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ABSTRACT: In the field of polymer clay nanocompo-
sites, naturally occurring smectite group of clays are the
most commonly used nanofillers. In the present work,
smectite group clay, hectorite was synthesized in the labo-
ratory with an intention to understand the structure–prop-
erty relationship of polymer nanocomposites, with special
reference to the characteristics of the nanoclays. The nano-
composites were prepared using these synthetic clays and
fluoroelastomer by a solution mixing process. The clays
and their nanocomposites were characterized by using X-
ray diffraction, X-ray fluorescence, infra-red spectroscopy,
and transmission electron microscopy. It was observed
that clay formation was a function of the concentration of
the constituent materials. The gallery spacings and surface
areas of synthetic clays are higher than those of the natu-

ral clay. Mechanical, dynamic mechanical, swelling, and
thermal properties of these nanocomposites were also
studied. The properties of these nanocomposites were
compared with the nanocomposites obtained from natural
clays, available commercially. Synthetic clay filled samples
showed better properties than the natural clay filled sam-
ples, e.g., synthetic hectorite filled sample exhibited 75%
increment in tensile strength and 24% improvement in
100% modulus compared with the natural hectorite based
system. The results were explained with the help of ther-
modynamics and morphology. VVC 2008 Wiley Periodicals, Inc.
J Appl Polym Sci 111: 1094–1104, 2009
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INTRODUCTION

The field of nanocomposite has gained considerable
interest during the last two decades. Nanocompo-
sites in the widest sense are defined as materials
consisting of two or more components having at
least one dimension in the nanometer range.1

Among all the nanofillers, clay minerals are the
most common ones. Polymer nanocomposites have
enhanced material properties, like better mechanical
properties, improved fire retardancy, thermal stabil-
ity, higher stiffness and toughness, and improved
gas barrier properties.2–6 There are many reviews
reporting tremendous property improvement in
nanocomposites at a very low filler loading.7–10

But almost all reports were based on natural nano-
clays. One of the major problems associated with the
use of natural clays is that, although these materials
may be cheap and readily available, the properties
are sometimes difficult to control due to fluctuation
in purity and composition obtained from various
sources.11 The gallery spacing and surface area of

clays can also be controlled by synthesizing it. The
change in clay structure with the variation in con-
centration of its constituents has been still unex-
plored. The synthesis of organohectorites and their
nanocomposites based on polyethylene oxide (PEO)
and polyvinyl alcohol (PVA) have been done by Car-
rado et al.11–16 Though there are some papers on flu-
oroelastomers natural clay,17,18 the effect of synthetic
clay and variation of clay structure on the properties
of fluoropolymer nanocomposites has not been stud-
ied so far.
In our earlier studies, we have reported the effects

of natural unmodified montmorillonite as well as
organoclays on the properties of general and special
purpose rubbers and thermoplastic elastomers.19–22

It is also observed that fluoroelastomer gives best
properties and morphology with unmodified natural
montmorillonite.22–24 Subsequently, we synthesized
montmorillonite clays and found that these clays can
enhance tensile strength and modulus by 94 and 7%,
respectively, compared with the natural clay.25

Along with montmorillonite (MMT), hectorite is the
most widely used nanoclay. Hectorite belongs to
same smectite group as montmorillonite having T-O-
T structure but of different composition and gallery
gaps. Hence, in this work, the hectorite clays were
prepared and characterized. The nanocomposites
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based on this synthetic hectorite were also devel-
oped and their properties were studied extensively
and also compared with the natural hectorite based
systems.

