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  Preface 

 We are pleased to present the book Corrosion protection and control using 
nanomaterials on the fi ftieth anniversary of Richard Feynman’s classic lecture, 
‘There’s plenty of room at the bottom’. The science and technology of 
nanomaterials is without a doubt the major turning point in the industrial 
development of the twenty-fi rst century. Most industrial sectors and biosciences 
are benefi ting greatly from manipulation of materials at the nanometer scale. 
Corrosion is the biggest threat to many industries. How has nanotechnology 
benefi ted the fi eld of corrosion prevention? What are the corrosion behaviors of 
nanocrystalline materials? What about their high temperature oxidation? How can 
nanoparticles help improve the barrier properties of a coating? There are many 
questions to be addressed and we have attempted to answer a few of them. 

 Chapter 1 provides an overview of the current understanding of the problem of 
corrosion. The chapter also provides a brief introduction to nanomaterials in this 
context. Chapter 2 discusses corrosion basics with reference to nanostructured 
materials. Chapter 3 addresses theoretical aspects of grain size reduction on 
corrosion with a model example and comparison with experimental results of 
nanocrystalline zirconium and its alloys. Chapter 4 provides a good account of the 
relevant electrochemical aspects of nanostructured materials. The nature of passive 
fi lm and its correlation with nanocrystallization are explained. Chapter 5 gives a 
good description of fabrication of electrodeposited nanostructured materials. 

 Chapters 6 to 15 address the usage of nanomaterials in different corrosion 
prevention strategies. Chapters 6 and 7 are on the moderate and high temperature 
oxidation resistance of nanocrystalline materials. While Chapter 6 provides a 
general and current understanding on the topic and an elaborate description of the 
author group’s hypothesis on low chromium alloys, Chapter 7 gives an overview of 
the research works at the University of Auckland in collaboration with the University 
of Science and Technology Beijing, on the development of nanostructured high 
temperature oxidation resistance coatings. Chapter 8 gives a detailed account of 
tribocorrosion and the role of nanomaterials. 

 Chapters 9 and 10 are on self-healing nanocoatings. Chapter 9 gives a 
comprehensive explanation of both self-healing conventional and recent 
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nanotechnology associated coatings; Chapter 10 explains specifi cally the 
nanocarriers in the coatings. Chapter 11 gives an account of nanostructured 
carriers and self-assembled monolayers in corrosion prevention. 

 Chapter 12 provides a comprehensive description of sol–gel coatings for 
corrosion prevention. The chapter also gives an interesting introduction to 
nanomaterials and corrosion. Chapter 13 discusses polymer nanocomposite 
coatings, which are of prime importance in barrier protection. The chapter 
provides a good description of the inorganic–organic hybrid technology. Currently 
investigated nanostructured coatings for aerospace applications are discussed in 
Chapter 14. Chapter 15 discusses current nanotechnological approaches to making 
advanced biomaterials and their impact on corrosion resistance. 

 We hope that this book will contribute signifi cantly to the science and 
technology of corrosion control. 

 Viswanathan S. Saji 
     Ronald Cook   
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    1 
 The impact of nanotechnology on reducing 

corrosion cost  

    V.  S.    SAJI ,     Korea University, South Korea   

   Abstract:    Nanoscience and nanotechnology have revolutionized the present 
day scientifi c world, leading to the development of new tools and techniques. 
Materials at nanometer scale possess many advantages over their micrometer 
scale counterparts. The key aspect in many applications is the effi cient design 
of nanomaterials in which the desirable pros can be distinguishably emphasized 
and the undesirable cons can be properly suppressed. Widespread efforts are 
underway to promote their effective use in the realm of corrosion control. 
Employing nanomaterials can enhance a material’s performance signifi cantly 
in certain areas of corrosion control; for example, in an advanced coating. 
Availability and economic synthesis strategies of nanomaterials are key points. 
More studies are needed to corroborate the use of nanomaterials in different 
areas of corrosion control and to authenticate the corrosion/oxidation 
performance of nanostructured materials.  

   Key words:    nanomaterials, corrosion control, coatings.   

    1.1  Introduction 

   1.1.1  Nanostructured materials 

 Materials with morphological features on the nanoscale (usually smaller than 
100 nm) in at least one dimension are referred to as nanomaterials (Nalwa, 2000). 
For convenience of discussion, they can be classifi ed as nanosized and 
nanostructured materials ( Fig. 1.1 ). A nanostructured material (also referred to as 
a nanocrystalline or nanophase material) can be defi ned as one with nanoscale 
morphological features constructed using a combination of nanosized (e.g. grain 
size, particle size, structure size, etc.), materials and/or nanoscale empty spaces. 
Examples include secondary structures consisting of primary nanoparticles, 
nanograined metals/alloys/ceramics, nanoporous structures, nanocomposites, etc. 
The overall property of a nanostructured material depends essentially on 
parameters such as the size and distribution of the constituent phases (particle, 
grain, phase, etc.), nature of grain boundaries and interaction between the phases. 
Due to the small size of the building blocks, high surface to volume ratio and the 
very high relative number of atoms in the grain/phase boundaries, these materials 
are expected to have improved and diversifi ed properties when compared with 
their microstructured counterparts. Signifi cant progress has been made in recent 
years in various aspects of processing nanostructured materials; for example, 
nanostructured coatings. 
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 Nanotechnologists have achieved signifi cant milestones in electronics, 
computer technology, microscopy and biotechnology, which are in commercial 
practice. Presently, nanomaterials are in commercial use in cosmetics, sunscreens, 
dental fi llings, water fi ltration systems, catalytic systems, high sensitivity sensors, 
photovoltaic cells, fl ash drives, cutting tools, insulation materials, paints, etc. For 
example, the addition of nanoparticles to paint prevents dust sticking to its surface 
and prolongs service life through resistance to wear, tear and corrosion. There are 
products on the market specifi cally offering hard coatings and easy to clean 
coatings (Schmidt, 2010). According to the consumer product inventory 
maintained by a US-based project on emerging nanotechnologies, over 600 
nanoproducts are already on the market worldwide and their value is expected to 
reach US$1 trillion by 2015 (PEN, 2011). Many promising projects are ongoing, 
both industrial and academic, which can bring huge benefi ts. 

 In spite of the dramatic increase in commercial products based on nanomaterials, 
there exist many challenges in the commercial application of nanotechnology in 
various fi elds. The potential adverse human health effect scenario resulting from 
exposure to novel nanomaterials, referred to as ‘nanotoxicity’, is a major concern 
(Brayner, 2008).  In many application areas, more authentic studies are required to 
substantiate the effi ciency of nanostructured materials. Extensive research efforts 
are being devoted to validating the applicability of nanomaterials in many key 
application areas including energy conversion (Saji,  et al ., 2011a; Saji  et al ., 
2011b), biomedical (Saji  et al ., 2010), corrosion prevention (Saji and Thomas, 
2007; Nik Masdek and Alfantazi, 2010), etc.  

   1.1.2  Cost of corrosion 

 In spite of much advancement in the science and technology of corrosion 
prevention and control, the phenomenon of corrosion (usually of metals and 
alloys) continues to pose a major concern to many industries around the world. 
The direct and indirect cost of corrosion is huge (estimated to be US$2.2 trillion 

   1.1     Schematic showing nanomaterials.     
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annually in direct costs worldwide) (WCO, 2011). A good portion of the loss can 
be avoided by proper corrosion control and monitoring. 

 In general, corrosion can be prevented by suitable modifi cations in: material 
(e.g. selection of corrosion resistant materials), environment (e.g. addition of 
inhibitors) and material surfaces (e.g. coatings). Metals can be protected 
cathodically (e.g. cathodic protection) as well as anodically (e.g. passivation). In 
practice, effective corrosion control is achieved by combining two or more of 
these methods. Usually, highly corrosion resistant materials are associated with a 
high cost factor. Even then, such materials can undergo degradation in severe 
environments/stress. The use of cheaper metallic materials along with proper 
corrosion control strategies is therefore economic for many applications. 

 Corrosion protection by coatings (painting, plating, anodizing, galvanizing, etc.) 
can be passive (providing only a barrier effect) or active (corrosion inhibitors are 
incorporated in coatings) or a combination of both. A passive coating works by 
providing a barrier of corrosion resistant material between the damaging environment 
and the otherwise lower cost structural material. In general, an industrial coating 
system (e.g. aircraft coating) usually consists of three individual layers: conversion 
coating/anodization layer, a second primer layer (pigmented organic resin matrix, 
principal provider of corrosion resistance) and a top polyurethane/polyol resin coat 
(principal barrier coating). The reader is referred to reference textbooks available for 
further reading on corrosion (Uhlig and Review, 1985; Fontana and Greene, 1986).   

   1.2  Nanotechnology and corrosion 

 When conferring corrosion control by nanomaterials, there are two main 
considerations. The fi rst aspect is the understanding of corrosion behaviors of 
nanostructured materials; whether or not a nanostructured material possesses 
better corrosion resistance (e.g. corrosion/oxidation/cracking resistance of a 
nanostructured steel substrate/coating) when compared with the microstructured 
counterpart (see Section 1.3). The second aspect is how nanosized materials can 
be effectively employed in corrosion prevention strategies (e.g. in an automobile 
or aerospace coating) (see Section 1.4), an area where nanotechnology corrosion 
control benefi ts are considerable. Nanotechnological advancements are expected 
to improve corrosion monitoring and inspection sectors.  Figure 1.2  shows a 
correlation between ‘nano’ and ‘corrosion’. 

 Enhancement of corrosion resistance can bring huge dividends, as nanostructured 
materials are also superior in mechanical and electronic properties. Nanostructured 
metals, which are expected to be stronger, harder and tougher, can provide very hard 
coatings that are more resistant to corrosion, useful for applications in defense 
armor, aerospace components, construction equipment, medical devices, sports 
equipment, etc. Efforts are focused on the commercialization of nanostructured 
alloys (steel, cobalt alloys, etc.) as well as nanostructured bulk metals (Cu, Ni, Zr, 
Ti, etc.). A number of leading research and development institutes and companies 
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are pursuing research in the area of nanostructured steels (Branagan, 2005). The 
negative aspect to the strength and hardness of nanostructured metals is that they 
tend to be less ductile. 

 There are various strategies available (both vacuum and non-vacuum based) for 
the fabrication of nanostructured materials, among which simple and economic 
solution-based (non-vacuum) approaches such as electrodeposition and sol–gel 
techniques are particularly interesting. Electrodeposition is perhaps the cheapest 
strategy for making nanocrystalline metals, alloys and metal matrix composites, 
both in bulk form and as coatings (Schwarzacher, 2006). Electrodeposited 
nanostructured cobalt alloys are potential replacements for hard chromium in 
wear and corrosion application. By modifying the plating bath chemistry and 
current wave forms it may be possible to promote nucleation and hinder growth 
of crystals to produce fi ner nanocrystalline materials (grain sizes down to 10 nm). 
Likewise, many investigations have been performed on silica, zirconia, titania 
and their composite sol–gel thin fi lms for application in corrosion protection. 

 Nanotechnology has led to the development of paints and fi nishing materials 
with self-healing, self-cleaning and discoloration resistance in addition to the 
expected high scratch and wear resistance. Nanotechnology has also enabled the 
exploration of alternatives to chromate conversion coatings, which are hazardous 
because of the presence of toxic hexavalent chromium (Voevodin  et al ., 2003). In 
this direction, nanoparticle/nanostructured carriers have become a major area of 
interest in developing smart coatings with ‘on-demand releasable’ corrosion 
inhibitors and biocides (Cook  et al ., 2005). 

   1.2     Diagram showing correlation of nanotechnology with corrosion.     
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 Nanocomposite technology is already in commercial practice in certain 
application areas. Nanocomposites are proven to have enhanced properties for 
applications ranging from aerospace components to bioimplants. A polymer 
nanocomposite (e.g. polymer–nanoclay) coating can effectively combine the 
benefi ts of organic polymers, such as elasticity and water resistance, with those of 
advanced inorganic materials, such as hardness (Pang and Zhitomirsky, 2005; 
Wang  et al ., 2006). Nanostructured ceramic (nanostructured diamond, 
metalloceramics, hydroxyapatite, etc.) and composite coatings increase general 
corrosion resistance of bioimplants in addition to the expected property 
enhancement of bioactivity and wear resistance (Catledge  et al ., 2004). 
Nanoparticles of diamond and other chemical compounds used for hard coatings 
(SiC, ZrO 2  and A1 2 O 3 ) are commercially available, with typical particle sizes in 
the range 4–300 nm. Nano ZrO 2  powder has been used to coat engine components 
by plasma spray (Jensen and Sorensen, 1996). 

 Studies suggest that nanocrystalline alloy coatings and composite ceramic 
coatings possess improved high temperature oxidation resistance (Gao and Li, 
2004; Yao  et al ., 2001; Singh Raman and Gupta, 2009). However, the viability of 
a nanocrystalline material will ultimately depend upon the general corrosion/
oxidation resistance over extended periods of service. It should be remembered 
that research on many nanostructured materials, such as nanostructured steel, is in 
its infancy, and many promising developments are expected in the near future. 
Many challenges remain in the processing of nanostructured bulk/coating materials.  

   1.3  Corrosion/oxidation behavior of nanostructured 

materials 

 A typical feature of nanocrystalline materials is the defective core structure, which 
is caused by the incorporation of vacancies, dislocations and grain/interphase 
boundaries (Nalwa, 2000). Grain boundaries are usually more active sites and can 
be subjected to preferential corrosion/cracking. The increased grain boundary 
fraction can make more anodic sites for nucleation of corrosion in a nanostructured 
material. Grain boundaries are associated with high diffusivity and higher electrical 
resistivity. The grain boundaries turn out to be more susceptible to corrosion attack 
if intergranular diffusion of corrosive species (for example, diffusion of nascent 
hydrogen) is favored. The positive aspect is that grain boundaries favor faster 
diffusion of passivating ions from the bulk to the surface, which can promote 
formation of a more effective protective layer (particularly signifi cant in high 
temperature oxidation). This effect is of greatest implication in the case of materials 
which are highly degradation resistant by virtue of their passive fi lm. The proven 
enhancement of bulk electrical resistivity of the nanostructured materials is 
favorable for corrosion resistance. 

 A material’s tendency to degrade depends on many parameter (Uhlig and 
Review, 1985; Fontana and Greene, 1986). From the available information, a 
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general statement on corrosion resistance of nanostructured metals/alloys is not 
viable. Reported studies on electrochemical corrosion of nanocrystalline metals/
alloys show variable results. Studies suggest that in both weakly acidic and 
alkaline media nanocrystalline materials maintain a more effective passive layer, 
whereas in media containing aggressive ions the passive fi lm stability is decreased 
when compared microcrystalline counterparts (Saji and Thomas, 2007). Recent 
analysis on electrodeposited alloys suggests that, by suitably controlling alloy 
composition and grain size and by proper grain refi ning, a more effective 
homogeneous passive layer can be grown on nanocrystalline structure that can 
provide superior corrosion resistance in aggressive environments (Nik Masdek 
and Alfantazi, 2010). 

 Nanocrystalline materials show promising advantages in preventing high 
temperature oxide scale formation (Gao and Li, 2004; Yao  et al ., 2006; Singh 
Raman and Gupta, 2009). High temperature materials rely on the formation of 
protective oxide fi lms such as Al 2 O 3  and Cr 2 O 3  to resist high temperature and 
corrosive environments. The high density of grain boundaries in a nanocrystalline 
material provides fast diffusion paths, promoting selective oxidation of protective 
oxide scales with better adhesion to the substrate. Consequently, the percentage of 
passivating elements (such as Al and Cr) in the alloy/composite that is required to 
form a complete protective oxide scale can be substantially reduced. Experimental 
results indicated that, when the grain size of Ni–20Cr–Al coatings was ~60 nm, 
alloys containing ~2 wt% Al could form a complete α-Al 2 O 3  scale at 1000 o C in 
air. This concentration is only one-third of the required Al% for the alloy with 
normal grain size (Gao and Li, 2004). More studies are needed to validate these 
results, especially at temperatures where substantial grain growth can happen. 
Tribocorrosion resistance of nanostructured materials is reported to be higher 
(Benea  et al ., 2002). Promising results are expected for the corrosion cracking/
fatigue behavior of nanostructured materials. 

 It can be stated that nanostructured materials have distinctly higher corrosion/
oxidation resistance in certain applications, whereas they are inferior in other 
areas. More plant trials are required before commercial use in different application 
areas. Suitable engineering design and the selection of appropriate composition 
may bring huge increases in the corrosion resistance of nanostructured materials. 
This is in contrast to the application of nanomaterials in corrosion prevention 
strategies (mainly in coatings) as discussed below.  

   1.4  Nanomaterials in corrosion prevention 

 Among the different corrosion prevention strategies, coatings (both passive and 
active) are benefi ted appreciably by nanomaterials. A nanocoating can be defi ned as 
having either the thickness of the coating in nanoscale or the second phase particles 
that are dispersed into the matrix in the nanosize range or coatings having nanosized 
grains/phases, etc. Thin fi lm coatings have been available for several years. In 
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particular, nanocoatings can be divided into nanostructured coatings (coatings with 
grain sizes in the range of 100 nm) and nanocomposited coatings ( Table 1.1 ). 
Nanocoatings can be made by a variety of non-vacuum and vacuum based methods 
such as sol–gel, electrodeposition, magnetron sputtering, electro-spark deposition, 
high velocity oxy-fuel thermal spray, laser beam surface treatment, etc. Specifi c 
improvements sought include higher wear, erosion, high temperature oxidation and 
corrosion resistance (Agarwala  et al ., 2006). 

 Signifi cant research has been done on nanocomposited bulk/coatings for 
various applications including corrosion prevention. The incorporation of 
nanoparticles in paint for mechanical property improvement, wear resistance, 
ultraviolet protection, water repellence, gas barrier property etc., is in widespread 
commercial practice. For example, the scratch resistance of paints can be improved 
by incorporating nanoparticles of alumina or silica. The barrier performance of 
epoxy coatings is found to be boosted after incorporation of nanophases by 
effectively decreasing porosity and diffusion paths (e.g. the incorporation of clay 
in polymer matrix nanocomposites increases water and gas barrier properties). 
The intermingling of nanomaterials is said to effectively fi ll spaces, block entry 
by water and air and fi ll tiny fl aws, providing more effective passive protection. 
Nanoclay-based composite coatings have prompted extensive research efforts 
around the world, including use in automotive parts (Fernando, 2009). The 
increased path length for molecular diffusion caused by the platy nature of the 
clay materials enhances barrier properties and corrosion resistance. 

 Such nanocomposites help in crack bridging, crack defl ection and crack bowing 
and reduce the trend for the coating to blister or delaminate (Dietsche  et al ., 2000). 
Polypyrrole nanocomposites with montmorillonite clay showed better corrosion 
protection compared with undoped polypyrrole (Yeh and Chin, 2003). 
Electrochemical studies suggest a benefi cial role of Fe 2 O 3 , SiO 2  and halloysite clay 
nanoparticles in signifi cantly improving the corrosion resistance of epoxy coated 
steels. Silica nanoparticles were found to signifi cantly improve the microstructure 
of the coating matrix and enhanced the anticorrosive performance of the coating 
(Shi  et al . 2009). Nanoparticles can prevent epoxy disaggregation during curing, 
resulting in a more homogeneous coating. During the painting process, ceramic 
nanoparticles can fl oat around freely in the liquid paint. When the material (for e.g. 

   Table 1.1     Nanocoatings in corrosion prevention  

Thin fi lms Nanograined 
coatings

Nanocomposite 
coatings

Smart coatings

ceramic, metallic, 
composite (nano/
micrograined),

ceramic, metallic, 
composite
(thin/thick fi lms)

polymer–ceramic,
metallic–ceramic,
polymer–metallic

replacement for 
conversion coatings,
smart polymer coatings

self-assembled 
monolayer
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an automobile body) is baked at a higher temperature, the ceramic nanoparticles 
cross-link into a dense network instead of the long molecular chains found in 
conventional paint. This allows the lacquer to provide a much more effective wear 
and tear resistance and allows the paint to retain its gloss. Nano TiO 2  and Al 2 O 3  are 
used for developing self-cleaning paints (Shen  et al ., 2005). Such self-cleaning 
hydrophobic properties cause water droplets to bead off from a surface, picking up 
dirt and other surface contaminants. Low wettability effectively prevents water on 
the substrate surface and exhibits excellent corrosion resistance in wet environments. 
As a result of the above particulars, nanoparticle-incorporated coatings are expected 
to have a dramatic increase in resistance to corrosion of the substrate due to their 
improved hydrophilic, anti-wear, anti-friction and self-cleaning properties. 

 Co-deposition of ceramic nanoscaled particles (ZrO 2 , Al 2 O 3 , ZnO, TiO 2 , ferrites, 
etc.) during electroplating and electroless plating can bring improvements in technical 
properties (Euler  et al ., 2003; Agarwala and Sharma, 2003). However, the high 
surface energy and an agglomeration tendency of nanoparticles in highly conductive 
metal electrolytes will tend to impede uniform distribution of the particles. Corrosion 
resistance of coating may be inferior with such aggregation due to the accelerated 
diffusion of aggressive ions along the interfaces between the incorporated particles 
(Euler  et al ., 2003). Extreme care is therefore needed in processing and thus novel 
deposition strategies are required. On the other hand, the addition of organic additives 
such as saccharin during the electrodeposition process was found to promote corrosion 
performance by acting as a grain refi ner. The benefi cial effect of such a fi ne grain 
microstructure is that it can cause added effective surface passivation arising from the 
more homogeneous nanocrystalline structure (Nik Masdek and Alfantazi, 2010). 
Studies showed that bulk metallic–ceramic nanocomposites (e.g. titanium–ceramic 
nanocomposites) showed enhancement of mechanical and corrosion resistance 
properties for use as hard tissue replacement implants (Jurczyk  et al ., 2008). 

 It has been reported that nanocomposites of cement mortar improved chloride 
penetration resistance. Incorporation of Fe 2 O 3 , Al 2 O 3 , TiO 2  and SiO 2  nanoparticles 
and nanoclays (montmorillonite) (as low as 1 wt%) signifi cantly increased ionic 
transport resistance and decreased electric capacitance of cement mortar (He and 
Shi, 2008). Nano-silica and nanoclays were found to be better choices. Admixing 
of nanomaterials not only led to denser cement mortar but also changed the 
morphology of cement hydration products. Considering the low cost of nanoclays, 
their use in concrete to reduce chloride permeability is promising. 

 Signifi cant efforts are currently underway to fi nd alternatives to chromate 
conversion coatings via nanotechnology. Nanosized silica has proven to be a 
better choice. The method of forming functionalized silica nanoparticles in an 
aqueous sol–gel process and then cross-linking the nanoparticles to form a thin 
fi lm is an excellent example of a nanoscience approach to coatings. This self-
assembled nanophase particle surface treatment based on hydrolyzed silanes 
containing cross-linking agents (free of organic solvents and Cr-containing 
compounds) promotes adhesion of overcoat layers more effectively (Zheludkevich 
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 et al ., 2005a). Highly protective fi lms can be prepared by self-assembled 
monolayers; for example, by chemical modifi cation of a carboxylate self-
assembled monolayer with alkyltriethoxysilanes (Aramaki and Shimura, 2004). 
Scientists at Brookhaven National Laboratory have developed a method for 
coating metal surfaces with ultrathin fi lm (less than 10 nm) containing 
nanoparticles, benefi cial for applications such as aluminum components in aircraft 
(Sugama, 2009). The corrosion-resistant fi lm includes an at least partially cross-
linked amido-functionalized silanol component in combination with rare-earth 
metal oxide nanoparticles. Studies showed that sol–gel fi lms containing zirconia 
nanoparticles present improved barrier properties. Doping this hybrid 
nanostructured sol–gel coating with cerium nitrate brings additional improvement 
to corrosion protection, providing prolonged release of the cerium ions 
(Zehludkevich  et al ., 2005b). 

 The most attractive approach among nanotechnology associated coatings is smart 
coatings. These are active coatings that can respond to an external stimulus (pH, 
humidity changes, distortion of the coating, electromagnetic radiation, etc.) and can 
prevent further corrosion by release of corrosion inhibitors, biocides, etc., that are 
loaded in nanoreservoirs/nanocarriers dispersed in the matrix. Smart coatings have 
the capacity to self-heal and are proposed as replacements for chromate conversion 
coatings. Chromate-free pigments available for paints and coatings today (phosphates, 
silicates, borates, molybdates or cyanamides of Zn, Ca, Sr, Al, Ba, Mg or Ce) are not 
effective in many applications, such as in thin organic coatings with limited barrier 
functionality (e.g. coil and aircraft coatings). Organic inhibitors are very soluble in 
water, or are volatile, and are usually not preferred. The addition of inhibitors to 
sol–gel coatings (which are proposed as substitutes for chromate conversion coatings) 
often results in detrimental properties. The inhibitors incorporated directly into the 
sol–gel matrix may lose their activity quickly (Saji, 2011c). 

 The concept of smart coatings has thus attracted huge interest. Inherently 
conducting polymer fi lms containing inhibiting anions as the dopant anions can 
release them when the fi lm is subjected to a breach in the coating. However, 
conducting polymers have several limitations for use in industrial coatings. The fi lm-
forming properties of the polymers are not ideal and they have high cost and limited 
solubility. As an alternative, McGee  et al.  patented a non-electrically conducting 
fi lm-forming copolymer-based coating. The polymer backbone contains a nitrogen-
containing functional group and a metallate anion bonded to nitrogen in the functional 
group by ion pairing through Coulomb attraction. The metallate anion (of Mo,W, 
etc.) will release from the nitrogen functional group once the pH rises above a limit 
that is associated with the pKa of the nitrogen group (McGhee  et al ., 2010). 

 A few novel reports are available on nanoparticles/nanostructure carriers (of 
organic corrosion inhibitors) in smart coatings. There is a new generation of active 
corrosion protection coatings composed of hybrid sol–gel fi lms doped with 
halloysite nanotubes able to release the entrapped corrosion inhibitors in a 
controllable way (Shchukin  et al ., 2008). A silica–zirconia-based hybrid fi lm was 
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used in this work as an anticorrosion coating deposited on 2024 Al alloy. Halloysite 
nanotubes with inner voids loaded by corrosion inhibitors (2-mercaptobenzothiazole) 
and outer surfaces layer-by-layer covered with polyelectrolyte multi-layers were 
introduced into the hybrid fi lms. Recently a Max Planck team reported development 
of laser-activated nanocontainers fi lled with corrosion inhibitors. The method relies 
on making sub-micron and nanocontainers sensitive to light by doping them with 
metal nanoparticles or organic dyes. Upon illumination with laser light, the 
absorption centers locally disrupt the shells of the containers (core–shell 
modifi cation), thus increasing the permeability of the container walls. The corrosion 
inhibitor stored in the container is then released, covering and healing the corrosion 
area (Skorb  et al ., 2009). These coatings can simultaneously provide continuous 
passivation through the controlled release of inhibitors and self-curing of the defects. 

 Reports are available on smart primer coatings (Katsiaryna, 2010). Katsiaryna 
patented a corrosion inhibiting coating comprising a primer layer as fi rst layer. 
The primer layer incorporates corrosion inhibitor loaded containers capable of 
releasing organic corrosion inhibitors in response to electromagnetic radiation. A 
top second layer having no containers prevents spontaneous opening of the 
containers in the primer layer induced by electromagnetic radiation. The coating 
has the capability to release an inhibitor in response to electromagnetic irradiation 

   1.3     Expected corrosion resistance properties of nanomaterials.     
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if the protective top layer develops defective areas that enable direct exposure of 
the containers to the electromagnetic radiation. The container has a photoactive 
anatase titania core. The inhibitor is present in pores and the core is enclosed in a 
polymer shell. The patent made use of photocatalytically active porous materials 
(anatase titania) which act as initiators for the release of encapsulated inhibitor 
only when they are exposed to electromagnetic radiation in damaged areas. 

 In spite of these promising results, more studies are needed in this direction for 
commercialization of smart coatings. Obstacles, such as cost factors and diffi culty 
of handling, need to be overcome.  

   1.5  Conclusions 

 Materials at nanoscale are attracting huge interest due to their potential application in 
various fi elds. The applicability of nanomaterials is already established in some 
areas. However, challenges remain for their application elsewhere. The case with 
corrosion control using nanomaterials is the same. The potential practical applicability 
of different nanostructured materials in corrosion prevention is still in its infancy. 
Studies suggest that the corrosion behavior of nanostructured materials is case 
sensitive and depends on the constituent elements (composition) and the nature of 
the environment; more than that, on the dependence on grain size reduction. A 
nanostructured material can show huge enhancement in corrosion/oxidation 
resistance for a specifi c industrial application, provided proper measures are taken in 
design, composition and grain refi ning. Many challenges exist in the processing of 
various nanostructured alloys/composites of interest. Up to the present understanding, 
an area that is going to be benefi ted signifi cantly is that of high temperature oxidation 
resistant materials. By employing nanostructured materials, one may be able to 
reduce the content of costlier and toxic elements in the alloy composition, giving a 
huge dividend in the materials cost. 

 It should be remembered that, in applications such as industrial coatings, better 
performance is a correlated factor thanks to the hydrophobicity, wear/scratch 
resistance and the mechanical properties of the coating; it is known that nanomaterials 
enhance these properties greatly. The availability of nanomaterials is a primary 
concern. Cheaper and novel deposition strategies such as those based on 
electrodeposition and sol–gel chemistry are attractive. Efforts being made to reduce 
grain size below 10 nm may bring some unexpected advantages of electrodeposited 
alloys/metals. In addition to different forms of coating where different nanoforms 
have already proven to provide better (or at least not inferior) corrosion resistance, 
other corrosion prevention strategies are going to be of great benefi t. Smart coatings 
with on-demand releasable corrosion inhibitors are a major breakthrough.  Figure 1.3  
shows a schematic of the expected properties. The use of nanotechnology in corrosion 
monitoring and inspection continues to show great promise. As materials of the future, 
evaluation of the corrosion resistance of industrially important nanostructured bulk 
materials and coatings, and the creation of standards and rules, is of prime importance.   
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                 2 
 Corrosion and nanomaterials: thermodynamic 

and kinetic factors  

    S .    ROY,    Newcastle University, UK   

   Abstract:    Thermodynamics and kinetics of corrosion are key to understanding 
and formulating nanoscale materials and their exploitation in corrosion 
prevention. In particular, nanoscale dimensions may impart behaviour to these 
materials which is not usually observed in bulk. The relevance of using kinetic 
and thermodynamic considerations for galvanic corrosion is discussed with 
theoretical development. The application of these fundamentals to infer 
corrosion behaviour in alloys and nanolayers has been elucidated.  

   Key words:    nanoscale materials, corrosion prevention, galvanic corrosion, 
corrosion kinetics, electrochemical thermodynamics.   

    2.1  Introduction 

 Human civilisation could not have been achieved without our ability to extract 
useful materials from the natural world. The importance of this ability is the 
classifi cation of human technological progress into Paleo- and Neolithic (Stone) 
Ages, followed by metal-based Bronze and Iron Ages (Aitchison, 1960; 
Macdonald, 1999). The latter two ages, which led to rapid growth in human 
populations, show the impact of metal on human history – in both war and peace. 
The importance of metals in everyday life today remains as infl uential as it has 
been in the preceding 4000 years, and will continue to dominate as the human 
population reaches unprecedented numbers over the next 50 years (UN, 2004). 

 Corrosion prevention is one of the fi rst technical uses of nanotechnology by 
humans. This is because almost all man-made structures rely on the stability of a 
1–2-nm thick passive fi lm which provides stability to the underlying material. For 
example, skyscrapers would not be able to exist if structures were not made 
of tough non-degrading materials capable of withstanding earthquakes. Energy 
distribution in the megacities relies on specialised alloys and ceramics which can 
withstand high temperatures encountered during electricity generation and its 
subsequent distribution. Even the more recent internet ‘revolution’ relying on 
optical technology would have been inconceivable if the fi rst metal cables laid 
across the Atlantic had failed (Cookson, 2003). The growing demand for specialised 
materials which combine strength, stability and desirable physical properties can 
be seen by examining metal prices in the past decade (World Bank, 2006). 

 The search for materials providing solutions to fulfi l specifi c needs continues 
undiminished. In a variety of industrial sectors over the past two decades, this has 
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been in the form of exploiting ‘nanotechnology’ and ‘nanomaterials’ to provide 
new avenues for solving problems. In the fi eld of corrosion prevention, as in other 
areas, researchers have attempted to employ nanoscale techniques to either better 
understand the process of corrosion itself or prevent it from occurring. In this 
chapter we present the thermodynamic and kinetic considerations for standard 
corrosion reactions and how the employment of nanoscale material may change 
traditional theoretical analysis. In addition, technical exploitation and evidence of 
nanotechnology in different case studies are used to elaborate the applications of 
such theoretical knowledge. 

 A nanomaterial should be defi ned as a material which derives certain particular 
functionalities from a dimensional constraint in the nanometre range, i.e. 10 −9  m. 
There has been some debate in the fi rst decade, i.e. the 1990s, on the range (in nm) 
where certain differences in physical, electronic and chemical properties are 
observed. The current consensus is that usually a material should have a dimension 
smaller than 100 nm. The lower end of this ‘dimension’ related behaviour is 
of course a single molecule (or a few molecules). Since single molecules of 
metals, ceramics and polymers differ substantially in size, the use of the word 
‘nanomaterial’ is somewhat arbitrary and depends on the material in question. 
Suffi ce to say that the functionality has to be derived from a cluster of molecules 
which imparts specifi c behaviour not observed in single molecules or bulk 
material. 

 In corrosion prevention, therefore, one fi rst has to defi ne the functionality that 
is required. For example, researchers have shown that corrosion properties of 
Zn–Ni multilayer coatings are improved when the layers are at a particular 
thickness – i.e. 2 μm (Fei and Wilcox, 2006). It has been shown that hard coatings 
used in high-speed tools requiring protection from wear can be improved by 
producing layers of TiN interspersed with interfaces, which provide additional 
hardness. Researchers showed that this occurs when interfaces are spaced at 8 nm 
(Bull and Jones, 1994). When the layers are thinner than this, the material reverts 
to its bulk behaviour. 

 Another example of corrosion prevention is the advantage offered by lowering 
grain size, and thereby imparting hardness (Ralston  et al. , 2010; Shi, 2010). The 
classic prediction of hardness dependence on grain size (Hall, 1951; Petch, 1953), 
predicts that hardness should increase with diminishing grain size. This has 
been intelligently exploited by gradually reducing the grain size at the surface 
while retaining larger grains in the bulk material (Ralston  et al. , 2010). Researchers 
have also established that no additional advantage in corrosion behaviour is 
gained by reducing the grain size in the bulk material (Luo  et al. , 2010) since 
corrosion is a surface phenomenon. 

 Other uses of corrosion prevention are highlighted in intelligent ‘self-repairing’ 
coatings, which are based on the principle of encapsulating polymers within the 
coating that are released when a defect is generated (Hughes  et al. , 2010). The 
released polymer reacts with the environment to form a protective sealant. Other 
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approaches include the use of proteins and adsorbates which change the surface 
charge of a metal by forming a monolayer, thereby preventing the ingress of 
aggressive ions into the material (Hodgson  et al. , 2002). More detailed information 
on these approaches can be obtained in recent reviews (Saji and Thomas, 2007; 
Hughes  et al. , 2010; Liu  et al. , 2010). 

 Such wide exploitation of nanotechnology for corrosion prevention is derived 
from the fact that the stability of almost all metals and their alloys (after extraction 
from their ores) is due to a corrosion-resistant layer formed on their surfaces. 
This surface layer is usually a hydroxide, oxide, sulfi de or nitride, which is 
impenetrable to the environment, thereby providing protection to the underlying 
material. Corrosion prevention, in fact, can be viewed as one of the oldest 
nanotechnologies used, even when the underlying science was missing. Armed 
with the knowledge of nanoscience, one can refi ne existing strategies and develop 
new ones to protect and preserve many materials. 

 In order to exploit this form of nanotechnology, however, one needs to 
have a good understanding of the underlying science. Corrosion, and therefore 
its prevention, is underpinned by materials electrochemistry. Electrochemical 
thermodynamics and kinetics determine ‘if’ and ‘how fast’ a metal will corrode. 
However, many of these theoretical considerations are derived for bulk materials 
and modifi cation or adjustments may be needed to apply them to nanoscale 
systems. The forthcoming sections are dedicated to describing the background on 
why corrosion occurs, followed by electrochemical theories on thermodynamics 
and kinetics. The employment of these theoretical analyses to understand 
nanoscale materials is described by using appropriate case studies.  

   2.2  Corrosion 

 Corrosion occurs in the aqueous environment because protons and oxygen, which 
are readily available in nature, are reduced to more stable products. They require 
electrons to reduce, which are supplied by the base metals and other electropositive 
species. In fact, this is the reason why only few metals, such as Pt and Au, are 
found in their native state. These metals, therefore, are called ‘noble’ metals. The 
remaining metals exist as minerals in their oxidised state. In anoxic or anaerobic 
conditions, reducing agents such as sulfur and nitrate can lead to corrosion, as 
evidenced during microbial corrosion (Smith  et al ., 2011). 

 For the metallic corrosion of iron, one can write the following chemical 
reactions:

 (Oxidation)  Fe  →  Fe 2+   +  2e −  [2.1] 

 (Reduction)  2H +   +  2e −   →  H 2  [2.2] 

 or  ½ O 2   +  H 2 O  +  2e −   →  2OH −  [2.3]  
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 A reaction-couple can also form between two different metals, leading to galvanic 
corrosion. For example, copper and zinc, when connected electrically, lead to 
corrosion damage of zinc:

 (Reduction)  Cu 2+   +  2e −   →  Cu [2.4] 

 (Oxidation)  Zn  →  Zn 2+   +  2e −  [2.5]  

 Often these reactions are presented as overall reactions:

   Fe  +  ½ O 2   +  H 2 O  →  Fe(OH) 2  [2.6] 

 or  Cu 2+   +  Zn  →  Cu  +  Zn 2+  [2.7]  

 Although the overall form of the reaction is deceptive in the fact that it shows that 
no electrons are involved, one should not forget that corrosion involves a redox 
couple which, in effect, includes the transfer of electrons. In the same vein, the 
reduction of sulfate and nitrate replaces Reactions [2.2] and [2.3] under anoxic 
conditions. In this regard, corrosion is an ‘inevitable’ process. The answer to why 
these processes are inherent or inevitable lies in the thermodynamics of these 
reactions.  

   2.3  Thermodynamics 

 If one were to accept that the degradation of the metals is caused by oxidation 
from their neutral valence state, then the question remains as to why they exhibit 
this behaviour. The reason for this is the difference in the  electrochemical 
potentials  of the two species.  Table 2.1  shows the electrochemical series for some 
common metals and the comparable electrochemical potential for oxygen and 
proton reduction. Notably, very few metals are inherently stable in their natural 
state, and indeed most engineering and construction materials are unstable. 
Interestingly, metals such as nickel, chromium and titanium, which are considered 
corrosion resistant, are very reactive. In principle, then, one would never expect 
to see any engineering material unless there was a method for its protection. 

 The protection of most metallic materials in nature (‘non-noble’ metals) is 
derived from a protective layer which is impermeable to either electronic or ionic 
conduction. Some of these protective layers are formed by virtue of the fact that a 
metal reacts with the environment such that this impermeable fi lm can be grown 
and maintained. In other cases, these fi lms are formed through human intervention. 
The protective layer is usually of nanometre dimensions – in this regard corrosion 
prevention is a very early application of nanotechnology. Normally, this 
impermeable fi lm is continuously produced at the metal surface, while at the other 
end it is dissolved into the environment, leading to an overall loss of material, 
often measured as a weight loss or ‘corrosion loss’. 

 This means that the rate of corrosion loss is intricately tied to the stability and 
degradation of the fi lm, and the reactivity of the metallic materials is not of much 
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consequence except that it should form the fi lm. In fact, the very reactive metals 
in  Table 2.1 , such as Cr, Ti and Al, form stable and impenetrable oxide fi lms 
spontaneously, which then protects the underlying material. Therefore, the 
exploration of corrosion prevention usually involves examining strategies of 
forming stable fi lms with an ability to heal or repair themselves when they are 
damaged. In the next sections we examine the fundamental considerations 
involved in forming stable fi lms, i.e. the thermodynamics of their formation. 
Thereafter, we examine the rate of formation of these fi lms, i.e. the kinetics of 
growth of these fi lms. 

   2.3.1  Formation of stable fi lms 

 Since the main consideration of forming a stable impenetrable fi lm is its ability to 
grow in a certain environment, all reaction products between a metal and its 
environment must be considered. A classical method of depicting the reduction 
reactions which can lead to metal oxidation is a Pourbaix diagram (Pourbaix, 
1974). A typical pH–potential plot, which is a Pourbaix diagram, is illustrated in 
 Fig. 2.1 . In the fi gure, the possible products formed between copper and water ( Fig. 
2.1(a) ) or copper, water and chloride ( Fig. 2.1(b) ) are shown. The dotted lines 
represent oxygen and hydrogen reduction reactions representative of water stability. 
The pH–potential diagram shows the most stable product formed by a reaction 
between the metal and the environment. Details of developing Pourbaix plots for 
numerous metals in different environments are available in Pourbaix (1974). 

