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Abstract. The corrosion resistance of sol-gel-derived, organic-inorganic, silica-based hybrid coatings
was studied. Hybrid sols were prepared by copolymerizing tetraethylorthosilicate (TEOS) and 3-
methacryloxypropyltrimethoxysilane (MPS) with a two-step acid-catalyst process. Hybrid coatings were dip-coated
on 304 and 316 stainless steel substrates and annealed at 300°C for 30 minutes. The adhesion, flexibility, and bio-
compatibility of the coatings were examined. Hybrid coatings were found to be relatively dense, uniform and
defect free. Electrochemical analyses showed that the coatings provided excellent corrosion protection by forming
a physical barrier, which effectively separated the anode from the cathode. In addition, further experimental results
revealed that the corrosion patterns are strongly dependent on the nature of the stainless steel substrates. Some
possible mechanisms for corrosion breakdown associated with each type of substrate are also introduced.
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Introduction

A generic approach to enhance corrosion resistance
is to apply protective films or coatings. Through the
modification of the chemical composition of the coat-
ings, such protective coatings can also permit the intro-
duction of other desired chemica! and physical proper-
ties, such as mechanical strength and hydrophobicity.
Various organic coatings have been studied for corro-
sion protection [ 1-3]. Various oxide coatings by sol-gel
processing have been studied extensively for corrosion
protection of stainless steel [4-8]. In spite of all the
advantages of sol-gel processing, sol-gel oxide coat-
ings suffer from several drawbacks. Specifically, the
high annealing or sintering temperatures (>800°C) re-
quired to achieve a dense microstructure could possibly
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introduce cracks and/or delamination within the sol-gel
coatings [9-12].

One viable approach to dense, sol-gel-derived coat-
ings without post-deposition annealing at elevated tem-
peratures is to synthesize organic-inorganic hybrid
coatings. Relatively dense organic-inorganic hybrid
coatings have been developed for applications, includ-
ing wear resistance [13, 14] and corrosion protec-
tion [15—17]. In this paper, we studied the corrosion
resistance of sol-gel-derived, organic-inorganic hy-
brid coatings on two types of stainless steel. The
current research was also aimed at developing cor-
rosion protecting sol-gel coatings with desired flexi-
bility and biocompatibility. It was demonstrated that
sol-gel-derived hybrid coatings could significantly
enhance the corrosion protection of stainless steel
substrates. Corrosion resistance of multiple coat-
ings, flexibility, and adhesion were discussed and
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Figure 1. Polarization curves of bare and 10% MPS sol-gel coated (a) 304 stainless steel substrates and (b) 316 stainless steel substrates.

efforts were made to understand possible failure adhesion between the substrate surface and the sol-gel
mechanisms. coating [18]. The silica-based, organic-inorganic hy-

brid sol was prepared with an acid-catalyzed, two-step
Experimental hydrolysis-condensation process. The hybrid sol was

prepared by admixing a silica precursor, tetraethyl-
The 304 and 316 stainless steel substrates used for orthosilicate (TEOS, Si(OC,Hs),), and an organic pre-

the analysis of the sol-gel coatings had been clectro- cursor, 3-methacryloxypropyltrimethoxysilane (MPS,
polished and exposed to surface hydroxylation at an H;CC(CH;3)CO,(CH,):Si{OCH3)3), to control the
elevated temperature to ensure a tight bond and good flexibility and density of the sol-gel network. After
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Figure 2. Polarization curves of (a) non-flexed and flexed 304 stainless steel substrates with 10% MPS sol-gel coating and (b) 304 stainless

steel substrates with -layer and 2-layer 10% MPS sol-gel coating.

substrate preparation and sol preparation, film depo-
sition of the coating onto the substrates utilized a sim-
ple dip-coating process. The substrates were dipped
in the sol at a constant rate of 14 cm/min, immersed
in the sol for approximately | minute, withdrawn at
the same constant rate, and then air-dried for approx-
imately 15 minutes. Following deposition, the sub-
strates were sintered at 300°C for 30 minutes at a heat-
ing and cooling rate of 5°C/min to ensure densification
of the gel network. A detailed study was focused on
sol-gel coatings with a TEOS:MPS ratio of 90:10.

Polarization measurements were carried out poten-
tiodynamically at room temperature under extreme
environmental conditions consisting of an aqueous,
air-exposed, saturated sodium chloride (32% NaCl) so-
lution, a saturated calomel reference electrode (SCE),
and a platinum counter electrode. All potentiody-
namic measurements were performed within the range
of —1000 mV to 1200 mV versus SCE at a rate
of 2 mV/s. Optical Microscopy and scanning elec-
tron microscopy (SEM) were also performed on the
substrates to characterize the surface morphology. In
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addition, biocompatibility tests were characterized by
means of cytoxicity and hemolysis,

