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ABSTRACT: Hyperbranched polyurethane-urea-imide/
o-clay-silica (HBPUI/o-clay-silica) hybrid coatings were
prepared using organically modified clay (o-clay) in the
presence of cetyltrimethylammonium bromide (CTAB)
and tributylhexadecylphosphonium bromide (TBHPB)
cationic surfactants and were further surface-grafted by
3-aminopropyltrimethoxy silane (APTMS). Hybrid polyest-
ers were prepared by incorporating into the first genera-
tion hyperbranched polyester polyol (HBP-G1) at various
concentrations. The NCO-terminated hybrid prepolymers
and chain extensions were achieved by imide chain
extender. The modified clays were characterized by pow-
der X-ray diffraction and Fourier transform spectroscopy.
Viscoelastic, thermomechanical, and surface topology
studies were performed by dynamic mechanical thermal
analysis (DMTA), thermogravimetric analyser (TGA),

universal testing machine (UTM), atomic force micro-
scopic (AFM), and contact angle measurements. TGA and
DMTA indicated higher thermal stability and glass transi-
tion temperature (Tg) of TBHPB-modified hybrid coatings
compared with the CTAB counterparts, which increased
with increasing silane-modified o-clay content. Water con-
tact angle suggested increasing hydrophobicity of higher
silane-modified o-clay containing coatings, while AFM
confirmed the dispersibility of silane-modified o-clay into
polymer matrix; the extent of dispersion increased with
increasing silane-modified o-clay content in the hybrid
formulation. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci
125: E67–E75, 2012
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INTRODUCTION

Continuing interests in the development of novel
polymeric coatings have led to extensive research
efforts.1–3 This can be achieved either by chemical or
structural modification of polymers4 or by partial
replacement of linear structures with dendrimers or
hyperbranched polymers (HBPs).5 In particular,
HBPs, because of their ease of synthesis on a large
scale at a reasonable cost with excellent flow and
processing characteristics possesses higher industrial
importance. The properties of HBPs such as lower
viscosity, higher solubility, and globular structure
with a large number of reactive end groups have
been widely explored.6–8 Innumerable efforts have
been made to improve the properties of conventional
polyurethane (PU) coatings by incorporating imide
functionality into PU backbone9,10 and partial
replacement of linear structures with HBPs.11,12 The
montmorillonite (MMT), layered silicate clay, with
lamellar shape, has been used to prepare the various

polymer/clay nanocomposites.13–17 Clay being in-
compatible with organic polymers, efforts have been
made to improve its compatibility with organic net-
works.18–29 The properties of such hybrid materials
have further been improved by the surface modifica-
tion of o-clay with organosilane coupling agents.30,31

Many reports are available on the synthesis and
characterization of different polymer/clay nanocom-
posite coatings. But, very few reports are available
on hyperbranched PU hybrid coatings based on 3-
aminopropyltrimethoxy silane (APTMS) modified o-
clay.32,33 The significance of our work in compari-
sons with the earlier established work is that in this
study, we have focused more on the structure prop-
erty relation study of different hyperbranched poly-
urethane-urea-imide (HBPUI) hybrid coatings based
on Fourier transform infrared (FTIR) peak deconvo-
lution process what is rarely reported. In this syn-
thetic approach, we have planed to study the effect
of the APTMS-modified o-clay which contains amine
functional groups in the outer surface, on the HBPUI
hybrid coating properties. In our study, the clay par-
ticles were homogeneously distributed in the poly-
mer matrix because of higher reactivity [confirmed
by atomic force microscopy (AFM)] thereby giving
better thermomechanical and tensile properties.
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Thus, these hybrid nanocomposite coatings can be
utilized for the development of optically active films,
contact lenses, corrosion resistance coating, flame
retardancy coating, abrasion resistant coatings, and
coil coatings.34,35 Continuing our earlier research,29

herein, we have reported the synthesis of different
HBPUI/o-clay-silica hybrid coatings. To achieve
these hybrid coatings, the K10-clay was first modi-
fied by different cationic surfactants and was further
surface-grafted by APTMS coupling agents. The
obtained HBPUI/o-clay-silica hybrid coating films
were characterized by a variety of techniques.