   Table 2.1     Standard electrode potentials for reduction of metals, oxygen and 
protons   

No. Electrode reaction E°/V

 1 Au+ + e− ⇔ Au +1.69
 2 Pt2+ + 2e− ⇔ Pt +1.18
 3 Ag+ + e− ⇔ Ag +0.799
 4 Cu+ + e− ⇔ Cu +0.518
 5 O2 + H2O + 4e− ⇔ 4OH− +0.401
 6 Cu2+ + 2e− ⇔ Cu +0.339
 7 2H+ + 2e− ⇔ H2 0.000
 8 Sn2+ + 2e− ⇔ Sn −0.141
 9 Ni2+ + 2e− ⇔ Ni −0.236
10 Co2+ + 2e− ⇔ Co −0.282
11 Fe2+ + 2e− ⇔ Fe −0.440
12 Zn2+ + 2e− ⇔ Zn −0.762
13 Cr3+ + 3e− ⇔ Cr −0.74
14 Ti2+ + 2e− ⇔ Ti −1.60
15 Al3+ + 3e− ⇔ Al −1.68

Note: the stability of materials (reduced species) decreases from the top to 
the bottom of the table
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   2.1     (a) Copper–water and (b) copper–chloride–water Pourbaix plots. 
The graphs show the different products that can exist when copper 
is in contact with water in the absence and presence of chloride. The 
regions where solid products exist are marked with bold and dissolved 
products are marked in normal font (reprinted with permission from 
author).     
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  Figure 2.1(a)  shows a Pourbaix diagram for a copper–water system and 
 Fig. 2.1(b)  shows a copper–water–chloride system (Buckle, 2007). The difference 
between the two plots is due to changing anion species and their concentration. If 
one were to examine the regions where relatively slowly dissolving products are 
formed in  Fig. 2.1(a) , such as CuO or Cu 2 O, the metal can be protected from 
corrosion. In this region the reaction products can separate the two reactants, 
provided that the oxide fi lm is of low porosity. In some cases, fi lms may form but 
dissolve at a relatively fast rate, such as CuCl, which is formed when chloride is 
present (as in  Fig. 2.1(b) ) and allows the metal to dissolve at an appreciable rate. 
By comparing (a) and (b) from  Fig. 2.1 , it is clear that copper may be stable in 
water at moderately acidic solutions but will dissolve if chloride is added to it, due 
to the formation of products such as CuCl which dissolve easily in the surrounding 
media. 

 Despite their signifi cant use in corrosion prevention, Pourbaix diagrams are 
only useful for predicting the stability of a metal in the long term. This is mainly 
because the plots are derived based on  only the most stable reaction product 
formed . Intermediate products and their stability or porosity are not considered in 
the development of the pH–potential plots. This means that process dynamics – 
which defi ne the route taken by surface reactions to attain the fi nal stable product 
– are ignored. This can have quite unexpected outcomes for corrosion prevention. 
The overall corrosion of a material could be signifi cant during the period before 
the fi nal product is formed. A classic example is  γ - and  α - FeOOH formed during 
atmospheric corrosion. Since their protection ability is quite different (Oswin and 
Cohen, 1957; Kudo  et al. , 1968), the rate of corrosion is dependent on the fi lm 
porosity and stability of these two different fi lms, which cannot be directly 
inferred from a Pourbaix plot. 

 The second issue about using Pourbaix diagrams is that free energy values used 
to calculate the stability of a species are based on bulk values for a given material. 
The free energy of formation for a cluster of 100 or 1000 atoms, however, may not 
be the same as that in bulk material. Since the accuracy of a Pourbaix plot is 
entirely dependent on the free energy data, it is important to maintain a critical 
view of the validity of their applicability for nanoscale materials. The fi nal issue 
is that these plots do not reveal the speed (or kinetics) at which a material is 
degraded or lost to the environment during the process of fi lm formation. This 
means that, while these graphs can provide information on whether a material will 
be (eventually) stable within an environment, they do not allow prediction of how 
much material will be lost  before it is stabilised . In order to predict the lifetime of 
a certain material, the rate of dissolution, i.e. kinetics, is more important.   

   2.4  Kinetics 

 In order to understand the kinetics of corrosion, one needs to differentiate between 
the different regimes of dissolution that can exist in a metal. For example, in the 
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presence of atmospheric oxygen in water, the reduction of oxygen is accompanied 
by dissolution of iron to ferrous ions:

 Step 1  Fe  →  Fe 2+   +  2e −  [2.8]  

 There can be further heterogeneous reactions at the electrode surface leading to 
the formation of a precipitate at the electrode surface (Landolt, 2003):

 Step 2 2 Fe 2+  + 3 H 2 O + ½ O 2  → 2  γ -FeOOH + 4H +  [2.9]  

 The oxy-hydroxide formed on the metal can react still further to form oxides 
(Landolt, 2003):

 Step 3 8  γ -FeOOH + Fe 2+  + 2 e −  → 3 Fe 3 O 4  + 4 H 2 O [2.10]  

 Step 1, where the metal readily loses its electron directly to the environment 
without the formation of any fi lm on its surface, is called the active dissolution 
region. The second reaction forming an oxy-hydroxide occurs between the metal 
and oxygen, which has to penetrate through the pores of an oxy-hydroxide fi lm. 
Step 3 is enabled by further reaction between the metal and the oxy-hydroxide. 
This sequence of reactions leads to the formation of a less porous fi lm, i.e. Fe 2 O 3 , 
which protects the metal. 

  Figure 2.2(a)  shows the metal–solution interface for active dissolution. As 
shown, in this case the metal is dissolved at the surface of the electrode. The 
electrons released by metal dissolution are used by a counter-reaction such as 
proton or oxygen reduction. The formation of solid products on the surface via 
Reaction 4, which may be determined by the environment (for example, humidity), 
may lead to the formation of a fi lm on the surface. If porous surface products are 
formed on the surface then the reaction products may still reach the surface by 
diffusion, as shown in  Fig. 2.2(b) . 

 The situation may also occur where a dense oxide fi lm is formed on the surface, 
as is shown in  Fig. 2.2(c) . Such dense fi lms are formed in the case of corrosion-
resistant materials such as Cr and Ni and some valve metals. In this case the 
kinetics may be controlled by the movement of ions or electrons through the fi lm 
(Schmuki, 2002), or the dissolution rate of the fi lm at the fi lm–electrolyte interface, 
as depicted in  Fig. 2.2(c) . Since the fi lm thickness, fi lm composition and thereby 
fi lm formation and dissolution can change with time (Yu and Scully, 1997), it 
is diffi cult to predict the rate of corrosion in this case. More importantly, the 
difference between active and passive dissolution rates, i.e. corrosion loss, is due 
to the presence of the fi lm, be it porous or compact. 

   2.4.1  Reaction equations 

 The rate of electrochemical metal dissolution kinetics is characterised by the 
corrosion current,  j , which is usually measured in terms of mA/cm 2  and converted 
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to a weight loss of mm/yr. The current–potential relationship for a metal in an 
aqueous solution is given by a Butler–Volmer type relationship between  j  and the 
electrode potential,  E ,

    [2.11]  

 The notable point about this equation is that the overall current is a summation of 
two currents – an anodic and a cathodic one. The anodic part is the fi rst term on the 
right-hand side and the cathodic part is the second term. If the potential difference 
is positive, then an anodic current fl ows; if it is negative, then the current is 
cathodic. In Eq. 2.11,  α  is the transfer coeffi cient,  z  is the number of electrons 
exchanged in the reaction,  F  is Faraday’s constant and  k  is the reaction rate constant. 
The subscripts  a  and  c  denote anodic and cathodic, respectively,  rev  stands for 
equilibrium and  R  and  T  are the universal gas constant and absolute temperature. 

   2.2     Schematic of corrosion processes: (a) in the absence of a surface 
fi lm, (b) in the presence of a porous fi lm, and (c) at a passivated surface.     
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 When the potential of the system is suffi ciently different from  E   rev  , i.e. 100 mV, 
then it may be suffi cient to use the cathodic or anodic term only, because the other 
term becomes negligibly small. In a corrosion system, the corroding material, 
such as iron, is dissolved electrochemically in its active state ( Fig. 2.1 (a) ). In this 
case the current–potential relationship for iron may be expressed as:

    [2.12]  

 where  j  0  is the exchange current density (derived from the rate constants). The 
counter-reaction, for example oxygen reduction, can be expressed by using solely the 
cathodic term, since that is also far away from its equilibrium potential. 

    [2.13]  

 When the current–potential relationship of the anodic branch of the corroding 
metal and the cathodic branch of the oxidising agent are expressed in their 
logarithmic form then one obtains the familiar Tafel expressions:

    [2.14]  

 and

    [2.15]  

 When the counter-reaction is oxygen evolution, the rate of oxygen discharge is 
controlled by mass transfer rather than kinetics, due to the low solubility of 
oxygen in water. In that case, the rate of dissolution is governed simply by mass 
transfer limiting current of oxygen, which is given by:

 |  j   O  2  | =  k   m,O  2    c   O  2   [2.16]  

 In Eq. 2.16,  k   m,O2   is the mass transfer coeffi cient of oxygen for that system and 
 c   O2   is the solubility of oxygen in water. When there is a porous layer on the surface 
of a metal, then the concentration of oxygen may be much lower at the reaction 
surface because it has to diffuse through the fi lm covering the metal. 

 When there is a passive fi lm on the surface, the situation is somewhat different, as 
is shown in  Fig. 2.2(c) . The oxidation, as well as the reduction reaction, occurs at the 
metal–oxide interface, and the dissolution, which balances the rate of fi lm formation 
and fi lm breakdown, occurs at the fi lm–solution interface. Since passive fi lms are not 
very conductive, a large potential drop can occur across a very thin fi lm. The transport 
of ions across the fi lm is governed by high fi eld conduction (Schmuki, 2002):

  j  =  A′  exp( Β′  Δ  Φ   2    / t ) [2.17]  

 where  A′  and  Β′  are potential-independent constants,  Δ  Φ  2  is the potential difference 
across the oxide fi lm and  t  is the fi lm thickness. This means that the passive region 
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is characterised by a low current over a large range of potentials. As soon as the 
passive fi lm is broken, an extremely high active current is generated in the system, 
as given by Eq. 2.12. This high current then rebuilds the fi lm, thereby repairing 
the damage, and once again renders it passive. 

 The rate of corrosion (or metal dissolution) as described in the presence of a 
porous or a compact fi lm is governed by the structure and stability of this fi lm. If 
fi lm formation is rapid then re-passivation occurs quickly. This occurs in the case 
of Ni, Cr or Ni–Cr alloys or in valve metals such as Ti, Ta and Al. However, where 
re-passivation is slower, or if the passive fi lms are less stable, such as those 
encountered in Cu and Fe, metal loss during the process of re-passivation can be 
signifi cant. Therefore, it is important to understand how quickly passivation can 
be gained, which can be understood by separately analysing the kinetics of 
cathodic and anodic reactions and determining the rate controlling step.  

   2.4.2  Mixed potential system 

  Figure 2.3  shows the anodic and cathodic reactions occurring on a metal substrate, 
such as Fe. As discussed in the preceding section, the anodic dissolution rate of 

   2.3     Current–potential curves for corroding systems: (i) dissolution 
under active or passive conditions, (ii) cathodic reaction under mass 
transport control. ‘A’ denotes the corrosion potential under active 
dissolution conditions and ‘C’ under passive conditions. ‘B’ denotes the 
potential following breakdown of the passive fi lm where the dashed 
lines (iii) and (iv) are obtained by extrapolating the active dissolution 
lines.     
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Fe can be active or passive. In the active region, the current for Fe dissolution 
bears an exponential relationship with the potential difference, which is denoted 
by the solid curve (i) at low over-potentials. If the oxygen reduction is the counter-
reaction, then the system will shift to a potential where the electrons required for 
the mass transfer controlled cathodic reaction exactly balance those generated by 
the dissolution of the metal. This is shown by the position ‘A’. 

 However, if there is a passive fi lm over the surface, the situation changes. In 
that case the number of electrons released during metal dissolution is lower and 
therefore the potential at which the balancing reaction operates shifts to ‘C’. This 
is a much higher potential than ‘A’ and the metal is protected by the fi lm. At this 
point the dissolution is no longer governed by mass transfer controlled oxygen 
reduction but by the rate for dissolution of the oxide fi lm. 

 Any damage to the fi lm will cause the surface of the metal to be in direct contact 
with the oxidising agent in the environment. This means that the system will slide 
back to the active region, the currents of which can be obtained by extrapolating 
the active region to the relevant over-potential region. In  Fig. 2.3 , this is denoted 
by the dotted lines for anodic and cathodic currents. Clearly this current is very 
high, denoted by position ‘B’, which should locally repair the fi lm and render it 
passive in a very short time. If this does not occur, then the fi lm cannot be 
repaired and corrosion will occur. However, it is possible that one of the 
reactants (for example, dissolved oxygen) may be present in such small quantities 
that the damage is unable to heal. In this case corrosion will continue at the 
rate oxygen reaches the damaged section, which will delay the formation of the 
surface layer. 

 Interestingly, as shown in  Fig. 2.3 , the system potential can lie anywhere in the 
passive region, depending on the fi lm thickness and conductivity. For fi lms of 
high thickness or low conductivity the system potential will lie very far to the 
right (on the  x -axis), or noble potentials. If the fi lm is damaged and the mixed 
potential is high, it is more likely to repair the fi lm by passing a high current. 
However, in many cases, local changes or localised corrosion in the presence of 
aggressive anions such as Cl −  may prevail, resulting in a lack of protective fi lm 
formation. 

 This example establishes the tenets of the mixed potential theory: (1) that 
the reaction surface is at the same potential, (2) that the electrons released in the 
anodic reaction are consumed by the reduction reaction, which means that (3) the 
total currents for the anodic (oxidation) and cathodic (reduction) reactions have to 
exactly balance each other. In this regard, one can say that the total current,  J , of 
a system is equal to 0:

    [2.18]  

 In Eq. 2.18,  j   i   is the partial current of any reaction  i . The corresponding system 
potential is called the corrosion potential.   
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   2.5  Applications 

 The principles described have been used to solve an interesting case of galvanic 
corrosion observed in compositionally modulated metal multilayers (CMMs) and 
alloys. The electrodeposition of copper and nickel alloys or metal multilayers has 
received attention due to their practical importance for corrosion protection 
(Jensen  et al. , 1998; Fei and Wilcox, 2006) as well as magnetic (Foecke and 
Lashmore, 1992; Lenczowski  et al. , 1995; Miyazaki  et al. , 1999; Bakonyi  et al. , 
2002; Spray and Nowak, 2006) and mechanical (Tsalakos and Jankowski, 1986) 
applications. Details of the uses and fabrication are elaborated elsewhere (Roy, 
2009). 

 Although there are several different CMM systems, Cu–Ni and Cu–Co have 
received more attention because they are ideal systems to study electrochemical 
principles and behaviour. This is because copper and nickel are separated by a 
wide gap in nobility, they form solid solutions and their electrochemical behaviour 
during co-deposition remains similar to that during the deposition of the individual 
metals. Cobalt and copper differ greatly in terms of nobility but the two metals are 
virtually immiscible. In the solid state, the behaviour of Cu–Co, therefore, is 
expected to be almost opposite to the behaviour of the Cu–Ni system (Madore, 
1993; Roy, 2009). This allows one to examine the effect of metal ions, additives, 
complexants, etc, on alloy composition and properties during fabrication of these 
components by electroplating. 

 In accordance with Pourbaix diagrams, nickel is passive (shows no anodic 
currents during polarisation) in sulfate or citrate based media (Madore, 1993; 
Golodnitsky  et al ., 2002; Roy, 2009) but does dissolve when chloride is present in 
solution (Correia and Machado, 2000). Cobalt shows similarly passive behaviour 
and has often been alloyed with nickel to achieve good corrosion behaviour 
(Golodnitsky  et al ., 2002; Tury  et al. , 2006). However, during fabrication of 
Cu–Ni multilayered structures using pulsing currents it was found that nickel 
dissolved from the deposit and that this dissolution was controlled by the mass 
transfer rate of cupric ions in solution, even when the alloy was deposited from a 
citrate electrolyte (Roy  et al. , 1994). This is somewhat unexpected, since nickel is 
deemed passive in these solutions. This was found to be the case for both Cu–Ni 
deposition from sulfamate electrolytes (Bradley  et al. , 1996) and Cu–Co deposition 
from citrate baths (Bradley and Landolt, 1999; Dulal  et al. , 2004a), where again 
the less noble components are expected to remain passive and protected. 

 However, closer examination showed that the Cu–Ni system, immediately after 
the interruption of current, acquires an open circuit potential (or a mixed potential) 
which lies above the nickel reversible potential and below the copper reversible 
potential. In addition, the pH of these solutions, i.e. pH = 4, does not allow the 
formation of nickel oxides on the surface of the nickel. Therefore, in accordance 
with the mixed potential theory, copper continues to deposit at the expense of 
nickel dissolution, forming a classic galvanic corrosion cell. This process does not 
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stop immediately because the rate of surface coverage is slow, and in order to 
completely stop the reaction fi ve to ten monolayers of copper have to be deposited 
(Roy  et al. , 1994; Roy and Landolt, 1995; Bradley  et al. , 1996). 

 The question one has to put is that, if this is the case, would copper then continue 
to deposit and nickel completely dissolve from the deposit? However, subsequent 
analysis showed that copper enrichment at the surface slowed down until the 
copper content reached about 80%, after which the reaction virtually stopped 
(Roy and Landolt, 1995; Bradley  et al. , 1996). The galvanic corrosion is controlled 
by copper mass transfer through the liquid phase at the beginning, showing a 
linear growth of the Cu-rich layer (Roy and Landolt, 1995). Since the reaction 
stops due to surface enrichment of copper, the growth is inhibited quite suddenly 
when the thickness of the layer reaches about 10 nm (Roy and Landolt, 1995; 
Bradley  et al. , 1996). 

 This showed that, although nickel had been presumed to be passive in the 
solutions, this assumption was incorrect. In fact, a few monolayers of Ni were lost 
due to galvanic corrosion, which then created a Cu-rich surface fi lm which 
protected the underlying nickel. This phenomenon was not observed during the 
electrodeposition of Cu–Ni alloys because the loss of a few monolayers went 
undetected. In fact, corrosion measurements with an electrochemical quartz 
crystal nanobalance (EQCN) failed to show the loss of the base metal (Chaissang, 
1997), presumably because the atomic weights of Cu, Ni and Co are similar. Since 
the oxidation of the less noble component is accompanied by the reduction of the 
noble material, galvanic corrosion could not be detected by monitoring changes in 
the mass of the deposit. 

 Further research was carried out to determine whether Ni passivated quickly 
when a passive potential was imposed on it. This was performed by driving the 
nickel potential to the regime where nickel oxide is expected to form (Meuleman 
 et al. , 2002). It was found that indeed nickel dissolution was blocked after one or 
two monolayers of nickel were lost, due to the faster passivation kinetics 
(Meuleman  et al. , 2002). It was found that the interfaces between the copper and 
nickel layers were sharper, which also corroborates that passivation was rapid 
(Meuleman  et al. , 2004), and it has been estimated that almost 50% less nickel 
was lost by oxidation (Meuleman  et al. , 2002). 

 Similar cases of galvanic corrosion have been observed during Cu–Co (Bradley 
and Landolt, 1999; Dulal  et al. , 2004a; Dulal  et al. , 2004b), Ni–Mo (Huang and 
Podlaha, 2004) and Ni–W (Franz  et al. , 2008) deposition from citrate baths. The 
behaviour of the corrosion of cobalt from the deposit was somewhat different 
from the Cu–Ni system. Since copper and cobalt are immiscible, it was found that 
Cu nucleated preferentially on Cu and Co on Co. This meant that the areas that 
were Co-rich remained uncovered by copper (Kelley  et al. , 2001; Dulal  et al. , 
2004b) leading to signifi cantly more corrosion of Co than Ni. This continued 
dissolution from the matrix led to a porous structure of the coating and, in some 
cases, phase separation of cobalt and copper (Kelley  et al. , 2001). 
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 This unusual behaviour is not only applicable in aqueous electrolytes. Cu–Zn 
alloys deposited from ionic liquids have also shown galvanic corrosion (Zhu and 
Hussey, 2001). Metal redox reactions in these systems are very reversible and the 
electrolyte does not contain dissolved oxygen. This means that metal protection 
by passivation in solution cannot occur. In addition, many of the coatings obtained 
in ionic liquids are nanoporous and the electrolyte is in contact with the metallic 
material, leading to continued corrosion. 

 Recent reports on bimetallic Pt–Co catalysts used for fuel cells also exhibit 
galvanic corrosion during charge–discharge cycles (Hseih  et al. , 2009; Fugier 
 et al. , 2010). In these studies nanoparticles of catalysts were fabricated to obtain 
high surface area; however, in all cases, the surface approached platinum-type 
behaviour after many charge–discharge cycles due to the preferential dissolution 
or oxidation of the less noble component (Hseih  et al. , 2009; Fugier  et al. , 2010). 

 Since the activity of a catalyst is dependent on the stability of the material at the 
surface, retaining noble metal at the electrolyte–metal is a challenging problem 
indeed. Although corrosion aspects in catalyst design were not considered until 
recently, in order to develop high performance fuel cells this diffi cult issue will 
need to be addressed in the future. Earlier de-alloying studies (Kaesche, 2003) 
have provided methods to estimate at which atomic concentrations a less noble 
material will remain alloyed. These aspects should be incorporated in the design 
and fabrication of electrocatalysts in future.  

   2.6  Conclusions 

 The fundamental basis of corrosion has been elaborated with electrochemical 
thermodynamic and kinetics considerations. It has been shown that, in an aqueous 
environment, most metals derive stability from a nanoscale protective fi lm formed 
at the surface of the material. It has been argued that corrosion loss before attainment 
of equilibrium can have a profound effect on the properties and performance 
of a material. The importance of these aspects in nanolayers, nanocoatings and 
nanoscale electrocatalysts has been used as illustrative case studies.   
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 Understanding the corrosion resistance 

of nanocrystalline materials: the infl uence 
of grain size  

    X.  Y.    ZHANG,    Chongqing University, China   

   Abstract:    Zirconium and its alloys are widely used in nuclear reactors, both 
as structural components and as fuel cladding materials. In nuclear reactors, 
increasing the fuel burn-up is an effective means of decreasing cost. Waterside 
corrosion and the hydrogen absorption reaction of zirconium alloys are the 
main factors restricting further improvements to fuel burn-up rate. Once 
the chemical composition of an alloy has been determined, the properties of the 
alloy will be controlled by the processing technique selected. Several factors 
that affect the corrosion of nanocrystalline metals, such as grain boundary, 
atomic diffusion and phase interface characteristics, among others, are 
discussed. When the grain size of the metal is below 100 nm or in the ultra-fi ne 
range (100–1000 nm), its mechanical, physical and chemical properties, along 
with its microstructural characteristics, will be very different from those of 
metals with coarse grains.  

   Key words:    zirconium, nanocrystalline materials, corrosion resistance, grain size.   

    3.1  Introduction 

 This chapter fi rst discusses the relationship between the corrosion rate of 
nanocrystalline (NC) metals versus their grain size, then presents a computational 
model for the investigation of the interaction of grain size and electron activity. As 
an example, the corrosion rate of NC zirconium and its alloys has been calculated 
for the purposes of comparison with the experimental results obtained. Finally, 
the structural evolution of NC and polycrystalline (coarse-grained, CG) zirconium 
during corrosion and the role of grain boundaries (GBs) in both metals have been 
experimentally studied to provide insights into the corrosion behaviors of NC 
metals.  

   3.2  Grain boundary and electron movement: the 

corrosion mechanism of nanocrystalline metals 

 Many experimental results have shown that when the grain size of a metal is 
below 100 nm or in the ultra-fi ne range (100–1000 nm) its mechanical properties 
and microstructural characteristics will be very different from those of metals 
with coarse grain size, such as aluminum alloy, 1,2  steel 3  and titanium alloy. 4,5  
However, the corrosion resistance of these NC materials remains relatively 
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unclear in terms of their corrosion characteristics and the infl uencing factors 
involved. 

 From a materials science perspective, the physical, chemical and mechanical 
properties of a material are determined by its chemical components and 
constitutional structure. Once the chemical composition of an alloy is established, 
the properties of the alloy can be determined by the processing technique used. 
Corrosion behavior can thus be infl uenced by several factors. For example, 
AZ91D Mg alloy 6  has a fi ne grain structure and second phase ( β ), and a die-cast 
sample showed that it had a higher corrosion resistance than ingot samples, 
indicating that the corrosion rate decreased with the grain size of the  α  matrix and 
the precipitate particle size of the  β  phase. Fujimoto  et al.  7  studied the infl uence 
of grain size on the resistance of 304 stainless steel to corrosion by a NaCl + HCl 
solution. They found that a surface layer with a grain size of 25–30 nm has very 
good corrosion resistance. These authors hypothesized that this good corrosion 
resistance could not be attributed to the fi ne structure of the metal, but was instead 
the result of the absence of sulfi de, nonmetallic elements and impurities. 

 Xu  et al.  8  prepared a surface NC layer of zircaloy-4 alloy by using laser 
treatment and Ar ion beam bombardment. They then studied its corrosion behavior 
in a H 2 SO 4  solution. The result indicated that the NC layer has remarkable 
corrosion resistance. They discussed the Gibbs free energy of the fi ne structure 
and suggested that the good corrosion resistance should be attributed to the 
nanostructure of the matrix and to the dispersion of the fi ne precipitated particles. 
Viana  et al.  9  reported that, for 7075 aluminum alloy, very fi ne and distributed 
second phase particles can improve the stress corrosion resistance of the alloy. In 
addition, the good corrosion resistance of Ti 0.43 Al 0.52 Cr 0.03 Y 0.02 N nanostructured 
fi lm in both air and water was attributed to the density of the fi lm structure. 10  
Whatever the correct theory, the question remains whether the unusual corrosion 
characteristics discussed above are the result of the reduction in grain size. 

 It is generally believed that the corrosion of CG metals relates to the GBs. 11–15  
Intergranular corrosion (IGC) is commonly suggested as the most important 
mechanism and plays a major role in the corrosion of CG metals. This means that 
refi nement of the grain decreases the corrosion resistance because of the increase 
in the volume fraction of GBs, despite the fact that it enhances the strength and 
toughness of metals. Therefore, ultra-fi ne or NC metals have generally been 
expected to show low corrosion resistance because of the huge numbers of 
GBs resulting from the nanoscale grain size. 16–21  However, as mentioned above, 
many studies have reported that NC metals actually have superior corrosion 
resistance. 22–30  These confl icts suggest that it is diffi cult to predict the corrosion 
behavior of NC metals based on their CG analogs alone, and that there may be a 
different corrosion mechanism in NC metals. 

 According to the corrosion theory, a corrosion course is controlled by the 
activation of electrons. In most metals, the electron mean free path is approximately 
a few dozen nanometers. In contrast to what is observed for CG and ultra-fi ne 
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metals, in which the grain size is in the range of 100–1000 nm, the grain size of 
NC metals is of the same order of magnitude as the electron mean free path, or 
may even be smaller than the electron mean free path. Therefore, the GBs of NC 
metals must restrict the activity of electrons and play a different role from that of 
CG analogs in corrosion.  

   3.3  Theory of interaction between the grain boundary 

of nanocrystalline metals and electron movement 

 According to the Wagner metal oxidation theory, the metal oxidation process is 
controlled by the crystal lattice diffusion in the oxide phase and by diffusion along 
the GB. It also conforms to the parabola rule at high temperatures:

    [3.1]  

 Here,  y  is the weight gain of the oxide fi lm,  k  the corrosion rate constant and  t  
the time. 

 Many previous experimental results have indicated that, similarly to the oxide 
of zinc, the oxide of zirconium is an n-type semi-conductor. Its oxidation reaction 
is of the internal type. 31  Therefore, the oxidation rate constant of zirconium can be 
expressed as below: 32 

    [3.2]  

 Here  D  is the diffusion coeffi cient of O in an oxide fi lm,  Z  is the zirconium ion 
valence number in the oxide phase (+4),  C   O   is oxygen (O) ion total concentration 
in ZrO 2 ,  C   ( a )  O  is the concentration of O in zirconium at the Zr/ZrO 2  interface and 
 C   ( b )  O  is the concentration of O in ZrO 2  at the ZrO 2 /O 2  interface. 

 The diffusion coeffi cient  D  in Eq. 3.2 can be computed from the equation below: 33 

    [3.3]  

 Here  σ  0  is the electrical conductivity of the oxide,  k   B   is the Boltzmann constant,  n  
is the current carrier density,  q  is the electron charge and  T  is the temperature. 

 In order to discuss the relation between the electrical conductivity of oxide and 
the grain size of metal, the electrical conductivity of pure metal should fi rst be 
considered. A correction coeffi cient  r , which relates the electrical conductivity of 
pure metal to that of the oxide, can then be introduced, as follows:

    [3.4]  

 Here  σ  is the electrical conductivity of pure metal. The  r  is a correction coeffi cient, 
and its value is between 0 and 1. 
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 In Eq. 3.4,  σ  relates to the electron structure and scattering in the metal. From 
the free electron theory of metal, Fermi velocity  v   F   is defi ned as the free electron 
movement velocity at the highest energy ( E   F  ), and the relaxation time  τ  is the time 
between the fi rst and second collisions of the electron. So the electron mean free 
path  l   F   nearby the Fermi surface can be expressed as  l   F   =  v   F   τ . In addition,  σ  can be 
also expressed as below: 34 

    [3.5]  

 Here  N  is the electron density,  l   F   is the electron mean free path,  v   F   is the Fermi 
velocity and  m  is the electron mass. 

 In metals, the electron can move freely along any direction in three dimensions. 
However, when the grain size of the metal is in nanoscale and is smaller than the 
electron mean free path, the electron movement is restricted by GB. The electron 
quantum effect which resulted from the scatter of GBs appears in NC metal. 32,35  
Therefore, for NC metal the electron mean free path can be infl uenced by the 
grain size. In this case, the electron mean free path  l   F   in Eq. 3.5 can be replaced 
by the effective electron mean free path  l   eff   , namely,

    [3.6]  

 For further discussion, it is defi ned that the electron mean free path of the bulk 
metal is  l   bulk   and the average grain radius of NC metal is  R . When  R  <  l   bulk  , the 
relation between the  l   bulk   and  R  can be expressed as below: 35 

    [3.7]  

 Substituting the parameters of Eqs 3.2–3.4 and 3.6 into Eq. 3.1 and integrating 
both sides of Eq. 3.1, the following relation is obtained:

    [3.8] 

    [3.9]  

 Here  C  is the integral constant. The infl uence of grain size on the corrosion 
resistance of NC zirconium metal can be deduced from Eqs 3.7 and 3.8. 

 From the Zr–O phase diagram 36  it can be calculated that  C   O   � 0.378,  C   ( S )   O   �

0.333, and  C   ( b )   O    � 0.614. The carrier current density  n  is 37  4.954 �10 28  .
 In order to calculate  v   F  , the effective electron mass  m * and effective Fermi 

energy  E   θ    F   were considered. Zirconium is a transition metal. The electron 
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conduction process can also be infl uenced by the hole. The electron structure of 
zirconium is 4d 2 5s 2 , with an overlap between the 4d band and the 5s band. The 
conductivity of zirconium is therefore provided by the electron of the 5s band and 
the hole of the 4d band. The s electron can be scattered either to the s band or to 
the d band. The effective electron mass should therefore be considered. This is 
about 0.1–0.01 of the free electron mass. 34  The effective mass  m * of zirconium 
can be calculated by a simplifi ed method as shown below: 38 

    [3.10] 

    [3.11]  

 where  α  is the crystal lattice constant,  ħ  the Planck constant,  m  the electron 
stationary mass,  n  1  the number of Brillouin zones and  V   n   the infi nitesimal 
disturbance corrected value of the n step energy. From Eqs 3.10 and 3.11 it 
can be calculated that the effective electron mass  m * = 1.547×10 −32  kg; 
 E    θ    F   = 1.062×10 −16  J, and  v   θ    F   = 1.712×10 9  m/s. 

 The resistance,  ρ , of zirconium is 4×10 −7   Ω  m at 20°C. 39  At higher temperatures, 
its physical properties will be changed as the metal lattice undergoes thermal 
expansion. Zirconium has a hexagonal close-packed (hcp) structure, and the 
relation between the volume expansion coeffi cients  a   V   and linear expansion 
coeffi cients along the  a  and  c  axes is:

    [3.12]  

 Here  a   a   is the linear expansion coeffi cient along the  a  axis,  a   c   is the linear 
expansion coeffi cient along the  c  axis. The relation between the unit volume and 
temperature is:

    [3.13]  

 Here  V  0  is the unit volume at 273 K,  Δ  T  =  T −273 K, and  T  is the Kelvin temperature. 
 From Eqs 3.12 and 3.13 and Eqs 3.2, 3.7 and 3.9, the relation between the 

effective electron mean free path  l   eff   and the grain size of zirconium at different 
temperatures was calculated as shown in  Fig. 3.1 . The relation between the 
corrosion rate constant  k  and grain size was calculated as shown in  Fig. 3.2 . 

 From  Fig. 3.1  and  3.2 , it can be observed that the effective electron mean free 
path  l   eff   and corrosion rate constant  k  decrease nonlinearly with decreasing grain 
size. These results indicate that the quantum effect resulting from GBs increases 
remarkably with the decrease in grain size. However, it should be noted that, 
when the grain size varies from a size up to 100 nm to a size below 100 nm, the 
physical and the chemical properties of the metal do not change abruptly. As grain 
size decreases, the quantum effect gradually increases. For a metal with a grain 
size far below 100 nm, the quantum effect has a fatal infl uence on the electrical 
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   3.1     Relation of effective electronic mean free path, leff, and grain size 
(average grain radius R) at different temperatures (corresponding to 
Eq. 3.7). Effective electronic mean free path is about several tens of 
nanometers, indicating that grain size of NC metals can restrict electron 
movement.     

   3.2     Relation of corrosion rate constant, k, decreases with decreasing 
grain size (average grain radius R) and increases with increasing 
temperature (corresponding to Eq. 3.9). Compared with the result 
of Fig. 3.1, the result indicates that GB restriction on the movement 
increases with decreasing grain size.     
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properties of the metal. Thus, the electrical conduction mechanism of the metal 
undergoes gradual changes between coarse grain size and NC grain size. The 
trend of these changes can be forecast from  Fig. 3.1  and  3.2 . 

 From Eq. 3.8, the corrosion curves of zirconium metal with different grain sizes 
at different temperatures were calculated as shown in  Fig. 3.3 . The curves of 
normal values in  Fig. 3.3  were calculated according to the electron mean free path 
of zirconium with a coarse grain size of about 3–10  η m. 

 The results in  Fig. 3.3  show that the corrosion resistance of NC zirconium is far 
superior to that of zirconium with coarse grain size. On the other hand, with the 
decrease of grain size, the corrosion weight gain of NC zirconium metal also 
decreases, as does the corrosion rate constant (see  Fig. 3.2 ). The refi nement of 
grain size can thus remarkably improve the corrosion resistance of zirconium 
metal. 

 In general, the infl uence of grain size on the oxidation resistance of CG metals 
can be divided into negative and positive effects. 40,41  A negative example is IGC, 
in which the corrosion behavior of metals is controlled by the corrosion dynamic 

   3.3     Corrosion kinetics of zirconium metal with different grain size42,43 
(‘normal’ means coarse grain size): (a) at 200ºC; (b) annealed Zr–0.2Nb 
alloy in water at 360ºC using static autoclave according to the ASTM G2 
method; (c) zircaloy-4 alloy in steam at 400ºC/10.5 MPa; (d) at 500ºC.     
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of GBs. In this case GBs facilitate corrosion. However, for some metals, an oxide 
protection layer, formed in the initial stage of oxidation, can inhibit further 
oxidation of the metal. In this case, grain refi nement can lead to an increase in the 
number of active atoms on the surface, accelerating the formation of the oxide 
protection layer. Thus, grain refi nement has a positive effect on the corrosion 
resistance of the metal. For zirconium metal, the ratio of oxide volume to metal 
volume is 1.56, causing the formation of the oxide protection layer. 32  The 
refi nement of grain size can therefore improve the corrosion resistance of 
zirconium metal, in accordance with the results of  Fig. 3.2  and  3.3 . Furthermore, 
it can be seen from  Fig. 3.3  that temperature has an important infl uence on the 
effect of grain size on the corrosion resistance of zirconium metal. Specifi cally, 
with increasing temperature, the lattice expands and the effective electron mean 
free path  l   eff   varies, meaning that the grain size effect varies with the change in 
temperature.  

   3.4  Lattice distortion, Fermi energy and Fermi velocity 

of nanocrystalline metals 

 Conductivity (or resistance) is an important property of conventional metals. It 
has been reported that there is a difference in electrical resistivity between NC and 
CG metals. 44–47  This difference results from the lattice distortion of the NC 
materials. 48  It has also been observed that the lattice of nanoparticles with a free 
surface contracts as grain size decreases, because it undergoes huge surface 
tension. 49,50  However, although the grains of NC metals do not have an absolutely 
free surface, the vacancy content or solid solubility of the solute atom actually 
increases substantially as grain size decreases. The lattice therefore expands as 
grain size decreases, 51–54  meaning that the relationship between lattice distortion 
and electrical resistivity should also be considered. However, the means by which 
grain size and lattice distortion infl uence electrical resistivity in NC metals 
remains unclear. 

 According to the correlation between conductivity and Fermi velocity, the 
relation between the electrical conductivity and resistivity, the electrical resistivity 
can be defi ned as below: 55 

    [3.14]  

 where  ρ  is the electrical resistivity,  N  is the electron density,  e  is the electron 
quantity,  l   F   is the electron mean free path,  V   F   is the Fermi velocity, and  m * is the 
effective electron mass. 

 Based on the metal free electron theory, Fermi velocity  V   F   is defi ned as the free 
electron movement velocity at the highest energy  E   F  . The relation between  V   F   ,  E   F   
and lattice distortion  η  may be given by: 56 
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    [3.15]  

 where  E   F   is the Fermi energy,  E  0   F   is the Fermi energy at ground state, and  η  is the 
lattice distortion. 

 Combining Eqs 3.14 and 3.15,  ρ  can be expressed as:

    [3.16]  

 In light of the restriction imposed by GBs on electron movement in NC metals, 
when the average grain radius ( R ) of NC metal is less than that of the electron 
mean free path of bulk metal ( l   bulk  ), the electron mean free path ( l   F  ) can be replaced 
by the effective electron mean free path ( l   eff  ), i.e. Eq. 3.13. Therefore Eq. 3.16 may 
be rewritten as:

    [3.17]  

 According to Eqs 3.12, 3.13 and 3.17, the relation between  ρ  and  t  may be 
given by: 57 

    [3.18]  

 As discussed in Section 3.2, there is an overlap between the 4d band and the 5s 
band because the electron structure of zirconium is 4d 2 5s 2 . Therefore, the 
conductivity of zirconium is provided by the s electron of the 5s band and the hole 
of the 4d band. The s electron can be scattered to either the s band or the d band. 
For alkaline metals, the s electron can only be scattered to the s band. Thus, the 
resistance of transition metals is higher than that of alkaline metals. Similarly to 
semi-conducting materials, zirconium has a considerable band gap, which is about 
1.64 eV. Therefore, the effective electron mass should be taken into account. The 
effective electron mass is about 0.1–0.01 of the free electron mass. 57,58  

 According to Eqs 3.14–3.18, the changes in the electrical resistivity and 
the lattice distortion of zirconium have been calculated at 298 K, as shown in 
 Fig. 3.4(a) . The electrical resistivity increases as the lattice distortion increases. A 
comparison of the value of electrical resistivity of 20 nm with that of 40 nm reveals 
that the average value of electrical resistivity of 20 nm is about 1.62 times more 
than that of 40 nm.  Fig. 3.4(b)  shows the variation in electrical resistivity and 
temperature at the different grain sizes. It can be observed that the electrical 
resistivity increases with the temperature. The average value of electrical 
resistivity of 20 nm is approximately twice that of 60 nm, and about 1.45 times 
that of 40 nm. So it can be concluded that the smaller the grain size in zirconium, 
the higher the electrical resistivity that can be obtained. 
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   3.4     (a) Electronic resistivity as a function of lattice distortion at 298 K 
under different grain sizes. (b) Electronic resistivity as a function of 
temperature under different grain sizes.     

