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Abstract

In the present study, topographic and phase imaging in tapping mode atomic force microscopy was performed to investigate the size of clay
platelets, the polymer—filler interface, pull-off and contact forces between the sample and the tip, power spectral density, fractal dimension and
spatial distribution of the nanoclays [unmodified (Cloisite NA) and modified clay (Cloisite 20A)] in the terpolymer of vinylidene fluoride, hexa-
fluoropropylene and tetrafluoroethylene (fluoroelastomer). The phase images of the above nanocomposites elucidated that the width of clay
particles was lower in the case of the unmodified clay filled system. Interestingly, the polymer was able to exfoliate both the unmodified
and modified clays. This phenomenon was supported by transmission electron microscopy and X-ray diffraction studies. The results obtained
from the section analysis and the histogram of the filler distribution further supported the above findings. The surface roughness was less in
the case of the unmodified clay based nanocomposite, as determined from roughness, power spectral density and fractal analysis. The study
also indicated an improved particle distribution in the case of the unmodified clay filled samples. The results were explained with the help

of thermodynamics and soft—hard acid base theory.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

It has been well recognized that the extent of dispersion of
nanoclays strongly influences the properties of the polymer/
layered-silicate nanocomposites [1—6]. The filler dispersion
depends on the nature of matrix as well as nanoclay. In
a true nanocomposite, the clay layers must be uniformly dis-
persed and exfoliated in the polymer matrix, rather than being
aggregated as tactoids. But in most of the cases, a nanocompo-
site having both exfoliated and intercalated morphology is
obtained.

Two complementary characterization techniques have been
extensively used in the investigation of morphology of poly-
mer—clay nanocomposites, namely X-ray diffraction (XRD)
and transmission electron microscopy (TEM). However, cer-
tain disadvantages of TEM such as radiation damage and
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tedious sample preparation are also now well known. In con-
trast to the conventional electron microscopy, AFM does not
require a conductive coating or staining. Hence, AFM analysis
of the nanocomposites can be a good alternative to electron mi-
croscopy, without any limitations regarding contrast and reso-
lution. The development of this technique has helped to image
surface topography on a nanometric scale [7]. Besides, this
multifunctional technique is suitable to understand the nanofil-
ler dispersion in the matrix along with surface topography. In
addition to the normal topographical imaging, AFM can also
measure fundamental properties of sample surfaces, e.g., local
adhesive or elastic properties on a nanometric scale. We have
earlier reported from this laboratory various AFM investiga-
tions on carbon black and silica reinforced polymers [8,9].
Interestingly, in the literature there have been only a few re-
ports on the morphology of rubber—clay nanocomposites by
atomic force microscopy (AFM) [10—14]. Literature survey
shows that only the morphology of a few nanocomposites
was investigated using AFM so far [15—20]. The surface
topography and quantitative surface analysis including the
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nano-range forces present in the composites have not been
studied.

Out of three modes of AFM, tapping mode (TMAFM) is
the most suitable for soft rubber samples. In this mode, short
intermittent tip—sample contact reduces lateral forces, which
minimizes sample damage during scanning [21]. In our earlier
preliminary report, the morphology of rubber—clay based
nanocomposites was investigated by both TEM and AFM
[12]. The studies showed a good correlation between TEM
and AFM results. But quantitative analysis cannot be done
extensively with TEM.

Hence, in the present paper, for the first time, attempts have
been made to study the morphology of rubber—clay nanocom-
posites, nanofiller distribution, interfacial region, contact and
adhesion forces using AFM. Fluoroelastomer/clay nanocom-
posite has been taken as a representative system. The pre-
paration and properties of these nanocomposites, reported
elsewhere, indicated outstanding mechanical and dynamic me-
chanical properties, generally required for space application
where this rubber is extensively used [22]. AFM has been
used as an effective tool to analyze the morphology qualita-
tively and also to quantify the surface features of the nano-
composite systems. The scanning probe microscope (SPM)
data of virgin rubber film and the nanocomposites were eval-
uated qualitatively and quantitatively using power spectral
density to envisage the effect of different nanoclays on the
morphology of the resulting nanocomposites. The interfacial
region between rubber and filler has been traced with this
tool. Also, the adhesion force at different positions — on the
filler particle, interface region and on the matrix — has been
determined using contact mode AFM. The latter information
was also not reported on the rubber—clay system.

