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Abstract
In general, metallic substrates react with their environment and progressively degenerate into a stable state such as oxide or 
hydroxide. Nanocrystalline metallic coatings are extensively used to protect metallic substrates against corrosion in a variety 
of industrial and household applications. When compared to conventional polycrystalline metallic coatings, nanocrystalline 
metallic coatings can significantly improve the metallic substrate's corrosion resistance, surface hardness, wear, and scratch 
resistance. This review has elucidated the influence of corrosion, nanocoating materials, different nanocoating techniques, 
and challenges associated with nanocoating. The goal is to include existing research on the beneficial impacts of nanocoating 
material structure, grain size, coating technique, additive concentration, and pH value on corrosive behaviour.
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1  Introduction

Corrosion seems to have been a prominent research problem 
for the past 150 years, piqueing the research community's 
interest. In an extensive range of industrial and household 
systems, it’s recognised as a primary cause of catastrophic 
failure, deterioration, and the existence of fatal accidents [1]. 
Corrosion can be produced by a number of factors, including 
the existence of chloride, fluorine, sulphur dioxide, carbon 
dioxide, oxygen and other elements [2]. In terms of eco-
nomic repercussions, corrosion-related effects include the 
system maintenance expenses, waste of materials, equipment 
breakdown, a decline in productivity, and a reduction in usa-
ble life. Furthermore, material corrosion difficulties have a 
wide range of societal repercussions, including safety (the 
formation of hazardous compounds and explosions), natural 
resource depletion, and severe health issues. According to 
research conducted by the National Association of Corrosion 

Engineers (NACE) in 2013, the global Cost of Corrosion 
(COC) is estimated to be $2505 billion, accounting for 3.4% 
of the total Global gross Domestic Product (GDP). Corro-
sion-related overhead expenses inside the United States (US) 
sector are expected to reach $552 billion every year, con-
tributing to 6% of the country's entire GDP [3, 4]. This is 
the cost of attempting to control and repair corrosion issues 
in various sectors/applications such as petroleum indus-
tries, water recycling unit, bridges, automobiles, as well as 
domestic appliances, which are just very few examples of 
prime economic consequences. Other corrosion expenses 
are also essential such as lost productivity due to delays, 
malfunctions, service interruptions, operational costs as 
well as taxes [5]. The projected cost of corrosion in several 
financial divisions was acquired and analysed, as shown the 
total percentage cost of corrosion of individual economic 
regions in USD Billion are in Fig. 1. According to one study, 
corrosion costs in the United Kingdom, the United States, 
and Japan were linked to modernised industrial and services 
economies, but farming and the oil sector economy were 
significant contributors in Kuwait and India, respectively. 
According to the literature, anticorrosive preventative meas-
ures, monitoring, and the application of safety norms and 
procedures are critical in reducing the range of 15–35% of 
loss caused by corrosion [6, 7].

The total COC for each country and its individual sectors 
was determined using the COC of the economic region and 

 *	 N. Radhika 
	 n_radhika1@cb.amrita.edu

1	 Department of Aerospace Engineering, Amrita School 
of Engineering, Amrita Vishwa Vidyapeetham, Coimbatore, 
India

2	 Department of Mechanical Engineering, Amrita School 
of Engineering, Amrita Vishwa Vidyapeetham, Coimbatore, 
India

http://crossmark.crossref.org/dialog/?doi=10.1007/s40735-022-00683-z&domain=pdf


	 Journal of Bio- and Tribo-Corrosion            (2022) 8:83 

1 3

   83   Page 2 of 23

the GDP of a particular region. The total GDP % of indi-
vidual regions in USD billion is illustrated in Fig. 2. The 
worldwide cost of corrosion is then calculated by aggregat-
ing the countries in each economic area by sector (Table 1). 
According to a 2013 NACA study, the overall predicted 
global COC is 2,505 billion USD, or 3.4% of total GDP 
value [8]. Furthermore, these expenses do not usually cover 
individual safety or environmental impacts. However, it may 
be a challenge to incorporate costs associated with safety 
and environmental impacts for a single country or global 
cost of corrosion study. These costs should be factored into 
an overall COC to make judgements and prioritise projects 
to be completed within an organisation [9, 10].

When a substance is subjected to a hostile environment, 
corrosion is a usual activity that makes it disintegrate. The 
type of substrate (material) employed, and the outdoor area 
are the two most important factors that impact corrosion 
development [13]. If the two dissimilar metals are exposed 
to a corrosive environment it corrodes and results in the 
dissolution of the substrate. The corrosion susceptibility of 
a material is affected by environmental temperature, acidic 
condition, dissolved gases as well as stress and strain [14]. 
Corrosion can express itself in a variety of ways depend-
ing on the corrosion process [15]. These forms of corro-
sion consist of homogeneous galvanic, pitting, cracks and 
delamination. In general, uniform corrosion has been the 
most common type of corrosion to be found in nature since 
it occurs most frequently and results in the highest amount 
of material damage and lost. Whereas, the corrosion process 
does not ingest a great quantity of material, it is hard to esti-
mate and manage, which might result in an early failure [16]. 
As presented in Fig. 3, corrosion in all its forms can produce 
catastrophic defect in required component of practically any 

Fig. 1   Total percentage cost of corrosion in USD Billion

Fig. 2   Total GDP percentage of economic regions in USD billion

Table 1   Global cost of corrosion by individual economic region (in billion USD) [7, 11, 12]

Economic 
regions

COC study 
region

Year of study Total GDP 
USD billion

Industry 
COC USD 
billion

COC of agri-
culture in USD 
billion

COC of ser-
vices in USD 
billion

COC of total 
in USD bil-
lion

COC% in GDP

United States United States 1998 16,720 303.2 2.0 146.0 451.3 2.7
India India 2011 1670 20.3 17.7 32.3 70.3 4.2
European 

Region
United King-

dom
1970 18,331 401 3.5 297 701.5 3.8

Arab World Kuwait 1987 2789 34.2 13.3 92.6 140.1 5.0
China China 2011 9330 192.5 56.2 146.2 394.9 4.2
Russia Russia 2011 2113 37.2 5.4 41.9 84.5 4.0
Japan Japan 1997 5002 45.9 0.6 5.1 51.6 1.0
Asia India and 

Japan
1997–2011 2302 29.9 1.5 27.3 58.6 2.5

Rest of the 
World

Average 2016 16,057 382.5 52.4 117.6 552.5 3.4

Global – – 74,314 1446.7 152.7 906.0 2505.4 3.4
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process, including flanges, pipelines, bolts, and so on, if 
dependable and helpful practises are not followed [10, 17].