EXPERIMENTAL

Materials used

Viton B-50 (a terpolymer of vinylidene fluoride
(VF2), hexafluoropropylene (HFP) and tetrafluoro-
ethylene (TFE), density 1850 kg m–3 at 25�C, 68% F,
Mooney Viscosity, ML 1þ10 at 120�C ¼ 39) was pro-
cured from DuPont Dow Elastomers, Freeport, TX.
Natural hectorite was obtained from The Source
Clay Repository, West Lafayette, IN. Methyl ethyl
ketone was supplied by Nice Chemicals Pvt. Ltd.,
Cochin, India. Hexamethylene diamine carbamate
(DIAK #1) was supplied by NICCO Corporation
Ltd., Shyamnagar, India. Magnesium chloride-hexa-
hydrate and lithilum fluoride were procured from
LOBA Chemie Pvt. Ltd., Mumbai, India. Ammonia
solution (25%) was supplied by S.D. Fine-Chem.
Ltd., Mumbai, India. Silica sol (LUDOX HS-30) was
obtained from Sigma-Aldrich Chemie GmbH, Stein-
heim, Germany.

Synthesis of hectorite-like layered silicates

In a beaker, magnesium chloride [MgCl2, 6H2O] was
dissolved in water and mixed with 32 mL of 2N am-
monium hydroxide to crystallize fresh magnesium
hydroxide [Mg(OH)2]. It was then washed for sev-
eral times with water. In a round-bottom flask, lith-
ium fluoride [LiF] was dissolved in water (Table I

reports the molar ratio of different starting materi-
als). Mg(OH)2 was then added to LiF solution. The
resultant slurry was then stirred for about 15 min
before addition of silica sol [Ludox HS-30, Naþ sta-
bilized, 30% water dispersion]. Different molar ratios
of starting materials, used for this synthesis are
reported in Table I. The pH was kept an approxi-
mately 9–10. Then, water was added to produce a
approximately 2 wt % solid suspension, and was
refluxed with continuous stirring for 48 h at 100�C.
This process was similar to the procedure described
by Carrado et al.11 The products were isolated by
centrifugation, washed, and then air dried.

Preparation of rubber-clay nanocomposites

The rubber was first dissolved in methyl ethyl
ketone (20 wt % solution). The layered silicates, dis-
persed in methyl ethyl ketone, were added to the
rubber solution and thoroughly stirred to make a
homogeneous mixture, which was then kept in air at
room temperature to drive off the solvents. DIAK #1
(3 phr) was then mill mixed. The samples were then
cured at optimum cure time (8 min) under 5 MPa
pressure and 160�C temperature in a hydraulic
press.
Different compositions and their designation are

registered in Table II.

X-ray diffraction studies

For the characterization of the rubber nanocompo-
sites, X-ray diffraction studies (XRD) studies were
performed using a PHILIPS X-PERT PRO diffrac-
tometer in the range of 2–40� (for powder silicate

TABLE I
Different Compositions for Hectorite-Like Layered Silicate Synthesis with the

Elemental Analysis of Products

Sample
Starting
materials

Elemental analysis,
% (from SEM-EDX)

Elemental analysis,
% (XRF)

NH Natural hectorite Na 2.35 Mg 15.95
Si 34.29 Ca 46.23
Fe 1.18 –

SH0 0.048 M MgCl2, 6H2O Mg 30.52 MgO 35.54
0.01M LiF Si 69.48 SiO2 62.70
0.022M SiO2

SH1 0.048M MgCl2, 6H2O Mg 22.58 MgO 25.73
0.01M LiF Si 77.42 SiO2 72.49
0.072M SiO2

SH2 0.048M MgCl2, 6H2O Mg 49.95
0.01M LiF Si 50.05 –
0.007M SiO2

SH3 0.160M MgCl2, 6H2O Mg 49.35
0.01M LiF Si 50.65 –
0.022M SiO2

SH4 0.015M MgCl2, 6H2O Mg 22.38
0.01M LiF Si 77.62 –
0.022M SiO2
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samples) and 2–10� (for composites) with Cu target
(k ¼ 0.154 nm) at a scanning rate of 0.5�/min. Then,
d-spacing of the clay particles was calculated using
the Bragg’s law. The samples were placed vertically
in front of the X-ray source. The detector was mov-
ing at an angle of 2y, while the sample was moving
at an angle of y.

Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) of the
powder clay samples was performed in an Oxford
EDX system attached to the Scanning Electron
microscope (JEOL JSM-800).

Infra-red spectroscopy

Infra-red spectroscopy study was done in Perkin-
Elmer Spectrum RX 1, in the range 400–4000 cm–1 by
casting a very thin film of nanocomposites on potas-
sium bromide (KBr) pellet (approximately 1% dis-
persion of nanocomposite in methyl ethyl ketone) at
room temperature. For powder silicate samples, the
study was performed making a pressed pellet with
KBr. An average of 32 scans was reported here.

Transmission electron microscopy

The powder clay samples were dispersed in acetone
using ultrasonication. Two drops of the dispersed
sample was placed over carbon coated copper grid.

The samples for TEM analysis of the nanocompo-
sites were prepared by ultra cryomicrotomy. Freshly
sharpened glass knives with cutting edge of 45�

were used to get the cryosections of 100 nm thick-
ness. Since these samples were elastomeric in nature,
the sample temperature during ultra cryomicrotomy
was kept constant at –60�C (which was well below
glass transition temperature, [Tg]), at which the sam-
ples existed in hard glassy state, thus facilitating
ultra cryomicrotomy. The cryosections were col-
lected and directly supported on a copper grid of
200-mesh size. The microscopy was performed using
JEOL-2010 electron microscope with LaB6 filament,
operating at an accelerating voltage of 200 KV. The

images were analyzed with ‘‘UTHSCSA-Image Tool’’
software.

BET surface area

Surface area measurement by BET N2 adsorption
method was done using QUANTACHROME
(NOVA 1200) machine.

X-ray fluorescence spectroscopy

X-ray fluorescence spectroscopy (XRF) was per-
formed in PHILIPS – PW 2404 X-ray spectrometer.
The samples were prepared by fusing the layered
silicates with lithium tetraborate at 1200�C. Only a
few representative samples were analyzed for
comparison with SEM-EDX data.

Mechanical properties

Tensile specimens were punched out from the
molded sheets using ASTM Die-C. The tests were
carried out as per the ASTM D 412-98 method in a
Universal Testing Machine (Zwick 1445) at a cross-
head speed of 500 mm/min at 25�C. The average of
three tests is reported here.

Dynamic mechanical thermal analysis

The dynamic mechanical spectra of the nanocompo-
sites were obtained by using a dynamic mechanical
thermal analysis (DMTA) IV, (Rheometric Scientific,
New Jersey, USA) dynamic mechanical thermal ana-
lyzer. The sample specimens (height 15 mm, width
10 mm, thickness 1 mm) were analyzed in tensile
mode at a constant frequency of 1 Hz, a strain of
0.01% and a temperature range from –50 to 80�C at
a heating rate of 2�C/min. Storage modulus (E0),
loss modulus (E00), and loss tangent (tan delta) were
measured as a function of temperature for all the
samples under identical conditions. The temperature
corresponding to the peak in tan delta versus tem-
perature plot was taken as the glass-rubber transi-
tion temperature (Tg).

Swelling studies

Sorption experiments were performed by placing the
previously weighed test samples into the respective
liquid containers (gram of sample vs. volume of liq-
uid 1 : 100) maintained at 30�C temperature in an
oven (S.C. Dey & Co., Kolkata, India). MEK was
used as the solvent. At periodic intervals, the test
samples were removed from the liquid containers
and the extra solvent on the surface was wiped out
quickly with blotting paper and the samples were

TABLE II
Different Formulations for Fluoroelastomer-Clay

Nanocomposites and Their Designation

Composition Designation

Viton B-50 þ 3 phr DIAK #1 F
Viton B-50 þ 4phr NH þ 3 phr DIAK #1 FNH4
Viton B-50 þ 4phr SH0 þ 3 phr DIAK #1 FSH0-4
Viton B-50 þ 4phr SH1 þ 3 phr DIAK #1 FSH1-4
Viton B-50 þ 4phr SH4 þ 3 phr DIAK #1 FSH4-4
Viton B-50 þ 16phr NH þ 3 phr DIAK #1 FNH16
Viton B-50 þ 16phr SH0 þ 3 phr DIAK #1 FSH0-16
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weighed immediately. After weighing, the samples
were placed back into the original test bottles.

