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A nanocomposite coating was formed by incorporating nanoalumina pigment in a waterborne polyurethane dispersion (WPUD)
to different loading levels (0.1% and 1.0% by weight). Electrochemical performance of the nanocomposite coating was evaluated
by applying these nanomodified coatings on mild steel substrate and exposing them to salt-spray, humidity, and accelerated UV
weathering. The surface morphology of the composite coating was evaluated using various analytical techniques. SEM and AFM
were used to investigate the dispersion of nanoalumina pigment and surface morphological changes of the nanomodified coating,
before and after exposure to the test environment. Mechanical properties like scratch resistance were studied by using nanoscratch
technique (Nanoindenter TI-900, Hysitron Inc, USA) and hardness using pencil hardness test method. The results showed an
improvement in the corrosion, UV weathering, and mechanical properties of the coatings at lower concentration (0.1% by wt),

indicating the positive effect of addition of nanoalumina pigment to the coating.

1. Introduction

An aqueous polyurethane dispersion is a binary colloid
system in which polyurethane particles are dispersed in
a continuous aqueous medium [1, 2]. The basic building
blocks of solvent borne polyurethanes like diisocyanates,
polyols, amines catalysts, and additives are common to
aqueous-based system as well [3]. Though, the development
of aqueous polyurethane dispersions was motivated primarily
by environmental considerations, one technical advantage
of aqueous polyurethane dispersion is that the viscosity
of dispersion is independent of the molecular weight of
polymer. Thus, polyurethane dispersion can be prepared at
a high solid content with a molecular weight high enough
to form films with excellent performance solely by physical
drying [2]. Economical aspect is another reason as they do
not contain the expensive solvents [3]. Compared to their
solvent counterparts, polyurethane dispersions can offer the
following advantages: viscosity and flow properties indepen-
dent of molecular weight, the absence of external emulsifiers,
environmental safety, good adhesion, and rheology charac-
teristics [4]. Other advantages which make them attractive

as waterborne coatings are the outstanding properties of sol-
vent, stain, chemical resistance, and toughness with flexibility
[5].

Also, it has been found that additive and pigments not
only provides esthetics to the waterborne coatings, but also
helps in improving many properties of the coatings such
as UV resistance, corrosion resistance. With the quest for
new developed coating systems with better performance,
aqueous-based polyurethane coatings are modified with
various nanoparticles [6-13]. Nanotechnology presents a
wide range of opportunities to improve performance of
coatings and promises to deliver breakthrough performance
specifically with respect to scratch and mar resistance, barrier
properties including corrosion resistance and mechanical
properties [14, 15]. Optical clarity is one of the many fea-
tures of nanoparticles, extremely important in expanding
nanoparticle applications in coatings. They can be added to
a clear coating formulation with little or no adverse impact
on visual characteristics. Nanoparticles most commonly used
in coatings are SiO, [7, 11-13], TiO, [16], ZnO [6, 8, 9, 17],
AL, O; [18-21], Fe, 05 [22], and CaCO; [23], ZrO, [24]. Use
of nanoparticles is most commonly based on the inherent



properties they possess. For example, nanotitania and nanoz-
inc oxide are most commonly used as UV blocking agents,
whereas nanoalumina and nanosilica are used to improve
scratch and abrasion resistance of the coating. The enhanced
properties are result of the much greater surface to volume
ratio of the nanopigment that is often characterized by very
high aspect ratios [25].

Present study refers to the effect of addition of nanoa-
lumina on water-borne polyurethane coating system at two
different loading levels (0.1% and 1.0% by weight). Alumina
is a harder material (hardness on Mohs’s scale is 9) and
is mostly used to modify coatings in order to improve its
scratch and abrasion resistance. The nanomodified coatings
were applied on pretreated mild steel panels by dip coating
techniques. Dip coating techniques can be described as a pro-
cess where the substrate to be coated is immersed in a liquid
and then withdrawn with a well-defined withdrawal speed
under controlled temperature and atmospheric conditions.
The coating thickness is mainly defined by the withdrawal
speed, by the solid content, and by the viscosity of the
liquid. Dip coating was used keeping into view the industrial
viability of the coating. Using this technique, uniform film
can be applied onto flat and cylindrical substrates with ease
and high production rates and high transfer efficiency. The
process is cost effective and requires low labor as compared
to other application process. The performance behavior of
the nanoparticle modified coating systems with respect to
electrochemical, UV resistance, and mechanical properties
was investigated.