To prevent corrosion, a number of treatments are now 
used, and determining the most appropriate one demands 
enhancing the correlation between processing cost, perfor-
mance improvement, and corrosion effects. Corrosion could 
be controlled by using the following methods:

•	 Materials that look unreactive, mostly in electrochemi-
cal series or can create an oxide coating (passivate) in a 
specific region are preferred [11, 18].

•	 Incorporating inhibitors, altering the temperature and 
pH  level  of a particular environment, lowering the 
velocity of fluid flow, removing sand and silt from the 
hydraulic system, and so on are examples of changes in 
environmental conditions [19, 20].

•	 To minimise fractures and cracks, material coatings and 
thin films are used to modify the surface (often referred 
to as physical barriers) [21].

•	 In cathodic protection, the corrosive current is stopped 
as well as urged to pass towards the coated metal. The 
material to be safeguarded can be connected with anodic 
material or a power source [22].

Every method of corrosion management does have its 
individual benefits and drawbacks, and the optimal solu-
tion is determined by the necessities of the system as well 
as the conditions under which it is functioning. The utmost 
prevalent strategy for avoiding or minimising the corrosion 
has been coating. This is due to the enormous number of 
coating materials and coating techniques that are available 
for use in applications and environmental circumstances 
[23]. Based on the application, coating thickness, material, 
temperature, size, and structure are varied. Additionally, 
coatings can provide flat and smoother surfaces to enhance 

the interfacial efficiency and the flow of fluids above the 
coating surface [24]. However, adding a coating appears 
to require a significant initial investment, it is also consid-
ered to become more sustainable, economical and suitable 
for a variety of applications. Surface coating technologies 
are frequently advised for preventing corrosion because 
they provide either active or passive protection against the 
elements. It is possible to achieve active corrosion protec-
tion when corrosion inhibitors (chemicals) are introduced 
to severe conditions in order to control or prevent corro-
sion [25]. Inhibitors are used to limit the rate of corrosion 
via form a tiny protective coating on top of the metallic 
substrate with chemical inhibitors. Inhibitors reduce the 
rate of corrosion by forming a thin protective coating over 
it, or by reacting with the corrosive element in the aque-
ous medium. Passive protection can be obtained when a 
coating provides a physically impenetrable oxide barrier 
between the substrate and the immediate environment 
[26]. It has recently been hypothesised that nanomaterial 
coatings could be used as a corrosion prevention tech-
nique. Nano-scale (less than 100 nm) materials are defined 
as those that have at minimum one of its morphological 
characteristics (size of grain, crystal lattice size, particle 
form, etc.) [27]. They can be classified as 0D, 1D, or 2D 
depending on their size and shape. Compared to conven-
tional materials, nanomaterials possess superior physical 
and thermal properties. Their tiny size allows them to have 
greater surface volume ratios, thus providing greater con-
tact areas compared to other materials [28]. It is consid-
ered that materials' surface modification with a wide range 
of coating processes is utilised in order to reduce corrosion 
rate. Figure 4 illustrates the various corrosion protection/
control techniques based on their processing techniques 
and source of the coating material [13, 29].

In this review article, the corrosion behaviour of various 
NC materials, corrosion testing, and their testing environ-
ments are briefly discussed. Each corrosion test can aid in 
the measurement of essential corrosion data as well as the 
interpretation of the corrosion process for understanding 
[31]. Based on the constant time with an aqueous solution, 
the weight loss of immersed test specimens was determined 
by the immersion test. It's intended for use in protracted cor-
rosion investigations and in cases where the homogeneity 
corrosion process has occurred. [32]. The penetration rate 
is supported to represent the corrosion rate, which is the 
reduction in material thickness over a unit of time. The coat-
ing material, environment, NC composition, particle size, 
etc., these are the prime factors which affect the behaviour 
of coatings [17, 33]. The sections that follow go through 
these elements in depth for various types of NCs, which are 
divided into three categories based on the material on which 
they are nanocoated: nanocomposite coatings, ceramic coat-
ings, and metallic coatings [34].

Fig. 3   Corrosion effect on bolt, flange and pipes [17]
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The corrosion behaviour of nanomaterial-coated metallic 
surfaces has been studied thus far, but a more independent 
experimental investigation is required in this area. As per 
the Science Direct Journal's statistical data, nanomaterial 
coating-based corrosion resistance research began to gain 
traction between 2003 and 2010. However, the maximum 
number of articles (approximately 50% of articles) have been 
published in the last five years. As presented in Fig. 5, the 
number of published articles associated with nanomaterial 

coating and corrosion has increased, but only in a limited 
manner. From the aforementioned statistical data, experi-
mental research articles (397 articles) have the largest num-
ber of published articles, followed by review articles (119 
articles) and others (292 articles). In this research area, the 
Progress in Organic Coatings journal has the largest percent-
age of published articles, followed by Surface and Coating 
Technology, Ceramics International, Applied Surface Sci-
ence, and others (Fig. 6).