EXPERIMENTAL

Materials

Tributylhexadecylphosphonium bromide (TBHPB),
APTMS, untreated MMT K-10 clay, 4,40-bis methyl-
ene dicyclohexyl diisocyanate (HMDI), and N-
hydroxyphthalimide were purchased from Aldrich
(Milwaukee, WI); hydrochloric acid, cetyltrimethyl-
ammonium bromide (CTAB), N,N0-dimethyl form-
amide, 1,4-dioxane, and sulfur-free toluene were
procured from S.D. fine Chemicals (Mumbai, India).
The solvents were freed from moisture using 4Å mo-
lecular sieves.

Characterization methods

X-ray diffraction (XRD) spectra were recorded using
Siemens/D-5000 diffractometer under CuK radiation
(k ¼ 1.5406Å), while FTIR of pristine, organically
modified and siloxane-grafted K10 clay samples
were taken using KBr pellets. Mid-infrared spectra
were acquired using Thermo Nicolet Nexus 670
spectrometer and each sample was scanned 128
times with a resolution of 4 cm�1. All the spectra
were scanned within the range of 400–4000 cm�1.

TGA analyses of o-clay and different HBPUI/o-
clay-silica hybrid samples were obtained using TA
Instruments (Model Q500). For the analysis, approxi-
mately 10 mg of the sample was heated in a plati-
num crucible and scanned by a high-resolution TGA
instrument operating at ramp 10�C/min from room
temperature to 600�C in a high purity flowing nitro-
gen atmosphere (40 cm3/min). Viscoelastic behavior
of HBPUI/o-clay-silica hybrid films in the tempera-
ture range 25–200�C was measured by dynamic me-
chanical thermal analyzed instrument (DMTA-IV,
Rheometric Scientific, NJ) in a tensile mode at 1 Hz
frequency with a heating rate of 3�C min�1.

The tensile strength of different HBPUI/o-clay-
silica hybrid films were measured by AGS-10kNG,
Shimadzu system connected with Autograph con-
troller/measurement unit. For this, the samples were
cut into a dumbbell-shape specimen. The AFM
images of different HBPUI/o-clay-based hybrid films

were recorded on a Dualscope 95-200 instrument
(Denmark) in a contact mode.

Modification K-10 clay and their
surface grafting by APTMS

The procedure for clay modification was outlined
before29 and grafting of APTMS onto o-clay surface
was done according to the earlier described proce-
dure.36 Initially, 10 g of o-clay was dried in a vac-
uum oven for 24 h, which was dispersed in 500 mL
of anhydrous toluene using ultrasonication probe for
30 min and the mixture was further sonicated for
another 1 h on a magnetic stirrer. Then APTMS (10
wt %) with catalytic triethylamine was added with
stirring under N2 atmosphere. The mixture was
refluxed under N2 atmosphere for another 6 h,
cooled to room temperature, and then the modified
clay particles were vacuum filtered with vigorous
washing using toluene. The APTMS-grafted o-clay
particles were collected by continuously extracting
through soxhlet using toluene for about 24 h. The
nanoparticles were finally dried in a low-pressure
oven at 100�C for 24 h and used in the reaction. The
detail modification process is shown in Scheme 1.
The CTAB and TBHPB surfactant-modified clays
are coded as K10-CTAB and K10-TBHPB, while
their corresponding silane-modified samples are
designated as K10-CTAB-Si and K10-TBHPB-Si,
respectively.