2. Experimental

2.1. Material Used. Nanoalumina (Nano DurTM), of
nanoparticle size ranges from 30-47 nm with a mean size
of 35nm and specific area of 35m* g ™', was procured from
Johnson Mathey Company. A one-pack translucent water-
borne polyurethane dispersion (WPUD) based on aliphatic
urethane with approximately 34% of total solid content was
procured from Dooall Corporation Pvt. Ltd, India.

2.2. Preparation of Nanoparticle Modified Polyurethane
Waterborne Coating. Waterborne polyurethane dispersion
(WPUD) was stabilized with nanoalumina pigments in
different concentrations by ultrasonic probe dispersion
equipment (100 W, 40khz) for about 45 minutes until a
clear coating was obtained. To minimize temperature driven
side effects during sonication, the suspension container
was immersed in a cooling bath. The nanomodified coating
system thus formed was applied on pretreated cold roll
steel panels by dip coating. Dip coating techniques can be
described as a process where the substrate to be coated
is immersed in a liquid and then withdrawn with a well-
defined withdrawal speed under controlled temperature and
atmospheric conditions. The coating thickness is mainly
defined by the withdrawal speed, by the solid content, and
by the viscosity of the liquid. Dip coating was used keeping
into view the industrial viability of the coating. Using
this technique, uniform film can be applied onto flat and
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FIGURE 1: TEM photograph of nano-Al, O, particles.

cylindrical substrates with ease and high production rates
and high transfer efficiency. The process is cost effective and
requires low labor as compared to other application process.
Pretreated mild steel substrates (3" x 6") were immersed in
the solution of the coating material at a constant speed and
held in coating bath for a while. The substrate was pulled up
from the bath, while the thin layer of the coating deposits
itself on the substrate. The excess coating dripping from
the substrate was wiped off and the coating was allowed
for oxidative curing at room temperature for 24 hours.
The average coating thickness was found to be 10 ym. The
coated panels were used for electrochemical and mechanical
characterizations.

2.3. Characterization. The powder nanoparticles were inves-
tigated by transmission electron microscopy (TEM, Philips
CM200) for its shape and size. Electrochemical behavior of
the coating was studied by exposing the coated test panels
to Salt Spray (ASTM B117), Humidity (ASTM D 2247), and
UV weathering (ASTM D 4587) tests. Surface morphology
of the coatings after electrochemical studies was determined
using scanning electron microscopy (SEM, Model no. $3400,
Hitachi) and atomic force microscopy (AFM, Digital Instru-
ment Nanoscope IV). For SEM and AFM studyalcm x 1cm
size peace was cut from the sample. Mechanical properties
like scratch resistance were studied by using nanoscratch
technique (Nanoindenter TI-900, Hysitron Inc, USA) and
hardness using pencil hardness test method (ASTM D-3363-
05(2011)e2).

3. Results and Discussion

3.1 Characterization of Nanoalumina Oxide Powders.
Figurel shows the TEM photograph of nano-Al,O;
particles. It shows that the particles are of spherical shape.
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FIGURE 3: SEM micrographs of salt-spray-exposed samples: (a) neat WPUD, (b) WPUD + 0.1% nanoalumina, and (c) WPUD + 1.0%
nanoalumina.
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FIGURE 4: AFM topographic height images of salt-spray-exposed coating surface at a scan size of 10 ym x 10 ym: (a) neat WPUD, (b) WPUD
+ 0.1% nanoalumina, and (c) WPUD + 1.0% nanoalumina.
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FIGURE 5: SEM micrographs of humidity-exposed samples: (a) neat WPUD, (b) WPUD + 0.1% nanoalumina, and (c) WPUD + 1.0%

nanoalumina.

The nanoparticle size ranges from 30 to 47 nm with a mean
size of 35 nm.