Thermal analysis

Thermogravimetric analysis (TGA) and differential
thermogravimetric (DTG) were done using a Perkin–
Elmer Pyris Diamond TG/DTA machine in air at a
heating rate of 10�C /min. The temperature range
was 50–700�C.

RESULTS AND DISCUSSION

Characterization of different layered silicates

The initial information obtained on every new syn-
thetic sample is XRD pattern. XRD provides a look
into the extent of clay crystallization and its layered
nature. Figure 1 includes XRD patterns of natural
and synthetic hectorites for comparison purposes.
Only SH0, SH1, and SH4 samples show a character-
istic (001) reflection for smectite group clays within
2–10� region. This region has been reported to indi-
cate gallery heights in clay structure.26

In the case of SH0, the peaks at 5.5� (d-spacing, d ¼
1.6 nm), 19.5� (d ¼ 0.48 nm), and 34.9� (d ¼ 0.25 nm)
correspond to (001), (110,020), and (130) hectorite
reflections, respectively.11 For SH1 sample, the peaks
are at 5.8� (d ¼ 1.5 nm), 19.5 and 34.9�. For SH4 sam-
ple, these peaks are at 6.2� (d ¼ 1.4 nm), 19.7, and
34.9�. The results indicate that with changing ratio of
the starting materials the d-spacing of (001) plane
shifts slightly. In this context, it is worth mentioning
that Carrado et al. found d-spacings of 1.95–2.08 nm
when the clay minerals were hydrothermally crystal-
lized with direct incorporation of a series of water
soluble PVA of different molecular weight.13

For natural hectorite, NH, the d(001) is 1.3 nm.
Hence, it can be concluded that with changing ratio
of constituent materials, the d(001) spacing can be
increased without any incorporation of organic moi-
ety, as usually done for organophilic clays. Hence, for
a polar rubber like fluoroelastomer, where unmodi-
fied natural clays exhibit better results,22 this method
of increasing d-spacing would be beneficial. The nat-
ural hectorite shown in Figure 1 demonstrates peaks
similar to those observed for the synthetic minerals.
But the natural hectorite, even after extensive clean-
ing, still contains CaCO3, quartz, and (Mg, Fe,
Ca)SiO3 impurities [as indicated from several peaks
present at 23, 26.5, 29.5, 30.8, 31.5, 35.9, and 39.5�].11

Also, the results obtained from SEM-EDX studies
show that there is fair amount (approximately 46%)
of calcium present in the sample (Table I).

The only crystalline product among the starting
materials is a layered Mg(OH)2. The XRD pattern of
this is clearly distinct from that of the clay. There is no

sign of Mg(OH)2 in SH0, SH1, and SH4, which would
display peaks at 18.5� (d ¼ 0.48 nm) and 38� (d ¼ 0.24
nm) for the (001) and (101) reflections, respectively.
Interestingly, at the same reaction condition, layered
silicates can not be obtained for SH2 and SH3 sam-
ples, where the ratio of starting materials was differ-
ent. For both the samples, there are two peaks at 18.5
and 38� indicating presence of unreacted Mg(OH)2.
It is interesting to see that every composition does

not yield layered clays. It can be seen from Table I
that only when the ratio of magnesium to silica is
1 : 1.8–1 : 3.4, the layered silicates were formed. The
range has been specified from both SEM-EDX and
XRF studies. The clay materials are mainly com-
posed of magnesium, silica, and water, with alkalies
and sometimes alkaline earth metals.26 There are
several concepts about how these chemical constitu-
ents are combined to give clay materials. It may be
possible that the elements are present as amorphous
mixtures without any definite composition or struc-
ture. Then layered clay may not be formed. As the
theories say that the mineral kaolinite is the essential
constituent of all clay materials and in our case ele-
ments not fitting into the composition of it did not
form clay.26 Another case may be that the particle
size of the constituents was not fine enough (i.e., < 1
lm) and hence there was no clay formation. The ini-
tial ingredients may lack zeolite like minerals, which
are the necessary constituents of clay materials
according to another clay formation theory.26 But
still there is no definite theory which can specify the
driving forces responsible for clay material forma-
tion from the chemical constituents.26