Synthesis of HBPUI/o-clay-silica hybrid films

Before the synthesis of HBPUI/o-clay-silica hybrid
coatings, the silane-grafted o-clay was first incorpo-
rated into hyperbranched polyester polyol (HBP-G1)

Scheme 1 The schematic outline for clay modification
and APTMS grafting onto o-clay surface.
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matrix at various concentrations through ultrasonica-
tion to get different hybrid polyesters. The polyester
polyol (HBP-G1) was synthesized by reacting
triethanolamine core and bis-MPA in the molar ratio
of 1 : 3 by polycondensation process.37 In the second
step, these hybrid polyesters were reacted with
HMDI at NCO/OH ratio (1.2 : 1) to get NCO-termi-
nated hybrid prepolymers. The excess NCO content
of the prepolymer was calculated by standard dibu-
tyl amine titration method and was chain extended
by N-hydroxypthalamide as chain extender. The
HBPUI/o-clay-silica hybrid films were obtained by
casting the chain extender containing hybrid resins
on a tin foil supported over a glass plate through
manually driven square applicator in the presence of
DBTL as catalyst and Tagostab as surfactant. The
casted films were kept for about 20–25 days under
the laboratory humidity condition for curing.38,39

The absence of NCO peaks at 2270 cm�1 and the
appearance of urethane/urea as well as imide peaks

at 1540, 1780, and 1380 cm�1 in FTIR spectra of dif-
ferent HBPUI/o-clay-silica hybrid films confirms the
completion of the curing reaction through the forma-
tion of urethane linkages. The reaction conditions
and the steps involved in the synthesis of HBPUI/o-
clay-silica hybrid coating is shown in Scheme 2,
while their sample codes and chemical compositions
are given in Table I.

RESULTS AND DISCUSSION

Powder XRD analysis

The overlapped XRD spectra of pristine and o-clays
are shown in Figure 1. The peak at 13.5Å (1.35 nm)
corresponds to basal plane spacing of the unmodi-
fied MMT clay shifting to <2 value after modifica-
tion with different cationic surfactants, suggesting
the intercalation of long chain cationic surfactants
into the clay gallery. The extent of intercalation is
highest in case of K10-TBHPB (d ¼ 2.30 nm) and

Scheme 2 The outline of the synthetic procedure for HBPUI/o-clay-silica hybrid coatings.
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lowest for K10-CTAB (d ¼ 1.81 nm), suggesting a
monolayer type of arrangement for CTAB-modified
samples and a bilayer to pseudo trilayer or paraffin-
type arrangement for TBHPB-modified sample,
respectively.40 The monolayer type arrangement in
K10-CTAB suggests that a large portion of ammo-
nium modifier is associated with the external surface
of MMT, while the bilayer to pseudo trilayer type
arrangement in case of TBHPB-modified system sug-
gests considerable swelling of the clay gallery as
also reflected in the thermal behavior of the hybrid
coatings.

FTIR analysis

The overlapped FTIR spectra of pristine, organically
modified and different siloxane-grafted clays are
shown in Figure 2(a). Compared with unmodified
clay, APTMS-grafted samples exhibit extra peaks at
2930, 1490, 1330, and 1556 cm�1 along with a
decrease in intensity41 of the AOH stretching band
at 3656 cm�1 The absorption band at 970 and 536
cm�1 are assigned to stretching of terminal SiAOH
groups and AlAOASi deformation signal becomes
stronger in the spectra of silane-modified o-clay sam-
ples, suggesting the successful grafting of APTMS

onto o-clay surface as accompanied by the consump-
tion of surface Al(OH) groups. The representative
overlapped FTIR spectra of different HBPUI/o-clay-
silica hybrid films are shown in Figure 2(b). The
characteristic peaks at 1780, 1380, 1120, and 720
cm�1 in the overlapped FTIR spectra were assigned
to the carbonyl stretching vibrations of imide I, im-
ide II, imide III, and imide IV groups, respectively.
This result confirms the insertion of imide groups
into the polymer backbone. However, the bands at
1078, 1728, 1540, 2921, 2862, and 3425 cm�1 are due
to the SiAOASi stretching of clay or siloxane unit,
hydrogen-bonded urethane carbonyl (AC¼¼O), sec-
ondary urethane amide group (ACANH), asymmet-
ric and symmetric ACAH stretching vibration and
H-bonding ANH group of the urethane molecule,
respectively. The combined FTIR data confirm the
formation of HBPUI/o-clay-silica hybrid coatings.
In case of PU, the hydrogen-bonding donor sites