2. Experimental
2.1. Materials used

Viton B-50 [a terpolymer of vinylidene fluoride (VF2), hex-
afluoropropylene (HFP) and tetrafluoroethylene (TFE), density
1850 kg m~> at 25 °C, 68% F, Mooney Viscosity, ML 1+ 10
at 120 °C = 39] was procured from DuPont Dow Elastomers,
Freeport, Texas, USA. Nanoclays namely Cloisite NA+
(NA) and Cloisite 20A (20A) were obtained from Southern
Clay Products, Gonzales, Texas, USA. Methyl ethyl ketone
was supplied by Nice Chemicals Pvt. Ltd, Cochin, India.

2.2. Preparation of rubber—clay nanocomposites

The rubber was first dissolved in methyl ethyl ketone
(20 wt% solution). The clay was dispersed in methyl ethyl ke-
tone (10 wt%). Then the dispersed clay was added to the rub-
ber solution and thoroughly stirred to make a homogeneous
mixture, which was then kept in air for 15 days to drive off
the solvents slowly. It has been already reported in our earlier
paper that at this rubber solution concentration, the clay parti-
cles remain well dispersed throughout the matrix even after
evaporating the solvent [23]. Here, 4 phr (parts per hundred

Table 1

Designation of different nanocomposites

Composition Designation
Viton B-50 Fgs

Viton B-50 4 4 phr Cloisite NA+ FpsCnad
Viton B-50 4+ 4 phr Cloisite 20A FpsCrond

gram of rubber) of clay was selected as the mechanical prop-
erties were optimized at this loading (reported in our earlier
paper [22]).

Table 1 shows various compositions prepared for this inves-
tigation and their designation.

2.3. Method

2.3.1. Atomic force microscopy (AFM)

In order to have a very smooth surface for AFM analysis, the
samples were first cooled to —60 °C by using liquid nitrogen
and then sliced by using a diamond knife attached to a Leica
Ultracut UCT cryomicrotome unit. The scanning and analysis
of the samples were done using the Multi Mode Scanning
Probe Microscope model with a Nanoscope IIla controller by
Digital Instruments Inc. (Veeco Metrology Group), Santa Bar-
bara, CA, USA. The AFM measurements were carried out in
air at ambient conditions (25 °C) using tapping mode probes
with constant amplitude. The tapping mode etched silicone
probe (RTESP) (square pyramid in shape with a spring constant
of 20 N/m, nominal radius of curvature of <10 nm) with reso-
nance frequency of 270 kHz was used. Height and phase
images were recorded simultaneously at the resonance fre-
quency of the cantilever with a scan rate of 1 Hz and a resolu-
tion of 256 samples per line. This allowed the resolution of
individual primary particle measurements. Scanning was
done at 10 different positions of each sample and representative
images have been displayed here. Section analysis, roughness,
and power spectral density measurements were done using
a nanoscope image processing software (version 5.12 rl).
The measurement of roughness, and power spectral density
was done on the same size of scan area for comparison purpose.

The adhesion force was determined from force—distance
curve obtained from contact mode AFM. The silicon-nitride
probe (NP20), having a square pyramidal shape with a spring
constant 0.12 N/m was used for this analysis. These cantile-
vers were precalibrated. Contamination of a probe and a sub-
strate by particulates and adsorbates is a common problem in
the AFM laboratories. Hence, high precaution was taken be-
fore doing these force measurements. Just before doing these
experiments, fresh sample surface was generated by micro-
toming and new tip for each sample was used. We also
scanned the same surface after doing force measurements
and observed that there was no artifact due to contamination
of tip.