According to the structure of this article, the remaining 
part of the article is divided into four sections. The second 
section of this article explains the nanocoating materials, 

Fig. 4   Corrosion protection techniques [13, 21, 29, 30]

Fig. 5   Published research articles in the area of corrosion resistance 
NCs on metallic substrates

Fig. 6   Research article distribution of nanocoating and corrosion 
resistance



Journal of Bio- and Tribo-Corrosion            (2022) 8:83 	

1 3

Page 5 of 23     83 

different types of coating methods, morphology analysis 
and their applications. The third section is explained about 
the physiochemical properties, effect of environmental pH 
value and additives concentration of the nanomaterial coated 
metallic substrates, as shown in the Fig. 7 [35]. The section 
four examines the difficulties in performing corrosion resist-
ance behaviour investigations of the NCs, as well as future 
research potential based on research gaps identified in the 
previous sections. At the end, the fifth chapter presents the 
conclusion of this work.

2 � Metallic Nanocoating on Metallic 
Substrates

A NC material has a complete nanoscale microstructure in 
which all of the elements and generally, crystals are smaller 
than 100 nm in size. Coatings with layers thinner than 
100 nm can also be made [36]. Grain, interphase barriers, 
misalignment, and other characteristics are numerous. As a 
result, nanostructured coatings differ from larger-grained, 
standard coatings, allowing them to endure the mechanical 
and corrosion characteristics of their rivals. Metallic and 
ceramic NCs are two different forms of NCs that are dis-
tinguished by their component materials. Nanocomposite 
coatings, for example, can be made up of two or more nano-
sized components [37].

Since the NC particles are so small, they will be more 
effective at sealing gaps and preventing contaminants from 
migrating into the substrate's surfaces. In addition, the grain 
boundaries of NCs have a high density, which improves 
adhesion and extends the coating's lifespan [38]. In corrosive 
environments, NCs have excellent mechanical and electrical 
properties, making them stronger, harder, and more corro-
sion and wear-resistant [29]. NC technology has had a signif-
icant influence on the development of paints, with qualities 

such as self-healing, superior scratch and wear resistance, 
and self-cleaning. It also allowed for the development of 
safer alternatives to chromium-based toxic coatings [39].

2.1 � Methods of Nanocrystalline Coatings

Due to their amazing qualities, NCs are employed in prac-
tical life situations. Garments, computers, mobile phones, 
spectacles, and so on are just a few examples. In the con-
struction sector, they are used in mosaics, window frames, 
floorboards, sidewalls, paints, and air purifiers, among many 
other things. They are photovoltaic materials with high clar-
ity and adhesion properties [40]. Metallic NCs are utilised in 
the biomedical area to increase surface qualities as needed. 
They're frequently employed in pharma firms for etching 
treatment, interface covering, and anti-corrosion qualities, 
as well as in secondary industries such as drug delivery and 
bio-compatibility [41]. Due to the aforementioned charac-
teristics, NCs are used in a range of industries, including 
defence, automotive, energy efficiency, environmental pro-
tection, and so on. Chemical coating, physical coating, and 
mechanical coating are three basic deposition techniques 
that could be employed to make NCs, as shown in Fig. 8 
[42]. Mechanical deposition, which may be done by spin-
coating, spraying, painting, or dip-coating, is the best and 
cheapest approach. Physical deposition procedures include 
sputtering, condensation and bonding processes. Physical 
diffused bonding necessitates a sensible temperature and 
pressure, whereas brazing bonding needs higher tempera-
tures in order to give enhanced properties. At low tempera-
tures and pressures, surface-activated bonding (SAB) is used 
to bind the flat-polished surfaces. Physical vapour deposi-
tion (PVD) is often carried out in a vacuum; however liquid 
phase epitaxy (LPE) can be carried out at standard pressure 
as an alternative [16, 43]. Selective laser sintering (SLS) 
has a somewhat 3-D printing process that uses additive 
manufacturing, a unique manufacturing approach, to build a 
layer-by-layer construction [20]. Sputtering procedures have 
provided superior epitaxial growth with deep bonds while 
also having lower growth rates, but they are significantly 
more expensive than other methods. Sputtering could be 
performed with a molecular beam epitaxy (MBE) system, a 
pulsed laser deposition (PLD) system, or a radio frequency 
(RF) system. Chemical bonding methods (CBM), such as 
atomic layer deposition (ALD), sol–gel, and Langmuir, are 
typically cheaper in price, although they need costly precur-
sors [36, 37, 44].

Each of the abovementioned film deposition procedures 
affects the homogeneity and surface characteristics of the 
substrate's interface, including tensile, fatigue strength, and 
ductility [39]. The technology, like traditional coatings, 
should be used under optimal conditions to ensure that 
the NC has fine surface coverage in terms of uniformity, 

Fig. 7   Factors affecting the corrosion behaviour of nanomaterial coat-
ing [35]
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adhesion, softness and the absence of cracks on the surfaces 
coated with it [45]. Considering the dip coating as an exam-
ple, it is both cost-effective and effective coating intricate 
structures, however it can lag from mismatching thermal 
expansion coefficients and requires high temperatures to 
be effective. The limits of pulsed laser deposition and hot 
embossing are the same as dip-coating. In some cases, rapid 
cooling might result in an amorphous structure [31, 46]. The 

sol–gel method is popular because it requires low processing 
temperatures and is a low-cost coating. Although, this pro-
cessing technique requires expensive raw materials as well 
as a strictly regulated processing environment [47].

The coating procedure used to apply a NC has an impact 
on its corrosion resistance. Figure 9 shows how thin film 
deposition can be utilised to make NCs. The coating tech-
nique determines the surface topography, which has an 

Fig. 8   Classification of 
nanocrystalline coating deposi-
tion methods [28, 34, 42]

Fig. 9   a–d AFM image of Zn under varied current densities [50]
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impact on NC qualities. The most common method for 
depositing metallic NCs comprises electrodeposition [42, 
48]. Electrodeposition is the process of depositing a thin 
layer of conducting material on a conducting substrate by the 
use of electrolysis. Unlike all the other methods, which result 
in grain boundaries as well as porosity, the electrodeposi-
tion process results in a dense, pores-free surface treatment. 
For electrodeposition, a DC or possibly a circulating current 
source could be utilised instead. Porosity, hardness, surface 
roughness, and ductility have all been proven to improve 
by pulse electrodeposition [49]. Compared to direct current 
electrodeposition, pulse electrodeposited nanocrystalline 
zinc deposits showed a finer grain surface and more lattice 
defects. Because of the higher current density throughout 
pulse deposition, the nucleation rate has risen, reducing the 
number grains. The dc source produced huge grains with 
encapsulated crystals, but the current density of 200 mA/
cm2 produced the smallest grains having enclosed crys-
tals. Moreover, pulse self-automated of nanocrystalline 
Nickel–Copper alloy films exceeded straight electrodeposi-
tion across both oxygenated as well as pertinent or relevant 
conditions [42, 50].

