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ABSTRACT: Various fluorinated polymers were investi-
gated to produce polymer nanocomposites with special
clays. Natural and organically treated montmorillonite clays
were melt-compounded with the polymers. Characteriza-
tion by wide-angle X-ray scattering and transmission elec-
tron microscopy showed the separation of montmorillonite
layers and the formation of polymer nanocomposites. Or-
ganically treated montmorillonite clay dispersed in poly(vi-
nylidene fluoride) and various vinylidene fluoride copoly-
mers and formed nanocomposites. Natural and organophilic

clays were not well dispersed in other fluorinated copoly-
mers and polyethylene. A correlation was developed for the
formation of polymer—clay nanocomposite structures in
chlorinated and fluorinated polymers in terms of the dielec-
tric constant. © 2004 Wiley Periodicals, Inc. ] Appl Polym Sci 92:
1061-1071, 2004
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INTRODUCTION

Since the synthesis of poly(tetrafluoroethylene) in
1938, fluoropolymers have been developed for high-
performance industrial applications."™ In the 1950s,
poly(vinylidene fluoride) (PVDF) and various copoly-
mers with hexafluoropropylene and tetrafluoroethyl-
ene were developed. Fluoropolymers are noted for
their excellent resistance against chemicals, weather-
ing, and high temperatures.

In this article, we are concerned with the character-
istics of compounds of fluoropolymers with montmo-
rillonite (MMT) clay. There is a long history of inves-
tigations of intersilicate sheet swelling of clays by
polar organic liquids.*”® The clays primarily studied
so far are MMTs. In the 1980s, the in situ polymeriza-
tion of e-caprolactam with MMT clay to produce poly-
mer nanocomposites was developed by the Toyota
Research Center. The Toyota laboratory succeeded in
producing polyamide-6 nanocomposites by polymer-
izing e-caprolactam that contained swollen MMT.
Polyamide-6/clay nanocomposites at low clay levels
unexpectedly had higher tensile moduli and strength
than pure polyamide 6.'°7'¢ They licensed this inven-
tion to Ube Kosan, which commercialized nylon—clay
hybrids based on polyamide 6. The films had high
levels of barrier properties.

Many polymer nanocomposites are made from ther-
moplastics by melt blending. These include polyamide
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66,"” poly(ethylene-co-vinyl acetate),'® and poly(vinyl
chloride) (PVC)."”* These polymers are generally po-
lar. In a previous study, we succeeded in making
polymer—clay nanocomposites with various chlori-
nated polymers, including chlorinated polyethylene
(PE), polychloroprene (CR), PVC, chlorinated PVC,
and poly(vinylidene chloride) (PVDC), and we
showed enhanced mechanical properties for chlori-
nated polymer nanocomposites.”' This was found not
to be possible with nonpolar PE or polypropylene
(PP). However, other authors®*" have found it pos-
sible to produce nanocomposites from these polymers
by grafting maleic anhydride onto them.

There have been few investigations of fluoropoly-
mer nanocomposites. Melt-intercalated PVDF-clay
nanocomposites were recently described by Priya and
Jog.?® Recent patents®”*° have involved efforts to pro-
duce nanocomposites from fluoroelastomers and
amorphous fluoropolymers. In this article, we de-
scribe an investigation of nanocomposites forming
from various fluorinated polymers. We also develop a
correlation for the formation of nanocomposites by
melt intercalation based on the polymeric structure.

EXPERIMENTAL
Materials

A wide range of fluorinated polymers were investigated
in this study; they are summarized in Table I. They
include, in order of their fluorine contents, PE, PVDF,
poly(vinylidene fluoride-tetrafluoroethylene-perflu-
oromethyl vinyl ether-cure site monomer) [P(VDF-TFE-
MVE-CSM)], poly(vinylidene fluoride-hexafluoropro-
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TABLE 1