2.3.2. Roughness analysis

The changes in surface topography could be determined
quantitatively by the root mean square (RMS) roughness
calculation (R,). This is used in a range of applications
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particularly where the surfaces involved show a degree of ran-
domness. The roughness calculation was based on finding
a median surface level for the image and then evaluating the
standard deviation within the image. Since the roughness anal-
ysis was based on the vertical axis, i.e. the z-axis, the topo-
graphic height images were used in the present investigation.
Root mean square average of height deviations taken from
the mean data plane was expressed as [24]:

q= = (1)

where Z; is the current Z value, and 7 is the number of points
on the image. Mean roughness, R,, was the arithmetic average
of the absolute values of the surface height deviations mea-
sured from the mean plane:

1 n
Ro=2> 1 @)
J=1

2.3.3. Power spectral density

In order to understand the surface analysis in the context of
PSD, it is necessary to consider surfaces as superposition of
spatial waves [25,26]. The variation of height in real space
can be considered in terms of power spectrum in frequency
space through the use of the Fourier transform, which is
a well-known means of relating real space to frequency space.
Surface data generated by any instrument can be considered as
series of height values, /(x) or /(y), corresponding to spatial
positions, x and y. In the one-dimensional (1D) case of h(x),
where H(f) is the resulting frequency space profile of the
real surface, the Fourier transform was written as [26]

H) = [ Heoe 3 an ®)

where L is the total length of the scan and i is v/—1. The algo-
rithm used to obtain the PSD depends upon squaring this Four-
ier transform of the image to derive the power, P. Once the
power, P, is obtained, it may be used to derive one-dimen-
sional power spectral density (1DPSD) values as follows [24]:

P
PSD = v (4)

The terms used in the denominators in Eq. (4) are derived by
progressively sampling data from the image’s two-dimen-
sional Fast Fourier transform center (Fig. 1). Each sampling
swings a “‘data bucket” of given frequency f.

Thus, units of (length)3 are used for the one-dimensional
power spectral density (1DPSD).

The surfaces were analyzed by a series of line scans of N,
steps, yielding a profile, A(x), for each value from 1 to N, in the
y direction. The PSD was then calculated by taking the Fourier
transform of each of these line scans, squaring the result to
determine the power, and averaging the power calculated for
each line scan to generate a single 1DPSD for the surface.

Two-dimensional PSDs (2DPSD) typically use an annular
average of the square of two-dimensional Fourier transforms
of the surface rather than one-dimensional Fourier Transform.
It is expressed as [24]

P

PSD =5 &) (5)

Two-dimensional power spectral densities (2DPSDs) can be
useful for revealing two-dimensional periodicities, such as
pores and grains. The transition points or peak values in
a 2DPSD are the same in frequency space as the 1DPSD,
but the slope of the power-law regime and the absolute mag-
nitude, as well as the units of the surface power are different.

In PSD, the smaller features on a surface as high frequency
peaks (short wavelengths) appeared on the right hand side of
the spectra and the bigger features were placed on the left
hand side of the spectra. Power is roughness amplitude
squared and the sum of the power contained in the entire spec-
trum is called total power.

2.3.4. Infra-red spectroscopy

Infra-red spectroscopy study was done in Perkin—Elmer
843, in the range 400—4000 cm ' using solution process (1%
solution of the rubber/nanocomposites in methyl ethyl ketone).

2.3.5. Transmission electron microscopy (TEM)

The nanocomposite samples for TEM analysis were pre-
pared by ultra cryomicrotomy using Leica Ultracut UCT.
Freshly sharpened glass knives with cutting edge of 45°
were used to get the cryosections of 100 nm thickness. Since
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Fig. 1. Progressive data sampling.
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these samples were elastomeric in nature, the sample temper-
ature during ultra cryomicrotomy was kept constant at —60 °C
[which was well below the glass transition temperature (7'), of
the rubber], at which the samples existed in hard glassy state,
thus facilitating ultra cryomicrotomy. The cryosections were
collected and directly supported on a copper grid of 200-
mesh size. The microscopy was performed later using
JEOL-2010 electron microscope (not attached to the cryomi-
crotomy unit), operating at an accelerating voltage of 200 kV.