are the ANH groups of urethane linkages and
hydrogen-bond acceptors may be either carbonyl
group of the hard urethane/imide or soft ester seg-
ments. The FTIR peak deconvolution of AC¼¼O and
ANH zone, for HBPUI-CTAB-Si-3% and HBPUI-
CTAB-Si-5% sample in the range of 1600–1800 and
3000–3800 cm�1, are shown in Figure 2(c,d), respec-
tively. For this, a flat baseline was chosen and the
second derivative of the spectra in mC¼¼O and mNAH

zones was used to find the number of Gaussian
peaks with the fitting correlation coefficients >0.99.
The peak values at 1777, 1737, 1716, and 1666 cm�1

are assigned to free imide, hydrogen-bonded imide,
free urethane, and bonded urethane, respectively.
The peak area of free and hydrogen-bonded imide
and urethane/urea, AC¼¼O groups [Fig. 2(c)] sug-
gests a higher contribution of hydrogen-bonded
structure for HBPUI-CTAB-Si-5%, due to more inter-
chain association through hydrogen-bonding be-
tween clay hydroxyl groups and carbonyl group of
urethane/imide hard segments, which are consistent
with our earlier published reports.42,43 Since we
could not separate the free and hydrogen-bonded
AC¼¼O groups, of the ester and urea function and
hence, we assign their positions at 1716 and 1666

TABLE I
Sample Codes and Chemical Compositions of Different

HBPUI/o-Clay-Silica Hybrid Coatings

Sample code Chemical compositions of the formulations

HBPUI-CTAB-Si-1% HBP-G1 þ HMDI þ K10-CTAB-Si-1% þ NHTM
HBPUI-CTAB-Si-3% HBP-G1 þ HMDI þ K10-CTAB-Si-3% þ NHTM
HBPUI-CTAB-Si-5% HBP-G1 þ HMDI þ K10-CTAB-Si-5% þ NHTM
HBPUI-CTAB-Si-7% HBP-G1 þ HMDI þ K10-CTAB-Si-7% þ NHTM
HBPUI-CTAB-Si-10% HBP-G1 þ HMDI þ K10-CTAB-Si-10% þ NHTM
HBPUI-TBHPB-Si-1% HBP-G1 þ HMDI þ K10-TBHPB-Si-1% þ NHTM
HBPUI-TBHPB-Si-3% HBP-G1 þ HMDI þ K10- TBHPB-Si-3% þ NHTM
HBPUI-TBHPB-Si-5% HBP-G1 þ HMDI þ K10- TBHPB-Si-5% þ NHTM

Figure 1 XRD spectra of pure and different organically
modified K10-clays in 2y range of 2–20.
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cm�1 along with the free and hydrogen-bonded ure-
thane AC¼¼O groups, respectively. The AC¼¼O zone
deconvolution data (not displayed) of different
HBPUI/o-clay-silica hybrid samples suggests that
the peak contribution from hydrogen-bonded
AC¼¼O from amide, imide/ester groups is highest
for HBPUI-CTAB-Si-10%. In a similar way, the
deconvoluted FTIR spectra of ANH stretching region
[as shown in Fig. 2(d)], indicates that three peaks at
3503, 3302, and 3197 cm�1 are assigned to free
ANH, hydrogen-bonded ANH (between the O¼¼CA
group of the hard segments), and overtone due to
Fermi resonance, respectively.44 Thus, FTIR deconvo-
lution result suggests the presence of more hydro-
gen-bonded structures (see the deconvoluted peak

area) in case of higher silane-grafted o-clay contain-
ing hybrid coatings viz., HBPUI-CTAB-Si-5%. The
ANH deconvolution result also shows similar trends
to that of AC¼¼O zone deconvolution.

