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Abstract

	 Corrosion is one of the biggest problems which affects the economy of the country, which 
occurs as a result of the interaction of the metal with its surroundings. One of the easiest ways to 
prevent corrosion is coatings of the metals with paint, plastic or wood. Several types of coatings 
have been adopted by corrosion scientists in the prevention of corrosion that are mainly based on 
electrochemical principles. Fortunately, based on cost and effectiveness, four types of coatings are 
variably employed by the metal and metallurgy industries. One among the cheapest and effective way 
to prevent corrosion is to use barrier coatings like plastic, powder and paint. Hence, nanocomposite 
coatings by electrochemical deposition offers an excellent, scratch and corrosion resistance on the 
metal surface. These coatings may be used to restoration of the components instead of interchanging 
them, resulting in reduced maintenance costs and disturbance. Significant improvements in the 
corrosion protection of steel have been reported by using metal-metal matrix, metal-metal oxide 
matrix, metal-polymer matrix, and ceramic-metal matrix nanocomposite. This review presents an 
overview of works related to nanocomposite coatings and to re-evaluate the literature for the future 
research in the field that still lacks validation. 
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Introduction

	 Corrosion is the process of deterioration 
or destruction of metals or materials when it comes 
in contact with the corrosive medium like acids, 

alkalis and compressed gases. Generally, there 
are two strategies adopted to prevent/control 
corrosion. Corrosion prevention compounds are 
the substances added directly into the corrosive 
medium to suppress the corrosion happening in the 
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metals. For the past two decades various substances 
like organic compounds containing heteroatoms, 
inorganic compounds, polymeric compounds, 
natural polysaccharides, natural product extracts 
were attempted to inhibit the corrosion process. 
These corrosion prevention compounds suppresses 
corrosion in a significant way but it is temporary and 
post-production treatment which is not effective over 
many high-performance coating systems. Hence 
corrosion prevention and control is needed to design 
any system of metals to reduce corrosion, repairs 
and its maintenance especially for the exceptional 
lifetime of the materials. The process of application 
of nanocomposites as nanocoatings onto the metal 
surface is an often-effective way of protecting the 
substrate from the corrosion.

Nanocomposites
	 Nanocomposites are the heterogeneous 
multiphase solid material where one of the 
phases has nanoscale structures like nanorods, 
nanospheres, nanotubes, or nanoflower1. It is 
prepared by incorporating one matrix into other 
by various methods like in-situ polymerization, 
melt mixing, solution mixing, precipitation, sol-gel 
process and electrospinning. When two different 
materials with different constituents are assorted up, 
it results in a new material with its own characteristic 
significant properties which are superior to the 
individual materials1-3. Hence nanocomposites are 
found to possess excellent unique characteristics 
like stiffness and strength, low co-efficient of 
expansion, simple repair of damaged structures, 
and resistance against fatigue, wear resistance and 
corrosion prevention.

Nanocomposite coatings
	 Nanocomposite coatings are new generation 
coatings designed to offer smart and inexpensive 
functional surface coatings with superior properties 
for corrosion resistance, antimicrobial, antifogging, 
and adhesive applications4. On comparing with 
conventional coatings, nanocomposite coatings 
are always superior because of its enhanced 
morphology with nanoscale phase separated 
domains5. In general there are 4 main groups of 
nanocomposite coating as follows;

(i)	 Organic/inorganic nanocomposite coatings 
(O/I nanocomposite coatings).

(ii)	 Organic/organic nanocomposite coatings 
(O/O nanocomposite coatings).

(iii)	 Inorganic/organic nanocomposite coatings 
(I/O nanocomposite coatings).

(iv)	 Inorganic/inorganic nanocomposite coatings 
(I/I nanocomposite coatings).

Organic Matrix
	 In the case of organic matrix, mostly 
polymers l ike epoxy resin6, polyurethane7, 
polyamide8, polyacrylate9, PEG10, PVDF11, PVA12, 
polyester13, polycarbonate14 etc are variably 
employed. Organic matrix containing natural 
polymers like starch, gluten, chitosan (CS), and 
vegetable oils also been reported15. Pine needles, 
a natural fibers were also used in the making of 
nanocomposite coats16.

Inorganic matrix
	 In most of the extensive studies researchers 
used the inorganic matrix in the nanophase range 
and the nanoparticles like metal carbides (WC-Co)17, 
metal oxides (SiO2, Fe2O3)18, nitrites19, clay20, CNT21 

were used as inorganic nanofillers.

Coating methodologies
	 The nanocomposite coatings could be done 
by several methods and they are chemical vapor 
deposition (CVD)22,23, powder metallurgy24, physical 
vapor deposition (PVD)25,26, thermal plasma spray27, 
sol-gel28,29, in-situ polymerization30, electroless 
deposition method31,32, electrodeposition33-35, solution 
dispersion36, spin coating methods37,38. Hence 
depending on the application, different polymeric, 
metallic, ceramic, clay or composite functional 
coating can be adopted by any one of the coating 
methodologies39. 

	 This paper mainly focuses on the how 
wide variety of nanocomposite materials are applied 
as corrosion prevention compounds by coating 
methodologies. 