2.3.6. X-ray diffraction studies (XRD)

For the characterization of the rubber nanocomposites, XRD
studies were performed using a Philips X-Pert Pro diffractom-
eter in the range of 2—9° and Cu-target (A = 0.154 nm). 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 moving at an angle of 26 while the
sample was moving at an angle of 6.

3. Results and discussion
3.1. Particle size and nanofiller distribution

The phase images of the neat rubber, the unmodified and
the modified clay loaded samples (Fgs, Fg5Cna4, FpsCopad)
are illustrated in Fig. 2a—c. In the case of the clay filled sam-
ples, some distinct white bright features are observed, which
are absent in the unfilled sample. This suggests that the filler
appears as white bright features in the grey rubber matrix. In
the tapping mode, the measurement of the difference between
the phase angle of the excitation signal and the phase angle of
the cantilever response is used to map compositional varia-
tions such as stiffness, hardness and viscoelasticity on the sam-
ple surface. The variation in the image contrast of the neat
rubber and the filled systems can be related to the sample mod-
ulus as follows [27]. The phase image can provide a stiffness
variation in the sample, which is expressed by the following
equation:

sy~ (5)(£) =etar(2) (6)

where, Ag, is the phase angle shift between free and interact-
ing cantilevers, S is the stiffness of the material, Q is the qual-
ity factor, which is a measure of viscous damping of the
cantilever, k is the spring constant of the cantilever, ¢ is a con-
stant, a is the radius of the contact area between tip and the
surface, and E* is the effective modulus of the material. (S)
and (a) are time-averaged values of the stiffness S, and contact
radius a, over one cycle of oscillation. Hence, a stiffer region
will correspond to a greater value of E* and Ag,.

The lower modulus of neat rubber results as dark grey
matrix, which may be due to the deeper indentation of the
cantilever in the sample. However, phase images of the filled
samples exhibit three shade differences: dark grey for the
matrix, grey for the matrix near clay particles (interface
region) and white for the clay particles. From Fig. 2b,c, it

C)

1.00 pm

Fig. 2. Phase images of (a) Fgs, (b) FgsCna4, and (c) FpsCyoa4-

can be clearly seen that the clay particles are well distributed
all over the matrix in the case of NA filled system, while in
the case of the organoclay filled sample, the clay particles
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are confined to particular portions, not distributed all over the
matrix. Similar observation is made when a large number of
areas were analyzed at different magnifications. The average
particle width is 103 nm and 1542 nm in the case of
FpsCna4 and FpsCopad, respectively, excluding the interface
region. The average length of the clay filler is 130 £ 20 nm
and 1104+ 10 nm in the case of the former and the latter
samples, respectively. These features are also observed in
the 3D-phase images of FpsCna4 and FpsCyoa4 in the
same scan size (Fig. 3a,b). The transmission electron micro-
graphs also show that both the clays are exfoliated in the
matrix (Fig. 4a,b). The unmodified clay particles are having
~1nm thickness and the modified clay filled samples are
having ~5nm thick platelets. AFM study gives a higher
particle thickness which may be due to the tip broadening
effect [28]. The exfoliation of both the clays can be further
supported by XRD data. The XRD diagram shown in
Fig. 5, clearly illustrates the absence of any peak in the
diffractograms of both the nanocomposites (FgsCna4 and
Fp5Cy0a4). The unmodified and the modified clays reveal
a peak at 260 =7.5° and 260 = 3.6°, respectively [22]. It indi-
cates that the layer structure of the clays has been broken

Digital Instruments ManoScope
Scan size 1.00) pm
Scan rate 1.001 Wz
nusber of samples 236
Imige Oata Phase
oata scale 28.00 *

®  0.200 um/div
2z 28.000 °/div

of 3
Image Data
Data scale

view angle

T light angle

*® 200.000 nm/div
2 10.000 ®sdiv

Fig. 3. 3D images of (a) FgsCna4 and (b) Fg5Copa4.

down and the clay platelets are well separated from each
other, i.e. the clays are exfoliated.