    3.5  Infl uence of reduction in grain size 

   3.5.1  Corrosion dynamics of nanocrystalline metals 

 Zircaloy-4 was obtained by the vacuum arc melting method. The chemical 
composition of the ingot is Zr–Sn (1.50 wt%) – Fe (0.20 wt%) – Cr (0.10 wt%) – O 
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(0.003 wt%). By hot and cold rolling and annealing treatments, the grain size in the 
alloy is 2–4 μm. A surface NC layer was prepared by high speed shot-peening for 
60 min at room temperature (293 K). After a polishing treatment, the chemical 
composition of the NC is the same as that of the center part of the sample. The 
change in nanoscale grain size versus the distance from the sample surface is shown 
in  Figure 3.5(a) .  Figure 3.5(b)  shows a transmission electron microscopy (TEM) 
image of the microstructure near the sample surface (about 3  η m).  Figure 3.5(c)  
shows a diagram of the grain size distribution analyzed by the Image-Pro Plus 
software. The average grain size of the surface NC layer is about 20–30 nm. 26,30  

 An oxidation experiment was carried out in an autoclave at 673 K/10.3 MPa 
and 773 K/10.3 MPa. Following different lengths of time in the autoclave, the 
samples were taken out and analyzed. The microstructures were examined by 
X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive 
spectrometer (EDS) and TEM. 

  Figure 3.6  shows the surface morphology of the NC and CG zircaloy-4 at 
673 K/10.3 MPa for 160 days and 773 K/10.3 MPa for several hours, respectively. 
It can be observed that, as corrosion time increases, the surface of the CG 
zircaloy-4 becomes covered by oxide fi lms of a grey–white color. The oxide fi lms 
of NC zircaloy-4 present a natural metallic luster.  Figure 3.7(a)  shows the 
oxidation kinetics (oxide fi lm thickening) curves of the NC and CG zircaloy-4 at 
673 K/10.3 MPa. In the initial stages of corrosion, the thickness value of the oxide 
fi lms formed on the NC substrate is equal to that of the oxide fi lms formed on the 
CG substrate. As corrosion time increases, the growth rate of the oxide (ZrO 2 ) 
fi lms formed on the NC substrate is lower than that of the oxide fi lms formed on 
the CG substrate. Specifi cally, after 160 days at 673 K/10.3 MPa, the ZrO 2  fi lm 
thickness of the NC zircaloy-4 is about 70% of that of the CG zircaloy-4. After 16 
hours at 773 K/10.3 MPa (see  Fig. 3.7(b) ), the ZrO 2  fi lm thickness of the NC 
zircaloy-4 is about 1% of that of the CG zircaloy-4, which indicates that NC 
refi nements provide a 100-fold improvement in the corrosion resistance of the 
zircaloy-4. These results reveal that the corrosion resistance of a NC zircaloy is 
superior to that of a CG zircaloy. After surface NC treatment, the movement of 
electrons is affected by the grain boundary. As the grain size decreases, the grain 
boundary quantum effect increases, leading to a lower corrosion rate and improved 
corrosion resistance. 

 Previous studies 59,60  showed that the dominating factors that control oxidation 
were defects and voids during the initial stages of corrosion. As the thickness of 
the oxide fi lms increased, the corrosion mechanism for zircaloy was mainly 
controlled by the diffusion of oxygen ions and the reaction rate of oxygen ions 
with metal ions at the oxide/metal interface. The oxide compact fi lm which formed 
during the initial oxidation stages could impede the further diffusion of oxygen 
ions, leading to a lower diffusion velocity of oxygen and an abrupt decrease in 
oxygen content near the oxide/metal interface. The grain size of the ZrO 2  fi lm of 
NC zircaloy-4 was confi rmed to be smaller 27  than that of the ZrO 2  fi lm of CG 
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   3.5     (a) The change of nanoscale grain size versus the distance from 
the sample surface. (b) TEM image of microstructure near the sample 
surface (about 3 ηm). Insets are the magnifi cations (b1 and b2) to 
indicate fi ne grains (marked by dashed lines). (c) Diagram of grain size 
distribution.       
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zircaloy-4.  Figure 3.8  shows the oxygen content distribution of the ZrO 2  fi lm and 
of metal analyzed using an EDS. 61  The samples were oxidized for 100 days at 
673 K/10.3 MPa. The principal difference between  Fig. 3.8(a)  and 3.8(b) is that 
the oxygen content is higher and decreases gradually at the ZrO 2 /CG metal 
interface, but decreases abruptly at the ZrO 2 /NC metal interface. The oxidation of 

   3.6     The surface morphology of CG zircaloy-4 and NC zircaloy-4 at (a) 
673 K/10.3 MPa for 160 days and (b) 773 K/10.3 Mpa for up to 16 hours.   
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   3.7     The oxidation kinetics curves of CG zircaloy-4 and NC zircaloy-4 at 
(a) 673 K/10.3 MPa and (b) 773 K/10.3 MPa.   

zirconium was controlled by the diffusion of oxygen ions and by the reaction at 
the ZrO 2 /metal interface. 62–64  The result of  Fig. 3.8(a)  implies that the diffusion 
velocity of the oxygen is lower than the interface reaction velocity of the ZrO 2 /NC 
metal, resulting in an abrupt decrease in oxygen content near the interface. 
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 Turning to the oxide fi lm of the CG zircaloy-4, this loose fi lm cannot impede 
oxygen diffusion because of the transformation from tetragonal to monoclinic 
phase. Oxygen diffuses along the negative ion vacancies, voids and micro-cracks, 
and reacts with the metal matrix. The diffusion velocity of the oxygen is therefore 
higher than the interface reaction velocity of the ZrO 2 /CG metal, resulting in a 
large oxygen diffusion depth (about 20 μm; see  Fig. 3.8(b) ) and a gradual decrease 
in oxygen content near the interface. 

   3.8     The oxygen content distribution in ZrO2 fi lm formed on NC 
substrate (a) and CG substrate (b). The samples were oxidized for 100 
days at 673 K/10.3 MPa.     
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 Figure 3.9 shows SEM images of the cross-section of oxide formed on the NC 
and CG zircaloy-4 respectively. For CG zircaloy-4, some obvious cracks are 
observed in the fi lms (as seen from the black arrows). Furthermore, the oxide/NC 
metal interface is more regular and smoother than the oxide/CG metal interface. 
Previous studies 60,65  have confi rmed that, during the corrosion transition period, 
clusters of voids are generated in oxide fi lms due to the invasion of oxygen ions. 
On the one hand, the void clusters absorb the anion vacancies in the oxide fi lm. 
On the other, they can promote the reaction of the water molecules with electrons, 
which can in turn generate hydrogen and oxygen ions, with the latter used in the 
growth of oxide fi lms. The existence of voids can thus induce an inconsistent 
corrosion rate, leading to an irregular oxide/metal interface. Furthermore, the 
accumulation and growth of voids can generate cracks, and the cracks will 
degenerate the combining capacity of the oxide fi lms with the metal matrix. 66  
 Figure 3.9  shows that the integrity of oxide fi lms and the combining capacity of 
oxide fi lms with the metal matrix in NC zircaloy-4 are superior to those in CG 
zircaloy-4. 

    3.5.2  Structural evolution of nanocrystalline zircaloy at 
high temperature and pressure 

 The microstructure of oxide fi lms formed on the NC zircaloy-4 was investigated 
by TEM. As shown in  Fig. 3.10 , after 42 days of corrosion, the oxide fi lm was 
composed solely of tetragonal ZrO 2  (t-ZrO 2 ) (see diffraction pattern in 

   3.9     SEM cross-section images of the oxide formed on (a) NC and (b) 
CG after a corrosion test for 130 days.     
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 Fig. 3.10(b) ). However, after 70 days of corrosion (see  Fig. 3.11 ), monoclinic 
ZrO 2  (m-ZrO 2 ) can be found (see arrows in  Fig. 3.11(a)  and the diffraction 
pattern in  Fig. 3.11(b) ). This phenomenon implies that phase transformation 
from t-ZrO 2  to m-ZrO 2  has occurred and that some t-ZrO 2  has transformed into 
m-ZrO 2 .  Figure 3.12(a)  shows a TEM image of an oxide fi lm after a corrosion test 
lasting 130 days. Only an m-ZrO 2  phase was found, indicating that phase 
transformation was completed and t-ZrO 2  had disappeared (see diffraction pattern 
Fig 3.12(b)). 

 It has been observed 20,26,28,67–71  that two structures of equiaxed and columnar 
(monoclinic) crystals exist in the oxide fi lms of zircaloy-4. The columnar crystal was 
found to be composed of m-ZrO 2 , while the equiaxed crystal was found to be 

   3.10     (a) TEM image of oxide fi lm formed on NC zircaloy-4 after 
corrosion for 42 days, indicating that the oxide fi lm was formed only by 
t-ZrO2, as seen on diffraction pattern (b).     �� �� �� �� �� ��
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composed of t-ZrO 2 . 
72,73  The corrosion resistance of zircaloy-4 depends principally 

on the compaction and integrity of the oxide fi lms during the initial stages of 
corrosion. In the early stages the oxide fi lms were composed of t-ZrO 2 . 

26,74,75  The 
stability of the t-ZrO 2  was dependent on the compressive stress of the oxide/metal 
interface. 28,61,76  As the thickness of the oxide fi lm increased, the t-ZrO 2  phase was 
transformed to m-ZrO 2 . This was accompanied by a relaxation of the compressive 
stress, leading to the formation of cracks in the oxide fi lms. The stress evolution 
characteristics of the oxide fi lms of both the nanostructured and normally structured 
Zr-4 alloy in water were studied at 673 K/10.3 MPa. 77  The results indicate that the 
micro-strain of m-ZrO 2  and t-ZrO 2  formed in the nanostructure bases is larger than 
that formed in the CG structure bases. For the 160 day oxide sample, the compressive 
stress of the t-ZrO 2  formed in the CG structure bases is about 1200 MPa, and the 
compressive stress of the t-ZrO 2  formed in the NC bases is about 1900 MPa. This 

   3.11     (a) TEM image of oxide fi lm formed on NC zircaloy-4 after 
corrosion for 70 days, indicating that phase transformation from t-ZrO2 
to m-ZrO2 occurred, as seen on diffraction pattern (b).     
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shows that the compressive stress of the oxide fi lm/metal interface in the NC metal 
is larger than that in the CG metal. A nanocrystallized treatment is benefi cial for the 
formation of a compact oxide fi lm (t-ZrO 2 ), which has a protective effect, and which 
can improve the corrosion resistance of the zircaloy-4. 

 The growth characteristics of the ZrO 2  fi lm were calculated on the basis of the 
XRD results. 17,61  Figure 3.13 shows the grain size changes in ZrO 2  formed on 
different substrates along with the increase in time at 673 K/10.3 MPa. It can be 
observed that the grain size of the ZrO 2  fi lm formed on the NC substrate is smaller 
than that of the ZrO 2  fi lm formed on the CG substrate. Therefore, the growth rate of 
the former oxide fi lm is slower than that of the latter oxide fi lm. These results match 
those shown in  Fig. 3.7 , indicating that the oxidation kinetics course of the NC 

   3.12     (a) TEM image of oxide fi lm formed on NC zircaloy-4 after 
corrosion for 130 days. Only the m-ZrO2 phase was found, indicating 
that phase transformation from t-ZrO2 to m-ZrO2 was complete and that 
t-ZrO2 had disappeared, as seen on diffraction pattern (b).     �� �� �� �� �� ��
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zircaloy-4 is lagging. Two different stages affect the ZrO 2  fi lm. 61,67–73,78  In the early 
stage, oxygen reacts with the metal to form tetragonal ZrO 2 . It is compact and can 
impede further diffusion of the oxygen. In the second stage, the tetragonal ZrO 2  
transforms into monoclinic ZrO 2 . Then the oxide fi lm becomes loose and voids and 
micro-cracks develop. In this case the oxygen diffuses not only through the negative 
ion vacancies, but also through the voids and micro-cracks, resulting in an 
accelerated growth of the oxide fi lm. 62,78  Delaying the tetragonal/monoclinic phase 
transformation can therefore reduce oxide fi lm growth. 62–64  The volume fractions of 
the tetragonal and monoclinic phases in the ZrO 2  fi lms have also been calculated (as 
shown in  Fig. 3.14 ). The results show that at 673 K/10.3 MPa the volume fraction of 
the tetragonal phase of the ZrO 2  fi lm formed on the NC substrate is larger than that 
of the ZrO 2  fi lm formed on the CG substrate (see  Fig. 3.14(a) ). 

 What is more interesting is that, at 773 K/10.3 MPa, XRD cannot detect the 
tetragonal phase in the ZrO 2  fi lm formed on the CG substrate, which had been 
oxidized for only 1 hour (see the blue profi le of  Fig. 3.14(b) ). However, the volume 
fraction of the tetragonal phase in the ZrO 2  fi lm formed on the NC substrate for 
16 hours is 15.83%. This signifi cant difference reveals that in the ZrO 2  fi lm formed 
on the NC substrate the transformation from tetragonal to monoclinic phase has 
lagged. It is assumed that, in the early oxidation stages of the NC zircaloy-4, the 
large volume fraction of the GBs accelerates the oxygen diffusion along the GBs 

   3.13     Grain size changes of ZrO2 fi lm over time at 673 K/10.3 MPa. The 
grain size of ZrO2 fi lm formed on the NC substrate is smaller than that 
of ZrO2 fi lm formed on the CG substrate.     
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and results in the immediate formation of the tetragonal ZrO 2  fi lm. The kinetic 
course of the oxidation is then impeded by the tetragonal ZrO 2  fi lm.   

   3.6  Conclusions 

 This chapter has provided a detailed examination of the corrosion behavior of NC 
zirconium at high temperature. The corrosion mechanism of NC metals has also 

   3.14     (a) Volume fraction of the tetragonal phase of ZrO2 fi lm formed on 
the NC substrate and CG substrate at 673 K/10.3 MPa. (b) XRD patterns of 
the ZrO2 fi lm formed on the NC substrate for 16 hours and the ZrO2 fi lm 
formed on the CG substrate for 1 hour at 773 K/10.3 MPa, respectively. 
Note that a tetragonal phase cannot be detected in ZrO2 fi lm formed on 
the CG substrate.     
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been discussed: when the grain size of a metal decreases to a nanoscale, about 
equal in size to the electron mean free path, the grain boundary will restrict the 
movement of electrons. The corrosion behavior of NC metals cannot therefore be 
explained by the IGC mechanism, which is commonly taken to be the most 
important mechanism for describing the corrosion of CG metals. 

 A computational model of corrosion rate versus grain size of NC zirconium has 
been proposed, based on Wagner’s theory and the electron theory of solids. 
Infl uencing factors such as conductivity, electron mean free path, grain size and 
lattice distortion were taken into account. Using this model the corrosion rate and 
weight gain of NC zirconium at different temperatures were calculated, with 
results showing that the corrosion resistance of NC zirconium is considerably 
higher than that of zirconium with coarse grain size. The corrosion rate constant 
and weight gain of NC zirconium both decrease with decreasing grain size. 

 Corrosion experiments comparing NC zircaloy-4 and CG zircaloy-4 at 
673 K/10.3 MPa and 773 K/10.3 MPa in water were carried out, and the 
microstructure of oxide fi lms was studied. The results indicate that the growth rate 
of oxide fi lms formed on the NC zircaloy-4 is lower that that of oxide fi lms formed 
on the CG zircaloy-4. The lower oxygen content and lower diffusion velocity of 
oxygen at the oxide/NC metal interface can hinder the reaction of oxygen ions 
with metal ions. The oxide/metal interface of NC zircaloy-4 is more regular and 
smoother than that of CG zircaloy-4, suggesting that fewer void clusters are 
generated in the oxide fi lms formed on the NC zircaloy-4. 

 The experimental results also show that the phase transformation from t-ZrO 2  to 
m-ZrO 2  phase in the oxide fi lms formed on the NC zircaloy-4 is delayed, leading 
to slower oxide fi lm growth. With respect to oxidation kinetics, in the early stages 
of corrosion the tetragonal ZrO 2  fi lm on NC zircaloy-4 was formed quickly by the 
accelerated diffusion of the oxygen along the GBs. The protective tetragonal ZrO 2  
fi lm then impedes further diffusion of the oxygen, leading to a slowing of the rate 
of oxygen diffusion and of the transformation from tetragonal to monoclinic phase. 
The oxidation kinetics course of the NC zircaloy-4 has thus lagged.   
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 Understanding the corrosion resistance 

of nanocrystalline materials: 
electrochemical infl uences  

    L.    YING and     L.    LI ,     Chinese Academy of Sciences, China   

   Abstract:    The small grain size and the high volume fraction of grain 
boundaries result in signifi cantly different corrosion behaviors between 
nanocrystalline materials and corresponding coarse crystalline materials. In 
active dissolution, nanocrystallization accelerates the corrosion reactions. In 
passivation, nanocrystallization changes the composition of the passive fi lm, 
improves the formation of compact fi lm, infl uences the semiconductor property 
and possesses the different morphology and growth process of passive fi lm. The 
small grain size infl uences the passivation depending on fast element diffusion 
and special adsorbed ability, all of which increase the corrosion resistance of 
materials. In local corrosion, nanocrystallization increases the unstable points 
on the surface of the materials, which increases the possibility of local 
corrosion. However, the excellent ability of element diffusion helps heal the 
local corrosion points, which inhibits the growth of the local corrosion.  

   Key words:    nanocrystalline materials, electrochemical corrosion, passivation, 
semiconductive properties, pit initiation and growth.   

    4.1  Introduction 

 Corrosion is a problem of unassailable importance for the human race, one that 
exists in every aspect of living. Corrosion can not only cause huge losses for 
industry, but can also threaten the safety of people’s lives and property. Therefore, 
corrosion is a serious scientifi c problem. Researchers not only study the corrosion 
behavior of metals/alloys in various environments, they also analyze the corrosion 
mechanism and aim to fi nd the most effective ways of protecting materials. 

 Nanocrystallization has become a useful means of improving the performance 
of materials. Nanocrystalline (NC) materials are characterized by their small grain 
sizes (<100 nm) and high volume fraction of grain boundaries, which often give 
rise to unique physical, chemical and mechanical properties compared with those 
of their cast counterparts. 1–4  These properties have been found to be particularly 
useful for corrosion protection applications. 

 There are several methods of producing NC materials, such as chemical 
deposition, ultrasonic shot peening (USSP), deep rolling treatment and magnetron 
sputtering. The common characteristic of these methods is that they give materials 
nanoscale grain size. NC coatings made by magnetron sputtering have been 
applied in industry. The NC coating of Ni-based superalloys has been found to 
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greatly enhance their high-temperature oxidation resistance; this is because a 
continuous protective Al 2 O 3  external scale is formed on the alloy surface. 1,5–7  
Recently, a NC coating with the same chemistry has been applied to high-
temperature alloys in order to increase their corrosion resistance. This coating can 
also increase their resistance to synergistic corrosion caused by solid salt and 
water vapor at an intermediate temperature. 8–10  Such an NC coating has a wide 
range of applications. Some NC coatings have been applied to aid resistance to 
high-temperature corrosion on ships. 11  Previous investigations have also shown 
that nanocrystallization can signifi cantly infl uence the electrochemical behavior 
of metals/alloys at normal temperatures. 3,4  

 In the case of normal-temperature corrosion, nearly all metals/alloys are 
thermodynamically reactive in most natural environments, for example in air. 
This is especially true when the environment is moist, polluted or hot, and in 
water, especially when it is saline, acid or alkaline. There are various common 
corrosion behaviors of metals/alloys, the familiar patterns among which are 
active dissolution, passivation and local corrosion. This review focuses on 
three kinds of corrosion behavior and discusses the effect of nanocrystallization 
in a liquid system. NC materials have many useful applications and therefore 
better understanding of their structural and chemical characteristics is of vital 
importance.  

   4.2  Active dissolution of nanocrystalline materials 

in a liquid system 

 Extensive research has been carried out into NC materials because of the 
need for a basic understanding of the nature of nanostructures and their 
potential technological applications. 12,13  The preponderance of grain boundaries 
in NC materials increases the ratio of surface area as well as surface energy, 
which also increases the chemical activity in the materials. Therefore, if the 
materials exhibit active dissolution in a liquid system, the dissolution rate of 
the corresponding NC materials will be faster than traditional coarse crystalline 
materials. 

 Y. Li  et al.  14  produced a nanocrystallized surface on low-carbon steel using the 
USSP technique. The corrosion behavior of the NC materials in a 0.05 M H 2 SO 4  
+ 0.05 M Na 2 SO 4  liquid system is active dissolution and the dissolution rate of 
NC materials is higher than that of the corresponding coarse crystalline material. 
The anodic reaction process did not change, even though the low-carbon steel was 
nanocrystallized by USSP treatment. The anodic current density increased, 
however, because of the increasing amount of atoms that took part in the reaction. 
Through nanocrystallization, the cathode reaction has been changed from the 
old electrochemical control to diffusion control. Both anodic and cathodic 
reactions have been stimulated by nanocrystallization and therefore the active 
dissolution has been increased. The NC thin fi lm on low-carbon steel (~ 40 nm) on 
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quartz plate produced by the magnetron sputtering technique also has a higher 
active dissolution rate compared with the corresponding coarse crystalline 
material ( Fig. 4.1 ) in a 0.5 M H 2 SO 4  system. The NC bulk low-carbon steel 
produced by deep rolling also has the same electrochemical behavior, with the 
above results. 

 Lu  et al.  15,16  studied the electrochemical corrosion behavior of a Cu–Zr 
alloy NC coating produced by magnetron sputtering (grain size 10–20 nm). 
The experimental results indicated that the nanocrystallization decreased the 
dissolutive rate of Cu–20Zr and Cu–70Zr alloys. They attributed this to the 
existence of large numbers of grain boundaries in the NC Cu–20Zr/Cu–70Zr 
fi lms; the Cl −  might be strongly absorbed on the surface of NC fi lms, forming a 
continuous insoluble copper chloride scale complex, which acted to restrain the 
corrosion process. 15  

 According to the above results, there is a signifi cant reverse infl uence of 
nanocrystallization on the dissolution of metals/alloys. However, the present 
authors theorize that nanocrystallization changes the surface condition of metals 
or alloys, which can effectively increase the activity of metallic atoms and 
accelerate the corrosion reactions. Therefore, if the corrosion products are 
dissoluble, the corrosion rate is increased by nanocrystallization; if the corrosion 
products are insoluble, the corrosion rate is decreased because the corrosion 
products act as a block layer to delay the dissolution.  

   4.1     Polarization curves for surface-nanocrystallized low-carbon steel 
(SNCLCS (t)) by ultrasonic shot peening and its corresponding bulk 
low-carbon steel (BLCS (n)) in 0.5 mol/l H2SO4 aqueous solution. 14      
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   4.3  Passivation ability of nanocrystalline materials 

 The corrosion behavior of NC materials has been assessed by several techniques in 
various environments. Zeiger  et al.  17  reported the enhanced corrosion resistance of 
NC Fe-8Al in Na 2 SO 4  solution (pH = 6). The authors attributed this enhanced 
corrosion resistance to the fast grain boundary diffusion of Al, which formed a 
protective oxide fi lm. Thorpe  et al.  18  found that the corrosion resistance of NC Fe32–
Ni36–Cr14–P12–B6 was signifi cantly greater than that of its amorphous counterpart; 
this was because of the observed greater Cr enrichment in the surface fi lm via rapid 
interphase boundary diffusion. As a normal passive material, it is well known that the 
corrosion resistance of cast stainless steels is signifi cantly improved when the Cr 
content reaches or exceeds 12.5%, especially in solutions containing Cl − . 

 A superior localized corrosion resistance was found in the electrochemical 
corrosion behavior of a sputter-deposited 304 stainless steel NC coating. 4  Wang 
 et al.  19  also reported improved corrosion resistance of surface NC 304 stainless 
steel in 3.5% NaCl solution, which was obtained by a sandblasting and annealing 
process. Meng  et al.  20  studied the corrosion behavior of Fe–10Cr NC coating in 
acidic solution and found that the chemical stability of the passive fi lm was 
increased compared with corresponding cast alloy. Ye  et al.  21  reported that a 
sputter-deposited 309 stainless steel NC coating had a higher pitting resistance 
compared with its coarse-grained analogue. Liu  et al.  22  also found that 
nanocrystallization can increase the passivation ability of an Ni-based superalloy, 

   4.2     Potentiodynamic polarization plots of the conventional coarse 
crystalline Ni-based alloy and the corresponding NC coating in 3.5% 
NaCl solution. 23      
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shown in  Fig. 4.2 . The experimental results revealed that nanocrystallization 
greatly increased the electrochemical corrosion resistance of alloy in the normal 
NaCl solution (in  Fig. 4.2 ). 23  The decreasing of grain size can also increase the 
stability and pitting resistance of passive fi lm on AZ91D magnesium alloy and 
pure aluminum. 24,25  

   4.3.1  Effect of nanocrystallization on the chemistry of 
passive fi lm 

 Nanocrystallization can change the composition of the passive fi lm on many metals 
or alloys. For stainless steel, Meng  et al.  20  thought that nanocrystallization 
promotes Cr enrichment in the passive fi lm, which means more Cr 3+  than Fe 2+  was 
involved in the formation of the passive fi lm on the Fe–10Cr alloy. On the other 
hand, less Cr 3+  than Fe 2+  participated in the formation of the passive fi lm on the 
coarse crystalline alloy. Therefore, the passive fi lm on the NC coating has a higher 
corrosion resistance than that of the coarse crystalline alloy. This idea is based on 
electrochemical impedance spectroscopy measurements and analysis. Furthermore, 
Ye  et al.  26  studied the corrosion resistance of 309 stainless steel of both NC and 
cast materials in the transpassive region. Through analyzing the element map of 
passive fi lm on both materials by electron probe microanalyzer (EPMA), it was 
found that elemental Cr was distributed uniformly in the passive fi lm on the NC 
coating whereas it was not uniform in that on the corresponding coarse crystalline 
alloy. However, the amount of Cr was not certain in the passive fi lm. 

 In order to understand the effect of nanocrystallization in detail, the passive 
fi lm on an Ni-based alloy has been studied. X-ray photoelectron spectroscopy 
(XPS) results indicated that the composition of the passive fi lm was signifi cantly 
different between the NC coating and the corresponding traditional coarse 
crystalline alloy. The passive fi lm on the conventional alloy consisted of Cr, Ti 
and Ni oxides, whereas only Cr and Ti oxides were present in the passive fi lm on 
the NC coating. There were distinctly different quantities of the elements present 
in the two passive fi lms. As shown in  Table 4.1 , 23  more Cr exists in the passive 
fi lm on the NC coating. The results testifi ed that nanocrystallization improved the 
enrichment of passive elements in the passive fi lm, which may be one of the main 
reasons for the high corrosion resistance of nanomaterials. 

   Table 4.1     XPS composition for the passive fi lm on both materials 23  

Material Oxide layer composition from XPS(at.%)

 Cr2O3 NiO TiO2

Coarse crystalline alloy 62.31% 20.96% 16.73%
NC coating 79.34% 0 20.66%
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 Another interesting result is the appearance of elemental Ni in the passive fi lm 
on the NC material.  Figure 4.3  shows the EPMA element distribution maps of Cr, 
Ti and Ni in traditional coarse crystalline alloy and sputter-deposited NC thin 
fi lm. In  Fig. 4.3 (a), it is clear that, around grain boundaries on the coarse crystalline 
alloy, Cr concentration is poor with very limited amounts showing. There is a 
reversed result for Ni, the concentration of which is higher at the grain boundaries. 
It can be seen that the small grain sizes promote uniform element distribution (in 
Fig. 4.3(b)). 23  There was no great difference between the distributions of all 
elements recorded on the NC thin fi lm. 

 From these results it can be inferred that, during passivation, Ti and Cr oxides 
were formed fi rst. The passive fi lm could not form a continuous layer rapidly 
because of the large grain size of the coarse crystalline alloy. Therefore, elemental 

   4.3     EPMA element maps of Cr, Ti and Ni element on the surface of 
(a) the conventional coarse crystalline Ni-based alloy and (b) the 
corresponding NC coating. 23       

(a)
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Ni was present in the passive fi lm. The NC material has a unique surface, which 
evidently infl uences each corrosion dynamic process, passivation being an 
important process among them. The small grain sizes facilitate rapid formation of 
the oxide layer. The small grain size should promote the diffusion of passive 
elements such as Cr and Ti, which increases the corresponding content. As a 
result, a continuous Cr and Ti oxide layer rapidly formed on the NC coating 
without Ni oxides. It is clear that the passive fi lm on the NC coating without Ni 
oxides and with more Cr has higher resistance than that of the coarse crystalline 
alloy. Therefore, it can be concluded that nanocrystallization can promote the 
enrichment of passive elements such as Cr and Ti in the passive fi lm. 

 Another infl uence of nanocrystallization on the composition of the passive fi lm is 
the presence of Cl −  in the fi lm. Some investigations noted that Cl −  could be 
incorporated into the passive fi lm in order to change its corrosion resistance. 25,27,28  

(b)

4.3 Continued. 
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However, the effect of nanocrystallization during the formation of the passive fi lm 
is not clear at present. XPS results indicated that the passive fi lm on the NC coating 
and the corresponding coarse crystalline alloy on the Ni-based superalloy consisted 
of mainly Cr oxides in acidic NaCl solution. 22  However, Cl −  took part in the 
formation of the passive fi lm and was incorporated into the fi lm on the coarse 
crystalline alloy, but it was not incorporated into the fi lm on the NC coating (shown 
in  Fig. 4.4 ). 23  This was considered to be how nanocrystallization increased the 
corrosion resistance. 22  According to this phenomenon, nanocrystallization can 
decrease the adsorption ability of Cl −  on the surface of the material, which can 
corrupt the Cl −  so that it is incorporated in the passive fi lm. This idea was proven by 
the measurement of the potential of zero free charge (pzfc) (in  Fig. 4.5 ). 22  The 
results indicated that the adsorption of Cl −  was greatly decreased on the NC coating 
in acidic NaCl solution. 

 Regarding the adsorption of Cl −  on the surface of materials, Intrui and 
Szklarska-Smialowska 4  theorized that the presence of a large number of 
defects would result in a high degree of distribution of Cl −  on the metal 
surface. The Cl −  concentration at each of the defects of fi ne-grained NC 
materials is greatly reduced when compared with the case of coarse-grained 
materials. As a result, localized enrichment of Cl −  and subsequent acidifi cation at 

   4.4     Cl 2p XPS depth profi le spectra from the conventional coarse 
crystalline Ni-based alloy (a) and the corresponding NC coating (b) after 
passivation for 30 minutes at 0 V in 3.5% NaCl solution. The depth is 
indicated in the spectrum. 22      
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each defect on the grain boundary site requires a greater driving force and 
therefore a more anodic potential for stable pit growth. The present authors 
argue that Cr easily forms bonds with Cl −  in theory. On the surface of the NC 
coating of the Ni-based superalloy, there are large numbers of grain boundaries 
with high elemental Ni. This leads to a decrease in elemental Cr compared with 
the coarse crystalline alloy in the same scale, which may subsequently decrease 
the amount of adsorbed Cl −  on the surface of the NC coating in NaCl acidic 
solution. 

 On the other hand, Zhang  et al.  25  found that nanocrystallization changed the 
semiconductive properties of the passive fi lm on pure Al, from n-type to p-type in 
acidic NaCl solution. It is hypothesized that Cl −  participates in the oxide fi lm 
formation and changes the oxide fi lm from n-type to p-type. It is likely that Cl −  
occupies the oxygen vacancies and interstitials of the lattice of Al 2 O 3 . However, 
this presumption has not been proven in experiments. 

 From the above results, we can conclude that nanocrystallization can 
signifi cantly infl uence the chemistry or composition of the passive fi lm, which 
infl uences the corrosion resistance. It can promote the enrichment of 
passive elements such as Cr and Ti, and it can also decrease the adsorption of Cl − , 
both of which are due to the small grain size and the unique surface of NC 
coatings.  

   4.5     Double-layer capacities as a function of electrode potential for the 
conventional coarse crystalline Ni-based alloy (°) and the NC coating 
(®) in 0.5 M NaCl + 0.05 M H2SO4. 

22      
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   4.3.2  Effect of nanocrystallization on the structure of 
passive fi lm 

 Nanocrystallization changes the thickness of passive fi lm.  Figure 4.6  23  shows XPS 
Cr spectra from the passive fi lms in 3.5% NaCl solution on an Ni-based NC coating 
and the corresponding coarse crystalline alloy. After 40 seconds of bombardment, 
using the same bombardment parameters, the Cr 3+  peak disappeared in the passive 
fi lm on the NC coating but was still present in the fi lm on the coarse crystalline 
alloy. This indicates that the passive fi lm on the NC coating was thinner than that on 
the coarse crystalline alloy in normal NaCl solution. This may be due to the uniform 
element distribution on the whole surface and the fact that the element diffusion is 
fast to form a compact fi lm. Thus, the formed oxide layer of the NC coating was 
thinner than that of the corresponding conventional coarse crystalline alloy. 

 However, nanocrystallization increased the thickness of the passive fi lm on the 
magnesium alloy with rare elements. 29  It is well known that the passive fi lm on 
magnesium alloy is mainly the corrosion product layer on the sample, which 
blocks the dissolution of the material and inhibits the corrosion process. Therefore, 

   4.6     Cr 2p XPS depth profi le spectra from the coarse crystalline Ni-
based alloy (a) and the corresponding NC coating (b) after passivation 
for 30 minutes at 0 V in 3.5% NaCl solution. The depth is indicated in the 
spectrum .23      
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nanocrystallization promotes the dissolution of the alloy and forms more products 
on the sample. Finally, the fi lm layer was much thicker than that of the coarse 
crystalline alloy. 

 Nanocrystallization also changes the compact properties of the passive fi lm. After 
cathodic reduction, the variation of the current with time for each specimen was 
measured at a fi xed potential. If the contribution of the double layer charge is 
neglected, the initial drop of current density should be related to the growth of a 
protective fi lm on the electrode surface. The current decreases with time as follows: 30 

  I  = 10 −( A+klgt )  [4.1]  

 where  I  represents current density,  t  is time,  A  is constant and  k  represents the 
slope of the double-log plot for potentiostatic polarization;  k  = −1 indicates the 
formation of a compact, highly protective passive fi lm, while  k  = −0.5 indicates 
the presence of a porous fi lm, growing as a result of a dissolution and a precipitation 
process. 31,32  It has been found that a porous passive fi lm was present on the 309 
stainless steel, and that nanocrystallization improved a compact fi lm formation, 21  
which is an interesting phenomenon. 

 The passive fi lm formed on the surface of a cast Ni-based superalloy was a 
porous oxide layer with a large amount of defects. However, the passive fi lm 
formed on the NC coating was initially a porous one. It then changed to an oxide 
layer with better compact properties in 3.5% NaCl solution ( Fig. 4.7 ). 23  

   4.7     Double-log plots of current-time for the coarse crystalline Ni-based 
alloy (°) and the corresponding NC coating (®) in 3.5% NaCl solution .23      
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 The microstructure infl uences not only the composition but also the initial 
growth of the passive fi lm, which determines the compact properties. The initial 
oxide layer formation is accompanied by the gradual growth of the oxide fi lm. 
Oxide growth by cation diffusion over vacancies requires the annihilation of 
the vacancies by the increase of either misfi t or misorientation interfacial 
dislocations. 23,33  

 Although the coarse crystalline alloy possesses grain boundaries with more 
dislocations, the grain boundary could inhibit the movement of dislocation at 
normal temperatures. 34  Thus, the annihilation of the vacancies at the interface of 
scale/metal would be inhibited by the grain boundary, leading to an increase in the 
amount of cation vacancies in the interface. As the vacancies pile to some extent, 
a hole or pore is formed and even the initially formed oxide layer becomes 
fractured. Thus, a passive fi lm with poor compact properties will form. The large 
amount of Ni oxide increases the matching poor area in the oxide layer and 
increases the stress between the different oxides; this can have the effect of 
decreasing the compact properties of the passive fi lm. On the other hand, there are 
numerous grain boundaries on the NC coating, which will also adversely affect 
the compact properties of the oxide layer, as earlier described for the coarse 
crystalline alloy. Nevertheless, the small grain size of the NC coating ensures 
rapid reformation of the oxide layer and thus repairs the passive fi lm. Therefore, 
the latter passive fi lm will have superior compact properties, which would increase 
the corrosion resistance of the NC coating. The poor compact properties of the 
passive fi lm should infl uence its protective ability as a fi lm and decrease the 
corrosion resistance of the material.  

   4.3.3  Effect of nanocrystallization on the semiconductive 
properties of passive fi lm 

 Among the infl uences of nanocrystallization on the properties of a passive fi lm, its 
semiconductive properties are a most important issue, which is widely discussed 
in the corrosion fi eld. The infl uence is mainly divided into two aspects: one is the 
semiconductor type; the other is the carrier density and electron energy level. 
Nanocrystallization can lead to the reversal of the semiconductor type. The 
passive fi lm on a Fe–20Cr NC coating was amorphous at a low potential and 
became an n-type semiconductor at a higher potential. However, the passive fi lm 
on the corresponding coarse crystalline alloy was p-type. 35  For pure aluminum, in 
acidic (pH = 2) sodium sulfate aqueous solution, the passive fi lms, both on the 
cast and on microcrystalline (MC) Al, were n-type semiconductors. In acidic (pH 
= 2) sodium chloride aqueous solution, the passive fi lm on the cast Al exhibited 
n-type semiconductor properties, whereas the passive fi lm on the MC Al exhibited 
p-type semiconductor properties. In NaF solutions, when [F − ] ≥ 0.03 mol/l, the 
passive fi lm was an n-type semiconductor on the cast Al, and a p-type 
semiconductor on the MC Al. 36  

�� �� �� �� �� ��

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



 Electrochemical infl uences 71

©  Woodhead Publishing Limited, 2012

 Meng 35  considered that Fe had a more rapid rate of dissolution than that 
of Cr, i.e. [Fe]/[Cr] = 9:1. The NC coating can form a fi lm with a faster rate of 
dissolution on the surface. Therefore, there should be more Fe oxides in this fi lm, 
which would be an n-type semiconductor. Another theory regarding the reversal 
of the semiconductive properties by nanocrystallization is the incorporation of 
Cl −  in the passive fi lm. Because pure Al 2 O 3  is an n-type semiconductor, it is most 
likely that Cl −  occupies the oxygen vacancies and interstitials of the lattice of 
Al 2 O 3  on the MC aluminum, which consequently changes the semiconductor type 
from n-type to p-type by providing acceptors. 25  F − and Cl −  can also infl uence the 
semiconductor type of pure MC Al in NaF + NaCl aqueous solutions: when 
[Cl − ]<[F − ], the effect of F −  is predominant and the passive fi lm is an n-type 
semiconductor; when [Cl − ]>[F − ], the effect of Cl −  is predominant and the passive 
fi lm is a p-type semiconductor. 36  However, there is no clear evidence from 
experiments to validate the above ideas. 

 For cast Ni-based superalloy, the passive fi lm showed n-type semiconductive 
properties. But p-type semiconductor behavior was observed on the passive fi lm of 
the corresponding NC coating ( Fig. 4.8 ). Experimental results indicated that Cl −  
was incorporated into the passive fi lm of the coarse crystalline alloy (in  Fig. 4.4 ), 
which led to the reversal of the semiconductor type of the passive fi lm. The reason 
for this could be the decrease of adsorption ability of the Cl −  by nanocrystallization, 
which corrupts the Cl −  so that it is incorporated in the passive fi lm. 22  

   4.8     Mott–Schottky plots of the coarse crystalline Ni-based alloy (°) and 
the corresponding NC coating (®) in 0.5 M NaCl + 0.05 M H2SO4 .

22      
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 The Cr 2 O 3  without Cl −  is a p-type semiconductor with redundant cation 
vacancies (V m· ). However, for Cr 2 O 3  with Cl − , if the dopant of Cl −  occupies 
the position of O 2−  (Cl o  

 ·  ), the replacement of Cl −  could decrease the negative 
charge of the original O 2−  position, which can in turn increase the amount of anion 
vacancies (V o  

·· ) and  e :

 Cl cl  
 ×   → Cl o  

 ·   +  e ′ [4.2]  

 The increase of the amount of anion vacancies (V o  
·· ) in the passive fi lm makes the 

semiconductive properties of the passive fi lm change from p-type to n-type. If the 
dopant of Cl −  locates the interstitial position of the lattice, the cation vacancies 
will increase and the passive fi lm will become a p-type semiconductor.

 Cl cl  
 ×   → Cl i  

−1  +  h  ·  [4.3]  

 However, the experimental results indicate the passive fi lm formed on coarse 
crystalline alloy is an n-type semiconductor. Therefore, the Cl −  incorporated into 
the passive fi lm of coarse crystalline alloy should replace the O 2−  position in the 
oxide. The incorporation of Cl −  into the passive fi lm changes the fi lm formed on 
the coarse crystalline alloy from p-type to n-type in acidic solution. 