2.2 � Metallic Materials for Nanocrystalline Coatings

Cadmium (Cd), tungsten (W), iron (Fe), nickel (Ni), phos-
phorous (P), zinc (Zn), cobalt (Co), copper (Cu), and other 
pure metals have been used metallic NC [32, 38, 51, 52]. 
NCs could be manufactured from pure metal or alloyed to 
improve the properties of metallic substrates. Nanomateri-
als behave differently than micromaterials, hence, nanosized 
coatings can improve performance even more. Metallic NCs 
may be made using several processes, including sputtering, 
as well as multi-arc ion plating methods are used along with 
electrodeposition, which has been developed as the most 
extensively used metal deposition technique [53]. NC pro-
duce a wide range of applications in a variety of disciplines, 
including automobiles and aeronautics, energy generation, 
marine condensers with tubes, electronic companies, water 
electrolysis, and others [41, 54]. Figure 10 presents the 
various NC techniques, coating mechanism, NC materials, 
advantages and disadvantages of the metallic NC on differ-
ent metallic substrates.

It has been demonstrated that incorporating metals into a 
NC facilitates the physical characteristics, thermal character-
istics, mechanical, and chemical characteristics of the coat-
ing [56]. Creating the nanosized metallic coating over the 
metallic substrates has protected the substrate or a significant 
enhancement in coating properties. For instance, the much 
more fragile zinc NC can overcome both weldability plus 
surface polish problems arising when the Zn coating thick-
ness must be raised to provide the vital protection. When-
ever exposed to extreme temperature and high oxidising 

conditions, pure zinc has low corrosion resistance; hence, it 
is combined with other metals to improve corrosion resist-
ance. It has been established that the toughness of Zn–Ni 
alloy coatings is larger than the corresponding toughness of 
Zn and Cd [57]. Moreover, zinc-nickel alloys are one of the 
most potential alternatives for cadmium in space applica-
tions, because both of its inadequate sticky wear and low 
corrosion resistance. Another instance of a highly effective 
NC is Co and its alloys. In terms of wear and corrosion 
resistance, they have been shown to be a cost-effective alter-
nate for toxic Cr [58].

In terms of mechanical and electrical characteristics, even 
in the form of nanoscale the alloyed metal revealed better 
properties over pure metals. The nanocrystal structured 
nickel–tungsten alloy has a greater hardness and scratch 
resistance than nanocrystal structured pure tungsten. Nickel 
alloyed with copper lowers saltwater pitting and improves 
Ni corrosion resistance in a reducing environment [59]. Fur-
thermore, nickel alloyed with phosphorous kinds it easier 
to passivate the coat when exposed to acidic environments 
than pure Ni [57, 60].

The corrosion resistance of an electrodeposited nanocrys-
talline Zn–Ni nanocoating in NaCl solution was examined, 
and it was discovered that 26 nm grain size (13.31 wt%) 
and 37 nm grain size (17.62 wt%) of Ni content provided 
the best corrosion resistance [61]. An electrodeposited (both 
pulse and direct current) Co–Ni alloy NC in a 3.5 wt% NaCl 
solution, the inclusion of phosphorous (P) increases the 
corrosion resistance. The maximum corrosive resistance 
properties were achieved by direct deposition of P at an 
ideal concentration of 9 wt%, as indicated in Fig. 11 [62]. 

Fig. 10   NC techniques, coating mechanism, NC materials, advan-
tages and disadvantages of the metallic NCs [42, 48, 55]
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According to impedance spectra obtained from Nyquist 
plots, the resistance of a film increases as its P content 
increases. The double-layer capacitance (Qdl) and coating 
capacitance (Qcoat) calculated by Bode plots revealed that 
P concentrations were less than 9 wt% indicating enhanced 
surface homogeneity. Although a greater proportion of P 
improved film resistance, it resulted in protrusions that tends 
to reduce the overall coating resistance. According to litera-
ture, varying the phosphorous proportion in nickel–phos-
phorous NC from 5 to 15 wt% transitions the alloy structure 
from crystal to amorphous [63, 64]. In neutral or acidic 
conditions, raising the phosphorus fulfilled of the Ni–P NC 
enhances corrosion resistance, but not in alkaline media. The 
homogeneous amorphous structure of phosphorous showed 
higher resilience to chloride ion assault as relative to the 
crystallised phosphorous material [51, 65]. This is why in 
neutral or acidic solutions, only the amorphous material pas-
sivates. However, the addition of 1.1 wt% phosphorous used 

to have a greater impact on the coarse grain size in acidic 
circumstances. The nanocrystal structured Co-1.1 wt% of P 
alloy coated (10 nm of crystallite size) reduced the corro-
sion potentiality around 60 mV for the top side when EIS 
research was executed in a 0.1-M H2SO4 solution. This 
increased potential of 60 mV is greater than nanocrystal 
structured Co (20 nm of mean grain size) with microcrys-
talline Cobalt [66]. Table 2 presents the advantages and dis-
advantages of anticorrosion coating methods.

2.3 � Morphology Analysis of Nanocoating

There are numerous approaches available for the characteri-
zation of NCs in terms of structure, chemical, and physical 
properties, which are all discussed below. This section exam-
ines and evaluates the most commonly used approaches and 
procedures for analyzing commercially available NCs. As 
a result, most of the characterization approaches presented 

Fig. 11   pulse deposited Co-P 
by Nyquist and Bode plot: a 
and b Co–7 wt% of P, c and 
d Co–9 wt% of P and e, f 
Co–10 wt% of P [66]
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in this segment for describing unique physical or chemical 
properties of NCs, such as SEM, TEM, AFM, XRD, EDS, 
and FTIR. These characterization techniques are integrated 
to thoroughly explore the properties and mechanisms of NCs 
[76]. Figure 12 is a flow chart illustrating the various char-
acterization techniques for NCs [49, 77].