Thermogravimetric analysis of the coatings

TGA thermograms of different HBPUI/o-clay-silica
hybrid films with increasing the content of silane-
modified o-clay is shown in Figure 3(a), while their
corresponding thermal data are given in Table II.
Figure 3(a), indicates the presence of two major steps
of decomposition, with the initial step of degrada-
tion occurring between 200 and 370�C. The first
decomposition step is primarily due to the

Figure 2 (a) FTIR spectra of pure K10-clay along with different organically modified and siloxane-grafted o-clays in the
range 400–4000 cm�1; (b) The overlapped FTIR spectrum of different HBPUI/o-clay-silica hybrid coatings in the range
400–4000 cm�1; (c–d) Representative FTIR peak deconvolution of (c) AC¼¼O, zone and (d) ANH, zone of HBPUI-CTAB-Si-
3% and HBPUI-CTAB-Si-5% hybrid coatings in the range of 400–4000 cm�1.
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decomposition of hard segments, while the second
stage is due to soft polymer degradation. TGA data
as given in Table II, suggests the increasing order of
thermal stability for hybrid films, and the order is as
follows: HBPUI-CTAB-Si-1% < HBPUI-CTAB-Si-3%
< HBPUI-CTAB-Si-5% < HBPUI-CTAB-Si-10%. For
instance, T1ON and 50% weight loss temperature

(Td50) for HBPUI-CTAB-Si-1%, HBPUI-CTAB-Si-3%,
and HBPUI-CTAB-Si-5% are 189, 193, 210 and 295,
308, 309�C, respectively, probably due to the com-
bined effect of two factors (i) polymer chain motions
in silicate layers may be barred and limited, which
increases the thermal stability45,46 and (ii) the pres-
ence of high thermally stable SiAOASi networks
makes the path longer for escaping of volatiles gen-
erated during the initial stage of decomposition.47,48

The representative TGA thermograms of surfactant-
modified o-clay-based HBPUI/o-clay-silica films is
shown in Figure 3(b). The obtained thermal data
suggests higher thermal stability for phosphonium-
modified films than their corresponding ammonium
counterparts. For instance, Td10 and Td50 decomposi-
tion temperatures for HBPUI-CTAB-Si-3% and
HBPUI-TBHPB-Si-3% are 224, 227, and 308, 310�C,
respectively, suggesting the relatively loose arrange-
ment49 and lower polarity50,51 of the of alkyl ammo-
nium surfactants compared with the phosphonium
counterpart.

DMTA and UTM analysis of the coatings

The tan d versus temperature curves obtained by
DMTA for different HBPUI/o-clay-silica hybrid films
with increasing silane grafted o-clay content is
shown in Figure 4(a), while their corresponding
glass transition temperatures (Tg) and cross-link den-
sity (te) values are displayed in Table III. The
obtained result suggests an increasing trend of Tg

values with increasing the silane-grafted o-clay con-
tent in the coating formulations. For instance, Tg and
te values at (Tg þ 5)�C for HBPUI-CTAB-Si-1%,
HBPUI-CTAB-Si-3% and HBPUI-CTAB-Si-5% are,
94.0, 100.2, 101.6�C and 1.94 � 104, 3.29 � 104, 3.38
� 104 mol/cm3, respectively. This is due to the
restriction of chain mobility, resulting from the rela-
tively stronger hydrogen-bonding interaction
between the polymer matrix and silicate layers of
the silane-modified o-clay.52 The DMTA profiles of
E0 and tan d versus temperature curves for HBPUI-

Figure 3 (a) Representative TGA curves of different sil-
ane-grafted o-clay based HBPUI/o-clay-silica hybrid films;
(b) Representative TGA thermograms of different silane-
grafted phosphonium and ammonium surfactant-modified
o-clay based HBPUI/o-clay-silica hybrid films.