Polymers

Fluorine content
Material (wt %) Commercial name T, (°C) T, (°O) Supplier
PE 0 2045 LLDPE 122 — Dow Chemical
P(E-CTFE) 37.5 Vatar 180 — Ausimont
PVDF 58 Solef 1008 173 -32 Solvay
P(VDE-TFE-MVE-CSM) 64 Viton GLT — ~=30 DuPont Dow Elastomers
P(VDEF-HFP) 66 Viton A 200 — —18 DuPont Dow Elastomers
P(VDE-HFP-TFE) 68.5 Viton B 600 — -13 DuPont Dow Elastomers
P(TFE-HFP) 75 Teflon FEP 264 — DuPont
T,, = melting temperature; Tg = glass-transition temperature.

pylene) [P(VDE-HFP)], poly(vinylidene fluoride-  Characterization

hexafluoropropylene-tetrafluoroethylene) [P(VDE-HFP-
TFE)], poly(tetrafluoroethylene-hexafluoropropylene)
[P(TFE-HFP)], and poly(ethylene-chlorotrifluoroethyl-
ene) [P(E-CTFE)]. The latter polymer has the structural
unit —(CH,—CH,)—(CFCI—CF,)—.

Southern Clay Co. supplied MMT clays (Cloisite Na™
and Cloisite 20A). Cloisite Na™ is a natural MMT.
Cloisite 20A is an organically treated MMT with di-
methyl dihydrogenated tallow quaternary ammonium.

Compounding

Compounding was carried out in a Brabender internal
mixer. PE, P(E-CTFE), and PVDF were compounded
at 180°C at a rotor speed of 100 rpm. Mixing was
carried out for 5 min. The polymers and clay (wt %)
were premixed in a beaker. All the fluoroelastomers
were compounded at 90°C and 50 rpm.

A Bruker X-ray machine with a wavelength of A
= 15422 A was used. Powder diffraction patterns
were prepared for P(TFE-HFP), PVDF, P(E-CTEE),
and PE. Fluoroelastomers were sliced into thin speci-
mens for X-ray diffraction (XRD).

A Tecnai-12 transmission electron microscope oper-
ated at 120 kV was used to take images of the speci-
mens. Ultrathin sectioning was performed with a
Reichert Ultracut sectioning system.

Dog-bone-shaped specimens were prepared by
compression molding for tensile testing in an Instron
tensile machine. The ASTM D 638 method was used.
No mechanical testing was performed for fluoroelas-
tomers because of the shrinkage of the molded speci-
mens if they were not vulcanized. Vulcanization dur-
ing molding introduced another variable that we did
not wish to treat at this time.

Inr2nsity
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Cloisite™ Na*
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Figure 1 XRD patterns of Cloisite 20A and Na* MMT clays.
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Figure 2 (a) XRD patterns of PE/20A and (b) TEM image of a P(E-CTFE)/20A compound.

RESULTS

Here we present our results. We first consider XRD
of the clays and then wide-angle X-ray scattering
(WAXS) and transmission electron microscopy
(TEM) studies of the clay-modified polymers. We
present our results in order of the weight percentage
of fluorine.

Clay

Cloisite Na* (natural MMT) was observed to have a
strong d-spacing of 11.7 A at 20 = 7.55° (Fig. 1). This
is well known* to represent the distance between

silicate layers. The organically treated MMT Cloisite
20A clay exhibited a d-spacing peak at 260 = 3.65°,
which represents a d-spacing of 24.2 A. Other rep-
resentative crystalline peaks were at 4.3 (020) and
2.5 A (006).

PE compounds

The XRD studies of these compounds showed no
changes in the diffraction patterns of the natural MMT
clay (Cloisite Na™) and organically treated MMT clay
(Cloisite 20A) in the PE polymer matrix [Fig. 2(a)]. The
d-spacing peaks of both clays were not shifted to lower
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Figure 3 Young’s modulus of PVDF, P(E-CTFE), P(TFE-HFP), PE, and Cloisite 20A compounds.

20 angles. PE crystallized into the Bunn orthorhombic
crystal structure and exhibited XRD peaks associated
with its crystalline arrangement.

The TEM photomicrographs showed agglomerates
of organically treated MMT clay (Cloisite 20A) in the
PE polymer matrix. This suggested that PE polymer
chains did not separate clay layers.