In order to visualize the particle size and distribution of the
clay particles, the samples, mentioned earlier, were subjected
to different surface analyses. Fig. 6a—c shows the section anal-
ysis of Fgs, FgsCna4 and FgsCypa4. A cross-sectional line was
drawn over the scanned image to select the clay particles. The

Fig. 4. TEM micrographs of (a) FgsCna4 and (b) FgsCrpa4d.
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Fig. 5. XRD diffractogram of nanocomposites.
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Fig. 6. Section analyses of (a) Fgs, (b) FgsCna4, and (c) FpsCpoa4.

cross-sectional profiles along this reference line are shown as
spectra. The projections of the surface irregularities of the
filler particles on the rubber matrix and the variation in stiff-
ness along the line are displayed in the form of line spectra.
There is no peak transition in the neat rubber matrix, while
there are peaks in the filled samples. The average particle
width is 103 nm and 1542 nm for the unmodified and
the modified clay filled samples, respectively.

In order to understand the filler distribution, histograms are
plotted (Fig. 7). In the case of unmodified clay filled sample
the maximum is at 0—5 nm, whereas in the case of modified
clay filled system, it is at 6—10 nm. Hence, it can be inferred
that the average particle size is smaller in the case of the un-
modified clay filled systems than the modified clay loaded sys-
tem. Moreover, with Cloisite NA, it gives broader distribution.
Also, the interparticle distance is 310+ 100nm and
105 £ 50 nm for the unmodified and the modified clay filled
samples, respectively. For the conventional carbon black and
silica filled styrene—butadiene rubber-composites, the interag-
gregate distance (i.e. the distance between the filler-aggre-
gates) is 600 £ 80 nm [8].

The image contrast at the interface (Fig. 8a,b) can be inter-
preted as follows: interaction between the clay and the rub-
ber makes the rubber chains immobilized around the filler

particles. Therefore, the modulus of the rubber near filler
particles is higher as compared to bulk of the sample, due to
polymer—filler interaction. Compared to the modified clay

100

80
60
40 v

20 7

0

0-5 6-10 11-15 16-20

Frequency of distribution

0-5 6-10 11-15 16-20
Particle size, nm

Fig. 7. Histograms showing the particle size distribution in FgsCna4 and
FpsCaoad.
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(a)

Interface

Interface

Fig. 8. Interface regions in (a) FgsCna4 and (b) FgsCooad.

filled sample, the interface region is more in the case of the
unmodified clay filled sample. The thickness of the rubber
shells was measured using the section analysis. The thickness
of the rubber shell is 6 +2 nm and 2 + 1 nm for Fg5Cna4 and
FpsCyoad, respectively. This may be due to the higher bound
rubber in the case of FgsCna4. This can be confirmed from
the swelling study of the samples. The gel-fraction values
(measured from the swelling studies reported in our earlier
work) of FgsCna4d (3.41) and FgsCsoad (2.19) support the
bound rubber concept [22].

The difference in particle size of the fillers and their distri-
bution in the matrix can be attributed to the polymer—filler
interaction. As the average particle size is smaller and the
interface region is thicker in the case of the unmodified clay
filled samples, the interaction of fluoroelastomer is more
with NA. This may be due to the polar—polar interaction of
the rubber with NA. Polar hydroxyl groups of the unmodified
clay attract the chains of fluoroelastomer having C>"—F°~
bonds. In the modified clays, there are some long chain amines
on the surface which induce some non-polarity to the clay.
Thus, there is reduced interaction between the modified clays

and the rubber. As, the unmodified clay is more compatible,
the rubber shell surrounding the clay particles is also thicker
and the interparticle distance is more in the case of FgsCna4-

3.2. Roughness analysis

The RMS (R,) and R, values of the gum and the filled sam-
ples are included in Table 2. Before quantifying, the images
were flattened using first-order flattening. Flattening removes
image artifacts due to vertical (Z) scanner drift, image bow,
skips, and anything else that may have resulted in a vertical
offset between scan lines.