Transmission electron microscopy (TEM) is an extremely 
strong tool for deciphering the surface morphology of NCs. 

Because the imaging signals employed in this method are 
stronger, the images obtained from TEM have a higher 
resolution than those obtained using other methods [78]. 
High resolution TEM (HRTEM) is commonly used sur-
face characterization techniques that enables atomic-scale 
imaging. HRTEM can achieve a maximum resolution of 
0.05 nm. Atoms and flaws in a crystalline substance can be 
identified at such a microscopic scale. Pictures are captured 

Table 2   Benefits and limitations of anticorrosion coating methods

Deposition process Advantages Disadvantages References

Physical vapor deposition Thin film deposition is possible; corrosion and 
wear resistance; variable mechanical and corro-
sion properties

Corrosion resistance is affected by abrasion; need 
high vacuum; degradation control is challenging

[67]

Chemical vapor deposition Corrosion and wear resistance; can deposit various 
types of materials with different microstructures

Requires heat resistant substrates; Requires ultra-
high vacuum

[68, 69]

Electrolytic deposition Low-corrosion and high wear applications; better 
performance in high temperature applications

Required conductive substrates [70]

Electrophoretic deposition Can deposit various types of materials; porous 
structure depositions; good wear resistant

Required conductive substrates [71]

Sol–gel Cost effective; good corrosion and ion release pro-
tection; thick coating is possible; high adhesion; 
ability to coat complex geometries; no need of 
conductive substrates

Thickness control is challenging; slow rate of 
coating; possibility of coating failure during heat 
treatment

[72]

Plasma spray coating High corrosion and wear resistance; high substrate 
adherence

Requires a heat source [73]

Cold spray coating Simple and cheap method compared to the other 
thermal spray method

Limited operation range; mostly used for soft 
and hard metal substrates; not suitable for hard 
environments

[74]

Warm spray coating Applicable to materials with sensitivity to oxidiza-
tion at high temperatures

Impurity complications; not suitable for hard 
environments

[75]

Fig. 12   Characterization tech-
niques for nanocoating’s [66, 
69, 77]
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from various angles to create 3D photographs of a mate-
rial's crystal structure [79]. Atomic force microscope (AFM) 
is one of the most advanced scanning probe microscopes 
available, which compare to other optical techniques AFM 
images have higher resolution. An AFM is used to analyse 
samples in the absence of a vacuum, and it possesses three 
critical capabilities, including image capture, manipulation, 
and measurement of force. The imaging mode generates a 
high-resolution 3D image (~ 10 nm in resolution) from the 
surface topography [80]. It is feasible to test nanoscratch 
resistance and nanohardness. Scanning electron microscopy 
(SEM) is a technique for obtaining 2D and 3D images of the 
structure and composition of a NC surface. Secondary elec-
trons (SE) are frequently employed to develop an elemental 
histogram of a NC surface, whereas backscattered electrons 
(BSE) are utilised to examine the composition of NC sam-
ple surfaces. SEM techniques have a resolution of less than 
1 nm. Unlike SEM, AFM, TEM and XRD system frequently 
needs a vacuum atmosphere in order to examine a NC speci-
men [76, 81]. Figure 13 presents the various morphological 
analysis techniques and their features.

Surface microstructure seems to be a crucial element 
which has a significant direct impact on a surface's corro-
sion resistance. In fact, it is related to the majority of the 
aforementioned factors. For instance, the coating processes 
predict the morphology of surfaces, the size of the grain, 
and any desirable coating orientation. The Zn–13Ni and 
Zn–17Ni alloys were electrodeposited over the stainless steel 
with a direct current of varying current densities ranging 
from 0.5 to 8 A/cm2 [82]. To develop a more coherent and 
compact surface deposition a higher range of direct current 
was employed. For the development of clear boundaries, 
the deposition size is larger and homogeneous in nature, 
which delivers much better performance in the Zn–17Ni 
nanocrystalline coatings. In the morphological examina-
tion of nanocrystalline Zinc coating, a similar phenomenon 

of direct current deposition is observed. Furthermore, 
decreasing the size of grain less than 10 nm and increas-
ing the weight percentage of tungsten in nickel–tungsten 
alloy changed the shape from angular to nodular morphol-
ogy, which improved the rate of corrosion in the alkaline 
and reduced the corrosion rate in the acidic media [78, 83]. 
Table 3 presents the applications of nanocrystal structured 
metallic coating materials.

3 � Physiochemical Properties of Metallic 
Nanocoating

3.1 � Structure Size of Coating Materials

The corrosion test was carried out in a NaOH solution. 
Microcrystalline electrogalvanised metal specimens (EG) 
had a 60% higher corrosion rate than nanocrystalline zinc 
electrodeposited with the use of pulse-current approach. The 
nanocrystalline zinc protective coating was entirely covered, 
according to examinations. This was owing to the nanocrys-
talline shape, which improved the kinetics and stability of 
the passive film [89, 90]. As per past studies on a nanocrys-
talline Ni–Cu alloy NC, the nanocrystalline structure has 
a systematic methodology of significantly larger corrosion 
resistance than the microcrystalline structure subsequently 
the high-density grain boundary of the NC structure starts 
to move the creation of a stable as well as preventative oxide 
layer. Figure 14 depicts how the results obtained by pulse-
depositing Fe onto low-carbon steel samples and then ana-
lysing them in alkaline conditions. Compared to microcrys-
talline heated (50 nm grain size) with cast (20 nm grain size) 
iron samples, nanocrystalline size samples showed higher 
corrosion resistance [89, 91].