3.2. Characterization of Nanocomposite Coating

3.2.1. Electrochemical Analysis by Using SEM and AFM.
Surface properties of the coating before and after modifi-
cation are discussed on the basis of the change of surface
topography using SEM and AFM. Figure 2 shows the SEM
micrographs of neat WPUD coating and coating modified
with nano-Al,O; particles in different loading levels, before
exposure to the test environments. From Figure 2(a), it can
be clearly seen that the coating formed is uniform and free
from heterogeneity on the surface. After modifying WPUD
with nano-Al,O; particles, the coating modified with 0.1%
nano-Al,O; particles (Figure 2(b)) shows uniform surface
morphology indicating proper dispersion of nanoparticles,
while the surface micrograph of coating modified with 1.0%
nano-Al, O; particles (Figure 2(c)) shows white spots all over
the surface indicating agglomeration of the nanoparticles.

Salt-Spray Exposure. Figure 3 shows the surface micrographs
of the neat WPUD and nanocomposite coatings after 800
hours of exposure in salt spray chamber. From Figure 3, it
can be seen that the coating degradation after exposure to
salt spray is more distinct on neat sample (Figure 3(a)) and
on coating modified with 1.0% nanoalumina (Figure 3(c))
where appearance of microcracks is observed. However, the
performance was as comparatively better for the coating

modified with 0.1% nanoalumina (Figure 3(b)). The degrada-
tion of neat WPUD coating resulting into chemical changes
during exposure is attributed to the fact that coating without
barrier pigments is permeable to water and other corrosion
initiators such as chloride and oxygen. However, after mod-
ification of WPUD with nanoalumina, it is suggested that
the concentration of nanoparticles has dramatic effect on
corrosion protection properties of these nanocomposites. At
lower loading level (0.1% nanoalumina), the concentration
of nanoalumina particle is so small that the well-disperse
particles in the coating restrict the diffusion of the corrosive
electrolyte through the coating film acting as an effective
barrier. It may be attributed that for lower loading level
of nanoalumina, the well-dispersed particle having large
surface area and small size absorbs more resin on its sur-
face which enhances the density of the coatings thereby
reducing the transport paths for the corrosive electrolyte
to pass through the coating and consequently reducing the
corrosion process [9, 26, 27]. At higher loading level (1.0%
nanoalumina), the increase in the number of particles in
the coating surpasses the critical loading level which may
lead to agglomeration of the particles resulting in microsize
defects at the agglomerated site. These agglomerates because
of their high surface activity introducing defect like crack
and increasing brittleness in nanocomposite coatings. These
defects act as site for electrochemical reaction affecting the
coating performance. AFM topographic images for salt-
spray-exposed samples for 800 hours also provide the same
information (Figure 4). As can be seen from Figure 4(a),
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FIGURE 6: AFM topographic height images of humidity-exposed coating surface at a scan size of 10 ym x 10 ym: (a) neat WPUD, (b) WPUD

+ 0.1% nanoalumina, and (c) WPUD + 1.0% nanoalumina.
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FIGURE 7: SEM micrographs of UV-exposed samples: (a) neat WPUD, (b) WPUD + 0.1% nanoalumina, and (c) WPUD + 1.0% nanoalumina.

the surface of neat sample and coating modified with 1.0%
nanoalumina (Figure 4(c)) is completely heterogeneous due
to breakdown of polymer matrix as compared to coating
modified with 0.1% nanoalumina (Figure 4(b)), which shows
a little change on the surface appearance, indicating better
protection. It is appeared that the neat coating had undergone
the breakdown of polymer matrix due to long exposure to the
electrolyte, whereas the addition of critical amount of nano-
Al,O; had retarded the diffusion of corrosive species.