In the case of the neat rubber, RMS (R,) value is found to
be 1.53 nm and R, is 1.18 nm. Generally, RMS (R,) and R,
will be similar, if there is no large deviation from the mean
surface level. The difference in the RMS (Ry) and R, value
of 0.35 nm suggests that there is not much undulation as ex-
pected for a neat rubber. In the case of FgsCya4, RMS (Ry)
is found to be 4.59 nm and R, value is 3.65 nm. RMS (R) is
found to be 5.18 nm and R, value is 4.20 nm for Fp5Csoa4.
The higher value of (Ry —R,) (0.94 and 0.98 nm for the un-
modified and the modified clay filled samples, respectively)
with respect to the neat rubber confirms the presence of filler
particles on the surface.

The main limitation of the roughness analysis is that it does
not show the lateral spacings of the surface features. For de-
tailed specific roughness properties, it is required to perform
the spectral roughness analysis. The RMS roughness analysis
gives only primary information about the fine-scale fluctua-
tions in the effective surface height. Information about the in-
trinsic roughness distribution and the transverse properties at
any frequency scale cannot be obtained from the above algo-
rithm. The above limitation can be overcome by using power
spectral density (PSD) analysis, which provides valuable in-
formation not only on the height deviation of the roughness
profile but also on its lateral distribution.

The 2DPSD of the gum and filled samples are shown in
Fig. 9a—c. With this technique it is possible to know how
much is the contribution of a particular sized feature to an im-
age. The total power is shown in Table 2. Compared to the neat
rubber (Fgs), the intensity of spectral spikes is higher in the
nanoclay loaded rubbers both in low and high frequency re-
gions indicating a higher roughness in these systems. The total
power as well as the equivalent RMS (square root of the total
power) values support the above explanation. Since the fillers

Table 2

Quantitative parameters from nanocomposites and neat rubber

Parameters Fgs FpsCnad FgsCoond

Average thickness of - 6+2 2+1
rubber shell (nm)

Average particle width (nm) - 10£3 15+2

RMS (Ry) (nm) 1.53 4.59 5.18

R, (nm) 1.18 3.65 4.20

Total power (nm?) 1.10 18.90 27.10

Equivalent RMS (R) (nm) 1.05 4.35 5.27

Fractal dimension (D), (nm) — 1.55 1.77
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Fig. 9. Two-dimensional isotropic power spectral densities of (a) Fgs,
(b) FgsCna4, and (c) FpsCaoa4.

are highly irregular in nature and have particles of various
sizes, the surfaces of these samples are randomly rough.

3.3. Power spectral density

One-dimensional power spectral density (1DPSD) is calcu-
lated from 2DPSD expression by the Digital Instruments
Nanoscope Illa software. Surface parameter such as the fractal
dimension is calculated from the 1DPSD, while qualitative
analysis of two-dimensional periodicities is best achieved by
2DPSDs.

Plotting log (1DPSD) against log (frequency) reveals char-
acteristic dimensions for the periodic surface in the form of
peaks. The frequency value at the peak-center is related to
the real space value of the wavelengths that define this

periodic surface. A periodic surface indicates that there is no
random roughness. The other case is of a self-affine surface.
Each part of a self-affine object is an image of the whole
object scaled differently in different directions [29]. This ran-
domly rough surface has a transition point between frequency-
independent nature and a self-similar behavior. Self-similarity
is the most striking property of isotropic fractals, in which
each piece of a shape is geometrically similar to the whole
[30]. At low frequency the behavior is frequency-independent,
whereas at high frequency the self-similar roughness is
observed.