TABLE II
Thermal Stability Data of Different HBPUI/o-Clay-Silica Hybrid Films

Sample codes

Onset
decomposition
temperature
T1ON (�C)

10% weight loss
temperature
Td10 (

�C)

50% weight loss
temperature
T50d (�C)

HBPUI-CTAB-Si-1% 189 205 295
HBPUI-CTAB-Si-3% 193 224 308
HBPUI-CTAB-Si-5% 210 230 309
HBPUI-CTAB-Si-7% 231 242 320
HBPUI-CTAB-Si-10% 233 246 325
HBPUI-TBHPB-Si-1% 202 211 286
HBPUI-TBHPB-Si-3% 207 227 310
HBPUI-TBHPB-Si-5% 219 241 213
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CTAB-Si-5% and HBPUI-TBHPB-Si-5% in the tem-
perature range of 25–200�C are shown in Figure 4(b),
and the study result suggest higher Tg and storage
modulus values of phosphonium-modified hybrid
coatings than the ammonium-based counterparts.
This behavior might be due to the loose network
arrangement of ammonium modifiers onto the sur-
face of polymer, as supported by TGA data. The ten-
sile data obtained for different HBPUI/o-clay-silica
hybrid films with increasing silane-modified o-clay
content is given in the Table IV. The result suggests
an increase in tensile strength and a decrease in
elongation at break with increasing the silane-
grafted o-clay content. This could be attributed to
the combined effects of (i) nano-reinforcement effect
from silane-grafted o-clays, which restricts the mac-
romolecular chain mobility through close packing
arrangements and does not allow the polymer to
stretch, thereby increases tensile strength and
decreases elongation at break53,54 and (ii) the forma-
tion of more number of polysilsesquioxane spheres
through the stable SiAOASi networks might increase

the hardness of the coated film, thus increasing their
tensile strengths.55,56

AFM analysis of the coatings

AFM was used to examine the dispersion of
APTMS-grafted o-clays into the polymer matrix. The
1D and 3D AFM images of pure polymer and differ-
ent APTMS grafted o-clay-based hybrid films is
shown in Figure 5. The roughness data suggests
varying surface roughness for different APTMS-
grafted o-clay-based hybrid coatings, which decrease
with increasing silane-modified o-clay content. For
instance, root mean square roughness (Rq) values
obtained for pure polymer, HBPUI-CTAB-Si-3%, and
HBPUI-CTAB-Si-5% hybrid coatings are 0.121, 1.311,
and 0.928 nm, respectively, confirming the dispersi-
bility of APTMS-grafted o-clay particles into the
polymer matrix increases (i.e., surface roughness
decreases) with increasing silane-modified o-clay
content of the coatings.57 This effect is due to com-
bined effect of higher reactivity of terminal amine
groups (present in the APTMS-grafted o-clays) with
PU prepolymer and improved hydrogen-bonding
between the o-clay hydroxyl groups and urethane/
urea or imide AC¼¼O, groups.58

Contact angle measurement

The hydrophobicity of hybrid films with increasing
o-clay content at different contact time was eval-
uated by contact angle measurement device. The
droplets of distilled water were placed on different
areas of the film surface using a micro-syringe and
the mean reading was taken as the real value for
contact angle. The variation of contact angles of dif-
ferent HBPUI/o-clay-silica hybrid films against wt %
of silane-modified o-clay content is given in Table
IV. The data suggests that contact angle increases
with increasing silane-modified o-clay content at a
particular contact time, while it decreases with
increasing contact time for a particular wt % of

Figure 4 (a) DMTA profile of tan d versus temperature
curves of different silane-modified o-clay based HBPUI/o-
clay-silica hybrid films; (b) Representative DMTA profiles
of E0 and tan d versus temperature curves of different sur-
factant-modified o-clay based HBPUI/o-clay-silica hybrid
films.