 With regards to the effect of decreasing grain size on the adsorption of Cl − , the 
present authors theorize that the natural difference of the elements leads to the 
above result. The electron confi guration of Al is [Ne] 3s 2 3p 1 , which is not fi t to 
form a chemical bond with Cl − . Therefore, the adsorption of Cl −  depends on the 
surface energy of the material. Defects are primarily located at the grain 
boundaries; therefore decreasing the grain size increases the defects on the 
surface. Cl −  adsorbs onto the surface of the MC Al coating with more defects, 
which leads to the participation of Cl − . However, Ni and Cr are the main constituent 
elements of an Ni-based superalloy and their distributions differ. The electron 
confi gurations of Ni and Cr are respectively [Ar] 3d 8 4s 2  and [Ar] 3d 5 4s 1 . For 
these metals, the orbital of their outer electronic structure participates to form a 
chemical bond. Morrison 37  points out that Ni has a partially fi lled d orbital and Cr 
has an unfi lled d orbital. Therefore, in theory, Cr forms a bond more easily with 
Cl − . On the surface of the NC coating, large numbers of the grain boundaries have 
high levels of elemental Ni, which leads to a decrease in the levels of elemental 
Cr compared with the coarse crystalline alloy in the same scale. This can 
consequently decrease the amount of adsorbed Cl −  on the surface of the NC 
coating in NaCl acidic solution. The grain size has been shown to affect the 
adsorption of Cl −  as well as the corresponding reversal of the semiconductor 
type. 38  Therefore, the nature of the materials tested differs greatly, as the adsorption 
of Cl −  affects them signifi cantly differently. 

 Nanocrystallization has been shown to decrease the carrier density of the 
semiconductive passive fi lm, such as Fe–10Cr, Fe–20Cr, 309 stainless steel, 304 
stainless steel, AZ91D magnesium alloy and Ni-based superalloys. 20–25,35,36  
However, for pure Al, whether in solution with or without Cl − , nanocrystallization 
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increased the carrier density. 25  The decrease of carrier density may be related 
to the formation of a more compact fi lm compared with the conventional alloy. Li 
 et al.  24  pointed out that the energy band of the product fi lm on microcrystalline 
AZ91D alloy increased, suggesting that electronic transition became diffi cult 
from valence band to Fermi level, which could lead to the decrease of acceptor 
concentration of the product fi lm on the MC coating. The increase of the carrier 
density of fi lm on Al in the solution without Cl −  may be due to the increase in 
defects in the passive fi lm on the MC coating. However, the increase of carrier 
density in the solution with Cl −  is likely to be due to the incorporation of Cl −  in 
the fi lm on the MC coating, which increased by almost one magnitude. 

 According to the point defect model (PDM), the carrier diffusion coeffi cients 
(donor or acceptor) in the passive fi lms can be calculated. The carrier diffusion 
coeffi cient is a very important parameter that can infl uence passivation. Li  et al.  39  
found that the donor density for the metal/fi lm interface of NC bulk 304 
stainless steel was lower than that for the metal/fi lm interface of cast 304 stainless 
steel. Therefore, the lower donor density and the lower diffusion coeffi cient 
restrained the electrochemical reaction in the passive fi lm and improved its 
stability, which consequently increased the protective ability of the NC bulk 304 
stainless steel. 

 The corrosion behavior of NC Ni-based superalloy is affected by the difference 
in grain size. 38  Electrochemical corrosion behavior is particularly affected by 
grain size. The smaller grain size of the material decreases the carrier diffusion 
coeffi cient and increases the corrosion resistance. This is due to the decrease in 
the amount of Cl −  adsorbed on the surface, which promotes the formation of a 
compact passive fi lm in acidic solution. 

 Another focus for research is on which type of semiconductor has more 
corrosion resistance. Nanocrystallization can reverse the semiconductor type of a 
material from p-type to n-type or from n-type to p-type. After the nanocrystallization, 
the corrosion resistance of passive materials appears to have been enhanced. 
However, according to a series of investigations, there is at present no distinct 
evidence to support which type has more resistance.  

   4.3.4  Effect of nanocrystallization on the growth 
of passive fi lm 

 Nanocrystallization infl uences the morphology and growth function of the passive 
fi lm. However, only a little information is available regarding the  in situ  growth 
mechanism of materials and no report exists, to the authors’ knowledge, of  in situ  
atomic force microscopy (AFM) observations of the growth process of NC 
structures. 

 Passivation of a conventional austenite stainless steel commences at local 
positions ( Fig. 4.9 (a)); these then become connected to form a surface fi lm 
( Fig. 4.9 (b), (c)). The passive fi lm then propagates into a continuous layer with 
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several scratches due to mechanical polishing ( Fig. 4.9 (d)). These AFM images 
indicate that the passive fi lm was formed rapidly on the sample and that pitting 
corrosion ensued after the continuous fi lm formed. 40  

 The passive fi lm formation on austenitic stainless steel NC coating is greatly 
different from that which is formed on conventional coarse crystalline stainless 
steel. Because a lot of small particles piled up on the surface of the coating, the 
oxide particles grew up in their original positions (in Fig. 10(a), 10(b)). Moreover, 
it was clear that the small oxide particles on the NC coating gradually grew to 
form a continuous passive fi lm (in Fig. 10(c), 10(d)). The growth of the particles 
continued until the passive fi lm was broken down. 40  

   4.9      In situ  AFM images of the coarse crystalline stainless steel in 
the initial stage under anodic polarization in 3.5% NaCl solution: 
(a) formation of passive particles, (b) formation of continuous 
passive fi lm, (c) and (d) the growth of passive fi lm. 40      
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 According to the above experimental results, it can be concluded that 
nanocrystallization infl uences passivation depending on fast element 
diffusion and special adsorbed abilities. The small grain size improves elemental 
diffusion, which changes the composition of the passive fi lm (passive elements 
become enriched, for example Cr or Ti). This also helps the fi lm form in a more 
compact way; it infl uences the morphology and growth process of the passive 
fi lm. The small grain size also changes the surface condition, which infl uences 
the adsorption of the ions. Incorporating ions into the passive fi lm can infl uence 
the semiconductive properties. All of these things will increase the corrosion 
resistance of the materials.   

   4.10      In situ  AFM images of the nanocrystalline coating in the initial 
stage under anodic polarization in 3.5% NaCl solution: (a) the original 
morphology of NC coating in solution, (b), (c) and (d) the growth of 
passive particles under potential in solution. 40      
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   4.4  Pitting corrosion of nanocrystalline metals 

 The pitting corrosion resistance and sensitivity to Cl −  of metals/alloys is infl uenced 
by the structural characteristics of the passive fi lms. Generally, passive fi lms that 
possess high amounts of passive elements or uniform structures have a high 
pitting resistance and weak Cl −  sensitivity. The growth rate of NC passive fi lms is 
usually fast and is composed of NC and amorphous crystals. The passive fi lm 
possesses large numbers of grain boundary defects and surface active areas, both 
of which promote the dispersion of Cl −  adsorbed onto materials. As a result, 
compared with a coarse alloy with few active spots, the adsorption of Cl −  is weak 
in the local active area, which to some degree weakens the corrosion of Cl − . 
Therefore, NC materials have high local corrosion resistance in containing Cl − . 

 Intrui and Szklarska-Smialowska 4  found that the pitting potential of 304 stainless 
steel in 0.3 wt% solution was increased about 850 mV by nanocrystallization, 
which has been shown to decrease the Cl −  sensitivity due to a smaller grain size. 
Research into sputtering AZ91D magnesium alloy, 24  Fe-20Cr, 35  309 stainless 
steel 26  and pure Al thin fi lms 25  found that both passive ability and pitting corrosion 
resistance were promoted by nanocrystallization. However, the existence of grain 
boundaries in the passive fi lm on NC materials can infl uence the stability of the 
passive fi lm. The dissolution rate of the passive fi lm on NC materials of Mg alloy, 
309 stainless steel and other metals has been shown to be higher than that of 
corresponding coarse crystalline alloys, which means that the stability of the 
passive fi lm decreases with nanocrystallization (see  Fig. 4.11 ). Further research 

   4.11     Potentiodynamic polarization plots of 309 stainless steel in 3.5% 
NaCl solution. 26      
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indicates that an increase in the carrier density of the passive fi lm can promote the 
electrochemical dissolution of the passive fi lm, and that the large grain sizes in NC 
materials may lead to higher carrier density, which can in turn increase the 
dissolution rate. 

 It is interesting that some passive NC materials have worse passive abilities 
compared with coarse crystalline alloy. Barbucci  et al.  41  found that NC Cu90Ni10 
alloy (20 nm) made using the ball-milling technique has a lower pitting 
potential in 0.3% Na 2 SO 4  with different amounts of Cl − . They also theorized that 
the block effect of a large amount of grain boundaries inhibits the growth of 
passive fi lm, and that the large amount of defects in NC materials also leads to 
corrosion. 

   4.4.1  Effect of nanocrystallization on the pit initiation 
process 

 Electrochemical noise (EN) analysis, including the power spectral density (PSD i ) 
and wavelet transform, indicated that the controlling pitting mechanism of a cast 
austenite stainless steel was a slow event of metastable pit generation and 
reparation; however, for the NC coating it was a fast metastable pitting mechanism 
( Fig. 4.12 ). 40  The stochastic approach was also applied to investigate the 
metastable pitting process of both samples (coarse crystalline alloy and NC 
coating), which also showed that metastable pits occurred more frequently on the 
NC coating than on the coarse crystalline alloy. However, there was an increased 
probability of stable pits developing from metastable pits. 

  In situ  AFM observations found that an initial metastable pit was observed 
(in the white circle in  Fig. 4.13 (a)).  Figure 4.13 (b) shows the growth of the 
metastable pit, which is rapidly healed in the next picture ( Fig. 4.13 (c)). After this 
healing process there is no further change for a period of time (called stopping 
time), and then the metastable pits form and heal again. After several cycles of pit 
initiation and healing (during which the stopping time becomes progressively 
shorter), a stable pit appears and never repairs ( Fig. 4.13 (d)). 4o  After this period, 
the stable growth of the pit controls the whole corrosion process. However, this is 
not observed in the image of the NC coating, the process of which seems to be 
faster than that of the coarse crystalline alloy. 

 The microstructure of the NC coating infl uenced the morphology of the formed 
oxide particles; the voids within the oxide scale are shown in different piled layers 
and the boundaries of these oxide particles could serve as incubation sites for 
metastable pits. Although the metastable pits were able to begin appearing on the 
NC coating, the small grain size promoted diffusion of the element to rapidly 
repair or heal the pits. The pitting corrosion mechanism of the NC coating was 
dominant because of the fast metastable pits’ initiation and death; therefore the 
pitting corrosion resistance was higher than that of the corresponding coarse 
crystalline stainless steel.  
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   4.12     Current electrochemical noise of the coarse crystalline austenitic 
stainless steel (a) and the corresponding NC coating (b) under anodic 
polarization during 600–800 s in 3.5% NaCl solution. 40    
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   4.4.2  Effect of nanocrystallization on the pit 
growth process 

 Generation and reparation of metastable pits were not observed on an austenitic 
stainless steel NC coating, nor was the process of metastable pitting. Once the pit 
formed, it grew directly to a stable pit state (in  Fig. 4.14 ) with subsequent 
dissolution of the sample. This observation suggests that the pits formed at the 
boundaries of the oxide particles. 40  

 The shape of the pit on the NC coating are dish shaped. 42,43  Compared 
with a conventional coarse crystalline austenitic stainless steel, pit propagation on 
the NC coating was signifi cantly less, which suggested that nanocrystalliza    tion 
decreased the rate of stable pitting nucleation and growth. Regarding the 
observed decrease in pit depth at the later stages, it is possible that the pit 
re-passivated lengthwise or the path around the pit was dissolved with growth of 
the pit. 

 According to the  in situ  observation by AFM, the oxide particles on the 
NC coating formed continuously; this suggested that the passivation ability 
of the NC coating was very strong. Generally, pitting corrosion dissolution 
and passivation proceeded simultaneously, but dissolution progressed at a 
faster rate than passivation. However, because the passivation ability of the 
NC coating was so signifi cant, passivation proceeded effectively and growth 

   4.13      In situ  AFM images of the coarse crystalline alloy in the pitting 
stage under anodic polarization in 3.5% NaCl solution: (a) the formation 
of a metastable pit, (b) the growth of the pit, (c) the reparation of the pit 
and (d) the growth of the pit. 40      
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of the pit was restricted compared with the conventional coarse crystalline 
stainless steel. 

 The present authors theorize that nanocrystallization increases the unstable 
points on the surface of the materials, which increases the possibility of local 
corrosion. However, the excellent ability of element diffusion helps to heal the 
local corrosion points, which inhibits the growth of the local corrosion.   

   4.5  Effect of grain size on electrochemical 

corrosion behaviors 

 In aqueous solutions, the main failure form of metallic materials is electrochemical 
corrosion. It is well known that many factors can affect the corrosion rate of NC 
materials in aqueous solution, such as composition and structure. For a fi xed 
composition, grain size is an important factor that affects the corrosion process. 
Hashimoto and coworkers 44,45  have studied the corrosion behavior of amorphous 
alloys with NC heterogeneous precipitation. After amorphous Cr–Zr alloys 
(15 nm, 17 nm and 22 nm amorphous Cr–60Zr thin fi lms) were treated at a high 
temperature, precipitation of Zr was observed with different particle sizes. They 
found that there was a relationship between the size of the precipitates and the 
pitting potential. The pitting potential of amorphous Cr–67Zr alloy was highest 
when the size of the precipitates observed was below 20 nm. The pitting resistance 

   4.14      In situ  AFM images of the NC coating in the pitting stage under 
anodic polarization in 3.5% NaCl solution: (a) the formation of a 
metastable pit, (b), (c) and (d) the growth of the pit. 40    

�� �� �� �� �� ��

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



 Electrochemical infl uences 81

©  Woodhead Publishing Limited, 2012

of amorphous Cr–Zr alloy deteriorated as the size increased. The precipitation 
of Zr phase is shown to lead to an increase in the amount of Cr in the matrix, 
which encourages the enrichment of Cr in the passive fi lm. Although the corrosion 
resistance of Zr is poor, the length of the Zr phase is small, and the passive 
fi lm, which is rich in elemental Cr, can protect the whole material. When the 
amount of precipitated Zr is more than 20 nm, the passive fi lm enriched with 
elemental Cr cannot cover the whole surface of the material, which is the reason 
why the corrosion resistance of 22 nm Zr alloy decreases compared with alloys 
with a smaller grain size. 

 The other alloys studied were Cr–Nb, Al–Cr and Cr–Ti. It was found that there 
was a critical size of precipitates at which point the corrosion resistance changed. 
In the same way, Mehmood  et al.  45  studied the corrosion behavior of different 
grain sizes for Al–Cr amorphous coating in 0.1 M and 0.5 M HCl solution. They 
found that the precipitation phase of Al enriched the Cr in the matrix and increased 
the corrosion resistance. However, when the grain size was larger than 20 nm, the 
corrosion resistance of materials decreased. El-Moneim and coworkers 46  studied 
how grain growth affects the corrosion behavior of NC NdFeB magnets. They 
found that the corrosion resistance increased with the increasing grain size of the 
hard magnet phase. 

 Li  et al.  14  found that the corrosion behavior of low-carbon steel with an 
NC outer layer (grain size about 20 nm), which was produced by USSP, 
was affected by the grain size, as shown in  Fig. 4.15 . When the grain size was 

   4.15     Corrosion rate and grain size vs. depth for SNC low-carbon steel in 
0.05 mol/l H2SO4 + 0.05 mol/l Na2SO4 solution. 14      
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>35 nm, there was no signifi cant difference in the electrochemical behavior 
of the material; when the grain size was <35 nm, the corrosion rate increased 
in correlation with the decrease in grain size. The NC coating of low-carbon 
steel, produced using the magnetron sputtering technique (grain size about 
40 nm), also increased the dissolution rate when compared with bulk steel with 
the same chemistry. Because of this acceleration of dissolution, researchers 
came to the conclusion that the change is due to the increase of the active 
ability of metals on NC coating, which accelerates the kinetics of the anodic 
reaction. 

 The grain size also signifi cantly infl uences the corrosion behavior of Ni-based 
superalloys in acid solution. The corrosion resistance of sputtering Ni-based NC 
thin fi lms increases with the decrease of grain size, as shown in  Fig. 4.16 . Further 
studies indicate that the amount of Cl −  adsorbed decreased with the decrease in 
grain size. This decrease of grain size promoted the formation of a more compact 
passive fi lm. The smaller grain size also increased the re-passivation ability of the 
passive fi lm on NC thin fi lm. All of these results show that the corrosion resistance 
of NC thin fi lm is increased when compared with the conventional coarse 
crystalline Ni-based alloy. 

   4.16     Potentiodynamic polarization plots of three grain size Ni-based 
super alloy NC coatings in 3.5% NaCl solution. 40      
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    4.6  Conclusions 

 Nanocrystallization of metals/alloys increases the amount of active atoms in 
materials, as well as increasing the reaction activities of the materials themselves. 
For active materials, nanocrystallization increases the corrosion rate, as well as 
the grain size, which greatly infl uences the dissolution rate; for passive materials, 
nanocrystallization promotes the formation ability of passive fi lm and increases 
the corrosion resistance. However, from present research results, there are many 
unknown problems that require further research in order to be fully understood. 
Firstly, the infl uence of nanocrystallization on the corrosion behavior of metals/
alloys is affected not only by the grain size, but also by the changed structure and 
chemicals of the metals/alloys by the nanocrystallization process. For this reason 
it is important that research into NC materials considers these above infl uences. 

 Secondly, although several investigations have found that there are many 
changed characteristics of the materials caused by nanocrystallization, the relation 
of these characteristics to the grain size has not yet been confi rmed. For example, 
nanocrystallization decreases the amount of Cl −  adsorbed by materials. But there 
are still other questions unanswered, such as the critical grain size for this change 
and whether the surface adsorption energy has changed with the grain size. 
Nanocrystallization promotes the amount of elemental Cr in the passive fi lm, but 
it is not known what the relationship of grain size is with regard to the diffusion 
factors of Cr in the passive fi lm. There is also the question of whether the diffusion 
mechanism of elemental Cr changes with regard to the smaller grain size. There 
are still a series of problems which have not yet been properly understood and 
must wait for future research to give the answers.   
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 Electrodeposition: the versatile technique 

for nanomaterials  

    D.  SOBHA   JAYAKRISHNAN,    CSIR – Central Electrochemical 
Research Institute, India   

   Abstract:    Electrodeposition is a well-known conventional surface modifi cation 
method to improve the surface characteristics, decorative and functional, of a 
wide variety of materials. Now, electrodeposition is emerging as an accepted 
versatile technique for the preparation of nanomaterials. Work done in this 
direction is discussed in this chapter. The basics of electrodeposition are 
introduced, then the electrodeposition of nanomaterials using special techniques 
for reducing grain size. Methods such as pulse and pulse reverse current 
deposition, template-assisted deposition and use of additives and grain refi ners 
are explained with suitable examples. Deposition of nanostructured metals, 
alloys, metal matrix composites, multilayers and biocompatible materials 
reported in the literature are discussed. Finally, there is a discussion of the 
improved corrosion resistance of electrodeposited nanostructured materials, 
quoting results reported in literature.  

   Key words:    electrodeposition, nanomaterials, pulse and pulse reverse 
electrodeposition, template-assisted deposition, additives and grain refi ners, 
nanostuctured metals and alloys, nanocomposites, multilayers, biocompatible 
materials, corrosion resistance of electrodeposited nanostuctured materials.   

    5.1  Introduction 

 Electrodeposition of metals and alloys is of wide interest and fi nds application in 
a number of fi elds such as electroplating, electrowinning and electrorefi ning. 
Many items, from domestic components to advanced technological devices, are 
electrodeposited to impart an appealing appearance, endow them with specifi c 
surface engineering properties and protect them from corrosion (Pletcher, 1981). 
The electrodeposition technique involves deposition of a metal or alloy coating 
over a conducting surface by means of electrolysis from a well-formulated 
electrolyte known as a bath (Lowenheim, 1974), which can be an aqueous solution 
of a simple salt or a complex salt type. The discharge of a metal depends on its 
position in the electrochemical series (Glasstone, 1960) and the chemistry of the 
solution from which deposition is done. 

   5.1.1  Mechanism of electrodeposition 

 An electrolysis cell circuit consists of an anode (the positive electrode), a cathode 
(the negative electrode), an electrolytic bath, a current source and an ampere/volt 
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meter (Raub and Muller, 1967). Reduction and oxidation occur at the cathode and 
anode respectively due to metal ions and electrons that can cross the electrode–
electrolyte interface. The cathode is the conducting substrate on which 
electrodeposition is to be done; the anode can be either soluble or inert. The 
overall reactions taking place during electrolysis can be represented as Eq. 5.1 at 
the cathode, Eq. 5.2 at a soluble anode and Eq. 5.3 at an insoluble anode:

 M z+  + ne −  → M [5.1] 

 M → M z+  + ne −  [5.2] 

 H 2 O → 2H +  + 1/2 O 2  ↑ + 2 e −  [5.3]  

 In simple salt solutions, metal ions are present in bulk solution as hydrated 
ions; the metal ion when hydrated is represented as M(H 2 O)  x   

Z+ , where  x  is the 
number of water molecules in the primary hydration sheath. The reactions 
involved in the discharge process (Raub and Muller, 1967) of ions under the 
infl uence of an electric fi eld are the transport of hydrated ions towards the cathode 
surface, the alignment of water molecules in the diffusion layer, the removal of 
water molecules in the Helmholtz layer, discharge followed by adsorption of the 
ions at the cathode surface as ‘adatoms’, surface diffusion and the incorporation 
of adatoms into the crystal lattice at the growth point. A schematic representation 
of these steps is given in  Fig. 5.1 . 

   5.1     Schematic representation of steps in the cathodic deposition of 
metals.     
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 The mechanism of electrodeposition from complex electrolytes is more 
complicated than from simple salt solutions. In complex electrolytes, discharge of 
metal ions must be preceded by ligand removal, analogous to hydration sheath 
removal in simple salt solutions (Lyons, 1954). Electrodeposition from complex 
electrolytes occurs with a high over-potential (Ettel, 1984) compared with simple 
salt solutions, resulting in deposits of refi ned grain size, higher throwing power 
due to improved secondary current distribution and favorable conditions for 
codeposition of metals due to closer metal deposition potentials.  

   5.1.2  Fundamentals of metal deposition 

 Faraday’s laws provide the theoretical basis of electrodeposition (Antropov, 
1977). The quantity of metal deposited ( W ) at the cathode surface can be expressed 
as the product of quantity of total coulombs passed ( Q  c ) and the electrochemical 
equivalent of the metal ( z  c ):

  Q  c  = ʃ  I ∂ t  [5.4] 

  z  c  =  M  w  /  nF  [5.5] 

  W  = ʃ  I  ∂  t M  w  /  nF  [5.6]   

 where  I  is the current applied over a period of time  t, M  w  is the molar mass of the 
metal that undergoes electroreduction by taking  n  number of electrons and  F  is the 
Faraday constant. Electrodeposition reactions that take place in the cathode/
electrolyte interfacial region are heterogeneous and involve mass transfer and 
charge transfer steps. The rate of reduction, and hence the cathodic current, is 
determined by the slowest step among the sequence of steps.  

   5.1.3  Thermodynamics and kinetics of electrodeposition 

 The nucleation (Wang, 2006) on the electrode substrate is infl uenced by the 
crystal structure of the substrate, specifi c free surface energy, adhesion energy, 
lattice orientation of the electrode surface and crystallographic lattice mismatch 
at the nucleus–substrate interface boundary. The fi nal size distribution of the 
electrodeposits strongly depends on the kinetics of nucleation and growth; 
nucleation is of two types, instantaneous and progressive. In instantaneous 
nucleation, all the nuclei form instantaneously on the electrode substrate and 
subsequently grow with the time of electrodeposition. In progressive nucleation, 
the number of nuclei that are formed is a direct function of the time of 
electrodeposition. These nuclei gradually grow and overlap, and therefore the 
progressive nucleation process exhibits zones of reduced nucleation rate around 
the growing stable nuclei.   
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   5.2  Nanomaterials applied by electrodeposition 

   5.2.1  Nanomaterials 

 Nanostructured materials have gained importance due to their signifi cantly 
enhanced properties (Kadirgan, 2006; Gurrappa and Binder, 2008; Ashby  et al. , 
2009; Aliofkhazraei, 2011). As a material becomes more and more fi nely divided 
it reaches a point where the physical properties that the bulk material possesses 
begin to differ signifi cantly. Several new and non-equilibrium (metastable state) 
processing methods have been developed during the last few decades to improve 
the performance of existing materials. A novel method of transforming a material 
to a metastable state is to reduce its grain size to a few nanometers, at which 
the proportion of atoms in the grain boundaries is equivalent to, or higher than, 
those inside the grains. Materials with such small grain sizes are referred to 
as nanocrystalline (NC) materials (and also as nanocrystals, nanostructures, 
nanophase materials or nanometer-sized crystalline solids), and have much 
improved properties compared with those exhibited by conventional grain sized 
(>10 μm) polycrystalline materials. The combination of unique compositions and 
novel microstructures leads to the extraordinary potential of NC materials for a 
variety of structural and non-structural applications. 

 NC materials are single phase or multiphase polycrystals, the crystal size of 
which is of the order of a few (typically 1–100) nanometers in at least one 
dimension. They are normally classifi ed into different categories depending on the 
number of dimensions in which the material has nanometer modulations. They can 
be equiaxed and are termed nanostructure crystallites (three-dimensional (3D) 
nanostructures), or they can have a lamellar structure and are termed layered 
nanostructures (two-dimensional (2D) nanostructures), or they can be fi lamentary 
(one-dimensional (1D) nanostructures). Additionally, zero-dimensional (0D) atom 
clusters and cluster assemblies are also considered. The length and width are much 
greater than the thickness in layered nanocrystals, and the length is substantially 
larger than the width or diameter in fi lamentary nanocrystals. NC materials may 
contain crystalline, quasi-crystalline or amorphous phases and can be metals, 
ceramics or composites. Of the above materials, most attention has been paid to 
synthesis, consolidation and characterization of the 3D nanostructured crystallites, 
followed by those of 2D layered nanostructures. While the former are expected to 
be used in applications based on their high strength, improved formability and soft 
magnetic properties, the latter are intended for electronic applications. 

 In these materials with a small grain size of a few nanometers, the fraction of 
atoms in the grain boundaries is comparable to that in the grains. Therefore, NC 
materials can be considered to consist of two structural components, i.e. small 
crystallites with long-range order and different crystallographic orientations 
constituting the crystalline component, and a network of intercrystalline regions 
(grain boundaries, triple junctions, etc), the structure of which differs from region 
to region, referred to as the interfacial component. As a result of this, NC materials 
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exhibit a variety of properties that are different and often considerably improved 
in comparison with those of conventional coarse-grained polycrystalline materials. 
Due to their superior characteristics of strength/hardness, enhanced diffusivity, 
improved ductility/toughness, reduced density, reduced elastic modulus, higher 
electrical resistivity, increased specifi c heat, higher coeffi cient of thermal 
expansion, lower thermal conductivity, increased corrosion and wear resistance 
and superior soft magnetic properties, nanostructured coatings offer great potential 
for various applications  .

   5.2.2  Electrodeposition of nanomaterials 

 Among the diverse processes available, the electrochemical method is a well-
accepted technique for the synthesis of a wide range of nanostructured materials, 
e.g. metal nanoparticles, nanowires, nanofi lms, bulk NC metals, laminated 
composites, multilayered coatings and nanoparticle-reinforced composite 
coatings. Electrodeposition of a pure metal, or codeposition of an alloy from an 
electrolyte, takes place on the surface of the target, which is the cathode of the 
electrochemical system of the coating process. This process happens by applying 
an external current (direct or pulsed) to the electrodeposition system. By this 
method, 2D and 3D nanostructures of metals, alloys and nanocomposites have 
been deposited successfully. 1D nanostructure crystallites can also be prepared 
using the electrodeposition method by utilizing the interference of one ion with 
the deposition of the other. 

 Electrodeposition techniques can yield porosity-free fi nished products that 
do not require subsequent consolidation processing (Palumbo  et al. , 1991; 
Bakonyi  et al. , 1993). Further, the process requires low initial capital investment 
and provides high production rates with few shape and size limitations. 
Electrodeposition is an important technique for the fabrication of nanostructured 
materials, offering control over the structure, composition and properties, and 
thus facilitates the preparation of novel materials with enhanced properties 
that cannot be obtained by other techniques.  Table 5.1  lists some of the interesting 
applications of electrodeposited NC materials. Bicelli  et al.  (2008) provide 
a list of experimental methods that have been reported in the literature for 
the investigation of nano-electrodeposits and nano-electrodeposition systems. 
These methods encompass microscopy (electron microscopy and scanning-
probe techniques), spectroscopy (atomic absorption, characteristic X-rays, mass, 
Mossbauer, photoelectron, visible), diffractometry (electrons and X-rays), 
calorimetry, magnetometry and mechanical measurements (bending, indentations, 
stress, tensile testing, wear resistance). 

 The electrochemical deposition of nanostructured materials is a two-step 
process (Natter and Hempelmann, 2003) consisting of 1) the formation of a high 
nuclei number and 2) the controlled growth of the deposited nuclei. These two 
conditions can be realized by correct choice of the chemical and physical 
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process parameters. The size and the number of nuclei can be controlled by the 
over-potential  η :

    [5.7]  

 In this electrochemical version of the Kelvin equation (Budevski  et al. , 1996), 
 r  is the critical nucleation radius,  σ  the specifi c surface energy,  V  the atomic 
volume in the crystal and  z  the number of elementary charges  e  0 . This equation 
reveals that the higher the over-potential, the smaller the formed nuclei, and 
hence, by increasing the over-potential, we get a higher current density which is 
responsible for a high nuclei formation rate. Over-potential is an electrochemical 
term which refers to the potential (voltage) difference between a half-reaction’s 
thermodynamically determined reduction potential and the potential at which the 
redox event is experimentally observed. 

 Various electrochemical strategies have been pioneered and investigated 
for the fabrication of a variety of nanostructured materials (Erb  et al. , 2002). 
For example, electrodeposition offers novel routes to nanosized particles via 
arrested and templated electrodeposition. Electrodeposition yields grain sizes in 
the nanometer range when the electrodeposition variables (e.g. bath composition, 
pH, temperature, current density, etc) are chosen such that nucleation of new 
grains is favored rather than growth of existing grains (Clark  et al. , 1997). This 
was achieved by using high deposition rates, formation of appropriate complexes 
in the bath, addition of suitable surface active elements to reduce surface diffusion 
of adatoms and so forth.   

   Table 5.1     Electrodeposited nanomaterials and their applications  

Nanomaterials Applications

Cu Foil for printed circuit boards
Pb Battery grids
Ni, Ni-P, Zn Ni, Co, Co P Corrosion resistant coatings
Co-P, Ni-B4C Cr replacement coatings
Ni, Cu Electronic connectors
Co, Ni or Fe on Cu Electrical conductors
Ni-Fe Electromagnetic shielding
Ni, Co, Ni-Fe, Co-Fe Free-standing soft magnets
Ni-P Electrosleeve
Ni Mo Catalysts for hydrogen evolution
Ni, Fe, Co, Ni Fe Armor laminates
Ni, Ni-SiC, Ni-Al2O3, Co, Co-P Hard facing applications
Ni-Fe Magnetic recording heads
Ni-MoS2, Ni-BN Self lubricating coatings
Ni Fe, Co Fe Transformer core materials
Ni, Ni-SiC, Ni-P, Co, Co-P Wear resistant coatings
Ni on polymers Metal/polymer hybrids
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   5.3  Special techniques for grain size reduction 

   5.3.1  Use of pulse and pulse reverse currents 

 Pulse electrodeposition has proven to be one of the most effective methods 
in fabrication of nanostructured metal coatings. As compared with traditional 
direct current (DC) electrodeposition, pulse current (PC) electrodeposition offers 
more process controllable parameters which can be adjusted independently and 
can withstand much higher instantaneous current densities. Therefore, metal 
coatings fabricated by pulse electrodeposition possess more unique compositions 
and microstructures than can be obtained by DC electrodeposition. A large body 
of theoretical research has been carried out over the years by Cheh (1971), Chin 
(1983), Ibl (1980) and Yin (1996) and an overview of the effect of pulse 
electrodeposition on the composition and microstructure of metal coatings has 
been presented by Landolt and Marlot (2003). The broad selection of the 
appropriate bath chemistry and plating parameters like pulse current density, time 
on/off and duty cycle provides the fl exibility to control structure, morphology 
(crystallite size and shape) and composition of materials. Average current density 
in pulse plating is given by the equation (Natter and Hempelmann, 2003):

    [5.8]  

 where  t  on ,  t  off  and  I  pulse  stand for on time, off time and pulse current density. As 
per the equation relating the critical nucleation radius  r  and over-voltage 
 η  (Eq. 5.7), by applying a high over-voltage/high current density a high nuclei 
formation rate can be achieved, but this can be maintained for only a 
few milliseconds ( t  on ) because the metal ion concentration in the vicinity of the 
cathode decreases drastically and therefore the process becomes diffusion 
controlled. But in pulse deposition the current is switched off for 20–100 ms 
( t  off ). During the off time, the metal ions diffuse from the bulk electrolyte to the 
cathode and compensate the metal ion depletion. In this break a second effect is 
observed due to exchange currents: Ostwald ripening sets in and causes crystallite 
growth. 

 Based on these facts, there are several possibilities to control the crystallite 
size: the crystallite size can be decreased by increasing the current density for 
a constant  t  on ; the crystallite size can be increased for long  t  off  due to 
Ostwald ripening; the use of organic additives (grain refi ners) enables the control 
of the crystallization process during the  t  off  time because these molecules are 
adsorbed on the electrode surface in a reversible way and hinder the surface 
diffusion of the adatoms; and changing the temperature infl uences all diffusion 
processes (ion diffusion in the electrolyte, surface diffusion of the nuclei) – if 
small crystallite sizes are desired, the deposition should be performed at lower 
temperatures. 
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 Natter and Hempelmann (1996) demonstrated that, in the pulsed electrochemical 
deposition of NC copper, the nanostructure of the resulting material can be 
deliberately tuned by taking appropriate physical measures (parameters of the 
current pulses and temperature) and chemical measures (chemical composition 
of the bath, the concentration of the metal ions and the pH value). They proposed 
an atomistic deposition mechanism that allows the interpretation of this 
phenomenon as subtle interplays between nucleation, physisorption and 
grain growth processes. A large cathodic over-potential favors a high nucleation 
rate, resulting in the formation of crystallite nuclei in large quantities but 
small size. The necessary huge current density cannot be achieved for DC 
electrolysis because of ionic transport limitations in the electrolyte. But huge 
current densities are feasible as peak current densities in short current pulses, 
because in this way suffi cient ionic transport takes place in the off times between 
two pulses provided these times are long enough and there is suffi cient stirring in 
the electrolyte. 

 The effect of plating parameters on average crystallite size and hardness of 
three Cu–Ni alloys A, B and C prepared from a citrate bath (Ghosh  et al. , 2000) 
by pulse and DC plating methods is shown in  Table 5.2  (Ghosh  et al. , 2006). 
The grain size was measured from a transmission electron microscopy (TEM) 
micrograph using comprehensive image analysis software. The crystallite size of 
the DC-plated NC-C alloy was larger than that of pulse-plated alloy (NC-A) 
deposited under the same average current density,  I  ave  = 2 A dm −2 . The crystallite 
size decreases with the increase in average current density applied during pulse 
plating. The microhardness was found to be higher for PC-plated alloys than for 
the DC-plated alloys, which, although NC, had a larger crystallite size. The 
hardness value increased with the decrease in grain size and the increase in Ni 

   Table 5.2     Effect of DC and PC plating parameters on average crystallite size and 
hardness of Cu–Ni  

Samples Description Deposition conditions Microhardness 
KHN50

Average 
crystalline 
size (nm)

NC-A PC 35.8 wt% Cu f = 100 Hz, Ip = 20 A dm−2 452 12.7
Ia = 2 A dm−2, RT, pH 9

NC-B PC 26.0 wt% Cu f = 50 Hz, Ip = 20 A dm−2 736  6.6
Ia = 4 A dm−2, RT, pH 9

NC-C DC 30.6 wt% Cu Ia = 2 A dm−2, RT, pH 9 400 27.8

D Monel-400 — 260 15 000

   Note:  I  p  – pulse current density,  I  a  – average current density,  f  – pulse frequency  

  Source: Ghosh  et al.  (2006)     
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content of the alloy. The observed hardness value for conventional Monel 400 
(KHN 50  = 260) was much lower than electrodeposited NC alloys. X-ray diffraction 
(XRD) pattern ( Fig. 5.2 ) showed from its observed peak broadening effect that the 
deposited alloys were nanocrystalline in nature in both PC and DC deposition 
conditions (Ghosh  et al. , 2006). 

 Pulse reverse current (PRC) technique enables intentional adjustment of the 
nanostructure (grain size, grain size distribution, microstress) which is responsible 
for the physical and chemical properties by introducing anodic pulses during cathodic 
pulsed current. The average current in the PRC technique is given by the equation:

    [5.9]  

 where  I  c  and  I  a  stand for cathodic and anodic current density,  t  c  and  t  a  for cathodic 
and anodic time. 

 The PRC technique was used by Natter and Hempelmann (2003) for stabilization 
of nanostructured nickel crystallites by a homogeneous distribution of nickel 
oxide into the grain boundaries. A tartrate bath containing nickel sulfate, potassium 
sodium tartrate, ammonium chloride and saccharin was used with a cathodic pulse 
and an anodic pulse. By controlling the anodic pulse current density, the content 
of nickel oxide could be changed ( Table 5.3 ). By this method, nano Ni (crystallite 
size 19 nm), intentionally doped with defi ned oxygen amounts of 956, 1805 and 
6039 ppmw, was produced. 

 Wang  et al.  (2005) showed that a suitable electrodeposition method plays 
an important role in determining the microstructure, hardness and wearing 
behavior of composite coatings through preparation and characterization of 
Ni–ZrO 2  composite nanocoatings by DC, PC and PRC electrodeposition. 
Ni–ZrO 2  composite coatings exhibit higher hardness, less friction and better wear 

   5.2     XRD pattern of pulse-plated NC-A and DC-plated NC-C alloys 
(Ghosh et al., 2006).     
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resistance than those of pure nickel coatings which were prepared under the same 
electrodeposition conditions. PC and PRC composite coatings exhibited lower 
wear weight loss than that of DC composite coatings.  

   5.3.2  Template-assisted deposition 

 Template-assisted electrodeposition is another important technique for 
synthesizing metallic nanomaterials with controlled shape and size. Arrays of 
nanostructured materials with specifi c arrangements can be prepared by this 
method (Bera  et al. , 2004; Gurrappa and Binder, 2008). Template synthesis of 
nanomaterials is reported widely (Furneaux  et al. , 1989; Martin, 1994; Hulteen 
and Martin, 1997; Schonenberger  et al. , 1997; ElGiar  et al. , 2000; Tiginyanu 
 et al. , 2008; Baranov  et al. , 2010) .

 Template-assisted electrodeposition processes can be broadly divided into 
two types: active template assisted and restrictive template based. The formation 
of nanostructures in active template synthesis results from the growth of 
nuclei that invariably nucleate at the holes and defects of the electrode substrate. 
The subsequent growth of these nuclei at the template yields the desired 
surface morphology of the nanostructures, which can therefore be synthesized by 
choosing an electrode with an appropriate surface. Highly oriented pyrolytic 
graphite (HOPG), for example, is used extensively as an electrode substrate for 
the electrodeposition of silver, gold, molybdenum, palladium and platinum 
nanostructures. Electrodeposition initiates at the step edges, dislocations and 
defect sites of the electrode surface.  Table 5.4  presents the various active template 
substrates used for template-assisted electrodeposition of metallic nanostructures 
(Bera  et al. , 2004). 

 Another method of template-assisted synthesis, mainly used for the growth of 
metal nanowires, involves the deposition of metal into the cylindrical pores or 
channels of an inert, non-conductive nanoporous electrode material. Track etch 
membranes, porous alumina, nanoporous conductive rubber polymers, metals, 
semiconductors, carbons and other solid materials have been used as templates to 
prepare nanometer-sized particles, fi brils, rods and tubules. The experimental set 

   Table 5.3     Process parameter used for nano nickel deposition by pulse reverse plating  

ton cathodic 
(mS)

Icathodic 
(mA/cm2)

ton anodic 
(mS)

Ianodic 
(mA/cm2)

toff 
(mS)

O content 
(ppmw)

1 1250 1  −200 48  956

1 1250 1  −500 48 1805

1 1250 1 −1000 48 6039

   Source: Natter and Hempelmann (2003)    
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up showing the electrochemical cell along with a restrictive template for 
electrodeposition is schematically presented in  Fig. 5.3  (Bera  et al. , 2004). Various 
electrode substrates used for restrictive template-based electrodeposition of 
metallic nanostructures are presented in  Table 5.5  (Bera  et al. , 2004). 