Young’s modulus of the PE/20A compounds in-
creased with the clay content (Fig. 3). PE/20A (3%)
and PE/20A (5%) showed 30 and 44% increases, re-
spectively. PE/20A (10%) showed a 93% growth of the

modulus. The tensile strength of the PE/20A com-
pounds was reduced as the clay content increased
(Fig. 4). The elongation at break of the PE/20A com-
pounds also decreased.

P(E-CTFE) compounds

The XRD studies of these compounds showed no
changes in the diffraction patterns of the natural MMT
clay (Cloisite Na") and organically treated MMT clay
(Cloisite 20A) in the P(E-CTFE) polymer matrix. The
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Figure 4 Tensile strength of PVDF, P(E-CTFE), P(TFE-HFP), PE, and Cloisite 20A compounds.
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Figure 5 (a) XRD patterns and (b) TEM image of PVDF/20A compounds.

d-spacing peaks of the two clays were not shifted to
lower 26 angles.

The TEM photomicrographs showed agglomerates
of organically treated MMT clay (Cloisite 20A) in the
P(E-CTFE) polymer matrix [Fig. 2(b)]. They suggested
that the clay layers were not separated by P(E-CTFE)
polymer chains.

Young’s modulus of the P(E-CTFE)/20A compounds
increased with the clay content (Fig. 3). P(E-CTFE)/20A
(3%) and P(E-CTFE)/20A (5%) showed 14 and 17% in-
creases, respectively. P(E-CTFE)/20A (10%) showed a
32% growth of the modulus. The tensile strength of the
P(E-CTFE)/20A compounds decreased as the clay con-

tent increased (Fig. 4). The tensile strength of P(E-
CTFE)/20A (3%) decreased 19%. P(E-CTFE)/20A (5%)
and P(E-CTFE)/20A (10%) exhibited 29 and 31% reduc-
tions, respectively. The elongation at break of the P(E-
CTFE)/20A compounds also decreased.

PVDF compounds

PVDF is a crystalline thermoplastic and exhibits dif-
ferent peaks associated with its crystal structure.
These are in the range of 17.2-19.9°.

No change in the X-ray data was observed in the
compounds of PVDF and the natural MMT clay
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Figure 6 (a) XRD patterns and (b) TEM image of P(VDF-TFE-MVE-CSM)/20A compounds.

(Cloisite Na™). Like PE, they exhibited a sum of the
polymer and clay peaks.

For the organically modified clay (Cloisite 20A),
Figure 5(a) shows the XRD results for the PVDE/20A
compounds. PVDF containing 3% 20A did not show
any d-spacing peaks below 26 = 10°. The Cloisite 20A
clay peaks in PVDF/20A (5%) and PVDF/20A (10%)
were shifted to lower angles at 20 = 2.75° (the equiv-
alent d-spacing was 32 A).

The TEM image of a PVDF/20A compound showed
dispersion of the clay layers [Fig. 5(b)]. It suggested
that the PVDF polymer separated clay silicate layers.

Young’s modulus of the PVDF/20A compounds
was slightly enhanced with increasing clay content

(Fig. 3). PVDE/20A (10%) had a 28% higher modulus
than pure PVDEF. Increasing the clay content enhanced
the tensile strength of PVDF/20A compounds (Fig. 4).
The tensile strength of PVDE/20A (3%) and PVDE/
20A (5%) increased 7 and 3%, respectively, over that of
pure PVDF. However, PVDF/20A (10%) exhibited a
22% reduction in the tensile strength. The elongation
at break of the PVDF/20A compounds decreased.

P(VDF-TFE-MVE-CSM) compounds

The natural MMT clay (Cloisite Na™) layers did not
show changes in the d-spacing in the P(VDF-TFE-
MVE-CSM) compounds.
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Figure 7 (a) XRD patterns and (b) TEM image of P(VDF-HFP)/20A compounds.

