/30B)/PVDF sequence blend
nanocomposite and the 20A blend samples with no crystallinity
suppression were less tough.

Controlling the domain size is crucial as the amount of
crystallinity scales with domain size. In a polymer blend, which
is essentially a mix of two viscous, incompressible fluids,
domain size is related to the breakup of threads (surrounded by
matrix) into droplets due to Rayleigh instability.23 Empirically,
domain size (An) has been determined to depend on the
interfacial tension (γ), the viscosity ratio of the dispersed phase
to the matrix phase (ηd/ηm), the shear rate (G), and the melt
viscosity (ηme) as shown in the following equation.24

wherek ) 0.84 for ηd/ηm g 1 andk ) -0.84 for ηd/ηm e 1.
The equation implies (and other experimental studies have
shown25) that the smallest domains are generally the result of a
viscosity ratio that is close to unity. For the blends studied in

this work where PVDF is the domain phase and N6 is the matrix
phase, the viscosity ratio is less than unity.1

For the blends in the current study, the shear rate (G) is held
constant as the blends are all extruded at the same rate. The
viscosity of the blend melt and the blend with 5% 30B melt
are also roughly equal (Figure 9); thus, the only variables that
change with the addition of clay are the viscosity ratio and the
interfacial tension. In the (N6/30B)/PVDF sequence blend, it
is mainly the viscosity of the N6 matrix phase that is affected
because the clay is first mixed with N6 and clay migration from
N6 to PVDF is exceedingly slow due to the strong interaction
between N6 and 30B. At the extrusion temperature, N6 with
5% 30B is 10 times more viscous than pure N6 in the shear
rate range of the extruder. Therefore, in the (N6/30B)/PVDF
blend, the viscosity ratio effects (ηd/η , 1) outweigh any
changes in the interfacial tension, resulting in domains that are
larger than the blend with no clay (phase coarsening). However,
in the one batch 30B and (PVDF/30B)/N6 blends, the interfacial
tension is lowered significantly due to the presence of clay at
the PVDF-N6 interface. Even though the viscosity of N6 matrix
is still increased in these samples (since 30B is exfoliated in
N6), the interfacial tension effects seem to outweigh the viscosity
effect, resulting in smaller domains for these blends. In the 20A
blend nanocomposite, the viscosities for both PVDF and N6
are likely increased as the clay is mostly located at the interface
and is probably intercalated by both polymers. If the viscosities
of both the matrix and dispersed phases are increased, the
viscosity ratio is not as affected by the addition of clay. Thus,
in the 20A blend nanocomposite, the interfacial tension effect
also seems to outweigh the viscosity effect.

Clay dispersion not only affects the viscosity and interfacial
tension (and thus indirectly contributes to the mechanical
properties), it also directly influences the mechanical properties
by providing reinforcement. The best properties stem from
having the clay well dispersed throughout both the matrix and
at the interface. The (PVDF/30B)/N6 sequence blend and 20A
blend have good interfacial dispersion, but they suffer from
insufficient matrix dispersion. Since the clay was not completely
dispersed, both blends were not as strong or stiff as the one
batch 30B blends. In addition, the poor dispersion in the 20A
samples likely caused the varying domain sizes and premature
failure in some samples. Ideally, the compatibilizer nanoparticles
should interact favorably with both polymers but prefer the
matrix polymer like 30B does with N6.

In the ideal blend nanocomposite, one batch 30B blend, the
clay plays two roles which work in tandem to compatibilize

Figure 8. TEM micrograph of PVDF/N6 30:70 blend with 5% 20A.
Inset shows an intercalated clay structure at the PVDF/N6 interface.

An )
4(ηd

ηm
)k

γ

Gηme
(1)

Figure 9. Complex viscosity of N6, blend (PVDF:N6 30:70), N6 with
5% 30B, and blend with 5% 30B.
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the blend. Well-dispersed clay in the N6 matrix of the blend
stiffens and strengthens the blend similarly to the clay in the
homopolymer. The clay at the interface reduces the interfacial
tension, resulting in smaller domains with suppressed crystal-
lization. The “amorphous” PVDF domains seem to toughen the
blends. We suspect that the domains are acting as rubbery
particles in rubber-toughened polymers. In particular, the percent
composition of PVDF domains (30%), the lowTg of PVDF
(-40 °C), the small size of the domains, and the compliant
nature of PVDF compared to N6 are consistent with a rubbery
phase in rubber-toughened N6.26,27 Further experiments are
underway to further elucidate the strengthening/toughening
mechanisms. If this is indeed the case and these concepts can
be applied more generally to other polymers, nanoparticle
compatibilization could potentially be a new method for
toughening brittle polymers.
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