            5.3.3  Use of additives and grain refi ners 

 Natter and Hempelmann (1996) demonstrated that the main reasons for the 
nanocrystal formation are over-potential phenomena (high nucleation rate) and 
adsorption/desorption processes of inhibiting molecules (slow grain growth). In a 
detailed description of the infl uence of organic additives like coumarin, saccharin, 
dimethyl aminopropyne and sodium allyl sulfonate on the microstructure of 

   Table 5.4     Various active template substrates used for electrodeposition of metallic 
nanostructures  

Template substrate Elements 
deposited

Size and shape of 
nanostructures

Reference

Highly oriented 
pyrolytic graphite 
(HOPG)

Ag Flat island of diameter 
0.29 nm

Vazquez et al. (1992)

Clusters of 10 nm 
diameter

Potzschke et al. (1995)

Disc (diameter 20–60 nm 
and height 1.5–5 nm)

Zoval et al. (1996)

Au Aggregate (size 500 nm 
and height 70 nm)

Martín et al. (1997)

Mo Nanowire of 15 nm 
diameter

Zach et al. (2000)

Pd Island of 200–300 nm 
grain size range

Gimeno et al. (2002)

Two-dimensional 
branched island 
(100–160 nm)

Gimeno et al. (2001)

Mesowires of grain size 
50–300 nm

Favier et al. (2001)

Pt — Zoval et al. (1998)

Graphite Pd — Bera et al. (2004)

surface Ni Spherical particles of 
20–600 nm size

Zach and Penner (2000)

Al foil with laser 
hole

Pd Arrays of nanoparticles 
with 5 nm diameter

Bera et al. (2003)

Stainless-steel 
grain interior

Pd Agglomerated particles 
(average size 70 nm)

Bera et al. (2004)

Carbon tape Pd Meso-sized particles Bera et al. (2004)
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   5.3     Schematic electrode arrangement for the synthesis of nanowires 
through restrictive template-assisted electrodeposition (Bera et al., 
2004).     

  Table 5.5     Various restrictive template substrates used for electrodeposition of 
metallic nanostructures 

Template substrate Deposited material Size and shape of 
nanostructures

Reference

Nanoindented holes Ni–Fe island Diameter of 5 nm Carrey et al. (2002)

Polyethylene glycol 
and polyvinyl 
pyrrolidone

Nanostructured Pd Surface area 50 
m2g−1

Tsirlina et al. (2002)

Semiconductor 
InAs quantum well

Magnetic nanowires 
Co nanowires

Magnetic nanowire 
of width 20 nm

Fasol and Runge 
(1997)

Mesoporous silica Ni and Co Dimension not 
reported

Aranda and García 
(2002)

Pd nanowire Nanowires with 
30 nm diameter

Whitney et al. (1993)

 — Diameter of 7 nm Wang et al. (2003)

Source: Bera  et al.  (2004)

nickel deposits, Dennis and Fuggle (1967) discussed the inhibition of grain growth 
by additives. Results showing the effect of saccharin on reduction of grain size 
to ~ 25 and 15 nm in DC plating of nickel (Rashidi and Amadeh, 2009) and Ni–Cu 
alloys (Cui and Chen, 2008) are reported. 
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 To study the effects of organic additives on the structure of gold deposited from 
a conventional gold(I) sulfi te bath under pulse plating conditions at an average 
current density of 3 mA/cm 2 , Natter and Hempelmann (2003) used a compound 
with free amino groups (butanediamine), a complex former (diammonium 
EDTA) and an agent with a sulfur component (saccharin). For the electrolytes 
free of additives, crystallite sizes in the range of 100 nm were obtained. Upon 
addition of a very small amount of the additive butanediamine, a strong reduction 
(about a factor of two) in the crystallite size was observed ( Fig. 5.4 ). These three 
compounds can be classifi ed in three groups. Butanediamine shows the best 
activity, whereas the minimum crystallite size that can be achieved with 
diammonium EDTA or saccharin is 40 and 54 nm. This behavior shows that the 
free electron pairs of the nitrogen atoms in butanediamine interact strongly with 
the gold surface and therefore the inhibiting effect is very strong. It was shown 
that the additives function through an adsorption process and are not occluded in 
the deposit. 

 Additives were found to be effective as grain refi nement agents, grain coarsening 
agents and texture forming agents. A possibility to increase the cathodic over-
potential is to decrease the concentration of free metal ions, which can be achieved 
by complex formation. For this reason a small grain size can be expected for the 
deposition from a bath with a strong complex former. Natter and Hempelmann 
(1996) focused on the effects of organic additives such as different carboxylic 
acids and organic amines on the nanostructure and grain size of copper deposited 
from an acid copper bath at average pulse current density of 1.25 A/cm 2 . The 

   5.4     The activity of different grain refi ners (butanediamine, ammonium 
ethylenediaminetetraacetic acid, benzosulfi mide) on the nanostructure 
of gold deposits (Natter and Hempelmann, 2003).     
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interaction of citric acid and disodium EDTA with the metal surface is a reversible 
physisorption, whereas tartaric acid irreversibly blocks the low-energy growth 
sites and an oriented grain growth takes place. Malonic acid is an activator 
substance because it removes the water molecules from the inner Helmholtz plane 
and the copper ions can discharge easily. The exchange current is the main reason 
for the grain growth, which takes place during the off times between the pulses in 
such a way that larger grains grow at the expense of smaller ones, with the 
interface energy as the driving force. Grain growth is hardly avoidable, but it 
should occur only for a short off time and only at a low rate. 

 To limit the time of grain growth, the off time between two current pulses has to 
be optimized as short as possible and as long as necessary for the recovery of the bulk 
ion concentration in the depleted layer in the vicinity of the cathode. For NC 
copper deposits prepared from a citrate bath, small crystallite size (10 nm) was 
observed for longer off times. This is achieved because of the addition of organic 
inhibitor molecules, which adsorb during the off time on the freshly deposited layer 
and thus, if the adsorption enthalpy is suffi ciently large, severely inhibit the ion 
exchange processes. For short off times only a small fraction of the inhibitor 
molecules reach the growth sites because of the slow diffusion rate of the large 
organic molecules. Simultaneously, these adsorbed large molecules inhibit the 
surface diffusion of adatoms, which represents another mechanism of grain growth. 
The adsorbed organic molecules also have a certain inhibiting effect on the ion 
deposition during the pulse, but, since the strong cathodic polarization, and thus 
the driving force for the electrodeposition, is very large, organic molecules 
adsorbed with not too large adsorption enthalpy are easily replaced. Therefore, the 
free enthalpy of adsorption must be large enough to disturb the ion exchange between 
the pulses (inhibition) but not too large to prevent desorption during the pulses 
(passivation). 

 Citric acid and disodium EDTA fulfi ll these requirements.  Figure 5.5  shows the 
XRD pattern of copper deposits with increasing concentration of citric acid, which 
show an increasing line width and decrease in particle size from >50 to 11 nm. This 
is explained in terms of the inhibition of growth sites by the additive. At low 
concentrations, not all active sites are occupied and the growth of the copper deposit 
advances unlimited at active zones, resulting in larger particle sizes. For higher 
concentrations, the active sites are hindered by the inhibitor molecules and the 
copper ions are forced to occupy other areas, resulting in reduction of grain growth. 

 Natter and Hempelmann (2003) reported that, in alloy deposition, the best way 
to vary the crystallite size without a change of the alloy composition was the use of 
additives as grain refi ners. In a Fe–Ni alloy deposition study, the variation of the 
crystallite size by the variation of the pulse parameter was impossible because this 
changed the alloy composition also. A Ni0.8Fe0.2 alloy with a crystallite size of 
37 nm was obtained from a bath free of additives, but on addition of saccharin 
(1 g/l) the crystallite size decreased (16 nm) without a change in the alloy 
composition   .
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   5.4  Electrodeposited nanomaterials 

   5.4.1  Metals such as nickel, cobalt, iron, copper, zinc 
and chromium 

 Nanocrystalline deposits of Ni (Natter  et al. , 1998), Co (Przenioslo  et al. , 2001a), Fe 
(Natter  et al. , 2000), Cu (Natter and Hempelmann, 1996) and Cr (Przenioslo  et al. , 
2001b) with crystallite sizes between 10 and 100 nm prepared by pulse 
electrodeposition are reported. The grain size distribution in NC copper deposited 
by pulse deposition from an acid copper bath containing citric acid studied by TEM 
and scanning electron micrography (SEM) are shown in  Fig. 5.6  and  5.7  (Natter and 
Hempelmann, 1996) .

 Electroplated nickel is a relatively soft material with hardness ∼230 VHN, but 
coatings with NC structure exhibit higher microhardness values of 600 to 640 
VHN as-plated (Hui and Richardson, 2004; Brooman, 2005). NC nickel of about 
17 nm size produced by electrodeposition signifi cantly enhances the electrocatalytic 
activity for hydrogen evolution due to the increased density of active surface sites 
(Haseeb  et al. , 1993). Electrochemically prepared Co nanofi lms exhibit three to 
fi ve times greater coercivity (Hc) than polycrystalline Co (Bartlett  et al. , 2001) .

 Fabrications of arrays of nickel and cobalt nanowires have been reported through 
electrodeposition at constant potential (Whitney  et al. , 1993). In order to fabricate 

   5.5     X ray diffraction patterns (111 refl ection) of nanocrystalline copper 
deposits prepared from electrolytes with variable citric acid content 
(Natter and Hempelmann, 1996).     
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   5.6     Transmission electron micrograph of NC copper; the most frequent 
grain size is 15 nm (Natter and Hempelmann, 1996).     

   5.7     Scanning tunneling microscopy measurement of NC copper 
deposit (Natter and Hempelmann, 1996).     
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arrays of nanowires on a polycarbonate porous membrane, a copper fi lm was fi rst 
sputter-deposited to make the working electrode. The electrodeposition solution 
was confi ned to the bare side of the membrane so that deposition 
was initiated onto the copper fi lm through the pores. It was observed that the 
electrodeposition current was directly proportional to the area of electrodeposits at 
any given potential under a pseudo-steady state condition. Nickel nanoparticles 
with a narrow size distribution have been electrodeposited on a graphite surface 
using the hydrogen coevolution method (Zach and Penner, 2000). The 
electrodeposition of metal at large over-potential invariably results in instantaneous 
nucleation, which is non-selective, mostly due to the formation of a large number of 
nuclei on defect-free terraces, as well as at defects such as step edges on the surfaces. 
The nuclei density is expected to be of the order of 10 9  cm −2 . The dependence of the 
number of nuclei on time was investigated by Milchev  et al.  (1974) in a wide range 
of voltage intervals using different glassy carbon electrodes and the data for the 
steady state nucleation rate interpreted on the basis of both classical and atomistic 
concepts of nucleation phenomena. Fe nanowires were electrodeposited into the 
holes of porous anodic aluminum oxide (AAO), which was prepared 
electrochemically (Yang  et al. , 2000). Magnetic measurements showed that its easy 
magnetization direction is perpendicular to the sample plane. This type of nanowire 
array has potential applications in perpendicular magnetic recording  .

   5.4.2  Precious metals such as gold, silver and platinum 
group metals 

 The voltammetric behavior of gold nanowire arrays prepared by the electrochemical 
method showed a signifi cant enhancement of the ratio between the total 
electrolytically exposed surface area and the surface area accessible by diffusion 
in comparison with macroscopic fl at gold electrodes (Kunoshi  et al. , 2000). The 
electrodeposition of gold on HOPG from acidic aqueous solutions was studied 
by Martín  et al.  (1997) using electrochemical techniques complemented with 
 ex situ  scanning tunneling microscopy. The kinetics of gold electrodeposition are 
consistent with a nucleation and 3D growth process. A model including a potential 
dependent energy barrier at step edges accounts for the morphology transition for 
gold electrodeposition on HOPG. It was shown that dendritic aggregates are 
produced when the gold surface is negatively charged at a potential less than the 
potential of zero charge. Such growth behavior results from the anisotropic corner 
surface diffusion caused by the varying energy barriers for the diffusion of surface 
atoms at step edges, as has been observed for metal deposition from vapor. 
Rounded kinked gold crystals are formed when the gold surface is positively 
charged at potential greater than the potential of zero charge. This was attributed 
to the leveling and lowering of barrier heights at step edges induced by chloride 
ion adsorption on gold aggregates. 
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 Natter and Hempelmann (2003) investigated the deposition of NC gold samples 
from a proprietary gold (I) sulfi te bath under pulse current conditions. The pulse 
current density ( I  pulse ) was optimized keeping  t  on  and  t  off  at constant value 
( Fig. 5.8 ). The smallest crystallite size of 12 nm was obtained at an  I  pulse  value of 
0.5 A/cm 2  and powder formation was observed on the electrode surface at higher 
current densities. The effect of the  t  off  on the nanostructure of the deposits is shown in 
 Fig. 5.9 ; the smallest crystallites can be found for the shortest off times, which supports 
the assumption of the recrystallization process of the nuclei during the off time. 

 Zhu  et al.  (2001) prepared silver nanorods by an electrochemical technique from 
an aqueous solution of AgNO 3  in the presence of polyethylene glycol (PEG), and 
found that the concentrations of AgNO 3  and PEG affect the formation of nanorods. 
Suarez  et al.  (2007) optimized a pulse reverse plating sequence of cycles consisting 
of several cathodic pulses and a small anodic pulse for the deposition of high 
conductivity nanocoatings of silver with grain size of 40–50 nm from a cyanide 
plating bath. Gong  et al.  (2009) showed that, by introducing ultrasonic power in a 
non-cyanide silver bath, (111) and (200) crystal plane orientation in the deposit 
signifi cantly improved and the grain sizes decreased. The electrodeposition study 
of silver on the HOPG substrate (Potzschke  et al. , 1995) using  in situ  scanning 
tunneling microscopy revealed that at low over-potentials the deposition process 
on the atomically fl at terraces of HOPG was inhibited because of weak substrate 
deposit interaction leading to preferential silver deposition at step edges and other 
surface defects. Such step-edge deposition involves the preferential nucleation and 
subsequent growth of nanoparticles on a certain crystal surface. A potentiostatic 
pulse method was used (Zoval  et al. , 1996) to electrochemically deposit silver 

   5.8     The dependence of crystallite size on the pulsed current density 
for gold deposited from a commercial sulfi te bath (Natter and 
Hempelmann, 2003).     

�� �� �� �� �� ��

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



104 Corrosion protection and control using nanomaterials

© Woodhead Publishing Limited, 2012

nanocrystallites on the atomically smooth graphite basal plane surface. The 
particles were disc shaped and well separated, with a height of 1.5–5 nm and an 
apparent diameter of 20–60 nm. 

 Electrochemically deposited nanostructured platinum metals exhibit higher 
catalytic performance and stability for various catalytic reactions, as well as 
unique magnetic properties, compared with conventional metals (Forrer  et al. , 
2000). The pulse electrodeposition method for nanostructured Pd is reported by 
Natter  et al.  (1996). Favier  et al.  (2001) attempted to fabricate hydrogen sensors 
and switches with the help of palladium nanoparticles electrodeposited onto the 
graphite step edges. Stable, two-dimensionally branched palladium islands, 100–
160 nm in size, were electrodeposited (Gimeno  et al. , 2001) on HOPG from an 
aqueous acidic palladium chloride solution with an excess of sodium perchlorate 
at a potential of a few millivolts above the threshold potential of the hydrogen 
evolution reaction. Platinum nanocrystals were deposited (Zoval  et al. , 1998) on 
the basal plane of HOPG from dilute (1.0 mM) PtCl 6  

2−  containing electrolytes 
using a pulse potentiostatic method. The deposition of platinum nanocrystals 
occurred via an instantaneous nucleation and diffusion limited growth mechanism 
which resulted in a narrow particle size distribution for mean crystallite diameters 
smaller than 40 Å. 

 Since electrodeposition occurs at the defect sites, arrays of palladium 
nanoparticles were synthesized by Bera  et al.  (2003) by electrodepositing them on 
the surface of an aluminum layer obtained from a digital video disc (DVD) that 
usually has a 50 μm thick aluminum layer between two polycarbonate layers. The 

   5.9     The effect of off time on the nanostructure of gold deposits (Natter 
and Hempelmann, 2003).     
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aluminum layer with arrays of laser holes was exposed by peeling off one 
polycarbonate layer, and palladium nanoparticles from a palladium chloride 
solution were electrodeposited on the holes. Pits in the aluminum layer were 
created during data recording, and palladium nanoparticles preferentially 
deposited into the pits, making arrays of metallic nanoparticles. Bera  et al.  (2004) 
reported results which strongly indicate that the surface of the active template 
plays an important role in shape and size distribution of metallic nanoparticles 
during electrodeposition. 

 Palladium nanoparticles deposited on a freshly cleaved graphite surface were 
faceted and their shape was mostly spherical. Nuclei were formed at almost all 
parts of the electrode surface; however, the presence of a large number of 
nanoparticles near the edges and boundaries indicates a preferential nucleation 
process. In a study on the growth of the palladium nuclei on an AISI 316 grade 
stainless steel electrode followed by SEM studies, it was found (Bera  et al. , 2004) 
that, although nucleation occurred preferentially at the grain boundaries, extensive 
growth took place only for nuclei within the grain interior during electrodeposition. 
The probable reason for the discrepancy in deposition of palladium particles on 
the grain rather than on the grain boundary may be due to the presence of oxide 
ridges at the grain boundaries of stainless steel, where the formation of chromium 
oxide is easy at room temperature. The role of amorphous carbon substrate as a 
template for the electrodeposition of palladium showed that, although the template 
consists of carbon, the shape of the electrodeposited metallic particle differs from 
that of the cleaved graphite surface. The nuclei formed at random locations, fractal 
growth behavior was observed and the attachment between the deposits and 
carbon substrate was weak. 

 The synthesis of Pt metal nanowires and nanotubes electrochemically deposited 
through nanoporous membranes was reported by Ichikawa (2000). Palladium 
deposits with high specifi c surface areas, up to 50 m 2  g −1 , have been synthesized 
by Tsirlina  et al.  (2002) from palladium chloride solutions with additions of 
polyethylene glycol and polyvinyl pyrrolidone. Details of the globular structure 
of the deposits depend on the polymer additives. A comparison with 
electrochemically determined true surface areas demonstrates the coalescence of 
nanoparticles. Wang  et al.  (2003) electrochemically synthesized thin fi lms 
composed of ordered arrays of palladium nanowires using silica mesoporous 
channels. Mesoporous channels were deposited on a conductive glass substrate. 
In this method, nanowires with face-centered cubic crystal structure are 
continuously deposited from the conductive substrate upward until the mesoporous 
channels are fi lled.  

   5.4.3  Nanocrystalline alloys 

 To obtain hardness value comparable to hard chromium coatings, NC (15 to 
20 nm grain size) electroplated Ni–Co alloys were considered, as they exhibit 
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microhardness values in the range of 820 to 900 VHN (Hui and Richardson, 
2004; Brooman, 2005). When these were heat treated, precipitation hardening 
occurred and microhardness values as high as 1000 to 1150 VHN were 
obtained. Electrodeposition of NC cobalt alloy coatings (Prado  et al. , 2009), as 
an environmental alternative to hard chrome deposits under the strategic 
environmental research and development program for the US Defense Department, 
reveals that nano CoP exhibits properties equivalent to (and in many ways 
better than) hard chromium-like high hardness, enhanced ductility, lower wear 
rates, superior corrosion resistance and no issues with hydrogen embrittlement 
after baking. The nano CoP process differs, however, in that it uses pulse plating 
technology for controlling and building fully dense, nano grain size (5 to 15 nm) 
deposits leading to improved material properties. As a result of Hall–Petch 
strengthening, NC alloys such as nano CoP display signifi cant increases in 
hardness and strength. The nCoP exhibits hardness in the range of 530–600 VHN 
as deposited. A further increase in hardness can be obtained by annealing the 
deposited material through a precipitation hardening mechanism, to induce the 
precipitation of Co phosphides from supersaturated solid solution at elevated 
temperatures. 

 Fasol and Runge (1997) deposited magnetic permalloy (Ni–Fe) nanowires on 
the edge of an InAs quantum well. Carrey  et al.  (2002) used a nanoindented 
Al 2 O 3 /Al foil to preferentially electrodeposit Ni–Fe nanoparticulate arrays from 
an electrodeposition bath containing a solution of nickel and iron sulfate. Ni–Cu 
alloys had earlier been used mainly for decorative purposes; in recent times there 
has been a renewed interest in the electrodeposition of NC Ni–Cu alloys (Quang 
 et al. , 1985; Chassaing  et al. , 1987; Cherkaoui  et al. , 1988; Ying, 1988; Roy  et al. , 
1994). This alloy is a component in multilayers of Cu Ni/ Cu which show giant 
magnetoresistance (GMR) properties and fi nd application in magnetoresistive 
devices (Kazeminezhad  et al. , 2004). 

 Pulse electrodeposition of nano Cu–Ni alloys was reported by Natter  et al.  
(1998). NC Ni–Cu alloys having average grain size in the range 2–30 nm have 
been synthesized under pulse as well as DC plating conditions (Ghosh  et al. , 
2006). High-resolution electron microscopic (HREM) examination revealed that 
deposited NC alloys were dense in nature. 

 The deposition of Fe–Ni alloys is of industrial interest because these materials 
fi nd applications in electronic devices (e.g. PC hard disk). The most popular 
alloys are Permalloy (soft magnetic properties) and Invar (very low thermal 
expansion). The magnetic and mechanical properties of Fe–Ni alloy can be 
designed by nanostructuring. Natter and Hempelmann (2003) used an electrolyte 
containing 40 g/l NiSO 4 , 20 g/l (NH 4 )Cl, 20 g/l Na citrate, 5 g/l citric acid, 1 g/l 
saccharin, 45 g/l boric acid and a variable content of iron (II) ammonium sulfate. 
The pulse parameters used were  t  on  2 ms,  t  off  48 ms and  I  pulse  250 mA/cm 2 . For 
different concentrations of iron salts, alloys (crystallite size, 16–19 nm) with iron 
content between 0 and 71 mol% could be obtained.  
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   5.4.4  Nanocomposites 

 Electrodeposition of nanocomposite coatings refers to electrolysis in which 
nanosized particles are suspended in electrolyte and are embedded in the 
electrodeposited solid phase, imparting special properties depending on the 
degree and type of nanoparticle incorporation in the deposit. The insoluble 
powders added to the composite electrodeposition solution can be oxides, carbides 
or nitrides, such as SiO 2 , Al 2 O 3 , ZrO 2 , TiO 2 , SiC, WC and Si 3 N 4 , or diamond, and 
can also be solid lubricant materials such as PTFE, graphite or MoS 2 . The excellent 
performance of electrodeposited composite coatings, especially in mechanical 
and chemical processes, accounts for the widespread use of this technique (Ferkel 
 et al. , 1997; Benea  et al. , 2001). 

 Ni–SiC nanocomposite coating, which is simultaneously composed of both NC 
Ni matrix and dispersed inert SiC nanoparticles, has been fabricated by the 
ultrasonic electroplating technique in a modifi ed Watts bath containing SiC 
nanoparticles by Cai  et al.  (2010). The infl uence of mechanical stirring and 
ultrasonication on the surface morphology, microstructure, anticorrosion property 
and electrocatalytic activity for hydrogen evolution of the obtained NC Ni–SiC 
nanocomposite fi lm showed that mechanical stirring prevents the sedimentation 
of the inert particles suspended in solutions, while ultrasonication prevents the 
particles’ agglomeration. In the case of only mechanical stirring to disperse the 
SiC nanoparticles, the composite surface was caulifl ower-like, while in the case 
of both mechanical stirring and ultrasonication the obtained Ni–SiC composite 
fi lm was much smoother and composed of particles with a mean diameter of 
42.9 nm, and the SiC particles were uniformly dispersed into the Ni matrix. 

 Parida  et al.  (2010) reported on the use of stirring and ultrasonic agitations to 
resist agglomeration of ultrafi ne particles in a plating bath for the preparation of a 
homogeneous coating of nanoscale TiO 2  (∼30 nm) dispersed nickel on steel 
substrate by DC deposition from Watts nickel solution. TiO 2  nanoparticle 
reinforced Ni composite coatings obtained by electrodeposition exhibit unusual 
photoelectrochemical characteristics, which can be used to study electronic 
transitions in semiconductors (Li  et al. , 2002). 

 Gul  et al.  (2008) discussed the electrodeposition, increased surface hardness 
and wear resistance of electrodeposited Ni–Al 2 O 3  and Ni–SiC nanoparticle 
reinforced metal matrix composite (MMC) coatings. Electrochemically layered 
copper nickel nanocomposites exhibit considerable enhancement in hardness in 
comparison with pure Ni (Simunovich  et al. , 1994). The addition of nanometer-
sized aluminum oxide particles to a Watts nickel electrolyte produced a Ni matrix 
composite with signifi cantly improved hardness, according to Li  et al.  (2005). 
The hardness was dependent on the type of titanium dioxide added; in general, 
anatase nanoparticles (∼12 nm diameter) gave better results than rutile 
microparticles (~1000 nm). Erler  et al.  (2003) produced a series of nickel 
nanoceramic composites, with codeposition of particles of Al 2 O 3  and TiO 2  in the 
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nanometer range (10–30 nm) and with successful incorporation of particles up 
to 2 vol%. Codeposition of these ceramic nanoscaled particles during the 
electroplating process brings improvement in technical properties. 

 Preparation of nano Ni–TiN coatings by ultrasonic electrodeposition on the 
surface of mild steel was investigated by SEM, atomic force microscopy (AFM), 
high-resolution transmission electron microscopy (HRTEM) and XRD by Xia 
 et al.  (2010). The AFM results indicate that moderate ultrasonication led to 
homogeneous dispersion of TiN particles in the coatings. HRTEM and XRD 
results demonstrate that the average diameter of Ni grains and TiN particles were 
approximately 60 nm and 40 nm, respectively. The Ni–TiN nanocoatings greatly 
improved the microhardness of the surface. 

 Novel Ni-based nanostructured coatings with high temperature oxidation 
resistance were fabricated (Peng  et al. , 2004) by composite electrocodeposition. 
The electrodeposited nanocoatings were prepared from a nickel sulfate electrolyte 
bath with the addition of Cr nanoparticles of average size 39 nm, or Al nanoparticles 
of size ~ 75 nm. The Cr or Al nanoparticles were dispersed among the NC Ni 
grains. The nanocomposites Ni10.9Cr at 900°C and Ni28.0Al at 1050°C exhibited 
superior oxidation resistance as a result of the formation of a continuous chromia 
or alumina scale respectively. It was proposed that the dispersion of Cr or Al 
nanoparticles among the NC Ni grains greatly increased the surface density of the 
nucleation sites for Cr 2 O 3  or Al 2 O 3 ; simultaneously, the nanostructured coatings 
favored rapid healing of the narrowed Cr 2 O 3  or Al 2 O 3  nuclei during a very short 
transient period, which consequently led to the suppression of NiO growth. 

 Nanostructures form protective oxidation scales with superior adhesion to the 
substrate (Gao  et al. , 2004). The high density of grain boundaries provides fast 
diffusion paths, promoting selective oxidation of protective oxide scales. The 
fi ne-grained coatings and/or the fi ne-grained oxide scales show a fast creep rate at 
high temperatures, which can release the stresses accumulated in the scales, 
thereby reducing the scale spallation tendency. The oxides formed on NC coatings 
are micro-pegged onto the grain boundaries to form a complex interface that 
results in better scale adhesion to the metal substrate. A Ni–Cr nanocomposite 
with an average Cr concentration of 11 wt% was deposited onto nickel plate by 
simultaneous electrodeposition of Ni and Cr nanoparticles from a nickel sulfate 
bath (Zhang  et al. , 2005). The nanocomposite consisted of a NC Ni matrix and 
dispersed Cr nanoparticles with a mean size of 33 nm. Friction and wear 
performance of codeposited Ni–Cr composite coatings were comparatively 
evaluated by sliding against Si 3 N 4  ceramic balls under non-lubricated conditions 
by Zhao  et al.  (2009). It was found that the incorporation of Cr particles enhances 
the microhardness and wear resistance of Ni coatings. The wear resistance of a Ni 
composite coating containing Cr nanoparticles was higher than that of the Ni 
composite coating containing Cr microparticles .

 Copper composite coatings have been investigated for their potential 
engineering applications resulting from the outstanding properties of wear 
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resistance, anticorrosion and self-lubrication achieved through incorporation 
of various inert particles such as SiC, SiO 2 , graphite, Al 2 O 3 , MoS 2 , TiO 2 , PTFE, 
etc. (Buelens  et al. , 1983; Stojak and Talbot, 2001). Morales and Podlaha 
(2004) studied the effect of Al 2 O 3  nanopowder on copper electrodeposition. 
Ultrasonication during electrocodeposition effi ciently reduced the agglomeration 
of nanoparticles and reduced the grain size of the Cu matrix (Kim  et al. , 2010). 
Smaller nanoparticles were more effi ciently de-agglomerated by ultrasonication, 
which resulted in more enhanced mechanical properties in the 50 nm Al 2 O 3  
nanoparticle enhanced specimens. 

 Yang  et al.  (2008) reported the preparation of single-walled carbon nanotube 
reinforced copper composite coatings by the electrochemical deposition method, 
and Guo  et al.  (2006) reported the pulse plating of copper–ZrB 2  composite 
coatings. Celis  et al.  (1977 and 1987) and Fransaer  et al.  (1992) reported the 
kinetics and mechanism of copper–Al 2 O 3  nanocomposite deposition. Deposition 
conditions and properties of Cu–TiO 2  nanocomposites prepared by the 
electrodeposition method onto copper substrate using an acid copper plating bath 
containing dispersed nanosized TiO 2  were discussed by Ramalingam  et al.  (2009). 
The microhardness and wear resistance of the Cu–TiO 2  nanocomposite coatings 
were higher than for electrodeposited copper. 

 The impact of carbon nanomaterials on the formation and properties of 
electrodeposited copper composite coatings was investigated by Medeliene  et al.  
(2010) and a relation found between the crystalline parameters of the existing 
forms of carbon nanomaterials (CNMs) and structural morphology and 
crystallography of the electrodeposited copper composite coatings, as well as 
their functional performance (hardness, roughness, resistivity). Surface roughness 
measurements showed a smoother profi le while hardness increased and electrical 
resistivity was close to that of copper. 

 Kim  et al.  (2010) examined the effects of ultrasonication during electrodeposition 
on the mechanical properties of nanocomposite copper fi lms containing inert 
Al 2 O 3  nanoparticles (50 nm and 300 nm in diameter). Ultrasonication effi ciently 
reduced the agglomeration of nanoparticles and reduced the grain size of the 
Cu matrix. Smaller nanoparticles were more effi ciently de-agglomerated by 
ultrasonication, which resulted in more enhanced mechanical properties in the 
50 nm Al 2 O 3  nanoparticle enhanced specimens. Reducing the grain size by 
ultrasonication seems to be an important parameter in enhancing the overall 
mechanical properties of nanocomposites, including hardness, elastic modulus, 
yield stress, ultimate tensile stress and elongation. 

 Inframat Corporation (2003a) had demonstrated that WC/Co-Ni nanocoating 
could be obtained via electrocodeposition of WC/Co nanoparticles from a nickel 
sulfamate colloidal solution. Properties of this WC/Co–Ni nanocoating were 
compared with conventional electroplated hard chromium and thermal sprayed 
WC/Co. Benefi ts derived from this nanocoating include high hardness and wear 
resistance, low coeffi cient of friction, and a smooth deposited surface. A US 
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Army program on innovative coating technologies investigated WC nanoparticle 
strengthened Ta nanocoating (Inframat Corporation, 2003b) prepared via an 
environmentally benign electrocodeposition process for gun barrel surface 
applications to replace highly toxic electroplated hard chrome. 

 The composite coatings containing Zn and nanoparticles like carbon nanotubes, 
nanosized carbon paste, nanoparticles of TiO 2 , silica, SiC, ceramic powders, 
Fe 2 O 3 , etc, are gaining importance due to their corrosion resistance properties 
(Muller  et al. , 2003). Praveen and Venkatesha (2009) electrodeposited composite 
fi lm of zinc and carbon black on mild steel using zinc electrolyte containing 
dispersed nanosized carbon black and the coating was non-porous with higher 
hardness and corrosion resistance.  

   5.4.5  Multilayers 

 Alternating layers of two different materials with different laminate thickness 
in the range of nanometers can be fabricated by electrochemical deposition. 
This technique demonstrates the capability of the relatively inexpensive process 
of electrodeposition for the production of advanced materials with ultrafi ne 
microstructure (Schwarzacher  et al. , 1997). Electrodeposition of multilayers 
can be carried out using either a single or dual bath approach. In dual bath 
electrodeposition the substrate is transferred to suitable electrolytes during the 
deposition of each layer. A single bath is a more desirable process and compositional 
modulation of the layers can be achieved by pulsing the current or potential. 

 One of the fi rst examples of compositionally modulated multilayer 
(CMM) materials synthesized by deposition of alternate layers having different 
compositions in a sandwich-like fashion was demonstrated by Blum (1921), when 
alternate Cu and Ni layers, tens of microns thick, were deposited from two 
different electrolytes (Podlaha  et al. , 2006). The resulting Cu/Ni multilayer 
improved the tensile strength of the electrodeposit compared with elemental 
copper deposits. Today, CMM materials of interest include materials with not 
only improved mechanical properties like hardness, fracture and tensile strength 
(Foecke and Lashmore, 1992), but also magnetic properties (Schwarzacher and 
Lashmore, 1996: Kazeminezhad and Schwarzacher, 2004). 

 Magnetic metallic multilayers such as Fe/Cr and Co/Cu separated by non-
magnetic spacer layers of a few nm thick result in a signifi cant reduction of the 
electrical resistance of the multilayers under an applied magnetic fi eld, a 
phenomenon known as GMR. Cobalt–copper multilayer has been thoroughly 
studied by Shima  et al.  (2002) and Yamada  et al.  (2002). The current in plane 
(CIP) magnetoresistance was measured for electrodeposited Co/Cu multilayer 
fi lm with 1000 repeat bilayers, deposited from an electrolyte containing 0.005 M 
CuSO 4  and 0.5 M CoSO 4  by keeping the current fl ow parallel to the multilayers 
during the MR measurement. The magnetic fi eld in this case will be 
perpendicular to the current fl ow (i.e. transverse). The decrease in resistance is 
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dependent on a variety of factors like the choice of electrolytes, bilayer number 
and layer thickness. 

 Multilayered Co/Cu wires produced by electrodeposition (Doyle  et al. , 1992) 
with layer thickness in the range of 3 to 100 nm exhibited a GMR effect similar 
to that reported for sputtered multilayers. Electrodeposited Co–Ni–Cu/Cu 
superlattices showed (Blondel  et al. , 1995) a previously unreported transition 
from GMR to anisotropic magnetoresistance (AMR) and back to GMR upon 
annealing. TEM investigations on Co–Ni–Cu/Cu superlattice nanowires revealed 
extensive twinning, while magneto transport measurements confi rmed that these 
superlattice nanowires exhibit current perpendicular to plane (CPP) GMR. They 
have shown the possibility of measuring the CPP GMR as a function of temperature 
for samples with resistance values reaching hundreds of ohms by fabricating 
multilayered nanowires by electrodeposition. Blondel  et al.  (1997) deposited a 
wide range of artifi cially structured coatings such as epitaxial multilayered 
materials (Cu/Ni) and amorphous materials in combination with crystalline 
materials (NiPx/Sn) by suitably controlling the electrochemical deposition 
conditions.  

   5.4.6  Biocompatible coatings 

 The range of applications of nanotechnology in medicine and biomedical 
engineering is vast and spans areas such as implant and tissue engineering, 
and diagnosis and therapy. The incorporation of functionalized and modifi ed 
nanostructures in various biomedical applications and recent research approaches 
and developments in nanobiotechnology with special emphasis on load-bearing 
implants and novel tissue engineered scaffolds have been reviewed by Saji  et al.  
(2010). 

 The electrochemical method provides an important contribution to the 
development of nanostructured compounds and is a novel approach to the 
synthesis of biomedical coatings and composites. Ti alloys have been used 
extensively in orthopedic and dental implants (Noort, 1987) as these materials 
possess a number of excellent properties such as low specifi c weight, high 
corrosion resistance and biocompatibility. Coatings of Ti alloys with materials 
such as bioceramics and polymers have been utilized to improve biocompatibility 
and corrosion resistance. TiO 2  coatings on Ti alloys have been demonstrated 
to show promising  in vivo  corrosion behavior, acting as a chemical barrier against 
release of metal ions from the implant (Kurzweg  et al. , 1998). Among the various 
techniques for deposition of TiO 2  fi lms on Ti6Al4V, such as the sol-gel method, 
ion beam enhanced deposition, pulse laser deposition, etc, electrodeposition 
offers a number of advantages such as low cost of equipment, rigid control of fi lm 
thickness and deposition on complicated shapes (Kern  et al. , 2006). 

 While electrodepositing titania for use in biomedical implants, varying the bath 
compositions and deposition parameters allows control over the morphology and 
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porosity of the fi lms. Karpagavalli  et al.  (2007) studied the biocompatibility and 
corrosion behavior of nanostructured TiO 2  fi lm deposited on Ti6Al4V from TiCl 4 , 
H 2 O 2  in methanol–water by DC deposition. SEM micrographs exhibited the 
formation of amorphous and crystallite TiO 2  nanoparticles with mean particle size 
of TiO 2  in the nanometer level (~30–50 nm) on Ti6Al4V before and after being 
annealed at 500°C ( Fig. 5.10 ). Rat bone cells and human aortic smooth muscle 
cells were grown on these substrates to study their cellular responses  in vitro . The 

   5.10     SEM micrographs of nanostructured TiO2 deposited on Ti6Al4V (a) 
as deposited, (b) annealed at 500°C (Karpagavalli et al., 2007).     
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SEM images revealed enhanced cell adhesion, cell spreading, and proliferation on 
nano TiO 2  coated Ti6Al4V compared with those grown on uncoated substrates for 
both cell lines. 

 Hydroxyapatite (HA) has been widely used as a biocompatible material in many 
areas of medicine, mainly for contact with bone tissue, because its chemical 
composition is similar to that of bone tissue. For biomedical applications thin fi lms 
of HA were prepared over implant materials using electrophoretic deposition 
(Zhitomirsky and GalOr, 1997; Zhitomirsky, 2000) or electrolytic deposition 
(Shirkhanzadeh, 1998). Nanosized HA is currently under investigation for 
several applications, which are either in advanced research states or undergoing 
development with considerable commercial opportunities (Ferraz  et al. , 2004) and 
electrodeposition is a potential method for preparation of nanostructured coatings 
of HA on Ti6Al4V surgical alloy substrates.   

   5.5  Corrosion resistance of electrodeposited 

nanomaterials 

 Saji and Thomas (2007) discussed the superior corrosion resistance behavior of 
NC metals studied in different environments. Masdek and Alfantazi (2010) made 
a survey of existing literature on corrosion behavior of electrodeposited 
nanostructured pure metals and their alloys as well as composites. They concluded 
that earlier assumptions that nanoprocessing would have a detrimental effect 
on the corrosion performance of materials, due to the increase in intercrystalline 
defects such as grain boundaries and triple junctions, have been proven wrong 
by the results of investigations into the corrosion resistance of nanomaterials 
in various corrosive environments. Some of the corrosion resistance investigations 
on nanostructured metals, alloys, composites and biomaterials are discussed 
below. 

 Enhanced corrosion resistance of steel coated with NC Ni over microcrystalline 
Ni is reported. Rofagha  et al.  (1991) investigated the corrosion behavior of NC 
nickel (32 nm grain size) in 2N H 2 SO 4  in de-aerated media and found that the 
corrosion potential of NC nickel was shifted about 200 mV further to the positive 
than that of polycrystalline nickel. The study also showed that NC processing of 
nickel catalyzes hydrogen reduction processes, reduces kinetics of passivation 
and compromises passive fi lm stability. Mishra and Balasubramaniam (2004) 
compared the corrosion behavior of NC nickel of different grain sizes (8–28 nm) 
in 1 mol H 2 SO 4  electrolyte with that of bulk nickel. The zero current potential, 
passive current density and breakdown potential were found to increase with 
decrease in grain size. An increase in passive current density indicates the 
defective nature of passive fi lm formed on NC nickel. The tendency for localized 
corrosion was lower in the case of NC nickel, as indicated by an increased 
breakdown potential. The corrosion rate of freshly exposed NC nickel was found 
to be lower compared with bulk nickel, indicating a higher hindrance to anodic 
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dissolution from the NC nickel surfaces. XRD analysis indicated that the NC 
nickel deposits were compressively strained, with microstrain increasing with 
decreasing grain size. 