The clay peak was not observed in P(VDF-TFE-
MVE-CSM)/20A (3%). P(VDE-TFE-MVE-CSM)/20A
(5%) and P(VDF-TFE-MVE-CSM)/20A (10%) exhib-
ited silicate layer clay peaks at 20 = 2.7° and 26
= 3.05°, respectively, which corresponded to d-spac-
ings of 32.7 and 29 A [Fig. 6(a)]. This can be compared
to 24.2 A for the neat clay.

A TEM photomicrograph of a P(VDEF-TFE-MVE-
CSM)/20A compound suggested that P(VDF-TFE-
MVE-CSM) polymer chains separated the silicate
layers of MMT clay modified with Cloisite 20A [Fig.
6(b)].

P(VDEF-HFP) compounds

There was no change in the clay WAXS pattern of
natural MMT clay (Cloisite Na™) in the P(VDF-HFP)
polymer matrix.

A TEM image and XRD patterns, however, indi-
cated some breakup of the clay platelets of MMT clay
modified with Cloisite 20A in the P(VDE-HFP) poly-
mer matrix.

The clay peak of organically treated 20A of a P(VDEF-
HFP)/20A (3%) compound was not observed [Fig.
7(a)]. P(VDF-HFP)/20A (5%) and P(VDF-HFP)/20A
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Figure 8 (a) XRD patterns and (b) TEM image of P(VDF-HFP-TFE)/20A compounds.

(10%) had their clay peaks at 20 = 2.7° and 26 = 3.1°,
respectively, which are equivalent to d-spacings of
32.7 and 28.5 A. These values can be compared to 24.2
A for the neat clay.

The TEM photomicrograph in Figure 7(b) suggests
clay particle breakup on the nanometer scale. This
TEM image of P(VDF-HFP)/20A shows the separation
of clay layers.

P(VDF-HFP-TFE) compounds

There was no shift in the clay XRD peaks of natural
MMT clay (Cloisite Na™) layers in the P(VDF-HFP-
TFE) polymer.

Figure 8(a) shows the XRD test results for the
P(VDF-HFP-TFE)/20A compounds. The clay peaks
did not appear for P(VDF-HFP-TFE)/20A (3%). The
silicate layer clay peaks for P(VDF-HFP-TFE)/20A
(5%) and P(VDF-HFP-TFE)/20A (10%) were shifted to
lower angles at 26 = 2.85° and 26 = 3.05°, respectively,
which correspond to 31 and 29 A. These lower angle
clay peaks represented the expansion of the basal
spacing of clay layers in the P(VDF-HFP-TFE)/20A
compounds.

A TEM photomicrograph suggests the clay separa-
tion of the P(VDF-HFP-TFE)/20A compounds [Fig.
8(b)]. P(VDF-HFP-TFE) polymer chains intercalated
clay particles. The penetration of P(VDF-HFP-TFE)
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polymer chains into clay layers can be surmised from
the TEM results and XRD analysis.

P(TFE-HFP) compounds

The natural MMT (Cloisite Na®) and organically
treated MMT clay (Cloisite 20A) layers in the P(TFE-
HFP) did not show the d-spacing increasing in XRD.
The basal spacing peaks of the P(TFE-HFP)/20A com-
pounds were shifted to a larger angle, 200 = 5.55°,
which corresponds to a d-spacing of 15.9 A.

A TEM photomicrograph of a P(TFE-HFP)/20A
compound showed agglomerates of organically
treated MMT clay (Cloisite 20A) and suggested no
separation of the clay layers.

P(TFE-HFP)/20A compounds showed higher mod-
ulus than pure P(TFE-HFP) (Fig. 3). P(TFE-HFP)/20A
(10%) showed a 25% elevated modulus. Increasing the
clay content reduced the tensile strength of the P(TFE-
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HEFP)/20A compounds (Fig. 4). The tensile strength of
P(TFE-HFP)/20A (3%) decreased 13% from that of
pure P(TFE-HFP). P(TFE-HFP)/20A (5%) and P(TFE-
HFP)/20A (10%) showed 22 and 35% reductions, re-
spectively, in their tensile strength. The elongation at
break of the P(TFE-HFP)/20A compounds decreased
with the clay content.