In alkaline conditions with increased corrosion current 
density, Alinezhadfar et al. [92] found that nanocrystalline 

Fig. 13   Morphology analysis 
techniques for nanocoating’s 
[76, 81]
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cobalt (67 nm) had superior corrosion resistance (100 nm) 
than polycrystalline cobalt NC. As a result, finer grain coat-
ings may cause defect spots at grain boundaries, increas-
ing the likelihood of corrosion in these active locations. A 
greater volume of intercrystalline elements are present in 
nanocrystalline structures compared to polycrystalline struc-
tures, and the nanocrystalline structure contains a greater 
number of active sites [93].

3.2 � Grain Size of Nanocoating

The impact of material particle sizes was investigated further 
for various sizes deep inside that nanoscale. Since a finer 
nanograin size did not have the best corrosion resistance 
in all of the studies, it is not necessary for the grain size of 
the nanomaterial to be low or high to get the same corro-
sion protection [94]. Figure 15c shows that electrodepos-
ited nanocrystalline nickel displayed improved corrosion 
resistance across 16 nm grain sizes, 56 nm grain sizes, and 
250 nm grain sizes for the lowest particle size [95]. The 
6.6 nm particle size nanocrystalline Ni–Cu alloy NC had 
a higher current density than that of the 12.7 nm grain size 
nanocrystalline Ni–Cu alloy coating in a 3 wt% of NaCl 
solution (35.8 wt% of Cu) [96].

Meng et al. found the same results of greater enhancement 
with increasing nanograin size. With a grain size of 50 nm, 
the impedance and phase value of a Q235 steel coating were 
greater than those with a grain size of 10 nm [99]. On the 
50-nm coating, this implies that a more stable passive film 
was obtained. (Fig. 15a, b). Moreover, diffraction patterns 
acquired from TEM pictures of a 50-nm coating revealed 
the presence of growing twins. These growing twins create 
a unique boundary with low free energy, which consider-
ably reduces the adsorption of aggressive ions through the 
passive film's surface [97, 98]. In addition, nanocrystalline 
Zn–17Ni with an intermediate grain size had the highest 
corrosion resistance compared to the other Zn–Ni alloys. Ta
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Fig. 14   Impact of structure size on nano- and micro-coating [92]
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This suggests that the NC's composition can surpass the 
effect of smaller grain size. For another type of alloy, such 
as the Ni–W alloy, the acidity of the test media had a greater 
impact on the corrosion resistance of the nanocoating than 
the nanocoating's grain size [98].

3.3 � Characterization of Physiochemical Properties

3.3.1 � Physical Property Analysis of Nanocoating

Microhardness is a property of NCs that indicates the coat-
ings' microscale resistance to deformation caused by applied 
pressures. Vickers microhardness measurements are gen-
erally used to determine the microhardness of NCs. The 
increased microhardness can be studied with the microstruc-
ture modification of NCs. Wear resistance, which is used to 
determine coating erosion resistance, is frequently investi-
gated in conjunction with microhardness [100, 101]. The 
microstructural elements of the NCs, including the particles' 
quantity, size, and shape, are critical elements affecting their 
wear resistance. Hardness and wear are both critical con-
straints in defining the industrial and domestic application 
of NCs. There are also other physical properties of NCs that 
are crucial to understand, such as tensile and flexural prop-
erties, toughness, and surface roughness. When it comes to 
industrial applications, the physical properties of NCs have 
a significant effect on their overall performance and lifespan 

[102]. Figure 16 illustrates the various physical properties 
for nanomaterial coated substrates.

3.3.2 � Chemical Property Analysis of Nanocoating

The elemental composition of NCs can be determined with 
a technique called energy-dispersive X-ray spectroscopy 
(EDS). Typically, the EDS device is utilised in conjunc-
tion with the SEM equipment, as the EDS device makes 
use of the X-ray radiation created during SEM examination. 
Each element has a unique X-ray diffraction pattern, which 

Fig. 15   The influence of grain 
size on the nanocrystalline Zn–
Ni alloy NC; a Nyquist plots, b 
bode plots with different grain 
sizes, and c variation in polari-
zation resistance of Zn–Ni alloy 
NC with respect to grain size 
(nm) [97, 98]

Fig. 16   Various physical properties for nanomaterial coated substrate 
[101, 102]
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enables their detection using EDS analysis [103]. X-ray 
diffraction can be used to determine the phase structure of 
a crystalline substance (XRD). Additionally, XRD can be 
used to determine the orientation and size of the individual 
phase, and the distance between two NC layers [104]. Three-
dimensional Fourier transform infrared spectroscopy (FTIR) 
has been employed frequently for evaluating the chemical 
composition of NCs on different substrates. It can also be 
used to obtain spectrum of absorption or emission from 
NCs. Furthermore, it is possible to demonstrate the produc-
tion of coatings and provide evidence of chemical interaction 
between distinct phases. Additionally, the chemical compo-
sition of the nanomaterial can be investigated [105]. Nuclear 
magnetic resonance (NMR) can also be used to characterise 
the chemical structure. NMR is utilised to detect the atomic 
nucleus's unique quantum mechanical magnetic properties. 
The term "NMR" refers to electromagnetic resonance. When 
compared to FTIR, NMR has the ability to give additional 
information about the structure of certain components as 
well as the degree to which molecules condense. FTIR and 
NMR are often employed to characterise the structure of 
NC's, furthermore, these techniques can confirm the suc-
cess of production of NCs [103, 106]. Figure 17 shows the 
various chemical property characterization techniques and 
its superior features.

3.3.3 � Electrochemical Characterization of Nanocoating

When it comes to corrosion resistance, electrochemical char-
acterization methods are frequently employed to estimate 
the corrosion behaviour and performance of NCs. “Elec-
trochemical impedance spectroscopy (EIS), linear polarisa-
tion resistance (LPR), potentiodynamic polarisation (PDP), 
cyclic voltammetry (CV), scanning kelvin probe (SKP), 
scanning electrochemical microscopy (SECM), and scan-
ning vibrating electrode technique (SVET)” these are the 
commonly utilized methods for corrosion study. Corrosion 
can manifest itself in two ways: as localised or as general 

corrosion, thus, EIS, LPR, PDP, and CV are frequently 
employed to investigate general corrosion, while SKP, 
SECM, and SVET are frequently employed to investigate 
localised corrosion [96–99, 107, 108]. Figure 18 illustrates 
the different electrochemical characterization techniques 
which are generally used for electrochemical property analy-
sis and its special features over other.

