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Ceramic nanocoatings are widely used in many applications such as engine valves, boiler parts, automotive body parts,

orthopaedic implants, etc., due to their excellent resistance to corrosion, oxidation and wear, as compared to metals,

especially in high-temperature applications. They also have excellent thermal and electrical insulation properties.
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1. Alumina (Al O ) Nanostructured Coatings

Alumina (Al O ) is popular as ceramic coating material due to its excellent inherent resistance to corrosion and

mechanical abrasion, and low electrical/thermal conductivity .

The synthesising route of Al O  nanocoatings has an influence on their anticorrosion performance. This is demonstrated

in Ref. , where a comparison of the performance of nanocoatings produced by plasma-enhanced atomic layer

deposition (ALD) with those produced via thermal-enhanced atomic layer deposition was made . Al O  nanocoatings

with thickness ranging from 10 to 50 nm were deposited on 100Cr6 steel and Al2024-T3 aluminium substrates.

Nanocoatings produced by plasma-enhanced ALD were less porous due to their better film nucleation compared to

thermal-enhanced ALD nanocoatings. It was observed that 10 nm thick nanocoatings produced by plasma-enhanced ALD

remained intact over the substrates, whereas 10 nm thick nanocoatings produced by thermal-enhanced ALD showed poor

adhesion and were detached from the substrates. Furthermore, it was identified that thickness of the nanocoatings

affected their quality. Among the Al O  nanocoatings produced by both ALD techniques, the 50 nm thick nanocoatings

were found to be the least porous on both the substrates . Thicker Al O  nanocoatings (50 nm thickness) produced by

both ALD techniques showed better resistance to corrosion due to their low porosity and strong adherence to substrates

. The presence of porosity and weak adhesion of nanocoatings to substrates are detrimental to corrosion resistance.

Overall, it was concluded that nanocoatings deposited by plasma-enhanced ALD provide higher corrosion resistance, and

that 50 nm thick nanocoatings produced by both ALD techniques provide the best corrosion resistance. A preliminary step

that can improve the corrosion resistance of nanocoatings is their pre-treatment. Hydrogen–argon plasma pre-treatment

of Al O  nanocoatings deposited on steel via both plasma-enhanced ALD and thermal-enhanced ALD and its effect on

corrosion performance of the deposited nanocoatings demonstrated this fact . Plasma pre-treatment and increased pre-

treatment time improve corrosion resistance in the nanocoatings produced by both methods. The improvement was

observed to be more pronounced in thermal-enhanced ALD coatings due to their enhanced adhesion to substrates and

reduced porosity, imparted by the pre-treatment. Surface treatments such as pre-annealing of substrates before the

deposition of nanocoatings results in the removal of heterogeneities, resulting in better formation of nanocoatings. Pre-

annealing of copper substrates and subsequent deposition of 10–50 nm Al O  coatings by ALD  has shown

enhancement in the corrosion resistance of the nanocoatings. In the ALD process, it has been observed that the

deposition temperature influences the corrosion behaviour of nanoceramic coatings. The corrosion resistance of Al O

nanocoating deposited on 316 L stainless steel with ALD at the temperature of 250 °C was found to be superior to that of

the coating deposited at 160 °C. Deposition at higher temperature improves the coating’s sealing effectiveness, i.e.,

reduces porosity and thereby improves corrosion resistance . Certain carbon steels, on the other hand, require lower

deposition temperatures to avoid adverse effects on their microstructure. Al O  nanocoating deposited on 100Cr6 carbon

steel at 160 °C using the ALD process requires a nanocoating thickness of >10 nm to achieve effective sealing and avoid

corrosion . In view of the above discussion, it can be concluded that the synthesis parameters have a vital role in

determining the properties of the nanocoating.

2. Titanium Oxide (TiO ) Nanostructured Coatings

Titanium oxide (TiO ) is a popular ceramic material known for its resistance to corrosion and mechanical abrasion ,

photocatalysis , protection against UV  and self-cleaning property .
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A factor that controls the corrosion resistance of ceramic nanocoatings is the size of nanoceramic particles. Corrosion

studies of TiO  nanocoating on carbon steel substrate showed improved corrosion resistance with the reduction in the

size of nano-TiO  particles . Corrosion rates of nanocoatings with 10 nm, 50 nm, 100 nm and 150 nm TiO  particle

sizes in 1 M H SO  solution (determined using polarisation and electrochemical impedance spectroscopy), deposited on

carbon steel surfaces, revealed that these nanocoatings prevent corrosion. However, it was found that the physical