INTERPRETATION
Mechanism

The observations of this study and our previous
study?! indicate that polyolefins do not form nano-
composites by melt mixing. Polystyrene (PS) also has
been found to have problems in forming nanocompos-
ites. We have found that homopolymers containing
both fluorine and chlorine intercalate to form nano-
composites. This is notably the case with polymers
containing the following structural units:

Cl

RS
™ —O—=

[
|/

TN
T —O0O—=x

More disordered copolymers, such as chlorinated PE
and chlorinated PVC, also form nanocomposites with
melt mixing. Nanocomposites can be formed from
fluorinated copolymers as long as they contain vinyli-
dene fluoride (VDF), but not from copolymers without
VDF.

The previous discussion seems to suggest that di-
poles in the polymer backbone or the backbone and
side groups lead to the formation of nanocomposites.
Similar conclusions were expressed by Blumstein,® as
early as 1965, about polar organic liquids (monomers)
swelling natural MMT.

The readily measurable material property that is
most closely related to dipoles is the dielectric con-
stant (e/ ¢, or €). For materials without dipoles, such as
aliphatic hydrocarbons, € is given by the Clausius—
Mosotti equation:>!

8—1_Na .
et2 3 (1)

where « is the molecular polarizability and N is the
molecular density. For materials with dipoles, the di-
electric properties have been variously modeled by
Debye,’>** Onsager,** and Kirkwood.?>?° They all re-
ported that the € values increased with dipole mo-
ments (w). Debye’s formulation is

8—1_N[ MZ]

e+2 3 a+3KBT

(2)

1
|/

Cl

)
)

Cl

1N
™ —O—m

The idea of a polymer having a w value seems favor-
able to it penetrating silicate layers. This suggests that
the formation of polymer nanocomposites should be
favored by high e values. This relationship is explored
in Table II. It seems that an € value greater than 3.1 or
a u value greater than 0.5 D ensures the formation of
a nanocomposite by melt mixing.

P(TFE-HFP)/20A degradability

For P(TFE-HFP), the polymer backbone chains are
surrounded completely by fluorine atoms. It has a

TABLE 11
€ and p Values of the Polymers

37-39

Melt-intercalation

Material € n (D) nanocomposite
P(TFE-HFP) 2.1 0.27 No?
PP 2.25 Not applicable No
PE 2.3 0.07 No
P(E-CTFE) 2.6 0.41 No
PS 2.8 0.42 No
PVC 34 0.52 Yes
CR 49 0.91 Yes
PVDC 4.67 0.70 Yes
P(VDF-HFP-TFE)* 5.19 0.92 Yes
P(VDE-TFE-MVE-

CSM) 7.2 — Yes
P(VDF-HFP) 7.6 — Yes
PVDF 8.4 0.89 Yes

@ Fluoroplastic.
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Figure 9 Thermogravimetric analysis of Cloisite 20A and Na™ MMT clays.

very low value of e. The P(TFE-HFP)/20A com-
pounds did not show clay separation in this study.
However, the organic modifiers in Cloisite 20A
could be thermally degraded at a high mixing tem-
perature (264°C; Fig. 9), as described by Xie et al.*’
This thermal degradation of organic modifiers
might cause the d-spacing to decrease from 24.2 to
15.9 A; this can be compared to other explanations
of d-spacing reductions.*!

CONCLUSIONS

In PVDF and the fluoroelastomers P(VDF-HFP),
P(VDE-TFE-CSM), and P(VDF-HFP-TFE), organi-
cally treated MMT (Cloisite 20A) was able to inter-
calate the silicate layers well. There was no interca-
lation of clay layers in P(E-CTFE) and PE. The po-
larity of the VDF-containing fluorinated polymers
and the organophilicity of modified MMT clay
could be the reasons for the formation of nanocom-
posites. XRD and TEM characterizations proved the
intercalation of clay platelets. The mechanical prop-
erties of the PVDF/20A nanocomposites were en-
hanced in comparison with those of pristine flu-
oropolymers. The € values of the chlorinated and
fluorinated polymers were related to w, which con-
tributed to the melt intercalation to form polymer—
clay nanocomposites.
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