Humidity Exposure. Figure 5 shows the SEM micrographs
of humidity-exposed samples. From Figure 5, the effect of
humidity was more pronounced on neat sample (Figure 5(a))
and on coating modified with 1.0% nanoalumina
(Figure 5(c)) as compared to coating modified with 0.1%
nanoalumina (Figure 5(b)). The surface micrograph of the
neat sample (Figure 5(a)) shows presence of blisters all over
the surface. This indicates that the coating has undergone
drastic changes during exposure leading to the failure. With
the incorporation of 0.1% of nanoalumina pigment in the
coating system, no such defects were observed. As can be
seen from the SEM micrographs (Figure 5(b)) coating at
lower loading level (0.1%) appears more uniform and devoid
of areas of delamination, degradation, and blisters. This
again can be attributed to proper pigment concentration and
dispersion in the polymer matrix. Also, the interaction of
the nanoalumina with the polymer is strong, whereby the
strongly bounded interface does not allow the permeation of
water [20, 21]. However, at higher loading level (Figure 5(c)),
heterogeneities are clearly observed similar to that of

neat coating. This can be attributed to improper pigment to
polymer ratio resulting in the agglomerated site consequently
leading to lose of their desired functional properties [12, 27].
AFM topographic height images (Figure 6) for humidity-
exposed samples also provide the parallel observations.
Figure 6(a) represents AFM image of neat samples showing
completely distorted surface, indicating changes in the
surface roughness and microstructure of the coating.
Coating system with lower concentration of nanoalumina
particles (0.1% by wt) shows little change in the surface
roughness and microstructure of the coating (Figure 6(b))
as compared to the coating system (Figure 6(c)) with higher
loading level (1.0% by wt), suggesting the improvement in
the humidity resistance of the coating.

UV Weathering Test. Figure7 shows the surface micro-
graphs of UV-exposed samples after 1000 hours, where the
source of irradiation used was UV-B lamp which emits
wavelength of 313nm. The degradation of coating due to
photo-chemical interaction is distinctly observed in neat-
WPUD-coated sample. The presence of surface heterogeneity
clearly indicates the degradation of coating due to long-
term exposure to UV radiation (Figure 7(a)). The coating
modified with nanoalumina showed an improvement in the
UV resistance. No changes were observed for the coating
modified with 0.1% of nanoalumina (Figure 7(b)). However,
for coating modified with 1.0% of nanoalumina (Figure 7(c)),
appearance of pin holes is clearly observed. This suggests
that though the induction time for surface degradation is
delayed, the performance of the coating was inferior as
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FIGURE 8: AFM topographic height images of UV-exposed coating surface at a scan size of 10 gm X 10 ym: (a) neat WPUD, (b) WPUD + 0.1%

nanoalumina, and (¢) WPUD + 1.0% nanoalumina.
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compared to the coating modified with lower concentration
of nanoalumina. The improvement of UV resistance of the
modified coating can be attributed to the fact that nanoa-
lumina has a wide band gap (3.37 ¢V) and large excitation
binding energy of 60 meV; therefore, it can absorb light that
matches or exceeds their band gap energy and which lies in
the UV range of the solar spectrum [28, 29]. Thus, a well-
dispersed nanoalumina particles attenuate UV radiations
and protect the polymer matrix from degradation. Figure 8
shows the AFM topographic height image of UV-exposed
samples. For Neat WPUD coating the surface appears to
be more heterogeneous with increased roughness, indicat-
ing surface degradation (Figure 8(a)). Coating with 0.1%
nanoalumina shows effective improvement in UV blocking
properties (Figure 8(b)). It can be attributed that the small
surface area per unit mass and volume increases the effec-
tiveness of the blocking UV radiation and prevents photo-
degradation of base polymer matrix. Also, nanoalumina
due to its ceramic nature is inherently stable [30] and at
this dimension possesses lower photochemical activity [31]
thereby providing good UV blocking property to the coating
system without interacting with the UV radiation. However,
the performance of nanoalumina at higher loading level is
not satisfactory, as presence of pinholes and cracks is clearly
seen (Figure 8(c)) due to formation of agglomeration in the
coating matrix.

3.2.2. AFM Surface Roughness Analysis. Table1 represents
surface roughness values for neat WPUD and nano-Al,O5-
modified WPUD coating systems, before and after expo-
sure to the test environment. After exposure to various
test environments, it was found that the surface roughness
of neat sample is higher due to breakdown of polymer
matrix as compared to the surface roughness of nano-
Al,O;-modified coating. This suggests the improvement in
the properties of the coating after modification. However,
the surface roughness of coating modified with 0.1% nano-
AL, O; was relatively less than the coating modified with
1.0% nano-Al,O;, suggesting that for a higher loading level
of nanoparticles the resin available is not sufficient to fill
all interpigmentary interstices leading to porous film with
inferior corrosion resistance.