The constant slope-region of the PSD is described as
self-similar and is a property of fractal objects [8,26]. A fractal
object is a randomly rough surface, having irregularities of
various sizes that bear a special “scaling” relationship to
one another [31]. For a fractal object the power spectra is
defined as [8]:

PSD(f) = - 7)

1

where, PSD is the one-dimensional power spectral density,
fis the frequency, / is the slope and %, is the intercept.
The fractal dimension is defined as

5-1
p=> (8)

Physically, fractal dimension, D describes how roughness
fills the space.

Fig. 10 shows the plot of log (IDPSD) vs. log (spatial fre-
quency). The figure reveals that the polymer—clay nanocom-
posites show a self-affine topography while the neat rubber
film shows a peak indicating a periodic surface. Fractal dimen-
sion, D increases from 1.55 for Fg5Cya4 to 1.77 for Fg5sCrpad
(Table 2). As the roughness variation can be correlated with
the aggregated nature of filler, the higher value of D specifies
the higher particle size of the modified clay, 20A.

LOG (1D PSD), nm®

T T T T T

05 00 05 1.0 15 20 25
LOG (frequency), pm™

Fig. 10. Plot of one-dimensional power spectral density vs. spatial frequency.
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Fig. 11. A typical force-plot of the atomic force microscope.
3.4. Contact and adhesion force measurement

The contact and adhesion forces have been calculated from
the force-plots obtained from contact mode AFM. A typical
force-plot has been shown in Fig. 11: (a) Non-contact range,
(b) jump-into-contact between probe and substrate, (c) maxi-
mum position of substrate, (d) maximum interaction force
and (e) abrupt separation probe—substrate [32]. Adhesion
force was calculated from the pull-off portion of the retracting
curve (Ax) and the contact force calculated from horizontal
distance traversed by piezo in Z-direction, AZ (shown in
Fig. 11).

The contact force is defined by the equation:

F=kAZ 9)

where, k is the spring constant of the cantilever.

Adhesion and contact forces were calculated for the neat
rubber and the unmodified clay filled rubber samples from
the diagrams, shown in Figs. 12 and 13a—c. In the case of
FpsCna4, three different adhesion and contact forces are
observed (Table 3). The highest value of adhesion and contact
force observed here (11.1 3.0 nN and 231.4 4+ 3.0 nN), are
similar to that of the neat rubber. Hence, this corresponds to
the matrix. The least adhesion and contact force is observed
on the filler particle as it is the hardest species on the sample.
The intermediate values correspond to the interface region.
These force calculations could not be done accurately in the
case of FgsCyoa4d as the interfacial width is very thin.

3.5. Explanations in terms of thermodynamics and SHAB
theory

From the above quantitative discussion, it is clear that the
filler particle size is higher in the case of the modified clay
filled system. Hence, it is inferred that more particle break-
down was possible in the case of the unmodified clay filled
system. The average particle size indicates exfoliation of the
layered clay filler. All the above experimental results could
be explained as given below. Enhanced interaction between
NA and the rubber favors the nanocomposite formation which
can be confirmed from the thermodynamics point of view. The
free energy change of the system after mixing the clay in flu-
oroelastomers may be given as follows:
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Fig. 12. Force-plot of Fgs,
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Fig. 13. Force-plots of FgsCna4 (a) on the matrix, (b) on the interface, and (c)
on the filler particle.

AGg = AHg — T ASg, for rubbers (10)

AGc = AHc — T ASc, for clays (11)

Therefore, total free energy change of the system is
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Table 3
Adhesion and contact forces from force-plots

Sample Region Pull-off/adhesion force (nN) Contact force (nN)

Fgs 11.0£2.0 2293+2.0

FpsCnad4  Clay 4.6+2.0 57.8+£4.0
Interface 93+5.0 159.7+7.0
Rubber 11.1£3.0 231.4+3.0

From the expression, AGyg value will be negative and hence the
most favorable interaction between the clay and the rubber
will take place when AHg is negative and ASs is positive.