Results and Discussion

Optical microscopy and SEM analyses revealed that
uniform, homogeneous, and crack-free hybrid sol-gel
i on stainless steel substrates were readily ob-
tained prior to and after post-deposition annealing at
300°C for 30 minutes. Ellipsometry measurements also
indicated that a uniform coating thickness of approxi-
mately 200 nm was deposited on the substrates.
Figure 1(a) and (b)) compares the polarization curves
of both bare and 10% MPS sol-gel coated 304 and 316

staintess steel substrates. A passivation region with a
rather fow passivation current density implied that the
sol-gel coating indeed provided a physical barrier for
blocking the electrochemical process. The polarization
curves of the sol-gel coated substrates was appreciably
different from that of the bare stainless steel substrates
indicating that the hybrid coating had an effect on the
corrosion behavior, In addition, a distinct passivation
region was present for the coated substrates, whereas,
no definitive passivation region was found for the bare
stainless steel substrates.

Figure 2(a) and (b) shows the flexibility and versatil-
ity of the sol-gel coating on 304 stainless substrates by
comparing the polarization curves of 10% MPS coat-
ings on stainless steel substrates. Figure 2(a) clearly

SOL-GEL
COATING

Figure 4. Schematic itustrations of possible corrasion mechanisms and their respective SEM images for (1) 10% MPS hybrid coating on a

304 stainless steel subsirate and (b) 10% MPS hybrid coating on a 316 stainless steel substrate,

(Continued on next page.)
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Figure 4. (Continued ),

shows that the two polanzation curves are identical,
indicating that flexure had introduced neither cracking
nor delamination in the hybrid coatings. Figure 2(b)
compares the polarization curves of one-layer and two-
fayer coatings on 304 stainless steel. The two-layer
coating demonstrated appreciably enhanced corrosion
protection due to the reduced diffusion rate or con-
ducting current density through the thicker coating.
The higher potential of the passive region could be
aseribed to the doubled thickness from the two-layer
hybrid coating, which would be more resistive to in-
duced interface corrosion failure.

Figures 3(a)—{c) compares the SEM 1mages of the
bare and 10% MPS sol-gel coated 304 and 316 stain-
less steel substrates after potentiodynamic polarization

Conclusions
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tests. The extent of corrosion was appreciably different.
The corrosion pits in the bare substrate are much Emg@r
than that in the sol-gel coated substrates, It was also
found that the 304 stainless steel substrate with hy bnd
coating showed more extensive pitting from electro-
chemical reactions along the surface than the 316 stains
less steel substrate. The delamination and breakdown
of the coating on 304 stainless steel could be clearly
seen along the edge and interior of the corrosion pits,
indicating preferential localized attack after the electric
potential exceeded the breakdown potential. The 316
stainless &twi substrate with hybrid coating showed
no signs of pitting along the surface, where no ap- |
preciable delamination or cracking of the coating was
seen.
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Figure 4(a) and (b) shows the close-up SEM images
of the coated 304 and 316 stainless steel substrates and

- possible corrosion mechanisms. Figure 4(a) depicts the
 possible corrosion mechanism of sol-gel coatings on
-~ the 304 stainless steel substrate. The localized electro-

chemical reaction at the interface resulted in debond-

ing, delamination and lifting of the coating from the
substrate, possibly due to hydrolysis reactions at the in-

terface [13]. Figure 4(b) suggests a different corrosion

* mechanism at the interface between the sol-gel coat-

ing and the 316 stainless steel substrate. It is possible

- that the electrochemical reaction between the corrosive

and metal ions at the interface of the coating and the
substrate resulted in the formation of an oxide layer,

' forming a passivation layer to enhance the corrosion

resistance.

Some preliminary tests showed that the organic-
inorganic hybrid coatings possess good biocompati-
bility. Specifically, no cell lysis or intracytoplasmic
granules were noted, which indicated that the organic-
inorganic hybrid coatings are non-cytotoxic. Further-
more, the percent of cell lysis was determined to be
0.00% (below the detection limit), and thus the sol-gel
coatings are considered 1o be non-hemolytic. Although
the above results are preliminary and further testing is
required, the biocompatibility test results are in good
agreement with literature stating that Si0, is a bio-
compatible material [19, 20]. Thus, Si0,-MPS hybrid
coatings are promising candidates for biocompatible
applications.

Conclusions

Silica-based hybrid coatings, prepared by a two-
step acid catalyst sol-gel process, were found uni-
form, defect-free and relatively dense. Hybrid coatings
on stainless steel substrates demonstrated enhanced
corrosion protection by forming a physical barrier,
which effectively separated the anode from the cath-
ode electrically. It was found that the corrosion pro-
tection could be further enhanced with an increased
coating thickness. SEM study suggested that inter-
face corrosion is the likely mechanism of break-
down of the sol-gel coatings. The hybrid coatings

also demonstrated excellent adhesion and flexibility,
which could be attributed to the formation of chem-
ical bonding at the interface and the incorporation
of organic components, respectively. In addition, pre-
liminary experiments suggest that the hybrid coat-
ings might have good biocompatibility for bio-medical
applications.
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