Nanocomposite coatings as corrosion prevention 
methods
	 Composites in which one phase is a metal 
and second phase would be an either polymer, 
metal, ceramic or another metal is said to be metal 
matrix composites.
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	 Metal-metal matrix coatings (MMC) 
containing metals, influences the corrosion rate on 
various forms of corrosion like galvanic, pitting, stress 
corrosion, corrosion fatigue, and tribo corrosion40. 
The MMC coatings can be achieved by stir casting, 
powder metallurgy, CVD, and diffusion bonding. 

	 Biljana Bobic and his team41 investigated 
the corrosion behavior of aluminium MMCs 
reinforced with boron, SiC, Al2O3, graphite fibers 
or particles and mica particles. The incorporation 
of boron on aluminum was fabricated by diffusing 
the boron microfilaments with the aluminum foils. 
It was reported that boron/aluminium composites 
experienced significantly less corrosion rate than 
the unreinforced aluminium alloy. Also the corrosion 
rate of B/Al MMCs increases with increase in the 
concentration of Boron microfilaments. Hence 
while diffusion bonding, imperfect bonding or 
extra microfilament affects the surface of the 
metal results in improper coating which affects the 
corrosion protection efficiency. In addition, most 
of the commercial work on industries involved 
in aluminum uses metal matrix composites as 
corrosion protection compounds in order to achieve 
higher corrosion resistance.

	 Metal matrix composite coatings of 
cupronickel embedded with nanoplatelets were 
employed to improve the corrosion resistance of 
stainless steel in sea water41. In this study, exfoliated 
montmorillonite (Mt) nanoplatelets were incorporated 
into Cu-Ni alloy on stainless by electrodeposition 
improved corrosion resistance as well mechanical 
properties. Addition of equal concentrations of Mt 
nano plates and Cu-Ni matrix produced the best 
inhibition efficiency and stabilized the corrosion 
potential for the duration of 30 days immersion in 
sea water. To determine the reduction potential 
cyclic voltammetry was done. As Mt nanoplatelets 
are non electroactive particles, they do not affect 
the electrode potentials but however, it helped to 
shift the onset of hydrogen evolution to the more 
positive potentials. Hence it was concluded that 
addition of Mt nanoplatelets in the electroplating 
solution decreases the corrosion rate to a higher 
extent. Also in the immersion study, authors found 
that OCP of pure Cu-Ni and various concentrations 
of Mt (0.15%) added Cu-Ni were shifted after three 
and seventeen days, respectively. Fig. 1 shows 
the OCP of Cu-Ni-0.15% Mt stayed stable over the 

extended period of 30 days compared to the other 
coatings. The results of the study clearly revealed 
that Mt Nano platelets forms a barrier protection for 
Cu-Ni coated over the stainless steel and increased 
the corrosion resistance.

Fig. 1. Plot of immersion test for the Cu-Ni, Cu-Ni-Mt 
nanocomposites measured By OCP vs Time40

	 Graphene metal matrix composite coatings 
are extensively applied in numerous areas such 
as automobile industries, ship building industries, 
metallurgical industries etc. because these 
composites provide greater properties such as 
smooth surface, improved corrosion performance 
and better solderability42. Graphene based ZnNi 
nanocomposite coatings were performed through 
electrodeposition method and its corrosion behavior 
was studied43. It was reported that the coatings results 
in excellent corrosion resistance and higher oxidation 
resistance. Also it with increase in deposition 
frequency, the number of nanoparticles absorbed 
from the coating layer to substrate increases. And 
this enhances the coating performance and thus 
decreasing the metal-solution diffusion.

	 Polyaniline is one of the most excellent 
conjugated polymer, showed excellent corrosion 
inhibition properties when reinforced with carbon 
nanotubes, montmorillonite, graphite and some 
inorganic nanoparticles44. The corrosion protection 
efficiency of PANI-Nano diamond coatings was 
explored using electrochemical studies in 3.5% NaCl 
solution on mild steel45. The nanocomposite coatings 
were done by spray method and it was found that 
the corrosion protection efficiency was sustained 
with 90% even upto 3 days.

	 Several researchers used nano clay 
coatings to protect mild steel from corrosion as they 
are impermeable to water and corrosive ions. But 
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these clays when modified with nanofiller/matrix it 
shows excellent enhanced anti-corrosion behavior. 
The nanoclay structure modified with polyester amide 
hyperbranched polymer showed decreased water 
permeation and enhanced corrosion protection45. 
The polyesteramide adsorbed onto the nanoclay 
structures and made it to hydrophobic in nature on 
the metal surface, thus showed excellent corrosion 
inhibition property than the pure clay.
	
	 Radhakrishnan et al.,46 investigated the 
corrosion inhibition properties of Polyvinyl butyrl/
PANI-TiO2 nanocomposite coatings on steel plates 
in saline solution. The PANI-TiO2 was prepared 
using in-situ polymerization. It was reported that 
pure PVB coated plate got degraded and rusted 
completely, while PVB/PANI-TiO2 coated steel plates 
were maintained its structure. Only after 30 h of 
exposure in saline solution, the corrosion rate started 
increasing which shows the nanocomposite coatings 
were sustained even under drastic conditions and 
this was mainly attributed to large nanoparticle 
surface area and increased diffusion barrier.

