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Introduction

All types of molecules selectively absorb the radiant energy of specific wave length across the electromagnetic spectrum.
This can lead to photochemical reactions. These reactions include transformation of one compound to the other, volatilization
and de-polymerization of organic compounds, breaking of chemical bonds or more complex reactions like formation of
reactive free radicals from oxidizing compounds. Damage caused by these photo chemical reactions is called as photo
degradation. Two main catalysts in these reactions are humidity and oxygen. Organic coatings are prone to such degradation
[1,2]. Binders like epoxy with aromatic ring structures are absorptive and therefore susceptible to degradation [3]. The results
are chalking and yellowing [4].

In order to control such damage HALS (hindered amine light stabilizers scavengers) and UV stabilizers are used [1]. UV
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stabilizers are the materials with high band gap energy and nano ZnO is one such material with high band gap energy of 3.3
eV to 3.4 eV. Nano ZnO is an inorganic compound, so it is non-migratory and more stable compared to organic UV
stabilizers. Since ZnO is an inorganic compound, incompatibly arises between the matrix and nano ZnO. Hence, the interface
between the nano ZnO particle and the epoxy matrix is vulnerable to stress and cracks initiation. Hence surface modification
of nano particles with suitable coupling agent plays an important role in improving the properties of a coating. There are
several examples of surface modification of nano particles with silanes to achieve the compatibility [5,6]. In the current
study, effect of nano ZnO on epoxy coatings and the importance of its compatibility with the matrix have been studied.

Experimental

Materials

Nano ZnO with mean size 35 nm and 90 nm (synthesized in our lab) was used for experimental work. Nano ZnO was
synthesized by using zinc acetate dehydrate as precursor, potassium hydroxide as reactant and methanol as solvent. Epoxy
resin and amino adduct hardener was procured from Khamir industries. BYK-9076, a dispersing agent from BYK chemicals
was used to disperse nano ZnO in epoxy matrix. Sodium lauryl sulphate (SLS) from Dow Chemicals and GPTMS from
Sigma Aldrich were used to modify the surface of nano ZnO particles. Scanning electron microscope (SEM model no. 3400,
Hitachi) was used for imaging. SEM image of 30 nm ZnO and its corresponding X-Ray diffraction pattern is shown in the
FIG. 1. The peaks appeared at values of 32°, 34°, 38°, 48°, 57°, 64° and 70° could be attributed to the diffraction peaks of
(100), (002), (101), (102), (110), (103) and (112) planes of ZnO.
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FIG. 1. Scanning electron microscopic image of nano ZnO of size 35 nm and its XRD pattern.

Preparation of coated samples
Control epoxy: Epoxy was mixed with the hardener and applied on the rust free, degreased and roughened (by 80 grit emery

paper) mild steel samples using an applicator with 100 p allowance. Substrate preparation was same in the below two cases.

Un-modified ZnO/epoxy coating (ZnO/epoxy): Nano ZnO of 30 nm size was dispersed in the solvent using dispersing
agent by ultra-sonication at 70% amplitude for half an hour. This dispersion was added to the epoxy resin and stirred for 1 h.
Hardener was added into the resin and stirred for 10 min. The coating was applied on steel panels with an applicator. The

coating was designated as 30-ZNO/epoxy.
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Modified ZnO/epoxy coating (M-ZnO/epoxy): Nano ZnO (30 nm and 90 m) was soaked in 30% Butyl alcohol and 70%
xylene mixture to form OH bonds on the surface of the particles. 10 W% GPTMS with respect to the weight of nano ZnO
was added to this solvent along with 0.1 W% SLS (W% with respect to the weight of ZnO). This mixture was kept under
continuous stirring for 24 h at 65°C. Surface of the nano ZnO gets modified with GPTMS and it was confirmed by the FTIR
spectroscopy as shown in the FIG. 2. The mixture along with butyl alcohol/xylene mixture was used as solvent in the epoxy
resin. A few drops of BYK-9076 were added. This entire mixture was added into the epoxy resin and stirred for 1 h. In the
end, hardener was added and stirred for 10 min. This coating was applied on the steel panels using an applicator.