AHg has been calculated for different systems from the IR
spectra using Fowkes’s equation [22],

AH = 0.236 Av (13)

Av has been calculated from the peak shift in different clay
filled systems, compared to the neat rubber. The change in the
position of the peak at 1197 cm™' has been considered as it is
the characteristic peak of C—F bond, common in every sam-
ple. The values are reported in Table 4. AHg is negative for
FgsCna4. But for the modified clay filled sample, it has small
positive value. More negative AHg value makes AGg more
negative. Hence, formation of FgsCya4 is more favorable
than the modified clay based nanocomposites.

When polymer chains enter into the gallery of the clay, they
reside in a restrained form, i.e. ASg is negative. In contrast, the
expansion of the gallery by rubber chains causes the entropy
change in the clay, ASc¢ to be positive. If the clays are exfoli-
ated, this may probably compensate the entropy loss associ-
ated with the confinement of rubber chains.

When the fluoroelastomer is mixed with the unmodified
clay, the polar clay attracts polar polymer molecules. The rub-
ber chains enter into the smaller gallery-gap of this clay and its
motion is restricted. So, ASg is negative. But these chains
break the layered structure of the clays (as we have observed
from the morphology) making ASc positive. This will com-
pensate the entropy loss.

But the modified clays are having larger gallery-spacings
(2.42 nm vs. 1.16 nm). So, more number of polymer chains
can enter into the gallery-gap. Hence, more numbers of polymer
molecules are restrained. So, ASg will be more negative com-
pared to that of unmodified clay. Moreover, it can be observed
that the particle width is also higher in the case of 20A, indicat-
ing partial exfoliation (Fig. 2c). Therefore, (ASg + ASc) value
will be more positive in the case of the unmodified clay com-
pared to modified clay filled systems.

As a result, the mixing of the unmodified clay with the flu-
oroelastomer will be more favorable than that of the modified
one. Hence, we can observe smaller particles in the AFM
micrograph of the unmodified clay based nanocomposites.

Table 4
Value of enthalpy change from IR spectra

Sample name Peak position (cm™h AH (kcal/mol)

Fgs 1197
FpsCnad 1186 —2.60
FgsCaoat 1199 0.47

Moreover, in the unmodified clay, sodium ion is residing in
the galleries of the clays, which is a hard acid. On the other
hand, there are tertiary ammonium ions in Cloisite 20A, which
are soft acid in nature. Fluoroelastomers contain C>"—F°~
bonds, where the F°~ is a hard base in nature. So, it will be
more attracted towards the hard acid [according to soft—hard
acid base (SHAB) theory] [22]. So, polymer—filler interaction
will be more in the case of the unmodified clays. Besides this,
polar—polar interaction is also responsible for better poly-
mer—filler interaction in the case of unmodified clays as dis-
cussed earlier and evident from peak shift in the IR spectra.

4. Conclusions

The present study utilized AFM as an investigating tool to
observe the morphology of the fluoroelastomer-clay nanocom-
posites, the dispersion of the nanoclays in the rubber matrix,
interface thickness, and interaction forces. The phase images
of the filled nanocomposites revealed the presence of clay
fillers as the bright features in the dark rubber matrix. Smaller
particle size of the unmodified clay than that of the modified
clay was apparent. The results obtained from section analysis
and filler distribution histogram confirmed the above findings.
The polymer—filler interaction was stronger in the case of un-
modified clay filled sample. The PSDs presented in this study
revealed the self-affine nature of surfaces created by addition
of nanoclays. Using 1DPSDs and 2DPSDs, SPM data of dif-
ferent nanocomposites were evaluated qualitatively and quan-
titatively to develop an understanding of the influence of
different nanoclays on the morphology. In addition, fractal
analysis calculated from 1DPSD, showed lower fractal dimen-
sion in the case of Fg5sCna4 than that of FgsCooa4. All types of
analysis reflected the fact that the unmodified clay filler had
better interaction with the fluoroelastomers than the modified
organo-clays. The morphological features were also explained
from thermodynamic point of view and SHAB theory.
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