EIS is a non-destructive technique for investigating and 
estimating the endurance of coatings that reveals funda-
mental aspects of interfaces. Along with current density 
and corrosion rate, the EIS can provide information on the 
corrosion state of NCs, allowing for the determination of 
rate of corrosion [108]. In electrochemical corrosion stud-
ies, LPR is a commonly used approach for evaluating the 
performance of NCs. LPR analysis, similar to EIS, deliv-
ers data on current density and corrosion rate. While LPR 
is a much faster process and easier to analyse than EIS, it 
is less reliable than EIS in terms of accuracy. The corro-
sion current in LPR data is derived from the polarisation 
resistance data using the Stearn–Geary relationship. LPR 
is one of the most widely used methods for evaluating the 
performance of metallic NCs in electrochemical corrosion 
studies. Figure 19 depicts the polarisation curves of speci-
mens immersed in a 3.5% NaCl solution with and without 
a nanocrystalline Ni–P coating. Even at elevated tempera-
tures, this graph depicts a consistent rise in corrosion resist-
ance between Ni–P coated and uncoated specimens. At the 
corrosion potential, the coated samples had a lower current 
density than the uncoated substrate. The invention of a Ni–P 
nanostructured coating increased the corrosion resistance of 
the coating layer of the Ni–P phase, preventing the migration 
of corrosive ions to the metal surface [112].

Another technique for determining the electrochemical 
behaviour of nanocomposite coatings is CV. The Nernst 
equation is used to calculate the expected value of volt-
age, causing an electrochemical cell to create current, and 
this is measured using this instrument. The CV technique 
is used to examine the electroactivity, stability, and redox 

Fig. 17   Characterization tech-
niques for chemical property 
analysis of nanocoated substrate 
[103, 106]
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behaviour of NCs [109]. PDP quantifications yield data 
on corrosion potential and corrosion current. From the 
connection of the anode and cathode twigs, the aforemen-
tioned pieces of information are determined. It is exten-
sively utilized to examine the properties of NCs. The SKP 
has uses for determining the cathodic protection of NCs 
over the substrate surface by calculating the potential dif-
ference between the electrode and specimen, it is a non-
contact method. The SKP method has been widely used to 
test the corrosion resistance of coatings. To find out how a 
coating on a surface protects itself from corrosion, SECM 
can be used to look at how current and voltage change 
when metal dissolves or oxygen is used at the interface 
[110]. This is a very good way to look at localised cor-
rosion. The SVET is a novel electrochemical method for 
determining the anti-corrosion features of coatings. It has 

three electrodes and a vibrating microelectrode. The rate 
of vibration and wave amplitude are measured above the 
NC surface. SVET is used to measure localised corrosion 
behaviour at the NC and substrate material interfaces in 
terms of the current density at that point [111].

3.4 � Impact of Environmental pH Value 
on Nanocoating

In all of the above-mentioned aspects, it was important 
to specify the test media. The environmental pH value is 
affected by the test solution, which represents the material's 
ability to withstand corrosion attacks. Whenever nanocrys-
talline oriented cobalt was studied in various sodium 
hydroxide solutions (NaOH), Hydrochloric acid (HCl), 
sodium chloride (NaCl), and Sulfuric Acid (H2SO4), varied 
corrosion current density values were achieved [113]. How-
ever, in a solution of NaOH, excellent corrosion resistance 
was reported to nanocrystalline zinc (pH 13.6) as well as 
nanocrystalline iron formations. Mahalingam et al. reported 
an increase in the corrosion rates for nanocrystalline Ni–W 
alloy in pH 3 (acidic media) better than in the pH 10 (alka-
line media) of 3.5 wt% NaCl solutions [114, 115]. In addi-
tion, it was discovered that the corrosion behaviour of a 
similar alloy was affected by the pH value of the test media, 
which was investigated further. Figure 20a and b demon-
strates that in the corrosion rate increased with grain size 
reduction (rises in W content) in alkaline media, whereas it 
improved with grain increased size (decreases in W content) 
in acidic medium [116].

Fig. 18   Characterization 
techniques for electrochemical 
property analysis of nanocoated 
substrate [109–111]

Fig. 19   Polarization curves for samples without coating and with 
coating in 3.5 wt% NaCl solution [112]
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3.5 � Concentration of Additives in Nanocoating

The addition of ingredients to the NC material that aid in 
the creation of a flatter, highly polished finish. The additive 
absorbed particles influence energy for activation and also 
the charge transfer speed during electrodeposition and pre-
vent the surface and decrease the formation of surface-active 
sites of a metal substrate [117]. The proportion of additive 
material used in the development of improved NC substrates 
is critical. The nanocrystal structured Nickel–Tungsten alloy 
NC was done by electrodeposition on a mild steel substrate 
with a citrate bath (C6H5O7-3) including salicylaldehyde 
(C7H6O2) additive [118]. A better resistance rate of cor-
rosion has been observed at an additive concentration of 
100 ppm, which provides a fine-grained NC with a homo-
geneous nanocrystalline structure. However, according to 
the literature findings further, an increment in the volume 

concentration of additive material of more than 100 ppm 
leads to an increase in the additive-to-additive bonding 
[119]. This additive adhesion affects the corrosion resist-
ance and homogeneity of the NC. Figure 21a and b illus-
trates the polarization curve of the nanocrystalline structured 
nickel–cobalt alloy coated on a steel substrate with 10 wt% 
of sodium hydroxide (NaOH) and saccharin (C7H5NO3S), 
which improves the corrosion resistance property [120]. 
This enhancement in corrosion and tribocorrosion resist-
ance are correlated to the smoother surface morphology and 
reduction in grain size (Fig. 21c). While NC nanocrystal 
structured nickel–cobalt alloy, the addition of sodium lauryl 
sulphate led to its lower hardness value, it boosted corrosion 
resistance while decreasing tribocorrosion resistance [117, 
121]. Table 4 summarized the experimental work associated 
with metallic NC, as well as the important factors of NCs 
and corrosion resistance that have been reported. Table 5 