 Youssef  et al.  (2004) compared corrosion behavior of NC zinc produced by 
pulse current electrodeposition with electrogalvanized steel in 0.5 N NaOH 
electrolyte. The estimated corrosion rate of NC zinc (90  μ A/cm 2 ) was found to be 
about 60% lower than that of electrogalvanized steel; the passive fi lm formed on 
the NC zinc surface seems to be the dominating factor for this. The NC structure 
enhances both kinetics of passivation and stability of the passive fi lm formed. 
Anodic and cathodic Tafel slopes of NC zinc (~40 and 107 mV/decade) are found 
to be lower than those of electrogalvanized steel (~59 and 128 mV/decade), 
indicating higher activation energy for dissolution for NC zinc. 

 The corrosion behavior of NC alloys has been assessed by several techniques 
in various environments. Corrosion behaviors of two types of NC Cu–Ni alloys 
(details on alloys in  Table 5.2 ) were compared with cast Monel-400 alloy in 3% 
NaCl solution and it was found that corrosion current density ( i  corr ) of NC alloys 
was superior to Monel-400 ( Fig. 5.11  and  Table 5.6 ). Both optical and SEM 
examination of the corroded surface revealed a well-defi ned pitting type 
of attack for Monel-400, unlike the homogeneous corrosion of NC alloys. Thorpe 
 et al.  (1988) reported an enhanced corrosion resistance of NC Fe32Ni36Cr14P12B6 
compared with that of its amorphous counterpart. The authors attributed this 
improved corrosion resistance to the observed greater Cr enrichment of the 

   5.11     Potentiodynamic polarization plot of nanocrystalline and 
conventional Ni–Cu alloys in 3% NaCl solution (Ghosh et al., 2006).     
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electrochemical surface fi lm via rapid interphase boundary diffusion. Bragagnolo 
 et al.  (1989) reported improved corrosion resistance with NC Fe72Si10B15Cr3 
metallic glass wires. Zeiger  et al.  (1995) reported enhanced corrosion resistance 
of NC Fe 8 wt% Al in Na 2 SO 4  solution. Alves  et al.  (2003) observed that NC 
(Ni70Mo30)90B10 alloys are less sensitive to corrosion in alkaline solutions than 
the coarse-grained material. 

 Benea  et al.  (2002) reported that the incorporation of 20 nm SiC particles 
during Ni deposition improves the corrosion resistance, as revealed from 
impedance and cathodic polarization measurements, due to the modifi cation of 
the surface morphology and crystallinity of the nickel matrix. The results obtained 
by polarization and EIS methods showed that, when compared with the traditional 
polycrystalline Ni fi lm, Ni–SiC nanocomposite fi lm (Cai  et al. , 2010) exhibits 
enhanced corrosion resistance in NaCl solutions. In corrosion tests, Ni–TiN 
nanocoatings showed better corrosion resistance than Ni coatings, since the 
presence of TiN particles diminished the interspaces and improved the compactness 
of the coatings (Xia  et al. , 2010). Benea  et al.  (2000) reported, using the impedance 
spectroscopy method, on the improved corrosion behavior of copper and copper 
matrix composite coatings, with ZrO 2  particles embedded by electrodeposition 
from an acid copper sulfate plating bath. Ramalingam  et al.  (2009) reported that 
the corrosion resistance of Cu–TiO 2  nanocomposite coatings was higher than that 
of electrodeposited copper. Corrosion rates from immersion studies, and anodic 
polarization curves for pure zinc coating and composite coating samples, in 3.5% 
NaCl solution in  Fig. 5.12  and  5.13  respectively (Praveen and Venkatesha, 2009) 
show the improved corrosion resistance of Zn nanosized carbon black composites 
compared with Zn. 

 Nanocrystalline alloy coatings, oxide dispersive alloy coatings and metal oxide 
composite coatings show superior high temperature corrosion resistance. A Ni–Cr 
nanocomposite with an average Cr concentration of 11 wt% deposited onto nickel 

   Table 5.6     Corrosion data for three different Ni–Cu alloys from 3% NaCl solutions  

Sample Icorr 
(µA cm−2)

Ecorr 
observed 
(V vs SCE)

βa (V/dec) Bc (V/dec) RP 
(Ohm cm2)

De-aerated
NC- A 1.13 × 10−1 −0.294 0.080 −0.180 3.75 × 104

NC- B 2.51 × 10−1 −0.305 0.083 −0.219 2.52 × 104

NC- C 3.12 × 10−1 −0.322 0.074 −0.194 2.13 × 104

D 8.07 × 10−1 −0.314 0.085 −0.322 1.37 × 104

Aerated
NC- A 1.267 −0.225 0.210 −0.154 3.62 × 103

D 2.237 −0.218 0.600 −0.126 3.1 × 103

   Source: Ghosh  et al.  (2006)     
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   5.12     Corrosion rate with immersion time for pure zinc coating and 
composite coating samples in 3.5% NaCl solution (Praveen and 
Venkatesha, 2009).     

   5.13     Anodic polarization curves for pure zinc coating and composite 
coating samples in 3.5% NaCl solution (Praveen and Venkatesha, 
2009).     
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plate by electrodeposition of Ni and Cr nanoparticles from a nickel sulfate bath 
(Zhang  et al. , 2005) showed superior hot corrosion resistance under molten 
Na 2 SO 4 –K 2 SO 4 –NaCl in air at 700°C. The results demonstrate that it was not 
primarily the Cr content but the unique structure of the nanocomposite that was 
responsible for its superior hot corrosion resistance. The protection mechanism 
lies in the fast formation of a continuous chromia scale on the nanocomposite, due 
to the easy nucleation of chromia on both chromium nanoparticles and abundant 
nickel grain boundaries, and then fast linking of the nuclei as a result of enhanced 
diffusion of Cr through those grain boundaries. 

 Corrosion behavior of uncoated and TiO 2  deposited Ti6Al4V was evaluated 
by Karpagavalli  et al.  (2007) in freely aerated Hank’s solution at 37°C by 
the measurement and analysis of open circuit potential variation with time, 
Tafel plots and electrochemical impedance spectroscopy. The electrochemical 
results indicated that nano TiO 2  coated Ti6Al4V showed a better corrosion 
resistance ( Table 5.7 ,  Fig. 5.14 ) in simulated biofl uid than uncoated Ti6Al4V. 

   Table 5.7      E   corr   and  I   corr   and corrosion rate determined from the Tafel plots of 
uncoated Ti6Al4V and TiO 2  deposited Ti6Al4V in Hank’s solution at 37°C  

Sample Ecorr (mV) Icorr (µA) Corrosion rate (mpy)

Ti6Al4V −285 0.08 0.05
TiO2 deposited −191 0.03 0.02
Ti6Al4V    

   Source: Karpagavalli  et al . (2007)    

   5.14     Tafel plots of TiO2 deposited Ti6Al4V and uncoated Ti6Al4V in 
Hank’s solution at 37°C (Karpagavalli et al., 2007)     
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    5.6  Conclusions 

 Electrodeposition is a versatile technique for the production of nanostructured 
materials with lower capital investment, higher production rates and few shape 
and size limitations. Electrodeposited nanomaterials such as nanostructured 
metals, alloys and metal matrix composites have proven successful in providing 
superior corrosion resistance of substrate materials compared with the 
corresponding microstructured materials.  
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 Moderate temperature oxidation protection 

using nanocrystalline structures  

    R.  K.    SINGH RAMAN,    Monash University, Australia 
and      P.    SINGH,    University of Connecticut, USA   

   Abstract:    We hypothesised that a nanostructure can bring about dramatic 
improvements in the oxidation resistance of low chromium iron–chromium 
alloys at moderate temperatures. A nanocrystalline Fe–10wt%Cr alloy was 
found to undergo oxidation at a rate that was an order of magnitude lower 
than its microcrystalline counterpart. Importantly, the oxidation resistance 
of nanocrystalline Fe–10wt%Cr alloy was comparable to that of the 
common corrosion-resistant microcrystalline stainless steels. We outline 
the diffi culties in processing nanocrystalline iron–chromium ferritic alloys as 
well as the success in circumventing them. The recently reported roles of 
nanocrystalline structures in oxidation resistance of a few other systems are 
also considered.  

   Key words:    nanocrystalline, microcrystalline, oxidation corrosion resistance, 
crystalline and intercrystalline components, thermal stability.   

    6.1  Introduction 

 Single or multi-phase polycrystalline solids with grain size typically less than 
100 nm are known as nanocrystalline (NC) materials. 1,2  Because of their extremely 
fi ne grain size, the NC materials are composed of a remarkably high density of 
interfaces (grain boundaries and triple points). 3,4  As a result, those properties that 
depend on the grain size and grain boundaries may be considerably different in 
the case of a NC metal/alloy as compared with its conventional microcrystalline 
(MC) counterpart. For example, NC metals and alloys exhibit increased 
mechanical strength, enhanced diffusivity and higher specifi c heat and electrical 
resistivity. Attempts are being made to exploit the attractive physical properties of 
NC metallic materials. However, several such applications will require the 
materials to demonstrate acceptable levels of resistance to environmental 
degradation. A proper understanding of environment-assisted degradation of NC 
metallic materials (metals/alloys) is particularly important, since grain size and 
grain boundaries are known to infl uence corrosion processes. 

 Oxidation/corrosion resistance of NC metals and alloys has received 
very limited research attention. However, NC metals and alloys have been 
reported to exhibit different oxidation/corrosion resistance from their MC 
counterparts. 5–7  It is also emphasised that, besides the interest in investigating 
the role of NC structures in oxidation/corrosion, another aspect is the possibility 
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of exploiting the enhanced grain boundary phenomena (such as diffusion) for 
the purpose of developing oxidation/corrosion resistant alloys with considerably 
less alloying content. 5  In this context, developing commercially viable materials 
processing routes for producing and retaining NC structures of oxidation/corrosion 
resistant alloys is a major challenge. Therefore, this chapter also provides a brief 
description of the challenges in synthesising NC metals and alloys, and the 
attempts at circumventing these challenges. Though ferrous systems (primarily 
iron and iron–chromium systems) are the major materials covered in this chapter, 
the reported literature on the corrosion resistance of other systems has also been 
reviewed.  

   6.2  Structure and properties of nanocrystalline 

metals 

 Though there are variations of a few orders of magnitude in their grain size, the 
structure and dimensions of grain boundaries in NC and MC materials have been 
suggested to be similar. 8–13  However, based on the thermodynamic properties of 
NC materials, Fecht 14  suggested the grain boundary energy to be considerably 
greater in the case of NC iron (produced by ball milling) as compared with the 
same alloy composition in the MC state. Several other researchers believe grain 
boundaries in the NC state to be more disordered than in conventional MC 
materials. 15–19  Though the ‘grains’ and ‘grain boundaries’ in the NC state have 
been visualised in a way which is entirely different from the traditional concept 
(of large grains separated by considerably thin boundaries in the case of 
conventional microcrystalline materials), in this chapter the terms ‘grains’ and 
‘grain boundaries’ will continue to be used in the traditional sense. However, it 
may be important to refl ect that the structure of NC materials is visualised as 
consisting of two components: a crystalline component (CC), which is formed by 
small equiaxed single crystals, and the intercrystalline component (IC), 8,20  as 
shown in  Fig. 6.1 . The IC component forms a network and surrounds the CC 
crystallites. The fraction of IC increases with decreasing size of crystallites 
and may even exceed the CC fraction (when the crystallites are of sizes below a 
critical size). 

 As described earlier, because of their remarkably fi ne grain size, the 
grain boundaries constitute a remarkably large volume fraction of NC 
materials. As a result, those mechanical, electrical, magnetic and chemical 
properties that profoundly depend on grain size and grain boundary phenomena 
are also remarkably different in the case of NC materials as compared with their 
MC counterparts. Though NC structure and grain size can infl uence most 
properties, of particular relevance to this chapter are the thermal stability 
and diffusion characteristics of NC materials. Readers interested in the role of 
NC in various other properties may refer to a few lead publications on 
the topic. 4,20–23   
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   6.3  Thermal stability and synthesis of nanocrystalline 

metals and alloys 

   6.3.1  General principles 

 Because IC constitutes a remarkably high volume fraction of NC materials (as 
shown in  Fig. 6.1 ), the interfacial energy of such materials is generally considerably 
high. As a result, NC materials in general are exceedingly susceptible to thermally 
assisted grain growth, 8,20  which decreases the total energy of the system. Therefore, 
it is often essential to take into account their thermal instability while processing 
such materials. Thermal instability may also be a factor in considering any elevated 
temperature engineering application of NC materials (such as resistance to 
oxidation by high temperature gases). In fact, some of the low-melting engineering 
metals (i.e. Sn, Pb, Al and Mg) can undergo considerable grain growth, even at 
normal temperatures. 20,24  However, metals with high melting points may possess 
thermal stability at considerably higher temperatures. For example, iron and iron-
based alloys resist grain growth up to higher temperatures, 400–600°C. 8,25–31  
Similar behaviour has been reported for other metals (e.g. Co). 32  

 There is some inconsistency in the literature on the temperature at which sudden 
grain growth may kick in. In their study on grain growth of pulse electrodeposited 

   6.1     Model of a nanostructured material: fi lled circles represent 
crystalline component (CC) atoms whereas the open circles represent 
intercrystalline component (IC) atoms.8,20     
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NC-Fe, Natter  et al.  29  reported a sudden grain growth at 410°C, whereas Malow 
and Koch 27  did not fi nd such behaviour until a temperature range of 500 to 530°C. 
This inconsistency is generally attributed to the presence of different levels of 
impurities in the NC materials that may come inherently from the processing 
techniques employed in different studies. 25–27,29,33  The presence of impurities may 
enhance thermal stability for classical reasons such as pinning of the grain 
boundaries and the formation of second phase particles. 30–32   

   6.3.2  Synthesis of Fe and Fe-based nanocrystalline 
materials 

 Several techniques have been employed for producing NC solids in powder and 
thin fi lm forms. The techniques of inert gas condensation, 34–38  pulsed plasma 
deposition 24  and sputtering 36  have exclusively been used for processing thin fi lms 
or small amounts of NC materials, whereas it is necessary to produce/process bulk 
samples for oxidation/corrosion or mechanical testing. Electrodeposition 29,39,40  
and severe plastic deformation 25–27,41–57  have been recognised as the two relatively 
successful methods for processing NC materials in bulk quantities. Pulse 
electrodeposition has been employed successfully for processing NC materials in 
bulk, 40  most notably Ni–Fe and Ni–Co alloys. 58,59  However, synthesis of NC 
alloys or metals by electrodeposition often requires the use of additives for the 
purpose of biasing nucleation over growth of the depositing grains. These 
additives are believed 4  to remain in the material as impurities and may cause poor 
mechanical properties (such as embrittlement), typically observed in NC 
electrodeposits. 

 Among the plastic deformation techniques, advanced ball milling has produced 
artefact-free NC powders. 60,61  However, the ball-milled powders need to be 
compacted. Groza 62  has reviewed various techniques employed for compaction of 
different NC materials: high pressure/lower temperature compaction,  in situ  
consolidation, 63  hot compaction 64  and explosive compaction. 65  However, 
compaction of NC Fe or Fe-based alloys may be a non-trivial task. The diffi culties 
arise due to the restrictions on plastic deformation posed by the body centred 
cubic (BCC) structure causing high hardness. Such restrictions necessitate 
consolidation at high pressures/temperatures. For example, pure iron with an 
average grain size of 10 nm has a hardness of 10 GPa. 66  Plastic deformation, a 
necessary condition for effective compaction, requires the applied pressure to 
be in excess of the yield stress and approximately one-third of the hardness 
(i.e. 3.5 GPa). The necessary plastic fl ow, high densifi cation and inter-particle 
bonding can be achieved by compaction/sintering at high temperatures. However, 
processing at excessively high temperatures will commonly lead to grain growth 
and loss of NC structure. 

 Co-author Singh Raman and his co-workers have successfully processed NC 
Fe–Cr alloy discs with close-to-theoretical density and without excessive grain 
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growth. 31  NC powder of Fe–10wt% Cr alloy was produced by ball milling, and 
the powder was compacted into discs by employing a suitable combination of 
prior thermal softening and compaction at a moderate temperature and pressure. 
However, it was essential to establish a suitable temperature regime for softening 
without causing an excessive grain growth. For this purpose, the ball-milled alloy 
powders were annealed at 500, 600 and 700°C in a forming gas atmosphere for 
different durations, and average grain size of the powder was determined by the 
well-established X-ray diffraction (XRD) technique 67  after various intermittent 
durations.  Figure 6.2  shows the change in XRD patterns of Fe–10Cr alloy powder 
with increasing time of annealing at 600°C. As shown in  Fig. 6.2 , the diffraction 
line broadening of Bragg refl ection peaks decreases as a result of the grain growth 
(grain size increases with the annealing time ( Fig. 6.3 )). This pattern was consistent 
also at 500 and 700°C. However, grain growth is a strong function of temperature, 
as suggested from the increasing intensity of the initial grain growth with 
temperature (Fig. 6.3). 

 Initial grain growth is rapid at each of the three temperatures. The as-milled and 
annealed powder samples were compacted into pellets under a uniaxial pressure. 
It was necessary to reduce the hardness of the powders before subjecting them to 
a pressure compaction. Based on the grain growth data shown in  Fig. 6.3 , a prior 
annealing at 600°C for 30 min was selected with a view to prior softening of the 
powder without any excessive grain growth. Although prior annealing at 600°C 
for 30 min would result in some grain growth (as suggested in  Fig. 6.3 ), the grain 
size of the alloy was still found to be 42 nm, which is well within the NC range. 

   6.2     XRD profi les for ball-milled NC Fe–10Cr alloy annealed at 600ºC for 
different times.5     
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Most importantly, because of the softening caused by the prior annealing it was 
possible to compact the powder into pellets (diameter = 12 mm, thickness = 
1.5 mm) at room temperature at a pressure of 3 GPa. Compacted pellets were 
sintered for 1h at 600°C, which further improved the density (close to 100% of 
the theoretical density). Although the sintering caused some further grain growth, 
the grain size of the sintered pellets was determined to be 52 ± 4 nm. At each stage 
(compaction and sintering), the grain size was determined by diffraction line 
broadening (as shown in  Fig. 6.2 ).   

   6.4  Degradation of nanocrystalline metals and 

alloys by environment 

 Most metals suffer corrosion as a result of their inherent thermodynamic instability 
in elemental form. However, the progress of corrosion is largely governed by one 
or a combination of the following phenomena:

   1.   Electrochemical non-homogeneity at the metal surface, and  
  2.   Diffusion of elemental/ionic species: (a) in the metal substrate, and/or (b) 

through the layer of corrosion product or through the electrolytic environment 
immediately adjacent to the metal surface.    

 The NC structure can remarkably infl uence the nature and/or degree of both 
electrochemical non-homogeneity at the surface and diffusion in the bulk of metals. 
Besides, there may be other infl uences due to the NC structure (the degree of which 
will vary from metal to metal). For example, the structure (such as grain size) and 
associated properties (such as mechanical property) of the corrosion fi lms developed 
on NC substrate may be considerably different from those on a MC substrate. Thus, 

   6.3     Grain growth in Fe–10Cr NC alloy at 500ºC, 600ºC and 700ºC .5      
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a NC structure of the metal infl uencing the structure of the corrosion fi lms can also 
indirectly infl uence diffusion through the layer of corrosion fi lm. 

 It is relevant to note that diffusion in the metal and through the corrosion fi lm 
is the predominating phenomenon in the case of degradation of metals due to 
gaseous corrosion at elevated temperatures. On the other hand, electrochemical 
non-homogeneity will essentially have a predominating infl uence on 
electrochemical corrosion at low temperatures. Given that the grain boundaries 
and triple junctions (i.e. high energy areas with a much greater degree of disorder) 
are nearly always anodic, 7,68–71  the corrosion rate of NC materials in most 
simplistic terms would be expected to be considerably higher than that of MC 
materials of similar chemical composition, and this view is often supported in the 
literature. 6,7,68,69,72,73  However, the corrosion resistance of some materials is 
reported to be superior in NC form. Such contrast in the infl uence of a nanostructure 
may depend on the environment–material system. In the case of electrochemical 
corrosion of pure metals, the anodic behaviour of grain boundaries and the 
associated anode–cathode area ratio are the governing factors, whereas the effect 
of alloying elements would be the additional factor in the case of alloys. 

 Early fundamental studies on the role of nanostructure in electrochemical 
corrosion were carried out on Co, 74–76  Cu, 74,77–80  Ni, 73,81–84  and Ni-based 
binaries. 6,72,85,86  The extent of localised corrosion at grain boundaries is reported to 
decrease in the case of some NC metals (i.e. Cu and Co), 72,74,80  in comparison with 
their MC counterparts, which is attributed to: (a) decrease in the difference in the 
electrochemical potentials of grains and grain boundaries and (b) the greater anode-
to-cathode area ratio in NC materials. A few studies 87–91  have been carried out to 
compare the electrochemical corrosion of NC and MC iron–chromium alloys. 

 Electrochemical corrosion resistance of a NC surface of 316 stainless steel 
developed by surface mechanical attrition treatment was found to be considerably 
inferior to the MC unmodifi ed bulk. This behaviour is attributed to the considerable 
increase in the ‘fast diffusion channels’ for ions, i.e. grain boundaries and triple 
junctions in the NC material. 87  In another study, the grain refi nement of stainless 
steels to a nanometric level is reported to improve the corrosion resistance, as 
suggested by the considerably extended passivation for NC in the polarisation 
plots. 89  The authors have attributed this behaviour to the greater chromium 
diffusion in the NC structure, which may be argued given the very low diffusivity 
(i.e. 10 −40 –10 −43  m 2  s −1 ) at ambient temperatures.  

   6.5  Oxidation resistance of nanocrystalline 

metals/alloys 

   6.5.1  General principles 

 During oxidation, binary alloys with certain alloying elements (i.e. Cr, Al and Si) 
can form a continuous layer of chromia, alumina or silica, conferring substantial 
oxidation resistance. This has formed the basis of the development of common 
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oxidation resistant alloys such as stainless steels. Formation of a continuous layer 
of surface oxide is called ‘external oxidation’. 92  If, on the other hand, the inward 
fl ux of oxygen exceeds the outward fl ux of solute during the oxidation process, 
isolated oxide particles form in the sub-surface. This phenomenon is called 
‘internal oxidation’. 92  

 For external oxidation and formation of a continuous layer of chromia, alumina 
or silica, a critical concentration of solute is required, which can be calculated by 
Wagner’s treatment 93  for various systems/conditions. The critical amount of a 
solute for such a transition depends directly on its diffusivity in the alloy, besides 
other factors (concentration of solute element, diffusivity in the oxide scale, 
temperature, etc). The extremely fi ne grain size and the high volume fraction of 
grain boundaries of NC materials 8  can cause an extraordinary increase in 
diffusivity, and NC structures may have benefi cial effects in the development of 
the protective oxide layer. For example, oxidation resistance of an Fe–Al and an 
Fe–B–Si alloy in the NC state is reported 87,94  to be superior to that in the MC 
state. This behaviour is attributed to Al and Si, the well-known protective oxide 
fi lm formers, being the predominantly diffusing species respectively in the two 
alloys, and the nanostructure facilitating their diffusion and expedited formation 
of protective fi lms (of Al/Si oxide).  

   6.5.2  Oxidation resistance of nanocrystalline Fe–Cr alloys 

 In the temperature range of 300 to 400°C, chromium diffusion in a NC Fe–Cr 
system is reported to be about four orders of magnitude greater than in a MC Fe–
Cr alloy. 5  Given the extremely fi ne grain size and the resulting high diffusivity in 
NC Fe–Cr alloys, one would expect the Cr concentration required for internal-to-
external transition to become substantially lower. Singh Raman  et al.  95  proposed 
a hypothesis: (a) the oxidation resistance of NC Fe–Cr alloys should be 
considerably superior to MC alloys of the same composition, and (b) it should be 
possible to attain remarkable oxidation resistance at considerably lower chromium 
contents of NC Fe–Cr alloys, as opposed to the considerably greater minimum 
chromium contents (13–15wt%) required for development and maintenance of 
the Cr 2 O 3  layers in common stainless steels. In this context, it is noted that, though 
the minimum chromium content for the development of a Cr 2 O 3  layer is 13% for 
ferritic alloys and approximately 15% for austenitic alloys, common stainless 
steels contain at least 18 wt% chromium in order to provide suffi cient chromium 
in the subscale for the purpose of self-healing in the event of disruption in the 
initial protective layer of Cr 2 O 3 . 

 Singh Raman  et al.  5,95  have recently reported the role of NC structures in 
remarkably improving oxidation resistance. In this context, it may be imperative to 
fi rst have an overview of the role of grain size in development of the protective 
layer of oxidation resistant oxide (which is generally the inner layer of 
the multilayered oxide scale). As suggested earlier, for a given combination of 
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alloy–environment–temperature, where predominantly diffusing species can form 
a protective fi lm and provide oxidation resistance, a decrease in grain size will 
facilitate protective fi lm formation. Iron–chromium alloys (such as stainless steels) 
are the most commonly employed corrosion resistant MC materials. A common 
high-Cr alloy (such as 18Cr–8Ni stainless steel) forms during oxidation an inner 
layer of Fe/Ni oxide that eventually converts into a protective oxide, i.e. Cr 2 O 3 , 
when suffi cient Cr diffuses from the alloy bulk to the oxide scale–alloy interface. 96  
The kinetics of transition of Fe/Ni oxide into the protective layer of Cr 2 O 3  depends 
on the supply of chromium by diffusion in the alloy matrix, which is governed 
profoundly by grain size of the alloy. As clearly demonstrated in the literature, 97  a 
fi ne grain (~17 μm or less) 18Cr alloy easily developed a uniform layer of Cr 2 O 3 . 
For the same alloy with grain sizes greater than ~40 μm, this protective layer of 
Cr 2 O 3  was diffi cult to form during air-oxidation, as the inner layer of (Fe,Cr) 3 O 4  
continued to grow due to insuffi cient chromium supply. 98  Low-chromium Fe–Cr 
alloys fail to form a protective layer of Cr 2 O 3 . 

98–101  Singh Raman  et al.  100,101  have 
investigated the role of grain size (15–60 μm) in oxidation resistance of such 
low-Cr alloys. Grain boundary diffusion in MC low-chromium alloys is never 
enough for the formation of a contiguous protective layer of Cr 2 O 3 . In fact, the 
alloy suffers predominant and extensive oxidation along grain boundaries, and a 
decrease in grain size rather increases the grain boundary internal oxidation. 

 The most common and simple testing for the oxidation rates of metals and 
alloys at elevated temperatures is the determination of weight gain per unit surface 
area with time. In order to compare the infl uence of NC with respect to MC 
structures on oxidation, NC and MC Fe–10%Cr alloy powders were produced by 
ball milling, compacted into pellets and sintered, as described earlier (in Section 
6.3.2). The pellets of both NC and MC materials were oxidised at 300 to 400°C. 
Typical oxidation kinetics data ( Fig. 6.4 ) show the MC alloy to be oxidising at a 
considerably greater rate than the NC alloy. However, the striking features of the 
oxidation kinetics and oxide scale are:

   1.   After 3120 min of oxidation at 300°C, weight gain of the MC alloy was found 
to be nearly an order of magnitude greater than that of the NC alloy of the 
same composition. This infl uence was enhanced at 350°C: weight gain of the 
MC alloy was found to be well in excess of an order of magnitude greater.  

  2.   Both NC and MC alloys follow parabolic kinetics in the initial period (as 
evidenced by the weight gain 2  vs time plots). But, during subsequent oxidation, 
NC Fe–10Cr alloy showed a considerable departure from the parabolic 
behaviour whereas MC alloy continued to follow parabolic kinetics.  

  3.   The considerable difference in the oxidation kinetics between NC and MC 
alloys after the initial period is also manifest in some stark differences in 
colour of the oxidised samples.   

  4.   It is interesting that the colour of the NC alloy changed considerably after the 
initial period in spite of no signifi cant weight gain.    
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   6.4     Oxidation kinetics of NC and MC Fe–10Cr alloys, oxidised at 300ºC: 
(a) weight gain vs. time plots for 3120 min, (b) weight gain2 with time, 
suggesting parabolic kinetics for MC alloy but departure from parabolic 
kinetics for NC alloy, and (c) weight gain2 with time (up to 240 min), 
suggesting parabolic kinetics for both MC and NC alloys.5, 95     
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 In this study, it has been possible to provide a concrete understanding of 
the remarkable difference in the oxidation kinetics. Interested readers are 
encouraged to refer to an elaborate description elsewhere; 5  however, brief 
descriptions of the oxidation kinetics and colour evolution at 300°C are provided 
below. 

 In order to investigate the reason for the considerable difference in oxidation 
rates ( Fig. 6.4 ) of the NC and MC states of the same alloy composition (Fe–10%Cr 
alloy), oxide scales were characterised. As described earlier, the oxidation 
resistance of Fe–Cr alloys is associated primarily with the chemical characteristics 
and the Cr content of the thin inner oxide scale. Depth profi les for Cr, Fe and O 
were generated using secondary ion mass spectroscopy (SIMS). Thin oxide fi lms 
formed over NC and MC Fe–10wt%Cr alloy during air oxidation (30 min/300°C) 
were characterised by SIMS depth profi ling. Typical depth profi les for Cr, O and 
Fe for the oxidised specimens are presented respectively in  Fig. 6.5(a) , (b) and (c). 
A comparison of the Fe, O and Cr profi les for the two specimens suggests the 
oxide fi lm developed on MC Fe–10Cr alloy to be considerably thicker. Fe and O 
profi les of the two low-Cr alloys would suggest a greater Fe and O content in the 
case of the outer scale of NC Fe–10Cr alloy. The greater content of Fe-rich oxide 
in NC Fe–10Cr alloy is attributed to a greater grain boundary oxidation in the 
initial stages, due to the far greater grain boundary area at the surface of a 
nanometric grain size material as compared with the MC alloy of the same 
composition. 

   6.5     (a) SIMS depth profi le for Cr in oxidised samples of Fe–10%Cr NC 
and MC alloys, using Cs+ primary beam;   (b) SIMS depth profi le for O 
in oxidised samples of Fe–10%Cr NC and MC alloys, using Cs+ primary 
beam; (c) SIMS depth profi le for Fe in oxidised samples of Fe–10%Cr 
NC and MC alloys, using Cs+ primary beam.95     
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   6.5    Continued  .

 The most notable fi nding of the SIMS profi les is that the highest Cr content of 
the inner layer of NC Fe–10Cr alloy is considerably higher (>4 times) than the 
highest Cr content in the inner layer of MC Fe–10Cr alloy. The remarkably higher 
Cr content of the inner oxide layer on NC Fe–10Cr alloy (as established in 
 Fig. 6.5(a) ) has been found to be comparable to the chromium content of the inner 
oxide layer that develops on a Fe–20Cr MC alloy 5  (which is well known to 
establish a protective layer of Cr 2 O 3 ). Thus, it was inferred that the NC Fe–10Cr 
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alloy developed a protective oxide layer of Cr 2 O 3 , in spite of its considerably low 
chromium content. As the reported literature 98–101  would suggest, the inner oxide 
layer of MC alloys with low Cr (<12%) would at best be a mixed spinel type 
Fe–Cr oxide. Such low chromium alloys would fail to develop a Cr 2 O 3  layer. 98  It 
seems that the remarkably greater oxidation rate of MC Fe–10Cr alloy (as 
compared with NC Fe–10Cr alloy) can be explained on the basis of the considerably 
higher Cr content of the inner oxide layer and possible development of the 
protective oxide layer of Cr 2 O 3  over the latter. As a result of the considerable 
difference in chemical composition (chromium content) and the thickness of 
the oxide scales developed over the NC and MC Fe-10Cr alloys, the colour 
of the pellets of the two materials oxidised for over 3000 min is distinctly 
different. 5   

 Comparison of the SIMS depth profi les for oxygen for NC and MC Fe–10Cr 
alloys ( Fig. 6.5(b) ) suggests that the oxide scale developed over NC alloy has: (i) 
less thickness (as a result of less effective protective scale, as discussed above), 
and (ii) somewhat greater overall oxygen content (on the basis of the areas under 
the two profi les). However, a careful comparison of the oxygen profi les with Fe 
and Cr profi les ( Fig. 6.5(a)–(c))  would suggest that the location of the peak for O 
corresponds more to the peak for Fe in the NC alloy, owing to the greater grain 
boundary oxidation of Fe in the early stages of oxidation of the NC alloy, as 
discussed earlier. At the peak location for Cr the oxygen content is considerably 
less. So, the apparently greater oxygen content of the peak is largely associated 
with the greater grain boundary oxidation of Fe in the early stages. The eventual 
diffusion-assisted establishment of the Cr 2 O 3  layer ensures that the oxidation rate 
of this alloy is considerably lower. On the other hand, the O, Fe and Cr profi les for 
the MC alloy would suggest the inner scale to be a mixed oxide of Fe and Cr, 
which is much less protective than the inner scale on the NC alloy, as described 
earlier. 

 For developing an understanding of how the considerably greater oxidation 
resistance of NC Fe–10Cr alloy (in comparison with MC Fe–10Cr alloy) compares 
with the resistance of an alloy with a much higher Cr content, samples of NC and 
MC Fe–20Cr alloys were also oxidised at 300, 350 and 400°C for durations up to 
3120 min. The weight gains of these alloys at 300°C were too low to be detected 
by the gravimetric balance used for this study. However, it was possible to 
characterise the chemical composition of the thin oxide scales developed at the 
two temperatures. Oxidation kinetics of NC and MC Fe–20Cr alloys at 350°C 5  
suggest only a little improvement in oxidation resistance due to the NC structure. 
However, what is most relevant to note is that the weight gains and the Cr contents 
of the inner oxide scale at the end of the 3120 minute oxidation of MC Fe–20Cr 
alloy were similar to those of the NC Fe–10Cr alloy at 350°C, suggesting the 
degree of oxidation resistance conferred by the NC structure at only 10% 
chromium to be similar to that of the alloy with twice as much chromium but a 
MC structure. 
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 Fe–Cr alloys with considerably lower chromium content have demonstrated a 
remarkable oxidation resistance at 300 to 400°C as a result of the NC structure. 5  The 
NC structure enhances diffusion and thus accounts for the improved oxidation 
resistance. In simplistic terms, one would expect this trend to continue with increasing 
temperature. However, the stability of the NC structure at higher temperatures (for 
example, the grain growth shown in  Fig. 6.3 ) may become an issue. Another factor 
will be the balance between the increasing growth rate of non-protective external 
oxide and the chromium supply; this aspect needs to be investigated in detail.   

   6.6  Conclusions 

 As a result of their extremely fi ne grain size, NC metals and alloys possess 
remarkably different properties. However, because such materials have poor thermal 
stability and are highly susceptible to grain growth, their large scale processing is a 
challenge. Alloys containing elements that can form protective oxide scale (namely, 
Cr, Si and Al) have shown superior resistance to degradation due to gaseous 
corrosion at moderately high temperatures. Recent studies have established that the 
NC structure possesses a remarkably superior resistance to oxidation of an Fe–10Cr 
alloy (than its MC counterpart) at moderately high temperatures (300 to 400°C). 
This behaviour has been convincingly attributed to the much greater diffusivity of 
chromium in the NC alloy and, as result, the ability of the NC alloy to develop a 
protective layer of chromium oxide (in spite of only 10 wt% Cr in the alloy).  
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 High temperature oxidation protection 

using nanocrystalline coatings  

    W.   GAO and     Z.    LI ,     The University of Auckland, New Zealand and    
  Y.    HE,     University of Science and Technology Beijing, China   

   Abstract:    This is an overview of the research work at The University of 
Auckland in collaboration with the University of Science and Technology 
Beijing on the development of nanostructured coating systems for protection of 
alloys from high temperature oxidation. The fi rst section will cover the 
preparation of nanocrystalline metallic coatings by unbalanced magnetron 
sputtering and electro-spark deposition. The effect of grain size reduction on 
the selective oxidation of alloys, and the growth of protective oxide scales such 
as Al 2 O 3  and Cr 2 O 3  on the external surfaces at elevated temperatures, will be 
discussed. The second part will be focused on our recent progress on 
fabrication and characterization of ceramic coatings with nanostructural 
features; in particular, multilayered and composite oxide coatings for 
applications in high temperature oxidation protection.  

   Key words:    oxidation, deposition, coating, sputtering, ceramic, nanomaterials.   

    7.1  Introduction 

 Thermodynamically, when exposed to high temperature atmospheres, most metals 
will be oxidized through extensive reactions with carbon, nitrogen, oxygen or 
sulfur. Oxidation of metallic structural components inevitably results in the 
regression of the load-bearing cross-section and eventually leads to premature 
failure of the structure. In this respect, the oxidation of metals should be prevented 
by every means. 

 Metals and alloys for high temperature applications are therefore commonly 
incorporated with certain alloying elements to improve their resistance to 
oxidation attack (Wood and Stott, 1987). The principle is that, when the 
concentration of these elements exceeds a critical value, selective oxidation will 
take place to develop an external scale exclusively composed of their oxides 
( Fig. 7.1 ). Aluminum (Al), chromium (Cr) and sometimes silicon (Si) are typical 
examples of this practice since their oxides, Al 2 O 3 , Cr 2 O 3  and SiO 2 , have low 
defect concentration and are stable at high temperatures. A scale of these oxides 
can be an effective barrier to the diffusion of reactants, therefore inhibiting internal 
oxide precipitation and signifi cantly decreasing reaction rate (lower metal 
consumption) and protecting the underlying substrate from further attack as long 
as this scale is integral and adherent during service. 

 A higher content of the alloying element will then be benefi cial to the 
establishment and maintenance of the protective oxide scale of excellent oxidation 
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resistance. However, it does have adverse effects on the machinability of alloys. 
A typical example is that Al content is normally lower than ~6wt% in order to 
make a balance between mechanical and environmental performance of high 
temperature alloys. This amount, however, cannot always ensure the re-healing of 
a protective Al 2 O 3  scale when subjected to thermal cycling or mechanical impact. 

 Nanocrystalline materials often possess unique properties that are different 
from their large grain sized counterparts (Vollath, 2008). These materials are 
fi nding more and more applications, particularly in electronic, photonic, magnetic 
and biomedical fi elds (Gogotsi, 2006). In the 1990s it had been noticed that size 
reduction, i.e. microcrystallization and nanocrystallization, could promote 

   7.1     Enhanced selective oxidation of binary alloy A-B by grain size 
reduction.     
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selective processing and enhance the high temperature oxidation resistance of 
many alloys (Wang and Lou, 1990; Lou  et al. , 1992; Gao  et al. , 2001). In this 
chapter, progress in research on development of oxidation resistant alloy, alloy-
oxide and ceramic coatings with nanocrystal and microcrystal grains will be 
reviewed in brief. A vast array of literature is available on this topic, and the focus 
will therefore be confi ned to the collaborative investigation work of The University 
of Auckland (UOA), New Zealand, and the University of Science and Technology 
Beijing (USTB), China.  

   7.2  High temperature oxidation resistant 

metallic coatings 

 In the development of high temperature alloy systems, the application of a coating 
onto a metallic substrate is one of the popular approaches proposed to meet 
the different requirements of mechanical and oxidation performance. More 
importantly, this approach is cost-effective because the material in the coating 
(higher oxidation resistance but higher materials cost) normally is only about 0.01 
to 2% of the material in the bulk. 

 High temperature oxidation resistant coatings can be applied onto their 
substrates through many chemical and physical techniques. The typical examples 
can be chemical vapor deposition (CVD), physical vapor deposition (PVD), 
cladding, electrochemical deposition, sol–gel and laser/electron beam surface 
treatment (Goldstein, 1997). Composition, grain size and thickness of these 
coatings can be modulated in a wide range through processing control so that they 
can meet the requirements of different working conditions. In our studies, 
magnetron sputtering, electro-spark deposition, sol–gel and modifi ed pack 
cementation were used to produce metallic and ceramic coatings for protection of 
various alloys against high temperature corrosion. 

   7.2.1  Coating deposition 

  Coatings by magnetron sputtering 

 Unbalanced magnetron sputtering, a popular PVD technique, was used by the 
authors’ group to deposit microcrystalline and nanocrystalline coatings with a 
wide range of compositions onto various alloy substrates. A distinct advantage of 
sputtering deposition is that the grain size, composition and structure of the 
coating can be easily tuned through the control of working gas pressure, power 
density forwarded to the target, substrate to target distance, bias applied to the 
substrate and target confi guration (Mattox, 2010). 

 The correlation between argon (Ar) pressure, growth rate and grain size had 
been established for the deposition of Ni–Cr–Al coatings (Liu  et al. , 1997, 1998a). 
It was revealed that the deposition rate increased with Ar pressure in the chamber. 
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The relationship between coating grain size and Ar pressure was approximately 
parabolic, with a maximum grain size (~600 nm) at a pressure of 15–20 
mTorr. Grain size as small as ~50 nm can be obtained with a low Ar pressure of 
2–5 mTorr. 