In both the cases above, the concentration of ZnO was maintained constant i.e., 1 W% with respect to the weight of epoxy
resin. Both 30 nm ZnO and 90 nm ZnO were functionalized separately. The coating with 30 nm ZnO was designated as M-
30-ZnO/epoxy and one with 90 nm ZnO particles was named as M-90-ZnO/epoxy.

Results and Discussions

Characterization of modified ZnO

The IR spectra of GPTMS and M-ZnO/epoxy in the range of 500 cm™* to 4,000 cm™ were recorded using Perkin Elmer ATR
spectrum 100 FTIR spectrometer. FIG. 2 shows the FTIR analysis of GPTMD and GPTMS modified nano ZnO. FTIR
confirms silane modification of ZnO surface. A peak at 901 cm™ is attributed to epoxide in the silane. Peaks at 2,938 cm'*
and 2,849 cm! are due to C—H stretching [7]. The peak at 1,045 cm is due to Si—O bonds [8].
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FIG. 2. FTIR spectrogram of a) GPTMS b) GPTMS modified nano ZnO.

Visual observation of dispersion stability of nano ZnO

The stability of the particles in xylene was visually observed for 30-days. The particles with only BYK-9076 dispersant got
settled down as shown in the FIG. 3a. Whereas GPTMS modified nano ZnO in xylene with a few drops of BYK-9076 was
well dispersed and no sedimentation was observed as can be seen in FIG. 3b. This shows that GPTMS acts as a stabilizing

agent for maintaining good suspension of nano ZnO in xylene.

Weathering tests
All the coatings including control epoxy coating were subjected to accelerated weathering in QUV chamber (QUV
weathering test chamber, QUV Co. lab) for 220 h. The chamber simulates extreme weathering conditions as per ASTM G53

standards. That means the samples are exposed to UV-B radiations of wave length of 315 nm for 8 h at 100% humidity
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followed by condensation for 4 h. The yellowing index and loss in gloss were measured by BYK gardener spectrometer. The
readings were taken after every 32 h. The increase in the yellowness of the coating is measured by yellowing index.

a b
FIG. 3. 30-days visual observation of a) sedimentation of un-modified ZnO in solvent with BYK-9076 b) modified ZnO

dispersion in solvent.

Gloss loss and yellowness index reports

Effect of modification of ZnO particles with GPTMS: FIG. 4 shows the samples of control epoxy and ZnO stabilized
epoxies subjected to accelerate weathering for 220 h. Chalking was started in the case of control epoxy sample as can be seen
in the FIG. 4d, whereas ZnO stabilized epoxies were still glossy and reflective as can be seen in FIG. 4a-4c. The yellowness
index of unmodified ZnO and modified ZnO of various sizes are compared in the FIG. 5. The initial yellowing index for all
the coatings was 5. The results of loss in gloss are expressed in terms of gloss units and have been represented in FIG. 6. The
initial gloss unit of all the coatings before testing was 90. This shows that ZnO doesn’t have any negative effect on gloss of
the coating. Also, the optical clarity wasn’t affected by nano ZnO. In all the above cases, the results were better in the case of
GPTMS modified nano ZnO because of good compatibility with the matrix and stability of the particles in epoxy resin.

FIG. 4. Epoxy coated mild steel samples subjected to accelerated weathering tests for 220 h a) M-30-ZnO/epoxy b) M-
90-ZnO/epoxy c¢) 30-ZnO/epoxy d) control epoxy.