TABLE III
DMTA Data of Different HBPUI/o-Clay-Silica

Hybrid Films

Sample codes
Tg

(�C)

E0 � 108

[Pa] at
(Tg þ 5)�C

tC � 104

(mol/cm3)
at (Tg þ 5)�C

HBPUI-CTAB-Si-1% 94.0 1.8 1.94
HBPUI-CTAB-Si-3% 100.2 3.1 3.29
HBPUI-CTAB-Si-5% 101.6 3.2 3.38
HBPUI-CTAB-Si-7% 113.4 3.5 3.59
HBPUI-CTAB-Si-10% 132.0 4.7 4.60
HBPUI-TBHPB-Si-1% 102.4 3.9 4.11
HBPUI-TBHPB-Si-3% 105.4 4.9 5.12
HBPUI-TBHPB-Si-5% 124.1 5.7 5.68
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silane-modified o-clay loading. However, extent of
reduction in contact angle with increasing contact
time is dependent on o-clay content, which increases
slowly at higher wt % of silane-modified o-clay load-
ing.57 This could be due to decrease in surface polar-
ity because of the formation of more polar cross-
linked structures in the bulk59 and the enrichment of
intercalating agents at the surface of the film due to
their higher migration aptitude.60 Thus, the surface
hydrophobicity increases with increasing silane-
modified o-clay content of the coating formulation.

CONCLUSIONS

In this research, novel HBPUI/o-clay-silica hybrid
coatings were prepared and characterized for their
possible applications as coatings materials. It was
found that the o-clay was successfully inserted into

the K10-clay gallery by clay intercalation process
and also the APTMS moiety was further grafted suc-
cessfully into the o-clay surface. The TGA study
reveals higher thermal stability for the phosphonium
modifier (TBHPB)-based HBPUI/o-clay-silica hybrid
films than their corresponding ammonium counter-
parts (CTAB) and it increases with increasing the sil-
ane-modified o-clay content. DMTA suggests that
the storage modulus (E0) at room temperature, glass
transition temperature (Tg), and cross-link density,
all increased with increasing the silane-modified o-
clay content. AFM indicates better dispersibility of
silane-modified o-clays into the PU matrix due to the
favorable chemical interaction, which increases (i.e.,
surface smoothness increases) with increasing con-
tent of APTMS-grafted o-clay in the hybrid coatings.
UTM and contact angle data suggests increased ten-
sile strength and better hydrophobicity character for

Figure 5 Representative 1D and 3D AFM images of (a) the pure polymer, (b) HBPUI-CTAB-Si-3%, and (c) HBPUI-
CTAB-Si-5% hybrid films in a scan resolution of 10 lm.

TABLE IV
UTM and Contact Angle Data of Different

HBPUI/o-Clay-Silica Hybrid Films

Sample codes

Initial
contact
angle

Contact
angle after
20 min

Tensile
strength
(MPa)

Maximum
displacement

(mm)

Elongation
at break

(%)

HBPUI-CTAB-Si-1% 58 44 5.6 28.4 56.8
HBPUI-CTAB-Si-3% 63 47 8.7 25.8 51.6
HBPUI-TBHPB-Si-3% 72 53 12.4 23.1 46.2
HBPUI-CTAB-Si-5% 80 61 16.6 12.9 25.8
HBPUI-TBHPB-Si-5% 86 63 18.3 9.6 19.2
HBPUI-CTAB-Si-7% 92 68 21.2 3.8 7.6
HBPUI-CTAB-Si-10% 87 70 23.1 3.1 6.2
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the higher silane-modified o-clay containing hybrid
coatings. Hence, this study can be used as guideline
for the design and development of hybrid nanocom-
posite coatings for optically active films, contact
lenses, corrosion resistance coating, flame retardancy
coating, abrasion resistant coating, and coil coating
applications.
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