 Co-deposition and reactive deposition can also be readily performed with 
unbalanced magnetron sputtering. In our studies, co-deposition was mainly achieved 
by sputtering from two targets in a face-to-face confi guration, or from a composite 
target containing separate smaller parts of different alloys or metals. The control of 
the composition of these coatings was mainly achieved through adjusting the 
densities of power forwarded to the different targets, or the constitution (ratio of 
surface areas) of the composite target. Reactive deposition was performed in an 
atmosphere containing working gas, e.g. inert argon, and reactive gas, e.g. oxygen or 
nitrogen. Metal-oxide or metal-nitride coatings can be produced if the pressure of the 
reactive gas is higher than the critical pressure for complete reactive sputtering. Our 
results indicated that the co-deposited FeCrNi–Al coatings normally had a uniform 
structural characteristic and an average grain size of ~100 nm (He  et al. , 2000). On 
the other hand, the coatings of reactive deposition showed the formation of clusters 
of ~500 nm, each of which, however, appeared to consist of many smaller grains.  

  Coatings by electro-spark deposition 

 Electro-spark deposition (ESD) is a technique that uses the highly concentrated 
electrical energy stored in capacitors to initialize electro-sparks between anode 
and cathode. The high temperature generated by the spark results in partial melting 
and/or mixing of the superfi cial layer of the electrode and/or substrate materials 
(depending on the type of electrode material used). During the interval between 
two electro-sparks, the small amount of molten material solidifi es rapidly to form 
a coating layer. This method was originally designed to produce hard and wear-
resistant surface coatings for machine parts (Dahotre  et al. , 1995). Because of the 
benefi ts of fast melting and solidifi cation, it has been recently modifi ed by the 
authors’ group to produce oxidation resistant nanocrystalline and microcrystalline 
coatings with well-controlled compositions, favorable microstructures and strong 
metallurgical bonding to substrate (Li  et al. , 2000). This technique has the 
advantage of using simple and portable equipment. 

 The latest version of ESD, series double-pole electro-pulse discharge (SEPD), 
connected both poles of the power supply to two depositing electrodes between 
which the substrate was located as an electrostatic induction electrode. It changed 
the established manner of discharging fi elds in traditional ESD processes and 
deposition took place with two pairs of electrodes, leading to signifi cantly 
increased deposition effi ciency (Xu  et al. , 2002a, 2002b). 

 Nanocrystalline and microcrystalline alloy coatings with grain sizes of 50 to 
500 nm can be established quickly on relative large surfaces. Oxide nanoparticles 
can be applied onto the substrate so that oxide dispersive strengthening (ODS) 
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alloy coatings can be produced (see  Fig. 7.2 ) (He  et al. , 2002). The small additions 
of reactive element oxides in alloys can improve the spallation resistance and 
reduce the growth rate of oxide scales. This technique has been proven to be very 
successful for the fabrication of a variety of coating systems, such as Ni–20Cr, 
Fe–18Cr–8Ni, Ti–Al and Fe–Cr–Ni–Al–Y 2 O 3  (He  et al. , 2000; Li  et al. , 2001a; 
He  et al. , 2002; Li  et al. , 2003).  

  Mechanical action enhanced technique 

 Recently, a combined pack aluminizing and ball peening process was developed 
by the authors’ group (collaborative research at USTB and UOA) to produce 
nanostructured aluminide intermetallic coatings on carbon steel, stainless steel 
and/or Ni-based superalloys at a relatively low operating temperature (440–
600°C) and in a short time (15–120 min) (see  Fig. 7.3 ) (Zhan  et al. , 2006a, 

   7.2     (a) Microstructure of nanosized oxide particles in the oxide 

dispersion coatings. (b) shows two typical oxide particles with a 

spherical shape at a higher magnifi cation. The composition of these 

particles is very similar to YAlO 
3 
, analyzed by EDS.     
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2006b, 2006c, 2006d, 2007, 2009). In this process, small alloy balls were 
added into a retort containing Al powder, fi ller and activator. The last three 
were used for conventional pack cementation. The retort heated in a furnace 
was then vibrated by a mechanical vibrator (see  Fig. 7.4 ). The formation of 
aluminide coatings in this process was believed to typically occur through the 
following four steps:

   1.   Strong impact from vibrating balls led to welding of Al particles onto the 
substrate and an Al-rich layer was formed on the surface.  

  2.   Random-directional ball peening also induced severe plastic deformation of the 
substrate and cleavage of grains, resulting in the formation of a large amount of 
structural defects such as dislocation lines and parallel slip bands in grains, 
dense dislocation walls in grain boundaries and cleavage crystals. These defects 
greatly accelerated atomic diffusion. Local high temperature at the impact zones 
also promoted atomic diffusion, leading to the nucleation aluminide phases at 
grain boundaries and other structural defects. An initial layer was formed on the 
substrate surface as a result of repeated impact of balls.  

  3.   Grains of the aluminide phased in the initial alloy layer were refi ned by 
subsequent ball impact and another Al-layer was formed on the top.  

  4.   Diffusion of aluminum and substrate elements took place between the newly 
formed Al-layer and the initial alloy layer. The inward diffusion of aluminum 
was hindered by the coarse grains of the substrate, while the outward diffusion 
of the substrate elements was enhanced along the large amount of grain 
boundaries and defects in the alloy layer. The continuous ball impact may 
cause a series of reactions, including breaking the Al-rich layer on the surface, 
causing a more homogeneous and dense microstructure.    

   7.3     Cross-sectional morphology of a nanocrystalline Fe–Al intermetallic 
coating formed on carbon steel at 560°C for 90 min.     
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 It can be seen that in this process surface nanostructuring induced by ball peening 
and atomic diffusion were carried out simultaneously, thus eliminating grain 
growth in post-heat treatment. The formation of the coatings is related to plastic 
deformation, grain refi nement, atomic diffusion and new phase nucleation and 
growth and is very different from conventional pack aluminizing. 

 Detailed transmission electron microscopy (TEM) observation with coatings 
formed on carbon steels revealed irregularly shaped nanocrystals of random 
crystallographic orientations and a wide size distribution (see  Fig. 7.5 ). The large 
crystals were about 100 to 150 nm in size (region A in  Fig. 7.5(a) ) and the small 
ones were about 30 to 50 nm (region B in  Fig. 7.5(a) ), all with well-defi ned grain 
boundaries. Inside the large crystals, ultrafi ne cells could be seen as well. The 
formation of these nanocrystals was attributed to the plastic deformation induced 
by ball peening. Grain refi nement was realized by dislocation reactions and brittle 
fracture. Dislocation walls transformed to sub-grain boundaries and large-angle 
grain boundaries with increasing deformation. Ultrafi ne equiaxed grains with 
random crystallographic orientations and narrow size distribution (20–35 nm) 
were also observed. These types of nanocrystals were not reported with other 
surface mechanical nanostructuring treatment. They were developed through a 
thermodynamics process, i.e. chemical reaction, atomic diffusion and nucleation 
of new phases, instead of by plastic deformation. 

   7.4     A schematic diagram of the equipment for coating fabrication with 
mechanical action.     
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   7.5     TEM characterization of nanostructured Fe-Al produced by a combined

pack-aluminizing and ball peening process. (a) Shows the nanocrystallites 

formed in the grain boundary areas. They are exhibiting irregular shapes, 

random crystallographic orientations and a wide size distribution 

(100–150 nm in region A and 30–50 nm in region B). (b) Shows the 

structure of cubic shaped crystallites with different orientations. (c) A 

HRTEM image, indicates that the cubic cells in (b) are exhibiting square 

shape and parallel array with almost same orientation.     
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     7.2.2  Selective oxidation of nanocrystalline coatings 

 As mentioned in the previous section, high temperature alloys mainly rely on the 
formation and maintenance of a protective oxide scale on their external surfaces. 
This can be achieved if the content of the alloying (or solute) element in the 
substrate is higher than a critical value. According to the classical selective 
oxidation theory developed by Wagner (1959), the minimum content of the 
solute metal,  N   M  , for the formation of an exclusive external oxide scale is 
estimated as:

    [7.1]  

 where  g  is a constant,  N   O   D   O   is the oxygen permeability in the alloy,  V   m   is the 
molar volume of the alloy,  D   M   is the diffusion coeffi cient of the solute metal in the 
alloy and  V   ox   is the molar volume of the oxide. 

 This equation therefore indicates that an increase in the outward diffusion of 
the alloying element would decrease the minimum content of the desired alloy 
component if all other factors were unchanged. One of the most important 
advantages of nanocrystalline coatings compared with their large grain sized 
counterparts is their ability to enhance short-circuit diffusion through their much 
higher density of grain boundaries. Mathematical models based on simultaneous 
diffusion through the crystal lattice and grain boundary have been established 
to predict selective oxidation behavior and to describe oxidation kinetics of 
nanostructured alloys (Liu  et al. , 1998a, 2000). These models showed a good 
agreement with the experimental results obtained by the authors and other 
researchers. 

 In Ni–20Cr–Al, a typical high temperature alloy system, >6 wt% Al, is normally 
required to form a protective Al 2 O 3  scale (Wallwork and Hed, 1971). If the Al 
content is lower than this, complex oxides consisting of Cr 2 O 3 , NiCr 2 O 4  and internal 
Al 2 O 3  precipitates form, resulting in high oxide scale growth rates and poor 
oxidation resistance. With grain size reduction, the critical Al content can be 
substantially reduced. In the authors’ group, Ni–20Cr– x Al coatings of different 
grain sizes and Al contents were produced by magnetron sputtering. Isothermal 
oxidation testing results indicated that, when the grain size of Ni–20Cr–Al coatings 
was at the level of ~60 nm, alloys containing ~2 wt% Al could form a complete 
 α -Al 2 O 3  scale at 1000°C in air (Liu  et al. , 1998a). This is only one-third of the 
amount required in a large-grained alloy and is a direct result of enhanced Al 
outward diffusion through the higher density of grain boundaries in the 
nanocrystalline coating. 

 For Fe–Ni–Cr–Al alloys (310SS) of normal grain size, a scale composed of 
both alumina (internal) and chromia (external) was formed during oxidation when 
their Al content was around 5 wt%. When the coatings have a nanocrystalline 
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structure, an even smaller amount of Al (~3.36 wt%) could produce an alumina 
external scale, indicating that the selective oxidation of Al was greatly promoted 
by nanostructuring (Liu  et al. , 1999a, 1999b). 

 Ni 3 Al is a marginal Al 2 O 3 -forming alloy and its selective oxidation behavior 
depends on a number of factors such as alloy composition, oxidation temperature 
and microstructure. For example, NiO was formed as the main oxidation product 
at 900°C, while NiAl 2 O 4  and Al 2 O 3  were formed with increasing temperatures 
(Kuenzly and Douglass, 1974). On the other hand, the Ni 3 Al + 5% Cr and Ni 3 Al 
+ 5% Cr + 0.3% Y (wt%) coatings showed very different oxidation behaviors. The 
oxides detected after oxidation at 900°C and 1050 to 1200°C were  θ -Al 2 O 3  and 
 α -Al 2 O 3 , respectively. This phenomenon indicated that the selective oxidation of 
Al had also been promoted (Liu and Gao, 2001). 

 Similar effects could also be observed with coating grain size reduction through 
the ESD process (Xu  et al. , 2002a, 2002b). The oxide scale formed on the uncoated 
Fe–18Cr–8Ni steel was composed of NiO, FeCr 2 O 4  and a small amount of Cr 2 O 3 . 
The oxide scale on the alloy coating, on the other hand, consisted mainly of Cr 2 O 3  
with a small amount of Fe 3 O 4  while Cr 2 O 3  was the main oxide formed on the alloy 
coating with dispersive Y 2 O 3  nanoparticles.  

   7.2.3  Improved oxide scale spallation resistance 

 An external oxide scale should be established quickly when exposed to a high 
temperature atmosphere. However, this is not the only requirement for a highly 
protective oxide scale, since most alloys for high temperature applications will be 
subjected to heating and cooling cycles during service. This oxide scale must be 
strong, tough and adherent to its substrate. A common problem for many oxide 
scales is that they can be protective at the initial stage but tend to crack or spall 
after long periods of exposure. This is particularly true when the parts experience 
shocks during thermal cycles. Physical failure of the originally protective oxide 
scale results in the growth of another oxide scale of lower protection capability 
from the substrate depleted of the alloying element, substantially reducing the 
service life of the parts. 

 Experimental observations showed that the oxide scales formed on nanocrystalline 
and microcrystalline coatings normally demonstrated a much higher resistance to 
cracking and spallation than those formed on a substrate alloy of coarse grains. This 
was supported by cyclic and long-term oxidation tests with coatings of Ni–Cr, Fe–
Cr–Ni, Fe–Cr–Ni–Al, Ni–Cr–Al, FeAl, NiAl and TiAl intermetallic compounds. 
Failure and spallation of thermally grown oxide scale is a complex process infl uenced 
by many chemical and mechanical factors. The mechanisms behind the enhanced 
scale spallation resistance through nanocrystallization or microcrystallization are 
also complicated. The following might apply, according to our experimental results. 

 Firstly, grain size reduction down to nanoscale levels can promote selective 
oxidation of alloying elements and a complete and thin oxide scale can be 
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established in shorter periods and provide higher protection. For example,  α -Al 2 O 3  
was formed on Ni–Cr–Al and Fe–Cr–Ni–Al while Cr 2 O 3  was observed on Ni–Cr 
and Fe–Cr–Ni nanocrystalline and microcrystalline coatings. On large-grained 
alloys, complex scales composed of oxides of Al, Cr, Ni and Fe were formed with 
internal precipitates. In comparison with those scales grown on fi ne-grained 
coatings, these oxide scales were thicker and less protective and had a higher 
probability of premature failure. 

 Secondly, temperature change during heating–cooling cycles will develop 
severe thermal stresses in both oxide scale and substrate as a result of their different 
coeffi cients of thermal expansion (CTEs). Metals usually have a greater linear 
CTE than oxides. Therefore, the oxide scale will experience an average compressive 
stress during cooling and the metallic substrate has a tensile stress. The compressive 
stress accumulated has to be released through some mechanism. The most 
damaging way is the physical failure of scale, i.e. local detachment, crack and/or 
partial spallation. Alternatively, the plastic deformation of oxide scales and metal 
substrates could contribute to the release of the compressive stress and infl uence 
the adhesion of oxide scales to their substrates. At high temperatures, the creep rate 
of oxide scales or metals can be estimated as (Kofstad, 1988):

    [7.2]  

 where  σ  is the applied tensile stress,  Ω  is the atomic volume,  d  is the average grain 
size,  B   1   and  B   2   are constants,  D   V   and  D   B   are the diffusion coeffi cients along grain 
boundaries and through lattice,  δ  is the width of grain boundaries and  k  is the 
Boltzmann constant. 

 It can be seen that  ε  is inversely proportional to  d   
3
  . Thus, a small grain size of the 

alloy and oxide would favor a higher creep rate. Coatings produced by magnetron 
sputtering and ESD are composed of nanocrystals and microcrystals. As a direct 
consequence, oxide scales grown from these coatings also consist of very fi ne 
oxides due to the increased heterogeneous nucleation rate. The diffusion creep rate 
may be much higher in the scale and coating of smaller grains than in the large-
sized scale and alloy substrate. Consequently, they may release stress more 
effectively through plastic deformation. 

 In addition, the coatings produced by ESD have a metallurgical bonding to 
their substrates. The interface between coating and substrate is not sharp and 
the compositional and structural changes in this area are not abrupt. The 
mechanical mismatch between oxide scale and underlying coating could 
therefore be minimized, favoring a higher interfacial stability during thermal 
cycling. 

 Spallation of oxide scale may occur when the elastic strain energy contained 
within that part of the scale is equal to the energy required to form new surfaces 
from the underlying oxide–metal interface (Evans, 1995):
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    [7.3]  

 where  γ   F   is the fracture energy per unit area of the interface,  γ   ox   and  γ   M   are the surface 
energies of the oxide and the metal, respectively.  γ   oxM   is the energy of the oxide–
metal interface,  λ  is the spacing between shear cracks, and  W*  is the elastic energy. 

 During sputtering deposition, bombardment of high-energy particles to the 
growing coating surface produces compressive stress in the coating. This could 
also introduce more structural defects into the surface. The surface energy of the 
coating is believed to be higher than the surface of the alloy without surface 
coating. The value of  γ   F   may therefore be increased to a higher level that can stand 
higher elastic energy accumulated in thermal cycling. 

 Thirdly, the nanocrystalline/microcrystalline structure of the coatings can 
increase oxide nucleation at grain boundary areas. A distinct feature of the coatings 
produced by magnetron sputtering is the formation of columnar grain structures. 
Oxides could grow inwardly along this long and vertical grain boundary and form 
into pegs that can strongly hold the oxide scales in place and therefore allow the 
oxide–metal interface to withstand high stress. This so-called ‘micro-pegging’ 
effect results in a better scale adhesion to the metal substrate (see  Fig. 7.6 ) (Liu 
and Gao, 2001). 

 In addition, oxide scales of ridge network are commonly formed on sputtering 
deposited Al-containing coatings. It is believed that this ridge structure may also 

   7.6     Micro-pegs and pits formed at the oxide–metal interface of the Ni3Al 
+ Y coating produced by magnetron sputtering (50 hours of oxidation at 
1200°C in a pure oxygen atmosphere).     
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grow into the metallic substrate due to the inward diffusion of oxygen. The inward 
grown ridges, therefore, can also play a role in scale–metal contraction to further 
improve the scale adhesion and spallation resistance. 

 Finally, large voids or thermal grooves could be observed on the exposed 
oxide–metal interface of large grain sized alloys, such as cast FeAl, Ni 3 Al and 
NiAl (Smialek, 1978; Hindam and Smeltzer, 1980; Taniguchi  et al. , 1986; Grabke, 
1999). In contrast with this, few voids were observed at the interface between 
oxide scale and nanocrystalline/microcrystalline coatings after oxidation. These 
voids will impair the interfacial bonding strength since the oxide–metal contact 
area is reduced. Growth of Al 2 O 3  scales on fi ne-grained Ni–Al alloys, particularly 
on those containing rare earth elements (e.g. Y), was typically dominated by the 
inward diffusion of oxygen rather than outward diffusion of alloying element. 
This behavior favors a tighter interfacial contact between oxide scale and substrate 
(Liu and Gao, 2001).   

   7.3  Ceramic coatings for high temperature 

oxidation protection 

 Grain size reduction can signifi cantly increase the outward diffusion of the 
alloying element through short circuits and therefore decrease its critical amount 
for selective oxidation. From Wagner’s theory, it can also be seen that a decrease 
of the oxygen permeability in the alloy could also achieve the same goal. Another 
approach used in our studies is hence to inhibit oxygen diffusion by applying 
ceramic coatings onto alloy substrates. 

 Ceramics are candidates for numerous applications in high temperature 
corrosive environments. Oxides, such as alumina and zirconia, are the dominant 
ceramic compounds because of their generally refractory character and high 
chemical stability at elevated temperatures in the presence of an oxygen-
containing atmosphere. Specifi cally, Al 2 O 3  coatings can act as a barrier to 
the inward diffusion of oxygen while rare earth element oxides (e.g. ZrO 2  and 
Y 2 O 3 ) may suppress the outward diffusion of metallic ions through the 
thermally grown oxide scale. Coatings based on these oxides have therefore 
been applied onto various metals and alloys through many techniques to improve 
high temperature oxidation resistance of the alloy substrate. These techniques 
typically include CVD, PVD, electrophoresis, electrochemical deposition and 
sol–gel. 

   7.3.1  Multilayered coatings 

 Multilayered coating systems we discuss here are composed of alternate layers of 
two or more different types of materials. The thickness of each sub-layer is in the 
range of a few nanometers to sub-micrometer level. The spacing between two 
layers is so small that the defect size and dislocation movement can be effectively 
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suppressed by the interfaces, so that the properties of these multilayered coatings 
are different from those of the single-layer coatings (Celis  et al. , 1995; Levin 
 et al. , 1995). These properties may include fracture strength and toughness, 
fatigue and impact strengths. It is believed that this laminated structure would 
retard inward oxygen diffusion effectively, leading to improved high temperature 
corrosion resistance for the underlying substrates. 

 In the authors’ group, a technique combining electrochemical deposition and 
sintering has successfully produced ZrO 2 /Al 2 O 3  and (ZrO 2 –Y 2 O 3 )/(Al 2 O 3 –Y 2 O 3 ) 
based multilayered composite coatings on steel substrates (Yao  et al. , 2007a, 
2007b; Gao  et al. , 2010). The thickness of each layer was in the range of 80–500 nm 
and the coating was composed of grains with an average diameter of ~40 nm (see 
 Fig. 7.7 ). In these coating systems, ZrO 2  or ZrO 2 –Y 2 O 3  sub-layers are to provide 

   7.7   (ZrO2–Y2O3)/(Al2O3–Y2O3) composite coating with six sub-layers: 
(a) cross-section and (b) top surface  .     
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resistance to thermal shock and enhance the adhesion between the thermally 
grown oxide scale and alloy substrate, since the coeffi cient of thermal expansion 
of ZrO 2 –Y 2 O 3  is very close to that of many alloys. The layer containing A1 2 O 3  is 
to reduce ion and oxygen diffusion since it has good stoichiometry. In addition, 
nanosized/microsized oxide particles on the alloy surface can infl uence the 
nucleation process at the initial oxidation stage and change the mass transfer 
mechanism in the process of oxidation, thus promoting the selective oxidation of 
Cr in the alloy substrate, reducing the formation of holes at the interface and 
improving the adhesion of the scale to the substrate (He and Stott, 1994, 1996; 
Li  et al. , 2001b). 

 Oxidation tests at 900°C showed that these multi-laminated coatings could 
provide higher oxidation resistance than the monolithic ZrO 2 –Y 2 O 3  or A1 2 O 3 –Y 2 O 3  
coatings. Further, the oxidation resistance increased with the number of laminated 
layers. For example, the oxide scale formed on the uncoated Fe–25Cr–9Ni–N alloy 
was mainly composed of Fe and Cr oxides, while A1 2 O 3  and Cr 2 O 3  were detected 
on the coated alloys. However, it was noticed that the oxidation mass gain for steels 
coated with these multilayered coatings still showed breakdown behavior after a 
certain time period, though the improvement in scale spallation resistance lasted a 
longer time. This might be related to a thermal mismatch between the sub-layers 
containing Al 2 O 3  and ZrO 2 . Thus, it is believed that, although this type of coating 
containing alternating nano- and micro-sub-layers of different ceramics may provide 
a new approach for development of high temperature coatings with both low 
oxidation rate and high thermal shock resistance, the process procedures and 
materials must be optimized to achieve better performance.  

   7.3.2  Composite coatings 

 Another strategy, therefore, is to develop composite coatings that consist of 
microsized oxide particles as skeleton (to establish a thick coating) and nanosized 
oxide particles that occupy the spaces between large particles (to inhibit oxygen 
diffusion through these fast routes) (see  Fig. 7.8 ). The oxides for the large and 
small particles are carefully selected to achieve a) a better thermal match between 
coating and alloy substrate under thermal cyclic conditions, thus improved 
resistance to scale failure; and b) an effective barrier to inward oxygen diffusion. 

 In a typical procedure, nano- and microsized particles were dispersed into a 
sol–gel solution by high energy ball milling. Microsized particles were surrounded 
by the nanosized particles precipitated from the sol–gel solution, forming 
composite clusters (see  Fig. 7.9 ) (Yao  et al. , 2005). This composite structure can 
reduce the aggregation tendency of the nanostructured particles. This green 
product was then applied onto steel substrate by painting or electrophoretic 
deposition. Dense and uniform composite coatings (Al 2 O 3 –Y 2 O 3 , Al 2 O 3 –ZrO 2 , 
ZrO 2 –Y 2 O 3  and Al 2 O 3 –ZrO 2 +Y 2 O 3 ) of various thicknesses (2–300 μm) were then 
successfully produced by sintering assisted by a variety of techniques, such as 
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   7.8     A schematic showing different oxygen diffusion paths in composite 
coatings.     

   7.9     A schematic showing the formation of composite particles by high-
energy ball milling of the sol–gel derived precursors.     

thermal pressure fi ltration, centrifugal force and microwave (Yao  et al. , 2006; He 
 et al. , 2006; Yao  et al. , 2007; Ren  et al. , 2010) on stainless steel and Ni-based 
superalloys. 

 Oxidation test using 1Cr13 alloy coated with YPSZ-Al 2 O 3  (Yttria Partially 
Stabilized Zirconia–Alumina) composite coatings in air at 900°C clearly showed 
that oxidation mass gain and oxide scale spallation decreased with an increase of 
the YPSZ-Al 2 O 3  ratio (see  Fig. 7.10 ). This type of coating can be applied onto 
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   7.10     Oxidation kinetics (a) and oxide scale spallation (b) of 1Cr13 alloy 
coated with YPSZ–Al2O3 composite coatings at 900°C in air.     
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various alloys to improve their resistance to oxidation at high temperature if the 
ratio of different oxide components can be adjusted to balance the chemical, 
mechanical and thermal requirements. It can also be used as an ideal interlayer in 
the thermal barrier coating system to improve the adhesions at both the interfaces 
of coating/thermally-grown oxide (TGO) and TGO/MCrAlY. 

     7.4  Conclusions 

 We have demonstrated two strategies for improving the oxidation resistance of alloys 
exposed to high temperatures, i.e. the increase of outward diffusion of the alloying 
element to promote its selective oxidation and fast formation of an external protective 
oxide scale, and the decrease of inward oxygen diffusion through ceramic coatings of 
low diffusivity. Nanocrystalline and microcrystalline coatings possess superior 
performance in these applications. First, the nanostructured alloy coatings can provide 
much higher density of grain boundaries and other structural defects for short-circuit 
diffusion. Adhesion and spallation resistance of the thin and complete oxide scales 
grown on these coatings can also be signifi cantly improved through effective stress 
release and mechanical holding effects endowed by fi ne grain oxide scales. 

 Ceramic coatings with a multilayered structure can effectively inhibit oxygen 
diffusion while those composite coatings with both micro- and nanosized oxide 
particles can provide an effective barrier for oxygen diffusion and concurrently 
minimize thermal mismatches between coating and alloy substrate by adjusting 
the phase ratio and microstructure. Processing techniques developed in the 
authors’ lab are capable of producing dense, uniform and crack-free coatings of 
well-controlled thickness that can have wide application in the protection of high 
temperature structural components.  
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 Nanocoatings to improve the tribocorrosion 

performance of materials  

    T.  S.  N.    SANKARA NARAYANAN,    National 
Metallurgical Laboratory, India   

   Abstract:    Tribocorrosion is the degradation of materials caused by 
simultaneous mechanical and chemical/electrochemical interactions between 
surfaces in relative motion, resulting in irreversible transformation of materials 
or of their functions. The present chapter addresses the role of nanomaterials in 
tribocorrosion. It focuses on the ability of nanoparticles to provide a lubricating 
effect, and the usefulness of nanostructured coatings such as thermally sprayed 
FeCu/WC–Co and WC–Co coatings, electrodeposited Ni–Co alloy, Ni–nano 
SiC, electroless Ni–P–nano SiC coatings and nanostructured titanium in 
improving the tribocorrosion performance of materials. The limitations of using 
nanoparticles and nanostructured coatings under tribocorrosion conditions are 
also addressed.  

   Key words:    tribocorrosion, nanoparticles, nanocrystalline coatings, free 
corrosion potential, fretting corrosion, microabrasion corrosion.   

    8.1  Introduction 

   8.1.1  Nanomaterials 

 Materials with a grain size of <100 nm are classifi ed as nanomaterials (Gleiter, 
1989, 1992; Suryanarayana, 1995; Suryanarayana and Koch, 1999, 2000; 
Suryanarayana, 2005). Their unique atomic structure, i.e. the presence of a large 
volume fraction of intercrystalline components (as much as 50% of the total 
crystal volume) such as grain boundaries and triple junctions, and the reduction in 
grain size, make them fundamentally different from more commonly known 
polycrystalline and amorphous materials. Nanomaterials offer unique physical 
and mechanical properties such as high hardness and strength, enhanced electrical 
resistivity, higher thermal expansion coeffi cient, higher heat capacity, improved 
tribological properties, better fatigue properties, superplasticity at low temperature, 
etc, compared with their glassy and/or crystalline counterparts with the same 
chemical composition (Gleiter, 1989, 1992; Lu, 1996; Koch  et al. , 1999; Lu  et al. , 
2000; Koch, 2003a; Meyers  et al. , 2006; Koch  et al. , 2007). 

 Numerous methods, which include inert gas condensation, high energy ball-
milling, fl ame pyrolysis, electron beam vapour deposition, rapid solidifi cation, 
reactive sputtering, chemical vapor deposition, sol–gel technique, microemulsion, 
co-precipitation, hydrothermal method, spark erosion and electrodeposition, 
are available for the synthesis of nanocrystalline materials (Koch, 2003b; 
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Suryanarayana, 2001, 2004, 2005; Koch  et al. , 2007; Suryanarayana and Prabhu, 
2007; Gurrappa and Binder, 2008). Nanostructured materials fi nd widespread 
applications; the most promising among them are hydrogen storage in the form of 
metal hydrides and microspheres that can be injected into the body and, upon 
illumination, help to destroy tumors (Suryanarayana, 2005).  

   8.1.2  Tribocorrosion 

 Tribocorrosion is defi ned as the science of surface transformations resulting from 
the interaction of mechanical loading and chemical/electrochemical reactions that 
occur between various elements of a tribosystem exposed to a corrosive environment. 
It combines the mechanical and chemical interactions of body, counterbody, 
interfacial medium and the environment, including friction, lubrication, wear and 
tribologically activated chemical and electrochemical reactions.  Fig. 8.1  depicts the 
various types of contact modes and schematic representations of tribological 
contacts involving simultaneous mechanical and chemical effects. 

 Tribocorrosion leads to irreversible transformation of materials or of their 
functions because of the simultaneous mechanical and chemical/electrochemical 
interactions between surfaces in relative motion. Tribocorrosion degradation 
affects components in numerous industries such as mining, mineral processing, 
biomedical, automobile, food, nuclear, offshore, marine, oil and gas production, 
etc. However, it is found to be benefi cial in chemical–mechanical planarization 
(CMP) of wafers in the electronics industry and in metal grinding or cutting in 
presence of aqueous emulsions. Hence, it is important to understand the interaction 
of mechanical wear and chemical/electrochemical processes with each other, 
either to prevent tribocorrosion or to use it effectively in applications such as 
CMP and metal grinding/cutting. 

 Materials that rely on a passive layer are particularly sensitive to tribocorrosion. 
Once the passive layer is removed, the bare metal surface will be exposed to the 
corrosive medium and it will be susceptible to corrosion damage. If the passive 
layer could not regenerate quickly, then the material would undergo signifi cant 
corrosion damage. It was observed that material removal in a tribocorrosion 
system usually exceeds the sum of mechanical and corrosion contributions 
measured separately (Goodman, 1994; Meunier and Sedel, 1998). 

 The most common forms of tribocorrosion are corrosion wear, erosion 
corrosion, fretting corrosion and microabrasion corrosion. Corrosion wear can be 
defi ned as the degradation of materials due to the combined action of mechanical 
removal and chemical/electrochemical reactions of the corrosive medium. Erosion 
corrosion is associated with degradation of materials by fl ow-induced mechanical 
erosion of the material, or the protective (or passive) oxide layer on its surface by 
impinging liquid, abrasion by slurry, particles suspended in fast fl owing liquid or 
gas, bubbles or droplets, cavitation, etc, and the corrosivity of the medium (Stack 
and Abdulrahman, 2010; Stack  et al. , 2010a). Erosion corrosion is observed in 
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   8.1     Different types of contact modes and their schematic representation 
for tribological contacts involving simultaneous mechanical and 
chemical effects (Landolt et al., 2001).     

pumps, impellers, propellers, valves, heat exchanger tubes and other fl uid handling 
equipment. 

 Fretting corrosion is the deterioration of material that occurs at the interface of 
two contacting surfaces due to small oscillatory movements arising between them 
in the presence of a corrosive medium. Orthopedic implants, predominantly hip 
and knee joints, exposed to physiological medium often encounter damage due 
to fretting corrosion, which results in a reduction in their lifetime (Thull and 
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Schaldach, 1976; Brown  et al. , 1988; Hoeppner and Chandrasekaran, 1994; 
Rabbe  et al. , 1994). The modular interfaces of total joint prostheses, primarily at 
the fi xation of implant stem and bone or cement, are subjected to micro-motion 
(<100 μm) that could result in fretting corrosion (Windler and Klabunde, 2001). 
Electrical connector contact is another area where fretting corrosion is a common 
form of degradation (Antler, 1985; Braunovic, 1989; Swingler  et al. , 2000; Hannel 
 et al. , 2001; Malucci, 2001; Park  et al. , 2006a, 2006b, 2007a, 2007b, 2008; 
Sankara Narayanan  et al. , 2007, 2008a, 2008b). 

 Microabrasion corrosion is the degradation of the material by the combined 
action of particle abrasion, mechanical load and corrosivity of the medium 
(Gee  et al. , 2003; Stack and Mathew, 2003; Stack  et al. , 2005). Microabrasion 
corrosion is commonly observed in orthopedic implants, particularly on hip joints 
(Sinnett-Jones  et al. , 2005; Bello  et al. , 2007; Sun  et al. , 2009a, 2009b; Stack  et 
al. , 2010b). 

 The mechanism of tribocorrosion is not thoroughly understood due to the 
complexity of the chemical, electrochemical, physical and mechanical processes 
involved ( Fig. 8.2 ) (Landolt  et al. , 2001; Lemaire and Le Calvar, 2001; Benea 
 et al. , 2004; Celis  et al. , 2006). During tribocorrosion, many reactions could 
take place at the same time and the quantity of reaction products might be very 
small. In addition, metastable phases might be important inside a contact, which 
then transform into stable reaction products outside the contact. The complex 

   8.2     The various parameters that affect the tribocorrosion behavior of a 
sliding contact under electrochemical control (Landolt et al., 2001).     

�� �� �� �� �� ��

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



 Nanocoatings to improve tribocorrosion performance 171

©  Woodhead Publishing Limited, 2012

   8.3     Schematic of the future perspectives of tribocorrosion research in 
the next decade (Mathew et al., 2009).     

chemical, electrochemical, physical and mechanical processes involved are not 
independent of each other but mostly result in a synergistic effect, which makes 
understanding of the mechanism of tribocorrosion diffi cult. Much remains to be 
explored in the area of tribocorrosion. The future perspectives of tribocorrosion 
research in the next decade are shown as a schematic in  Fig. 8.3  (Mathew  et al. , 
2009). 

     8.2  The role of nanoparticles in tribocorrosion  

   8.2.1  Nanoparticles in lubricants 

 The use of nanoparticles as extreme pressure and anti-wear additives for liquid 
lubricants assumes signifi cance. WS 2  particles (average diameter: 100 nm) have 
been shown to reduce the wear of self-mated steel sliding couples by a factor 
of approximately two for loads below 400 N and by a factor of ten above this 
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threshold (Rapoport  et al. , 2003). Similarly, addition of nanosized particles 
such as NiMoO 2 S 2  (Ye  et al. , 2002), Cu (Tarasov  et al. , 2002), ZnS (Chen and 
Liu, 2001), LaF 3  (Zhou  et al. , 2001), Ni (Qiu  et al. , 2001), CeF 3  (Qiu  et al. , 1999) 
and TiO 2  (Xue  et al. , 1997) to oil or liquid paraffi n reduced the wear and 
friction of self-mated steel sliding systems. Ye  et al.  (2002) have reported that 
the maximum non-seizure load in a four steel ball test lubricated with synthetic 
oil was signifi cantly increased when 13 nm NiMoO 2 S 2  particles were added, 
while particles with a diameter of 3 μm micrometer had signifi cantly smaller 
effects. Similarly, the addition of nanosized particles of magnesium borate (Hu 
 et al. , 2002), Ni (Qiu  et al. , 2001), CeF 3  (Qiu  et al. , 1999) and TiO 2  (Xue  et al. , 
1997) to oil increased the maximum non-seizure load typically by a factor of two. 
The observed wear reducing effect was attributed to deposition of nanoparticles on 
the contacting surfaces (Xue  et al. , 1997; Qiu  et al. , 2001; Tarasov  et al. , 2002; Hu 
 et al. , 2002; Rapoport  et al. , 2003). The deposit of nanoparticles acts as a third 
body reducing asperity interactions and thus increasing load bearing capacity 
of the rubbing pairs (Rapoport  et al. , 2003). The nanosized particles were also 
found to be more effi cient than micron-sized particles in reducing friction in an 
alumina-on-steel sliding system.  

   8.2.2  Effect of nanoparticles on tribocorrosion of stainless 
steel (SS) and Co–Cr–Mo alloy 

  Effect of alumina nanoparticles on the corrosion wear of 316L SS 

 Nanoparticles have received widespread acceptance as extreme pressure and 
anti-wear additives for liquid lubricants. If the nanoparticle deposits can act as a 
third body to help reduce asperity interactions and increase the load-bearing 
capacity of rubbing pairs (Rapoport  et al. , 2003) then action of such a third-body 
layer on tribocorrosion behavior will be of much interest. In addition, the 
possibility of using aqueous suspensions of nanoparticles as an alternative to 
oil-in-water emulsion is worth exploring. 

 The effect of alumina nanoparticles (150 nm) suspended in an aqueous 
acetate buffer solution on the tribocorrosion behavior of an AISI 316L SS was 
studied by Radice and Mischler (2006). Four different types of experiments 
were performed. The fi rst type of test involved a ball-on-fl at (alumina ball 
over 316L SS fl at) contact confi guration (standard confi guration), while in the 
second type of test the contact confi guration was reversed (as this would avoid 
sedimentation of alumina particles at the interface). The third type of test 
involved a sequential test method in which, at the end of the fi rst test performed 
using nanoparticles, the subsequent test was conducted by replacing the 
electrolyte with a fresh acetate buffer without nanoparticles. In the fourth type 
of test, a commercial oil-in-water emulsion (Castrol H4 sol. R61, 3% in H 2 O) 
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was used instead of the alumina nanoparticles. Excepting the second type of 
test, all the other three test types were conducted using the standard contact 
confi guration. 

 The reduction in coeffi cient of friction by a factor of two (see  Fig. 8.4(a) ) and 
the decrease in anodic current (see  Fig. 8.4(b) ) and extent of wear by one order of 
magnitude (see  Fig. 8.5 ) suggest that the alumina nanoparticles provide a 

   8.4     Evolution of (a) the mean coeffi cient of friction and (b) current 
of an AISI 316L SS disc (20 mm diameter and 6 mm height) after 
subjecting it to corrosion wear against an alumina ball (6 mm ∅) in an 
acetate buffer. The Al2O3 nanoparticles (150 nm) were added as a 20 
vol.% suspension (1:1 mixture of deionized water and acetate buffer) 
(conditions: −0.5 V/MSE; load: 6N; frequency: 2 Hz; confi guration: 
standard; ball-on-fl at) alumina ball-on-316L fl at) (Radice, 2006).     
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lubrication effect during the corrosion wear process. The morphology of the 
worn-out region indicates the presence of a layer of compacted particles that acts 
as a third body, protecting the 316L SS against abrasion and depassivation 
(at passive potential). These observations confi rm the ability of alumina 
nanoparticles to provide a lubrication effect. However, the hard and abrasive 
nature of these particles has caused abrasion and fl attening of the alumina 
ball counter body. 

 The mechanisms that contribute to the formation of a third-body layer during the 
corrosion wear process are sedimentation, adsorption due to electrostatic interactions 
and mechanical compaction within the contact due to rubbing. Sedimentation does 
not seem to be the predominant mechanism, since the possibility of its occurrence is 
negligible when the standard contact confi guration is reversed. Particle adsorption 
is infl uenced by surface charge on the particle, which is a function of the solution 
chemistry, the pH and the electric potential established across the metal/liquid 
interface (electrode potential). The isoelectric point of Al 2 O 3  particles is in the range 
of 8 to 9. At lower pH values, adsorption of H +  ions on the hydrated particle surface 
imparts a positive surface charge and electrostatically stabilizes the nanoparticles in 
suspensions. The electrode potential also infl uences the electrostatic adhesion of 
suspended nanoparticles onto the metal surface. The morphological features of the 
wear track, however, confi rm that the occurrence of particle adsorption did not help 
improve the tribological behavior, as evidenced by the sequential test. Hence, it is 
evident that formation of a layer of rather loose particles on the metal surface alone 
is not suffi cient to prevent corrosion wear, and some mechanical loading is necessary 
to form a protective compact nanoparticle layer. 

   8.5     Wear profi le of the AISI 316L SS disc after subjecting it to corrosion 
wear against an alumina ball in an acetate buffer under the same test 
conditions as Fig. 8.4 (Radice, 2006).     
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 Attempts to remove the nanoparticle layer by wiping reveals that those formed 
outside the wear track could be completely removed while those formed within 
the wear track could only be partially removed. This indicates the contribution 
from mechanical compaction to the formation of the third-body layer. Hence, the 
observed lubricant effect of nanoparticles in suspension could be attributed to the 
build-up of a third body composed of multilayers of nanoparticles compacted on 
the metal surface, which slides against the alumina ball counter body. The contact 
pressure and rigidity, as well as the interaction forces between particles, are 
critical parameters in determining the formation and stability of the third body. It 
should be noted that the third-body layer cannot be permanently embedded in the 
metallic surface, nor does it form a type of protective coating on the metal. Rather, 
it was kept active by a dynamic process involving a continuous fl ow of 
nanoparticles entering the contact, getting compacted into the third body and 
being replaced after a certain time. 