adhesion of the nanocoatings to the substrate surface depends on the nanoparticle size—the smaller the particle size, the

better the coating–substrate interface bonding. Corrosion resistance of nanocoatings improved with the reduction in the

size of nano-TiO  particles primarily due to decreased O  and H O permeability into nanocoatings . The addition of

graphene oxide (GO) to TiO  nanocoatings has shown a significant improvement in the anticorrosion performance of the

nanocoatings. Nanocomposite TiO /GO (graphene oxide) ceramic coating produced for a cast iron pipeline showed a

remarkable 94% reduction in corrosion rates compared to bare substrate in seawater. This is mainly due to the reduced

porosity and capacitance of the coating . Another factor that controls corrosion behaviour of TiO  nanocoatings is their

thickness. Figure 1 shows scanning electron microscope (SEM) images of an uncoated AA2024 aluminium alloy

substrate, and a substrate with TiO  nanocoatings deposited at time durations of 40 s and 80 s . The TiO  nanocoating

with greater thickness achieved by longer deposition time had the best corrosion resistance, with current density lower by

one order of magnitude.

Figure 1. SEM images of (a) uncoated AA2024 sample, (b) TiO -coated AA2024 with deposition time of 40 s and (c) TiO -

coated AA2024 with deposition time of 80 s .

3. Tantalum Pentoxide (Ta O ) Nanostructured Coatings

Tantalum pentoxide (Ta O ) ceramic is an excellent material for making corrosion-resistant nanocoatings . Ta O  has

high hardness  and high resistance to chemical attack under extreme environments . Due to its high dielectric

constant (~25), it is used in capacitors for automobile electronics, high-speed tools and cell phones .

β-Ta O  nanoceramic nanocoating on a Ti-6Al-4V alloy substrate enhanced corrosion resistance in 3.5 wt % NaCl due to

the formation of a stable passive oxide layer . A comparative corrosion performance of filtered cathodic arc deposited

(FCAD) tantalum oxide (Ta O ) and chromium oxide (Cr O ) nanocoatings on 100Cr6 steel substrate showed that the

substrate coated with Ta O  nanocoating exhibited improved corrosion resistance than that coated with Cr O

nanocoating . The deposition method also influenced corrosion performance, such that FCAD Ta O  nanocoatings

exhibited nearly four times higher corrosion resistance than that of the nanocoatings deposited by ALD. The spurious

interfacial oxide layer generated in ALD coating increases voids at the interface, coating degradation and dissolution of

the coating. In the FCAD process, however, the native oxide layer is removed by pre-etching substrate surfaces by ion

bombardment prior to actual oxide growth (passive oxide coating) .

4. Tantalum Nitride (Ta N) Nanostructured Coatings

Tantalum nitride (Ta N) deposited over Ti-6Al-4V bipolar plates using the reactive sputter deposition method  was

studied for its corrosion properties in the simulated polymer electrolyte membrane fuel cell environment, with varying pH

values and temperatures. The Ta N nanocoated substrate had significantly higher corrosion resistance when compared to

the uncoated Ti-6Al-4V at any particular pH or temperature value. An increase in acidity showed a reduction in corrosion

resistance . Investigation of nanocoatings on Ti-6Al-4V for biomaterial applications has shown that Ta N nanocoating

exhibited better corrosion resistance in Ringer’s physiological solution at 37 °C with lower Icorr values when compared to

both pure Ta and bare Ti-6Al-4V, as can be seen from Figure 2 .
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Figure 2. Potentiodynamic polarisation curves of bare Ti-6Al-4V, pure Ta and Ta N coating .

Tantalum-based nanocoatings of Ta O , Ta N  and TaON (tantalum oxynitride) deposited on 306 stainless steel 

showed enhancement in their corrosion performance by impeding the corrosion current density due to the formation of a

passive film. Corrosion rates reduced by almost 50% when compared to the bare stainless steel and pure tantalum-

coated stainless steel samples. TaON (tantalum oxynitride) demonstrated the best corrosion resistance among the Ta-

based nanocoatings, followed by Ta O  (tantalum pentoxide) and Ta O  (tantalum nitride). The better corrosion resistance

of TaON was attributed to its hydrophobic nature, aided by its texture. Furthermore, it was observed that the anticorrosive

nature of the TaON nanocoating was influenced by the morphological, chemical and electrical properties of the deposited

film. Thus, the TaON nanocoating significantly reduced the corrosion current density, resulting in enhanced anticorrosive

behaviour .
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