Figure 2 illustrates the TEM of SH0. The particles are
mainly in the form of aggregates of layered particles
with individual thickness in the nanometer range (3–5
nm). Particles are having length of� 50–200 nm.

Figure 1 XRD of different synthetic hectorite–clay-like
layered silicates.
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Figure 3 shows the Infra-red spectroscopy (IR)
spectra of different synthetic hectorites along with
natural one. In the studies of clay minerals, the
peaks due to structural OH and SiAO groups play
an important role in the differentiation of clay min-
erals from each other.27 The IR spectra can show the
difference in stacking the sheets as well as in the
occupancy of the octahedral and tetrahedral sites.
Mainly two regions show characteristics of clays: (1)
the AOH stretching region in between 3400 and
3700 cm–1 and (2) the region below 1200 cm–1. The

AOH stretching band varies with the nature of the
octahedral atom to which the AOH group is
attached. The hectorite, where AOH is attached to
Mg, shows a single stretching band � 3680 cm–1,27

which is also evident in the case of SH0, SH1, and
SH4. But the samples SH2 and SH3 show two bands
in that region. This may be also indicating that hec-
torite type clay has not been formed in these two
cases.
In the 1300–400 cm–1 region, the spectra of clay

show SiAO stretching, bending and AOH bending.
Figure 3 shows only one broad complex stretching
band � 1012 cm–1 for SiAO stretching, characteristic
of hectorites. This peak is present in each and every
sample. The AOH attached to Mg in hectorite gives
bending vibration at 655 cm–1, which is visible in the
case of NH, SH0, SH1, and SH4. In every sample,
there is a peak at around 1640 cm–1, probably for
AMgAO. In the natural hectorite, there is another
prominent peak at 1432 cm–1. This may be for the
impurities like quartz.28

Particle size of different clays was calculated from
the X-ray diffractograms according to Warren29:

Particle size ¼ 1:84k
B cos h

(1)

Figure 3 IR spectra of different hectorites.

TABLE III
Particle Size, Basal Spacing and BET Surface Area of

Natural and Synthetic Layered Silicates

Sample
Particle
size (nm)

Basal spacings
(nm)

BET N2 surface
area (m2/g)

NH 30.2 1.30 71.0
SH0 13.7 1.60 176.1
SH1 14.4 1.50 159.4
SH4 20.2 1.40 –

Figure 2 TEM image of SH0.

Figure 4 Comparison of physicomechanical properties of
different hectorite-like layered silicate-based nanocomposites.

1098 MAITI AND BHOWMICK

Journal of Applied Polymer Science DOI 10.1002/app



where k ¼ incident wavelength of CuKa radiation, B
¼ width of (110) peak at half maximum in radians.

The particle sizes are reported in Table III. The
synthetic clays show smaller particle size than that
of the natural hectorite. SH0 is having smallest parti-
cle size followed by SH1 and SH4. Hydrothermally
synthesized hectorites have lower particle size than
the natural one. It is worth mentioning here, that the
particle size calculated from eq. (1) should not be
taken as a quantitative one but it can provide a qual-
itative comparison between various clays. This equa-
tion is being used to determine the size of a two-
dimensional layer in the plane of the layer from
two-dimensional reflection.29 The BET surface area
of synthetic hectorite clays are around 2.5 times
more than that of the natural clay.11