	 Titanium nanotubes reinforced with 
epoxy matrix loaded with dodecylamine (DOC) 
were synthesized and tested for its anti-corrosion 
behavior on carbon steel by electrochemical 
impedance spectroscopy47. The nanocomposite 
coated samples were dipped in 3.5% NaCl at pH 2 
and 5 for 12 days of immersion. It was found that, for 
the first four days of immersion, the charge transfer 
resistance values obtained were higher which shows 
the nanocomposite coatings on the metal able to 
protect it against the corrosive behavior. After four 
days of immersion, it started losing its ability which 
decreased the Rct value. Interestingly, in later days 
it was found that there was again increase in Rct 
values attributed to the release of DOC nanoparticles 
which was again forming a protective film, hence 
inhibiting the corrosion process.

	 Many researchers widely employed nickel 
as metal matrix for preparing nanocomposite 
coatings on various metallic surfaces due to its 
high corrosion resistance and its micro hardness. 
Incorporation of graphene particles into nickel 
matrix provide excellent structural and chemical 
properties42. Electro-codeposition is the commonly 
used method for the coatings of Ni-G on the metallic 
surfaces because of its low processing cost, 

extraordinary deposition rates with homogeneity48. 
Corrosion resistance of electro-codeposited Ni-G 
coated plates in 0.5 M NaCl was investigated by 
voltammetry method49. Authors reported that Ni-G 
coated plates were pronounced significantly with 
lower corrosion rates than the pure Ni coated plates. 
They concluded with the statement that the mixing of 
organic compounds resulted in compressive stress 
in the layers of coating, which also induces the anti-
corrosion behavior.

	 Yabuki et al.,50 investigated the corrosion 
protection of aluminium 5083 alloy with vinylester 
polymer-TiO2 coatings. They stated that the coated 
nanocomposite on the alloys acted as a best 
protective layer. Even in the case of film damage, 
one of the chemical precursors of vinylester, 
Bisphenol A was released and acted as barrier 
coating in the cracks and thus prevents the alloy for 
dissolution. A schematic representation of Vinylester 
polymer-TiO2 is shown in Figure 2.

Fig. 2. Schematic representation of self-healing effect 
of Vinylester-TiO2 nanocomposite coatings50

	 Poly (methacrylic acid)/silver nanoparticles 
composite (PMAA/AgNPs) were prepared by  
in-situ polymerization and employed as corrosion 
inhibitor in H2SO4 medium on aluminium51. The 
potentiodynamic studies revealed that the presence 
of inhibitor has slight influence on the cathodic 
and anodic reactions. It behaved like mixed-type 
inhibitor. The impedance studies also revealed 
that the increase in capacitive loop was a function 
of concentration of the composite which forms 
protective layer on the aluminium surface.
	
	 Few researchers reported polymer/
silica nanocomposite coatings for the corrosion 
resistance of aluminium alloy. Silica nanoparticles 
were incorporated into acrylic based polymer using 
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in-situ hydrolysis and coated over the surface of 
aluminium. It was reported that corrosion resistance 
was increased due to silica nanoparticles and 
exceptional anti-corrosion protection was achieved52.

	 The corrosion-resistance hydrophobic 
coat ings o f  po lys tyrene-graphene ox ide 
nanocomposites on copper substrate was 
investigated.53 The coatings were done by 
electrophoretic deposition. The authors reported 
that polystyrene-graphene oxide nanocomposites 
coatings can be utilized to achieve an efficient 
high performance anti-corrosion nanocomposite. 
Poly(vinylidene fluoride) (PVDF) and carbon black 
nanocomposite was fabricated and tested for its 
anti-corrosive behavior in 0.5 M H2SO4 on mild steel 
by electrochemical measurements54. They reported 
that the composite exhibits corrosion resistance upto 
5% wt  nanofiller concentration.

Conclusion

	 With a rapid development in the field of 
nanotechnology, today nanocomposite coatings 
become excellent, cheaper, smart and more 
efficient. The nanocomposite coatings are expected 
to provide wide varied applications in various 
fields specifically in anticorrosion barrier coatings, 
self-repair coatings, self-scratch repair coatings. 

We have reviewed the recent developments in 
corrosion protection of metals by nanocomposite 
coatings. Nanocomposite coatings paves a way 
for the corrosion prevention with higher efficiency. 
Even though the other corrosion prevention 
methods offers an excellent inhibiting property but 
it is limited to time, temperature and other factors. 
But the film of nanocomposite coated metals when 
undergoes damages due to severe corrosive 
environment, the nanofillers/nanomatrix present in 
the nanocomposite releases active materials and 
thus heals the damaged surface and mitigates the 
corrosion process. As the present world depends 
mainly on sustainable energy, the smart or easy-
to-clean coatings provided by nanocomposites 
will be a long lasting and highly efficient Future 
works in nanocomposite coatings will focus on  
the development of high-yield fabrication with  
eco-friendly composites.
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