3.3. Mechanical Characterization

3.3.1. Pencil Hardness. The surface hardness is an important
property of coatings, because a harder surface resists scratch
and abrasive forces better. Pencil hardness test was carried out
for neat WPUD and nanoalumina (0.1% by wt and 1.0% by
wt) modified with WPUD-coated samples (Figure 9). Pencil
hardness for the neat-WPUD-coated sample was found to be
3 H. With addition of nanoalumina particles, the hardness of
the coating was enhanced, and the grade is 5 H at the higher
loading level (1.0%) and 4 H at lower loading level (0.1%).

3.3.2. Nanoscratch Testing. The AFM-scanned pictures for
the scratched coatings are shown in Figurel0. A dis-
tinct difference in the scratch morphology is observed on
neat-WPUD (Figure 10(a)) and nanoalumina modified with
WPUD coating (Figures 10(b) and 10(c)). A straight, wider,
and completely clear scratch was obtained for the neat-
WPUD coating (Figure 10(a)). On the other hand, the profile
of the scratch was not straight and uniform for the nanoalu-
mina modified coating (Figures 10(b) and 10(c)), suggesting
the resistance towards scratch damage after modification.
The homogeneous distribution of nanoparticles toughens the
coating system by hindering the mobility of macromolecular
chains at the interface around the nanoparticles thereby
improving the scratch resistance property [32, 33]. Also,
the width of the scratch profile for neat-WPUD coating
is narrow, whereas the width of the scratch profile for
nanoalumina modified coatings is broad, suggesting that the
lateral force required to create scratch to the nanoalumina-
modified coating is higher as compared to the neat-WPUD
coating. Thus, addition of nanoalumina (hardness of 9 Mohs)
particles inhibits the crack formation and propagation during
the scratch process. It is also apparent that the addition of
nanoalumina in higher concentrations decreases the hard-
ness because of nanoparticle aggregation [34]. This may be
the probable reason for relatively less resistance offered by
the coating modified with 1.0% nanoalumina as compared to
coating modified with 0.1% nanoalumina.

4. Conclusions

In the present study, two different concentrations of nanoa-
lumina particles (0.1wt% and 1.0 wt%) were employed to
prepare nanocomposite polyurethane coatings. Although,
the neat-WPUD coating acts as a barrier against corrosive
environment, the protection seems to be reduced due to
the diffusion of corrosive electrolyte through the coating
film after long-term exposure to the corrosive environment.
However, after modification with nanoalumina the coatings
showed delay in corrosion process. The increase in the
induction time of coating degradation may be attributed
as a result of uniform distribution of nanoparticles which
restricts the diffusion of the corrosive electrolyte through the
coating film acting as an effective barrier. It was observed that
UV degradation of the neat WPUD was also reduced after
modification with nanoalumina, indicating improvement in
UV resistance property. This may be attributed to the fact
that at nanoscale the particles themselves effectively absorb
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FIGURE 10: AFM scan pictures of scratched films of (a) neat WPUD, (b) WPUD + 0.1% nanoalumina, and (¢) WPUD + 1.0% nanoalumina.

TAaBLE 1: AFM Surface roughness values (nm) measured for coatings exposed to salt spray, humidity, and UV weathering.

Test Neat WPUD WPUD + 0.1% Nanoalumina WPUD + 1.0% Nanoalumina
Salt spray 128.66 nm 18.64 nm 4772nm
Humidity 132.71nm 6.79 nm 17.93 nm
UV weathering 20.54 nm 10.70 nm 13.94 nm

rather than scatter the UV radiation providing UV protec-
tion to the polymer. A considerable improvement in the
electrochemical, UV weathering, and mechanical (hardness
and scratch) properties of the WPUD coating modified
with 0.1wt% nanoalumina particles was observed. However,
optimizing the concentration and improving the dispersion
of nanoalumina in the polymer matrix can further improve
the performance properties of the WPUD.
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