Nanocomposites with hectorites

Figure 4 shows a comparison of mechanical proper-
ties of different hectorite-like layered silicates based
composites at 4 phr loading. As we did not get lay-
ered products in the case of SH2 and SH3, we elimi-
nated these two systems.
Compared with natural hectorite, all the synthetic

materials impart better properties. Natural hectorite
based sample shows 33% improvement in tensile
strength over the control fluoroelastomer. Among
the synthetic samples, FSH0-4 exhibits the best result
followed by FSH1-4 and FSH4-4. FSH0-4 registers
134% increment in tensile strength and 104%
improvement in 100% modulus over the control sys-
tem. This particular sample exhibits 75% increment

Figure 5 (a) XRD of different hectorite-like layered silicate based nanocomposites (at 4 phr loading) (b) TEM of FSH0-4
(c) TEM of FSH1-4.
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in tensile strength and 24% improvement in 100%
modulus compared with the natural hectorite based
system. The variation in strength with changing clay
type may be explained with the different characteris-
tic of clays. The synthetic clays give better result
compared with the natural one, as the synthetic
clays are much purer than the natural counterpart.
Moreover, the XRD studies of the clays reveal that
the d-spacing of the synthetic clays is higher than
the natural one (Table III). Lower particle size and
higher surface area enhance the polymer–filler inter-
action in the case of synthetic clays. Now, among
different synthetic clays, SH0 is having highest d-
spacing. Hence, in this case, the interaction between
polymer and clay will be facilitated leading to better
improvement in properties. This is further evidenced
from the XRD of different nanocomposites shown in
Figure 5(a). There is no peak in the case of FSH0-4,
while there are humps at 6.5 and 8.6� for FSH1-4

and FSH4-4, respectively. It indicates that there are
some ordering present in these samples, rendering
lower mechanical properties. TEM images also sup-
port the XRD study. The TEM micrographs of FSH0-
4 and FSH1-4 are shown in Figure 5(b–c). The image
shows that the clay particles are homogeneously dis-
tributed with a single platelet thickness of � 1 nm in
FSH0-4. The length of the particles lies in between
50 and 80 nm. The better polymer filler interaction
might have broken the clay layers. The image of
FSH1-4 shows intercalated structure.
Effect of filler loading on mechanical properties is

illustrated in Figure 6(a). With increasing filler load-
ing both tensile properties and modulus increase in
the case of natural as well as synthetic hectorite. We
studied SH0 based nanocomposites, as it showed the
best properties among all the synthetic hectorites. At
every filler loading, synthetic clay based nanocom-
posites exhibit better result compared with the

Figure 6 (a) Physicomechanical properties of different nanocomposites with varying filler loading (b) Plot of
100%ModulusFilled
100%ModulusNeat

with varying filler loading (c) XRD of SH0 based nanocomposites (with varying filler loading) (d) TEM of

FSH0-16 (e) XRD of natural hectorite clay-based nanocomposites (with varying filler loading) (f) TEM of FNH16.
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natural one. The plot of 100%ModulusFilled
100%ModulusNeat

for both the

clays at different loadings is shown in Figure 6(b).
100%ModulusFilled
100%ModulusNeat

of synthetic clay filled samples is

found to be 1.2 times of natural-clay filled samples
at every loading. It is also interesting to note that in
the case of synthetic clay, till 16 phr loading, the

clay does not agglomerate, as evident from XRD
[Fig. 6(c)] and TEM [Fig. 6(d)]. But natural clays start
agglomerating at 8 phr loading as evident from XRD
[shown in Fig. 6(e)]. The TEM micrograph of FSH0-
16 shows that the clay particles are well dispersed in
the matrix. From a large scan it seems that there are
some intercalations along with exfoliation, though

Figure 6 (Continued from previous page)
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the XRD does not reveal it. XRD sometimes is
unable to give the information about intercalation if
the layers are well separated.2,9 The close view of
the intercalated portion shows that the clay layers
are � 1 nm in thickness, but they are present in an
ordered arrangement. The distance between two pla-
telets is � 2 nm. Lengthwise these particles are bro-
ken down, having � 50 nm length. The TEM
micrograph of FNH-16 [Fig. 6(f)] shows that the clay
particles are not so well dispersed in the matrix.
Also, the small size scan reveals the agglomeration
of clay in the matrix. The thickness of the clay layers
are � 10 nm.