Fig. 20   Impact of pH on nanocrystalline Ni–W alloy coating a Ni–W alloys at pH 3; b at pH 10 [116]

Fig. 21   a, b Microstructure of 
the nickel coated mild steel with 
and without additives; c polari-
sation curve for nickel coating 
with and without additive [121]
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shows an overview of mechanism of action, advantages, and 
disadvantages of various anticorrosion coatings.

4 � Challenges and Future Directions

Generally, material properties such as durability and sta-
bility are determined based on the corrosion resistance of 
the material, and it’s critical to examine, as it defines the 
overall performance of the material. The corrosion process 
based experimental investigation reveals the fundamental 
mechanisms and kinetics that govern. Nanocoating includes 
ultimately fine elements that may have an impact on the final 
surface in terms of the structure of crystalline lattice, state 
of surface, grain size, porous, distribution of intermetallic 
particles, etc., These elements have higher density grain 
boundaries and are very smaller in size that's challenges 
the development of novel corrosion concepts. For instance, 
surface smoothing enhances the integrity, homogeneity, and 
fatigue, reducing the chance of pit development on the sur-
faces for the long run. At the same time, the nanoparticles 
covered the substrate surface gives excessive smoothness, 
which may decrease the coating's adherence and induce 
detachment of portions of the NC. In addition, decreasing 
the surface roughness may raise the potential of preferred 
intergranular corrosion, which may allow the formation of a 
more defective and permeable coating at the triple-junction 
grain boundaries. This duality of interactions allows the 
nanomaterials to interact with the surface in two opposing 
orientations, making it difficult to determine which approach 
is appropriate. Furthermore, the presence of such nanopar-
ticles on the surface of the substrate has affected the devel-
opment of oxides; hence, the transition mechanism of the 
surface state is altered, making it difficult to identify. The 
surface state transition from passivation to pit initiation and 
ultimately to film breakdown has been controlled by the 
composition of the film. It was determined that the state 
of the uncoated surface would be dependent on the initial 
conditions and the cleanliness of the final coated surface. 
This new state will have an impact on the overall surface 
corrosion. Due to the heterogeneous dispersion of the NC 
particles over the coated substrates surface, ions may accu-
mulate and produce weak areas of a greater possibility that 
cause pit nucleation. On the other hand, aggregated nano-
coating materials may physically insulate the base substrate 
surface from the electrolyte. Therefore, it is difficult to pre-
dict the changeover mechanism, and it demands more cor-
rosion research.

This review found that the use of various nanocrystal-
line metallic particles as coating materials offered the best 
enhancement of corrosion resistance properties. In the future 
perspective, a combination of nanocrystalline anticorrosion 
and superhydrophobic metallic nanocoating could create 

synergistic effects. This dual behaviour of the nanocoating 
surface protects the metallic substrates from various envi-
ronmental conditions. For instance, in the marine environ-
ment, anticorrosion coating could offer protection against 
corrosion attack as well as superhydrophobic nanocoating 
to control biofouling. This could greatly reduce the mainte-
nance costs and increase the performance of marine vehi-
cles. The enhanced biocompatibility and lower toxicity of 
metallic nanocoating materials would allow them to be used 
in a large range of applications, including food and medical 
industries.

5 � Conclusion

This review study presented an in-depth analysis of metallic 
nanocoatings over metallic substrates. Nanocoatings have 
a greater potential for increasing corrosion behaviour than 
macro- and micro-sized material coatings. Nano-crystalline 
microstructures have exceptional corrosion resistance due 
to their small grain size and large filling space. A nano-
coated metallic substrate surface becomes tougher, stiffer, 
and more adhesive. The coating's thickness and shape should 
be tailored to optimise its protection against destructive and 
eroding factors. Aside from increasing corrosion resistance, 
nanocoatings have been shown to have adverse side effects 
in some circumstances. Due to their small size, nanocoatings 
generate a homogeneous thin layer over metallic surfaces. 
Notably, nanoparticles have a high density between grain 
boundaries, increasing their host substrate's corrosion resist-
ance. As a result of the agglomeration of small particles into 
larger ones, the substrate material becomes more susceptible 
to corrosion assault. Thus, to achieve optimal corrosion pro-
tection, it is necessary to consider all environmental factors 
affecting nanocoatings and their substrates.

It is crucial to consider that there is no one aspect that 
influences corrosion resistance solely. Meanwhile, all the 
other factors contribute to the corrosion resistance of the 
nanocoating. Nanocrystalline structured Nickel and its alloys 
have a lot of prospects as a promising metallic nanocoatings, 
primarily in the state of nanocrystalline Ni–P alloy. Further-
more, Zn–Ni alloys containing 14–17 wt% of nickel revealed 
high-corrosion resistance behaviour. To improve the cor-
rosion resistance behaviour of nanocoating in neutral and 
acidic conditions, 9–11 wt% of nanocrystalline phosphorus 
is added to the metallic coating material. There was no clear 
correlation between corrosion behaviour and particle size for 
the various sizes of nanoparticles reported in the nanocoat-
ing. Conversely, the composition of the nanocoating and the 
acidity of the medium may have a stronger impact on the 
grain size. Due to the finer surface created by PED com-
pared to DCE, it has been revealed that PED has superior 
corrosion resistance properties than DCE. To acquire the 
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best corrosion resistance property, the concentration of the 
additive used in the nanocoating process must be optimised. 
In this review, several factors which influence the corrosion 
behaviour of nanocrystalline metallic nanocoating have been 
addressed.
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