Observation of Zn distribution in epoxy matrix: The distribution of nano ZnO in the above three cases can be seen in
elemental mapping as shown in the FIG. 7. The distribution of Zn is mapped using elemental mapping technique in the

scanning electron microscope. The distribution was found to be more effective in the case of GPTMS modified ZnO/epoxy
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coatings as it is evident from the FIG. 7b and 7c. In the FIG. 8a, the scanning electron microscopic picture of a ZnO
agglomerate embedded in the ZnO/epoxy coating matrix shows cracks around its surface at 16,000X magnification whereas
no such cracks can be seen in the case of M-ZnO/epoxy coating even at 45,000X magnification as can be seen in the FIG. 8b.
The unmodified ZnO particles tend to settle down in the epoxy matrix due to the high density whereas GPTMS stabilizes
ZnO particles which prevent them from forming sedimentation. Hence, a uniform distribution can be seen even after curing

in the case of GPTMS modified ZnO.
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FIG. 5. Yellowing index vs. time of weathering test for various coatings.
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FIG. 6. Plots of gloss units vs. time of weathering for various coatings.

Electro chemical impedance spectroscopy after 220 h of UV exposure: The EIS analysis was carried using software
controlled CH instrument (model 600C series). Bode plots of all the coatings from electrochemical impedance spectroscopy
after 220 h of UV exposure are represented in FIG. 9. There was two orders difference in the magnitude of impedance
between the control epoxy and M-30-ZnO/epoxy. This shows the better performance of M-30-ZnO/epoxy coating due to less
damage in the accelerated weathering test. This is due to less number of defects at the interface of nano particles and epoxy
matrix. Another factor is presence of water repellant silane i.e., GPTMS in the coating. The FIG. 9 also shows that the

performance of M-30-ZnO/epoxy coating is better than M-90-ZnO/epoxy.
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FIG. 7. EDX analysis SEM image and corresponding elemental mapping of a) 30-ZnO/epoxy b) M-30-ZnO/epoxy
€) M-90-ZnO/epoxy.

FIG. 8. Scanning electron microscopic image of a) agglomerate of ZnO in ZnO/epoxy showing cracks b)

compatible small agglomerate in M-ZnO epoxy.
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FIG. 9. Bode plot of various coatings in 1.5 % NacCl electrolyte obtained after 220 h of accelerated weathering.

Effect of nano ZnO on mechanical properties of epoxy coating

All the epoxy samples were subjected to taber abrasion testing by ASTM D4060 with 1 kg load on CS 17 wheels. The weight
loss of the coating after taber abrasion test is called taber abrasion index and these values are represented in TABLE 1.
Abrasion resistance was increased by three times after adding ZnO. Nano particles embedded in organic coating matrix will
increase the rigidity of the coating. Hence improves the resistance to abrasion [9]. Silane modification of ZnO has no
additional effect on abrasion resistance. Impact test was conducted on all the above samples according to ASTM D2794. The
results are measured in kg-meter. All the samples showed the same values. Scratch resistance was carried out according to

ASTM D 5178 and the results were same in all the cases.

TABLE 1. Taber abrasion index, impact resistance and scratch hardness of various coatings.

Sample name Taber abrasion index (grams) | Impact strength (kg-meter) | Scratch hardness (kg)
Control epoxy 150 10 8
30-ZnO/epoxy 55 10 8
M-30-ZnO/epoxy 66 10 8
M-90-ZnO/epoxy 69 10 8
Conclusion

In this work, effect of nano ZnO and impact of its surface modification on the weathering properties was studied. Nano ZnO
can act as an effective UV blocker without affecting the optical clarity of clear epoxies and their gloss. However, its surface
modification with silane can further improve the resistance to weathering. Even after 220 h of exposure to weathering, silane
modified ZnO showed good corrosion performance. Size of nano particles is also an important factor. As the size reduces, the
surface area increases. Thus the resistance to weathering and corrosion increases. Coating with modified 30 nm ZnO particles
showed better weathering resistance and corrosion resistance compared to that of 90 nm ZnO particles. Nano ZnO improves

the abrasion resistance also.
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