Typical TG curves and the corresponding deriva-
tive thermogravimetric (DTG) curves obtained at a

heating rate of 10�C/min for F, FNH4-4 and FSH0
are shown in Figure 7(a,b). These TG curves corre-
spond to a single-stage degradation with well
defined initial and final degradation temperatures
and might have been a result of a random chain
scission process. Tonset and Tmax values for F, FNH4
and FSH0-4 are 458, 459, 464�C and 481, 481, and
483�C, respectively. Tmax was determined from the
respective DTG curve peaks. Decomposition rate
was 2.23, 1.89, 1.27 mg/min. for F, FNH4 and
FSH0-4, respectively. Hence, thermal stability is
also enhanced with the addition of synthetic hector-
ites compared with the natural clay based nano-
composite and the control.
Swelling studies also support the above results, as

the volume fraction of rubber in the swollen gel is
highest for FSH0-4 (Fig. 4). A sorption-plot (i.e.,
mass uptake vs. square root of time, t1/2) at 30�C is
given in Figure 8. All the curves show initially a lin-
ear increase, and later tend to level off. The plateau
regions of these curves give the maximum sorption
values, M1, which is lowest in the case of FSH0-4.
The diffusion coefficients, calculated following our
earlier communication,24 of F, FSH0-4 and FNH4 are
1.43 � 10–8, 0.26 � 10–8, and 0.60 � 10–8 cm2 s–1,
respectively. Hence, FSH0-4 exhibits lowest diffusion
coefficient also. This may be due to the fact that SH0
is more interactive with the rubber due to larger gal-
lery spacing and smaller particle size. Because of
these, FSH0-4 is more resistant to solvent than the
other nanocomposites. With increasing filler loading,
volume fraction of rubber steadily increases in the
case of synthetic hectorite, though it remains almost
same for the natural hectorite [graph shown in Fig.
6(a)]. In the case of natural clay, it starts to agglom-
erate at higher loading and the interaction between

Figure 8 Sorption curves for different nanocomposites at
30�C (solvent MEK).

Figure 7 Typical (a) TG (b) DTG curves of F, FNH4, and
FSH0-4.
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clay and polymer reduces. As a consequence solvent
resistance also reduces.

Same behavior has been observed in the case of
dynamic mechanical properties also. The dynamic
mechanical properties are reported in Table IV. The
storage modulus in the rubbery plateau region
increases with the addition of filler (Fig. 9). At 4 phr
loading, the modulus is highest for FSH0-4 com-
pared with the other two synthetic clay based nano-
composites. The tan delta peak shifts towards higher
temperature with the addition of the filler (Fig. 9).
Though the change is marginal for natural hectorite
based system, there is remarkable change in the syn-
thetic clay based samples. There is around 15�C tem-
perature shift in FSH0-4 compared with the control.

The storage modulus increases gradually with the
increasing loading of synthetic clay [Fig. 9(a)]. But
for these composites, the tan delta peak is more or
less at same position [Fig. 9(b)]. The tan dmax

decreases with increasing filler loading indicating
better polymer–filler interaction. The reduction is
most in the case of FSH0-16. The decrease of tan
dmax is the result of a reduction of the relative quan-
tity of bulk rubber ‘‘active’’ in the dynamic transi-
tion. As filler fraction is more at 16 phr loading, also
the fillers are mostly exfoliated with some intercala-
tions; more number of the rubber-chains can interact
with the filler, reducing the active free-chain num-
bers. Hence, lowering of tan dmax is much pro-
nounced in FSH0-16.

Explanations in terms of thermodynamics

From the results discussed so far, it can be summar-
ized that the synthetic clays provide better mechani-
cal, swelling, thermal and dynamic mechanical
properties compared with their natural counterparts.
Among all synthetic hectorites, FSH0-4 gives best
overall properties. It can also be observed from the
XRD and TEM studies that this system is exfoliated
compared with the other nanocomposite systems.
Also, the lower particle size, higher surface area and
larger gallery gaps of SH0 make it exhibit better

polymer–filler interaction compared with other syn-
thetic as well as natural clays of their same group.
The better polymer–filler interaction and the favor-

ing of nanocomposite formation can be predicted
from the thermodynamic point of view.22 The free
energy change of the system after mixing the clay in
fluoroelastomers may be given as follows:

DGE ¼ DHE � TDSE; for elastomers (2)

DGC ¼ DHC � TDSC; for clays (3)

Therefore, total free energy change of the system is

DGS ¼ DHS � TDSS ¼ DHS � TðDSE þ DSCÞ (4)

Figure 9 (a) LOG E0 vs. temperature plot of SH0 based
nanocomposites (b) Tan d vs. temperature plot of SH0
based nanocomposites.

TABLE IV
Dynamic Mechanical Properties of Hectorite-Like

Layered Silicate Based Nanocomposites

Sample
name

Tg

(�C)
Tan dmax

at Tg

Log E0 at
25�C (Pa)

Log E0 at
60�C (Pa)

F �23 1.23 6.14 6.09
FSH0-2 �9 1.19 6.19 6.12
FSH0-4 �8 1.19 6.35 6.25
FSH0-8 �8 1.14 6.62 6.60
FSH0-16 �8 0.97 6.85 6.73
FNH-16 �21 1.16 6.35 6.34
FSH1-4 �18 1.16 6.20 6.15
FSH4-4 �19 1.15 6.18 6.12
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From the expression, DGS value will be negative and
hence the most favorable interaction between the
clay and the rubber will take place when DHS is
negative and DSS is positive.

When polymer chains enter into the gallery of the
clay, they reside in a restrained form, i.e., DSE is
negative. In contrast, the expansion of the gallery by
elastomer chains causes the entropy change in the
clay, DSC to be positive. If the clays are exfoliated,
this may probably compensate the entropy loss asso-
ciated with the confinement of elastomer chains.

Hence, DGS is mostly dependent on DHS value.
DHS has been calculated for different systems from
the IR spectra (not shown here) using Fowkes’s
equation,30

DH ¼ 0:236� Dv (5)

The values are reported in Table V. DHS is negative
for all the systems.

In the case of hectorite-like clays, it is most nega-
tive in the case of FSH0-4, followed by FSH1-4,
FSH4-4 and FNH4. As a result, the mixing of the
synthetic clay with the fluoroelastomer is more
favorable than that of the natural one. This fact is
reflected in all the properties.

CONCLUSIONS

Different hectorite type layered clays have been syn-
thesized in the laboratory. The synthetic materials
were characterized using XRD, SEM-EDX, XRF, BET
surface area measurement, IR, and TEM.

At the same reaction condition, clay formation
depends on the concentration of its constituents. All
the compositions do not yield a layered silicate.

Synthetic clays show larger d-spacing than the
natural one. The synthetic clays are also much purer
than the natural one.

The fluoroelastomer based nanocomposites were
prepared using these different synthetic clays and
characterized by using XRD and TEM.

Better mechanical, dynamic mechanical, swelling
and thermal resistance properties were observed

with the synthetic clays compared with its natural
counterpart. SH0 based nanocomposite shows best
properties among all the hectorite-type clays.
Synthetic clay based nanocomposites are thermo-

dynamically more favorable than the natural clay
filled ones.
The properties can be explained with the help of

morphology and thermodynamics.
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TABLE V
Change in Enthalpy

Sample name Peak position (cm�1) DH (kcal/mol)

F 1197 –
FNH4 1195 �0.47
FSH0-4 1180 �4.01
FSH1-4 1188 �2.12
FSH4-4 1190 �1.65

Journal of Applied Polymer Science DOI 10.1002/app

1104 MAITI AND BHOWMICK