 Comparison of the mean values of coeffi cient of friction and total wear volume 
of 316L SS subjected to corrosion wear against the alumina ball in an acetate 
buffer under varying experimental conditions reveals some interesting results 
(see  Fig. 8.6 ). The alumina nanoparticle suspension and the oil emulsion showed 
similar lubricant effects in terms of friction and wear. This confi rms the potential of 
nanoparticle suspensions as chemically stable and non-polluting lubricants. The 
performance of nanoparticle suspensions in providing a lubricating action could 
be further improved by optimizing the suspension (nature of particles, size, pH 
and concentration). The study reveals that suspensions containing nanoparticles 
could be effectively utilized to reduce the extent of material damage under 
tribocorrosion conditions. 

   Effect of nanosized alumina particles on the microabrasion 
corrosion of Co–Cr–Mo alloy  

 Metal-on-metal hip replacements, particularly those based on Co–Cr–Mo alloys, 
are considered as useful alternatives to metal-on-polymer hip replacements in 
providing superior wear resistance, longer service life and reduced infl ammatory 
osteolysis (Amstutz  et al. , 1996; Chan  et al. , 1996; Pabinger  et al. , 2003; St. John 
 et al. , 2004; Schmalzried, 2004, 2005; Howie  et al. , 2005; Yan  et al. , 
2007). Despite their low wear rate and longevity of survival, there are some 
concerns over the use of Co–Cr–Mo alloy based joints due to the unknown 
biological responses to the nanosized metallic wear particles and released metal 
ions (Jacobs  et al. , 1998; Tipper  et al. , 2001). Implant retrieval (Wimmer  
et al. , 2001, 2003) and laboratory simulation studies (Wang  et al. , 1999; Catelas 
 et al. , 2001) reveal that Co–Cr–Mo alloy-based implants encounter two-body 
sliding wear (Buscher and Fischer, 2005) and three-body abrasive wear (Yan 
and Dowson, 2006) as the predominant wear mechanisms. These studies indicate 
that the formation of sub-micron sized hard particles such as fractured 
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   8.6     Comparison of the mean values of (a) coeffi cient of friction and 
(b) total wear volume of AISI 316 SS subjected to corrosion wear 
against an alumina ball in an acetate buffer – pH of the suspension 
was adjusted to 11; Degussa Al2O3 particles (1 µm) and oil emulsion 
(Castrol H4 sol. R61, 3% in H2O); all other conditions as Fig. 8.4 
(Radice, 2006).     

carbides, bone cements, bone and metal debris could act as third bodies and 
induce abrasion. 

 It is well known that the wear rates and wear mechanisms resulting from third-
body abrasive wear are infl uenced by abrasive size, geometry and hardness, as 
well as volume fraction (Kramer and Demer, 1961; Rabinowicz and Mutis, 1965; 
Williams and Hyncica, 1992; Zum Gahr, 1999; Stachowiak, 2000; Stachowiak 
and Stachowiak, 2004; Bello  et al. , 2007). The size of the abrasive particles could 
infl uence their motion within a lubricated contact and alter the wear mechanisms 
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(Williams and Hyncica, 1992). The particles could roll or tumble through the gap 
separating the surfaces, producing relatively minor indentation type damage and 
wear. A lubrication fi lm could also be developed in the gap between the surfaces 
in the contact. However, only a limited number of studies focus on the infl uence 
of third-body particles on the material degradation of Co–Cr–Mo alloy joints 
(Sinnett-Jones  et al. , 2005; Sun  et al. , 2009a). 

 The effect of nano and micron-sized abrasives on the abrasion–corrosion 
behaviour of cast Co–Cr–Mo alloy (ASTM F 75) against a ZrO 2  ball (25.4 mm Ø) 
in simulated hip joint environments such as 0.9% NaCl and 25% bovine serum 
(BS), was studied by Sun  et al.  (2009b). Nanosized (300 nm) and micron-sized 
(1 μm) Al 2 O 3  particles were chosen as the abrasive particles as they were 
comparable in size and hardness to the wear particles found  in vivo . Slurries 
containing varying volume fraction of Al 2 O 3  particles were used to cause abrasion 
on the Co–Cr–Mo alloy. The two-dimensional surface profi le of the wear scar of 
cast Co–Cr–Mo alloy subjected to micro-abrasion–corrosion against the ZrO 2  ball 
using a slurry containing 0.006 vol.% of both nano and micron-sized Al 2 O 3  
particles in 25% BS conforms to a hemispherical shape (see  Fig. 8.7 ). However, 
the difference in the degree of wear damage induced by nano and micron-sized 
Al 2 O 3  particles has resulted in a signifi cant variation in the width and depth of the 
scar as well as the surface roughness. The increase in mechanical damage observed 

   8.7     Wear scar profi les of a cast Co–Cr–Mo alloy (ASTM F 75) subjected 
to micro-abrasion–corrosion against a ZrO2 ball (25.4 mm ∅) using a 
slurry containing Al2O3 particles in 25% bovine serum (BS) (a) 0.006 
vol.% 1 µm Al2O3 particles in BS, and (b) 0.006 vol.% 300 nm Al2O3 
particles in BS (Sun et al., 2009).     
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in the presence of micron-sized particles is due to the increase in the effective 
attack angles at which the abrasive particle meets the surface and thus encourages 
machining or cutting wear (Williams and Hyncica, 1992). The specifi c wear rates 
and wear-induced corrosion current of Co–Cr–Mo alloy subjected to micro-
abrasion–corrosion using abrasive slurries containing varying volume fractions of 
1 μm Al 2 O 3  particles (see  Fig. 8.8 ) are generally higher than those obtained using 
300 nm Al 2 O 3  particles (see  Fig. 8.9 ). 

 The morphological features of wear scars of cast Co–Cr–Mo alloy reveal 
grooving abrasion as the predominant wear mechanism, irrespective of whether 
the slurry contains micron- or nanosized Al 2 O 3  particles in 0.9% NaCl and 25% 
BS (see  Fig. 8.10 ). The extent of damage at the contact zone appears to be more 

   8.8     (a) Specifi c wear rates and (b) wear-induced corrosion current 
obtained for a cast Co–Cr–Mo alloy (ASTM F 75) subjected to micro-
abrasion–corrosion against a ZrO2 ball (25.4 mm ∅) using a slurry 
containing varying concentrations of 1 µm Al2O3 particles in 0.9% 
NaCl and 25% bovine serum (BS) (Sun et al., 2009).     
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   8.9     (a) Specifi c wear rates and (b) wear-induced corrosion current 
obtained for a cast Co–Cr–Mo alloy (ASTM F 75) subjected to micro-
abrasion–corrosion against a ZrO2 ball (25.4 mm ∅) using a slurry 
containing varying volume fractions of 300 nm Al2O3 particles in 0.9% 
NaCl and 25% bovine serum (BS) (Sun et al., 2009).     

severe in 0.9% NaCl than in 25% BS. This is due to the formation of conglomerates, 
which consist of proteinaceous material and metal debris. These conglomerates 
could act as rolling elements within the tribo-contact, which enhance the surface 
separation, provide lubrication for the contact, reduce the abrasivity of the hard 
particles and contribute to the polishing effect of the wear scar surface. Similar 
roll-ups of proteinaceous material have been reported previously (Wimmer  et al. , 
2001; Sun  et al. , 2009a) for  in vivo  and  in vitro  studies. The nanosized Al 2 O 3  
particles are likely to be trapped within the conglomerates, which enables a 
reduction in the specifi c wear rate and the extent of damage at the contact zone. 
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The results of this study indicate that nanosized Al 2 O 3  particles could reduce the 
extent of material damage by microabrasion corrosion. In bovine serum, the 
formation of conglomerates traps the Al 2 O 3  nanoparticles and provides a 
lubricating effect. 

   Effect of cobalt nanoparticles on the biotribocorrosion behavior of 
Co–Cr–Mo alloy hip prostheses  

 As already mentioned in Section 8.2.2, there are some concerns over the use of 
Co–Cr–Mo alloy based joints due to the nanosized metallic wear particles (Jacobs 
 et al. , 1998; Tipper  et al. , 2001). The size and quantum of these wear particles 
could infl uence the tribocorrosion behavior. The effect of cobalt nanoparticles 
(average diameter: ~28 nm) on the biotribocorrosion behavior of wrought Co–Cr–
Mo alloy hip prostheses (36 mm diameter hips) was studied by Yan  et al.  (2009). 
BS (25%, v/v) and 0.3% NaCl (5 ml for each test) were employed as lubricants in 

   8.10     Morphological features of wear scars of cast Co–Cr–Mo alloy 
subjected to micro-abrasion–corrosion against a ZrO2 ball (25.4 mm ∅) 
using a 0.006 vol.% alumina slurry containing 300 nm ((a) and (b)) and 1 
µm Al2O3 particles ((c) and (d)), in 0.9% NaCl ((a) and (c)) and 25% bovine 
serum (BS) ((b) and (d)) (Sun et al., 2009).     
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this study. Immersion of Co–Cr–Mo alloy hip implants in 0.3% NaCl enables 
the formation of a stable passive oxide layer. However, as soon as the load 
(300 N) is applied and the motion is started, a rapid cathodic shift in free corrosion 
potential (FCP) is observed, suggesting removal of the passive oxide layer 
(see  Fig. 8.11(a) ). The FCP remains in the active direction until the motion 
is stopped. Once the application of load and motion is removed, the 
FCP exhibits an anodic shift and reaches the initial steady state value, indicating 
repassivation of the damaged areas of the contact zone. However, addition of 
50 mg of cobalt nanoparticles to 0.3% NaCl at a constant load of 300 N has 
resulted in a further shift in FCP towards the cathodic direction (see  Fig. 8.11(a) ). 
The extent of cathodic shift in FCP becomes much higher when a swing phase 
load of 300 N (2 kN 300 N) is applied to the system (see  Fig. 8.11(b) ). In contrast, 
addition of 50 mg of cobalt nanoparticles to 25% BS has caused a relatively 
smaller shift in FCP towards the cathodic direction than in 0.3% NaCl under 
constant as well as swing phase loading conditions (see  Fig. 8.11(c) ). The friction 
factor of Co–Cr–Mo alloy hip implants in 0.3% NaCl and in 25% BS is relatively 
higher at high swing load condition than at constant load condition. In addition, 
it is much lower in BS than in 0.3% NaCl under both loading conditions (see 
 Fig. 8.12 ). Addition of cobalt nanoparticles increased the friction factor at both 
loading conditions and in both media. 

 The effect of varying concentrations of cobalt nanoparticles (0 mg, 1 mg, 5 mg, 
10 mg, 30 mg and 50 mg added every 3 min. to the system) on the change in FCP 
of Co–Cr–Mo alloy hip implant obtained under a load of 300 N in different media 

   8.11     Change in FCP (V vs. Ag/AgCl) of a Co–Cr–Mo alloy hip implant 
measured as a function of time before and after the addition of 50 mg 
cobalt nanoparticles (average diameter: ~28 nm) under different 
loading conditions and in different media: (a) in 0.3% NaCl at 300 N; 
(b) in 0.3% NaCl at 2 kN 300 N; and (c) in 25% bovine serum at 300 N 
and 2 kN 300 N (Yan et al., 2009).     
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   8.11     Continued.      

reveals interesting results (see  Fig. 8.13 ). A continuous cathodic shift in FCP with 
increase in concentration of cobalt nanoparticles is not observed. In contrast, a 
stabilized and slightly nobler FCP is noticed beyond 5 mg of cobalt nanoparticles, 
which is equivalent to the quantum of debris generated after approximately 
600 000 cycles from a hip simulator (Tipper  et al. , 2005). This observation is 
consistent with the bedding-in theory, which states that particles may act as 
rolling balls in the contact and result in less damage to the bearing surface. The 
study reveals that cobalt nanoparticles could act as abrasives. Their presence at 
the contact zone could increase the friction, cause local damage of the passive 
oxide fi lm and accelerate the release of metal ions from the bearing surfaces of 
Co–Cr–Mo alloy hips. Abrasive wear is the predominant wear mechanism at low 
loads, whereas under higher loading conditions the wear mechanism is changed 
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   8.12     The friction factor of Co–Cr–Mo alloy hip implants obtained under 
different loading conditions in 0.3% NaCl ((a)–(d)) and in 25% bovine 
serum ((e)–(h)): at constant load of 300 N ((a) and (e)); at constant load 
of 300 N and with 50 mg of cobalt nanoparticles (average diameter: ~28 
nm) ((b) and (f)); at swing phase load of 2 kN 300 N ((c) and (g)); and at 
swing phase load of 2 kN 300 N with 50 mg of cobalt nanoparticles ((d) 
and (h)) (Yan  et al ., 2009)      

   8.13     Effect of varying concentrations of cobalt nanoparticles (average 
diameter: ~28 nm) on the change in FCP (in V vs. Ag/AgCl) of Co–Cr–Mo 
alloy hip implant obtained under a constant load of 300 N in (a) 0.3% 
NaCl, and (b) 25% bovine serum (Yan et al., 2009).     
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from abrasive wear to a combination of abrasive wear and adhesive wear. The 
effect of cobalt nanoparticles is a function of its concentration, type of mechanical 
motion and type of the surrounding environment. 

      8.3  Tribocorrosion resistance and nanocrystalline 

coatings 

   8.3.1  Effect of thermal sprayed nanostructured coatings 

 Nanocrystalline coatings with grain sizes in the nanometer scale exhibit novel and 
enhanced properties, which open up opportunities for new technological applications. 
Although various techniques are available for preparing nanocrystalline coatings, 
thermal spraying offers the unique advantages of a moderate to high rate of 
throughput and the ability to coat complex-shaped target materials using 
nanostructured feedstock powders prepared from vapor, liquid and solid materials. 
It will be of much interest to know how thermal sprayed nanostructured coatings 
would help reduce the tribocorrosion resistance of materials. 

 Basak  et al.  (2006) have studied the fretting corrosion behavior of thermal sprayed 
nanostructured FeCu/WC–Co and WC–Co coatings deposited on AISI 304 SS in 
Hank’s solution and compared it with that of uncoated 304 SS. The change in FCP 
and the anodic current were measured as a function of time (see  Fig. 8.14 ). Before the 
onset of fretting, the FCP of FeCu/WC–Co coated 304 SS is quite stable. With the 
onset of fretting, a sudden drop (cathodic shift – shift in potential in the negative 
direction with respect to the FCP) in FCP with a consequent increase in anodic current 
is observed (see  Fig. 8.14(a) ). Similar observations have been made earlier by other 
researchers (Xulin  et al. , 1997; Galliano  et al. , 2001; Barril  et al. , 2005; Geringer 
 et al. , 2005; Tang  et al. , 2005; Berradja  et al. , 2006; Azzi and Szpunar 2007; Satendra 
Kumar  et al. , 2010a, 2010b, 2010c, 2010d). In fact, the drop in FCP and increase in 
anodic current have been observed not only during fretting but also during slurry 
impingement, scratching and sliding (Nevilee and McDougall, 2002; Komotori  et al. , 
2007; Lu  et al. , 2008). It has been established that the potential of an electrode shifts 
in the noble direction when a passive fi lm grows on the surface with a consequent 
decrease in anodic current and  vice versa  (Quan  et al. , 2006). Hence, the sudden drop 
in FCP and the consequent increase in anodic current observed for FeCu/WC–Co 
coated 304 SS are due to the removal of the surface fi lm induced by fretting. 

 During fretting, some fl uctuations in the FCP of FeCu/WC–Co coated 304 SS 
are observed. This is due to the periodic removal (depassivation) and growth 
(repassivation) of the surface fi lm in the fretted zone. Similar observations were 
made earlier by other researchers (Wu and Celis, 2004; Tang  et al. , 2005; Berradja 
 et al. , 2006; Quan  et al. , 2006; Satendra Kumar  et al. , 2010a, 2010b, 2010c, 
2010d). The fl uctuations in FCP observed during fretting are considered to be due 
to the establishment of a dynamic equilibrium between depassivation and 
repassivation (Tang  et al. , 2005; Berradja  et al. , 2006; Quan  et al. , 2006). When 
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the fretting motion is stopped, the FCP of FeCu/WC–Co coated 304 SS exhibits 
an anodic shift (shift in potential in the noble direction with respect to the FCP), 
suggesting the occurrence of repassivation in the active area of the fretted zone. 

 A comparison of the change in FCP and anodic current measured as a function 
of time for uncoated, nanostructured FeCu/WC–Co and WC–Co coated 304 SS 
(see  Fig. 8.14(a) –(c)) reveals a similar trend. However, the extent of cathodic shift 
in FCP with the onset of fretting, the extent of fl uctuations in FCP during fretting 
and the extent of anodic shift in FCP after the fretting motion is stopped differ a 
lot in each case. The extent of cathodic shift in FCP is very high for uncoated 304 
SS, which confi rms the removal of the passive oxide layer with the onset of 
fretting. The naturally formed passive oxide layer (~4–6 nm thick) on 304 SS is 
not suffi ciently thick to prevent damage with the onset of fretting, which results in 
an increase in its susceptibility to corrosion in Hank’s solution. Unlike uncoated 
304 SS, nanostructured WC–Co and FeCu/WC–Co coated 304 SS does not exhibit 
a sudden cathodic shift in FCP with the onset of fretting; rather, it is gradual. Such 
an observation has been made earlier for coated titanium and titanium alloys 
(Shenhar  et al.  2000; Tang  et al. , 2005; Azzi and Szpunar, 2007; Manhabosco and 
Muller, 2009; Satendra Kumar  et al. , 2010b, 2010c). The absence of a sudden 
cathodic shift in FCP of nanostructured WC–Co and FeCu/WC–Co coated 304 SS 
indicates that the dense, crack-free, adherent and thick coating (~ 200 μm) is not 
totally removed with the onset of fretting and it effectively eliminates the 
generation of active sites. The progressive drop in FCP with increase in time 
indicates a continuous removal of the oxide layer. 

 Unlike uncoated 304 SS, fl uctuations in FCP observed during fretting are relatively 
less for nanostructured WC–Co and FeCu/WC–Co coated 304 SS. In the case of 
uncoated 304 SS, a fresh surface is exposed to the electrolyte after every cycle and it 
tends to repassivate spontaneously due to its inherent nature. However, for coated 
304 SS, removal of the surface layer occurs only on a limited area that limits 
fl uctuation in FCP. During repassivation, the ability of the material to return to the 
steady state potential should be considered. Ideally, the potential should reach the 
initial steady state potential before the onset of fretting. In the present study, after the 
fretting motion is stopped, uncoated 304 SS tends to reach the initial steady state 
potential (see  Fig. 8.14(b) ), whereas nanostructured FeCu/WC–Co and WC–Co 
coated 304 SS fail to reach the initial steady state value (see  Fig. 8.14(a)  and  8.14(c) ) 
in the given duration of time. Before the onset of fretting, nanostructured FeCu/WC–
Co and WC–Co coated 304 SS are covered with a thick layer of coating, which 
imparts a more noble potential for them. However, during fretting, the continuous 
and permanent removal of the coated layer makes them more active. The large 
reduction in thickness of the coated layer due to fretting does not allow nanostructured 
FeCu/WC–Co and WC–Co coated 304 SS to reach the initial steady state potential in 
the given duration of time, after the fretting motion is stopped. The study reveals that 
nanostructured FeCu/WC–Co and WC–Co coatings deposited on 304 SS by thermal 
spraying method offer a better fretting corrosion resistance in Hank’s solution.  
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   8.14     Change in free corrosion potential (FCP) and the anodic current 
of uncoated and thermal spray coated 304 SS, measured as a function 
of time (conditions: counterface material; corundum ball (10 mm 
∅; hardness: 2000 HVN; Ra: < 0.02 µm); electrolyte: Hank’s solution 
(composition in g/l: 0.185 CaCl2, 0.40 KCl, 0.06 KH2PO4, 0.10 MgCl2.6H2O, 
0.10 MgSO4.7H2O, 8.00 NaCl, 0.35 NaHCO3, 0.48 Na2HPO4, and 1.00 
D-glucose; pH 7.60; temperature: 23°C); normal load: 5 N; frequency: 
5 Hz; displacement amplitude: 200 µm; number of fretting cycles: 
10 000); (a) nanostructured FeCu/WC–Co coated 304 SS; (b) uncoated 
AISI 304 SS; and (c) nanostructured WC–Co coated 304 SS (Basak et al., 
2006).     
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   8.3.2  Effect of electrodeposited nanocrystalline coatings 

  Effect of electrodeposited nanocrystalline Ni–Co alloy coatings on the corrosion 
wear of AISI 1045 carbon steel 

 Electrodeposition (ED) is one of the most cost-effective methods in preparing 
nanocrystalline coatings with high hardness and excellent corrosion and wear 
resistance. ED nanocrystalline Ni–Co coatings are widely used in many industrial 
applications. However, one of the major limitations of this type of coating is poor 
performance in corrosive media. Under tribocorrosion conditions, the mechanically 
assisted damage and poor corrosion resistance of the coating become a matter of 
concern regarding the performance of this type of coating. Hassani  et al.  (2009) have 
studied the tribocorrosion behavior of ED nanocrystalline Ni–Co coated AISI 1045 
carbon steel in NaOH using a reciprocating ball-on-plate tribometer. The tribocorrosion 
tests were performed both at open circuit potential (OCP) and under anodic polarization 
conditions. In the fi rst case, the FCP of ED nanocrystalline Ni–Co coated steels was 
monitored before, with the onset of, during and after sliding (see  Fig. 8.15 ), while in 

   8.15     Change in free corrosion potential (FCP) of electrodeposited 
nanocrystalline Ni–Co alloy coatings (Watts-type bath: 250 g/l 
NiSO4.6H2O, 4 g/l CoSO4.7H2O, 45 g/l NiCl2.6H2O and 30 g/l H3BO3; pH: 
4.3; temperature: 43 °C), in NaOH measured as a function of time: (a) 
and (b) no additive; (c) saccharin (1 g/l); and (d) sodium lauryl sulfate 
(0.25 g/l); (a) prepared at 40 mA/cm2; (b)–(d) prepared at 55 mA/cm2 
(tribocorrosion test conditions: ball-on-fl at confi guration; counterface: 
4.75 mm ∅ alumina ball; normal load: 4.5 N; stroke length: 5 mm; 
frequency: 1 Hz; number of cycles: 1800) (Hassani et al., 2009).     
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the second case, the coated steels were polarized to + 0.4 V (with respect to their 
OCPs) and the resultant anodic current was monitored (see  Fig. 8.16 ). 

 Before the onset of sliding, the formation of a passive fi lm upon immersion in 
NaOH solution results in a stable FCP (see  Fig. 8.15 ) and decay in current density 
(see  Fig. 8.16 ). With the onset of sliding, a cathodic shift in FCP and a signifi cant 
increase in anodic current are observed, suggesting removal of the passive fi lm 
induced by sliding and a high degree of anodic dissolution. During sliding, the 
continuous formation and removal of the passive fi lm causes fl uctuations in FCP 
and anodic current. When sliding ceases, the FCP tends to reach the initial 
potential (see  Fig. 8.15 ) and the current is decreased again (see  Fig. 8.16 ), 
suggesting the occurrence of repassivation in the damaged area of the wear track. 
The change in FCP is a function of the intrinsic corrosion potentials of the worn 
and unworn areas as well as the degree of repassivation of the worn-out area 
(Mischler, 2008). Since the intrinsic corrosion potentials of the worn and unworn 
areas are different, formation of a galvanic cell between them would infl uence the 
FCP (Celis  et al. , 2006; Benea  et al. , 2009). Similarly, the rate of repassivation 
would continuously change the ratio of active to passive area of the worn-out 

   8.16     Change in anodic current of electrodeposited nanocrystalline 
Ni–Co alloy coatings recorded before, during and after sliding wear in 
NaOH under the same test conditions as Fig. 8.15: (a), (b) no additive; 
(c) saccharin (1 g/l); and (d) sodium lauryl sulfate (0.25 g/l); (a) prepared 
at 40 mA/cm2; (b)–(d) prepared at 55 mA/cm2 (Hassani et al., 2009).      
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surface as a function of time and infl uence the FCP. The current measured during 
the sliding wear fl ows mainly through the wear track area (Mischler, 2008), thus 
confi rming the transition of the surface area of wear track from passive to active 
during the sliding wear. 

 A comparison of the tribocorrosion behavior of all four types of coatings reveals 
that ED nanocrystalline Ni–Co alloy coating prepared in the presence of saccharin 
offers a better performance. The difference in performance could be related to their 
characteristic properties. ED nanocrystalline Ni–Co alloy coatings prepared in the 
absence of additives and in the presence of sodium lauryl sulfate exhibit a pyramidal 
morphology (see  Fig. 8.17 ), a {2 0 0} texture, a grain size of 40–6 nm and a 
hardness of 303–30 HV 0.1 . However, for coatings prepared in the presence of 
saccharin the pyramidal growth is inhibited, which results in a bright and smooth 
surface morphology (see  Fig. 8.17 ) with {1 1 1} as the major texture component, a 
grain size of 22 nm and a hardness of 572 HV 0.1 . The morphology of the wear track 
patterns of ED nanocrystalline Ni–Co alloy coatings (see  Fig. 8.18 ) reveals that the 
surface far away from the wear track is not affected by the corrosion process, as no 
visible corrosion effect is observed in this zone. In the middle of the wear track, the 
worn-out area appears to be uniform without asperities. 

   8.17     Surface morphology of electrodeposited nanocrystalline Ni–Co 
alloy coatings under the same test conditions as Fig. 8.15: (a), (b) no 
additive; (c) saccharin (1 g/l); and (d) sodium lauryl sulfate (0.25 g/l); 
(a) prepared at 40 mA/cm2; (b)–(d) prepared at 55 mA/cm2 (Hassani 
et al., 2009).     
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 The formation of sliding grooves suggests that the tribocorrosion process 
proceeds mainly through an abrasive wear mechanism for all the four types of 
coatings. However, the wear track width is different for all these coatings. ED 
nanocrystalline Ni–Co alloy coating prepared at 55 mA/cm 2  in the presence of 
saccharin exhibits a smaller track width (~252 μm). The higher hardness 
(572 HV 0.1 ) and the smooth surface could have reduced the contribution of the 
surface to mass losses. In this case, the passive oxide layer is removed only from 
a smaller area and a lower amount of debris is produced in the wear track. Hence, 
it is evident that a high hardness and lower surface roughness are essential to 
achieve a better tribocorrosion performance. 

   Effect of electrodeposited Ni-nano SiC composite coatings on the corrosion wear 
of steel and stainless steel 

 The idea of codepositing various second-phase particles in a metal or alloy matrix, 
and thereby taking advantage of their desirable qualities such as hardness, wear and 
abrasion resistance and corrosion resistance, has led to the development of composite 
coatings, with a wide range of possible combinations and properties (Kerr  et al. , 

   8.18     Surface morphology of the wear track of electrodeposited 
nanocrystalline Ni–Co alloy coatings after subjecting them to 
tribocorrosion tests at their respective OCPs under the same test 
conditions as Fig. 8.15: (a), (b) no additive; (c) saccharin (1 g/l); and 
(d) sodium lauryl sulfate (0.25 g/l); (a) prepared at 40 mA/cm2; 
(b)–(d) prepared at 55 mA/cm2 (Hassani et al., 2009).     
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2000; Balaraju  et al. , 2003; Low  et al. , 2006). These coatings are obtained by 
codepositing various second phase particles in electro- or electroless deposited 
metal or alloy matrix. Almost any particle that can be held in suspension without 
reacting with the plating bath can be codeposited. Both micron- and nanosized 
particles could be codeposited with the metal matrix. Effective dispersion 
of particles in the plating bath is a major challenge in codeposition of nanosized 
particles because of their strong tendency towards agglomeration and sedimentation. 
The embedding mechanism of the nano and micron-sized particles could be 
characterized as ‘intracrystalline’ and ‘intercrystalline’, respectively (Gyftou  et al. , 
2005). The number density of the particles in the coating varies between 2.23 × 10 15  
and 11.18 × 10 15  particles/cm 3  for nanosized particles, while it is between 30.80 × 
10 10  and 12.12 × 10 10  particles/cm 3  for micron-sized particles (Gyftou  et al. , 2005). 

 The corrosion wear behaviour of ED pure Ni and Ni-nano SiC composite 
coatings was studied by Benea  et al.  (2002). The FCP values, measured under 
static condition and before the application of load, are −198 and −260 mV vs. 
Ag/AgCl for ED Ni-nano SiC composite coating and for pure Ni coating, 
respectively. With the onset of rotation, in the absence of any applied load, a shift 
in FCP is observed (see  Fig. 8.19(a) ). For ED pure Ni, this shift occurs in the 
cathodic direction, whereas for ED Ni-nano SiC composite coating, an anodic shift 
in FCP is observed. Increase in rotation speed leads to a further shift in FCP without 
changing the trend. This is due to the variation in the nature of surface fi lm formed 
on these coatings. With the application of a normal load of 30 N, a cathodic shift in 
FCP is observed for both pure Ni and Ni-nano SiC composite coatings, suggesting 
removal of the passive layer and activation of the surface (see  Fig. 8.19(b) ). Among 
them, the FCP is relatively noble for ED Ni-nano SiC composite coating. Increasing 
the rotation speed does not seem to exert a major infl uence on the FCP of these 
coatings. However, increase in load from 10 to 30 N causes a cathodic shift in FCP. 
Hence, it is evident that the evolution of FCP is mainly dependent on the wear 
parameters and the applied load (for a given rotation speed). 

 The difference in performance of ED pure Ni and ED Ni-nano SiC composite 
coatings arises from their characteristic properties. The decrease in grain size 
and increase in microhardness (from 148 HV 0.025  to 450 HV 0.025 ) enables ED Ni-nano 
SiC composite coating to offer a lower coeffi cient of friction and better tribocorrosion 
performance when compared with the ED pure Ni coating. Reinforcement of harder 
SiC particles in the ductile Ni matrix facilitates a reduction in ductility of the matrix 
in the contact region and causes a reduction in the extent of wear (Kato, 2010). 
Surface profi le measurements made in the middle region of the wear scar confi rm the 
signifi cant decrease in surface roughness for ED Ni-nano SiC composite coating 
when compared with ED pure Ni coating (see  Fig. 8.20 ). A comparison of the wear 
corrosion rate of pure Ni and Ni-nano SiC composite coatings (see  Fig. 8.21 ) reveals 
that the nanocomposite coating offers a better performance. 

 The corrosion wear behaviour of ED Ni-nano SiC composite coated SS in 
0.5 M K 2 SO 4  was studied by Benea  et al.  (2009). The change in FCP of ED 
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   8.19     Change in free corrosion potential (FCP) as a function of time 
for ED pure Ni coating and ED Ni-nano SiC composite coating in 0.5 
M Na2SO4 (pH: 5.70) at different rotation speeds of the cylinder: (a) 
without applied load, and (b) with a normal load of 30 N (conditions: 
mean diameter of SiC: 20 nm; coating thickness: 100 µm; contact 
confi guration: rotating (0 and 250 rpm) coated steel cylinder against 
alumina parallelepiped) (Benea et al., 2002).     
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   8.20     Surface profi le measured at the middle of the wear scar and the 
corresponding roughness parameters of (a) ED pure nickel coating and 
(b) ED Ni-nano SiC composite coating obtained at a normal sliding load 
of 20 N, under the same test conditions as Fig. 8.19 (Benea et al., 2002).     

Ni–SiC nanostructured coatings is recorded during continuous as well as 
intermittent fretting tests (see  Fig. 8.22 ). Before the onset of friction, the potential 
of the sample remains stable. With the onset of friction, a cathodic shift in FCP is 
observed, suggesting removal of the surface layer and activation of the surface at 
the contact zone. The FCP remains active until the friction is removed, suggesting 
the increase in susceptibility of the coated SS to corrosion during this period. 
These observations confi rm the transition of the contact zone from passive to 
active during friction in both continuous and intermittent test conditions. When 
friction is stopped, the FCP exhibits an anodic shift. However, it fails to reach the 
initial steady state potential (i.e. potential measured before friction is applied), 
which suggests a delay in the repassivation kinetics ( Fig. 8.22 (b)). This is due to 
the occurrence of signifi cant damage at the contact zone during the corrosion wear 
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   8.21     Wear corrosion rate of electrodeposited pure nickel and Ni-nano 
SiC nanocomposite coatings in 0.5 M Na2SO4 (pH: 5.70) at different 
applied loads under the same test conditions as Fig. 8.19 (Benea et al., 
2002).     

process. The observed changes in FCP suggest that the depassivation–repassivation 
process takes place during both continuous and intermittent friction test 
conditions. 

 The tribocorrosion behavior of ED Ni–SiC nanostructured composite coatings 
in 0.5 M K 2 SO 4  was also evaluated by polarization studies in both the absence and 
presence of applied load (10 and 15 N; 120 rpm) (see  Fig. 8.23 ). In the absence of 
applied load, ED Ni–SiC nanostructured composite coating presents a wide 
passivation plateau (0.8 V) starting immediately after the zero-current potential, 
limited at the cathodic end by the hydrogen evolution and by the transpassive 
dissolution domain at the anodic end. The anodic current on the passivation 
plateau is in the order of 10 μA. When load is applied, there is no change in current 
in the region of hydrogen evolution. However, an increase in anodic current is 
observed in the potential range from −0.8 to −0.0 vs. mercury-mercuric sulfate 
electrode (SSE), which indicates dissolution of the coating. With increase in 
normal load, the anodic current is increased further. This potential dependent 
dissolution reaction appears to be due to the slow oxide growth rate compared 
with the frequency of mechanical depassivation caused by the friction. 

 The observed changes can be explained based on a concept of ‘active wear 
track’. Under friction, the measured current  I  can be considered as the sum of two 
partial currents,  I   t   and  I   p  ,

    [8.1]  
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   8.22     Change in free corrosion potential (FCP) of ED Ni-SiC nanostructured 
coatings in 0.5 M K2SO4 (conditions: Watts nickel bath; average diameter 
of SiC: 20 nm; coating thickness: 50 µm; contact confi guration: pin-on-
disc; disc: coated steel; pin: 7 mm ∅ cylindrical alumina pin having a 
lower spherical end of 100 mm radius; applied load: 5–20 N; rotation 
speed: 30–120 tours/min.): (a) variation in the FCP during intermittent 
friction test with a latency time of 20 s; and (b) variation in the FCP during 
continuous friction test – before loading (area A), during continuous 
friction (area B), and after stopping the friction (area C). (Potentials are in 
volts vs. mercury–mercuric sulfate electrode (SSE)) (Benea et al., 2009).     
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   8.23     Potentiodynamic polarization curves of ED Ni–SiC nanostructured 
composite coating in 0.5 M K2SO4 recorded by direct potential scan 
at 0.1 V/min under the same test conditions as Fig. 8.22: Curve (1), no 
friction applied; Curve (2), continuous friction at 10 N; 120 rpm; Curve 
(3), continuous friction at 15 N, 120 rpm. (Potentials are in volts vs. 
mercury–mercuric sulfate electrode (SSE)) (Benea et al., 2009).     

 where  I   t   is the current originating from the wear track areas where the passive fi lm 
is destroyed and the surface is active, and  I   p   is the current linked to the surface that 
is not subjected to friction and remains in a passive state. 

 The tribocorrosion behavior of ED Ni–SiC nanocomposite coated SS in 0.5 M 
K 2 SO 4  reveals that the coating exhibits a stable FCP under static conditions and 
the application of friction destroys the passive oxide fi lm, thus making the surface 
active and promoting dissolution. The overall performance of nanocomposite 
coatings under conditions of tribocorrosion is determined by the kinetics of 
mechanical removal of the passive layer with the applied friction and by the 
kinetics of the repassivation when the friction is stopped. 

 The tribocorrosion behavior of ED Ni–P–SiC nanocomposite coatings having 
different volume fractions of nanoparticles was studied by Malfatti  et al.  (2009). 
These coatings were prepared by varying the bath loading of the nanosized 
SiC particles. For a bath loading of 10, 80 and 200 g/l, the number of SiC 
particles incorporated in the ED Ni–P matrix per μm 2  is 0.21, 0.84 and 1.44. These 
coatings are designated as NiPSiC10, NiPSiC80 and NiPSiC200, whereas the 
coating prepared in the absence of SiC particles is represented as NiP. All of 
them were heat treated at 420°C for 1 h in an inert atmosphere. The current–
time transients of NiP, NiPSiC10, NiPSiC80 and NiPSiC200 coatings under 
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tribocorrosion conditions in 0.6 M NaCl (see  Fig. 8.24 ) reveal a signifi cant 
increase in anodic current for all the coatings, suggesting removal of the surface 
layer and activation of the surface at the contact zone. The anodic current is 
comparable for NiP and NiPSiC10 coatings, while it is much higher for NiPSiC80 
and NiPSiC200 coatings. This observation suggests that increase in number 
density of nanosized particles in the NiP matrix beyond a threshold level causes a 
deleterious infl uence on tribocorrosion. 

 The microhardness of NiPSiC10, NiPSiC80 and NiPSiC100 nanocomposite 
coatings exhibits a linear increase with the number density of particles per unit 
area. In addition, lower wear rates are observed for NiPSiC80 and NiPSiC200 
nanocomposite coatings compared with those of NiPSiC10 and NiP coatings. The 
increase in hardness of NiPSiC80 and NiPSiC200 enables them to achieve a better 
wear resistance. However, these coatings exhibit a poor tribocorrosion performance. 
Electrochemical measurements performed in 0.6 M NaCl in the absence of 
tribological conditions indicate that the corrosion current density is relatively 
higher for NiPSiC80 and NiPSiC200 than NiPSiC10 and NiP coatings. This could 
be due to increase in surface roughness and residual stress with increase in number 
density of particles per unit area. The coeffi cient of friction measured during 
tribocorrosion is relatively higher for the NiPSiC200 coating than for the NiP 
coating (see  Fig. 8.25 ). This could be due to the entrapment of debris (both from 
the NiP matrix as well as from the SiC particle). The higher hardness of NiPSiC200 
could also be a reason for the formation of cracks in the coating – the electrolyte 
could penetrate through these cracks and promote delamination of the coating, 
which would enhance entrapment of debris at the contact zone. 

   8.24     Current–time transients of NiP, NiPSiC10, NiPSiC80 and NiPSiC200 
coatings under tribocorrosion conditions in 0.6 M NaCl (conditions: 
contact confi guration: ball-on-plate; coated steel as plate and corundum 
ball (5 mm ∅) as counter body; load: 8 N; frequency: 2 Hz; stroke length: 
1 mm; number of fretting cycles: 3500. Tests were conducted with an 
impressed anodic potential of + 400 mV vs. SCE) (Malfatti et al., 2009).     
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     8.3.3  Effect of electroless deposited nanocomposite 
coating 

  Effect of electroless Ni-P-nano SiC composite coatings on the cavitation erosion 
corrosion of steel 

 The continuous formation and collapse of numerous bubbles at the surface of a 
component, created due to localized pressure changes during high-velocity fl uid 
fl ow, could lead to cavitation erosion. Collapse of these bubbles is always 
accompanied by the emission of shockwaves and micro-jets, which will exert 
stress pulses on solid surfaces in the vicinity. Repetitions of shockwaves on the 
solid surface will eventually lead to fatigue failure, fracture and material loss 
(Brennen, 1995; Kwok  et al. , 2000). Cavitation erosion is commonly observed in 
valves in nuclear power plants and in pumps in the petroleum industry. Cavitation 
erosion is essentially a mechanical process. However, in many working 
environments, cavitation erosion and corrosion occur simultaneously, and if 
corrosion does occur it will accelerate the rate of cavitation erosion damage. 

 Lin and He (2005) have compared the role of electroless (EL) NiP composite 
coatings incorporated with micron- and nanosized SiC particles on the cavitation 
erosion of AISI 1045 steel. The EL Ni-P-nano SiC and Ni-P-micro SiC composite 
coatings were prepared by dispersing nano (25–50 nm) and micron- (5 μm) sized 
particles in an acidic hypophosphite-reduced EL nickel plating bath maintained at 
90 ± 1°C. The deposition time was 3 h and the coating thickness was 60 μm. All the 
coatings were subjected to post heat-treatment to achieve a better hardness and wear 

   8.25     Friction coeffi cient of NiP and NiPSiC200 coatings during 
tribocorrosion in 0.6 M NaCl under the same test conditions as Fig. 8.24 
(Malfatti et al., 2009).     

�� �� �� �� �� ��

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



 Nanocoatings to improve tribocorrosion performance 199

©  Woodhead Publishing Limited, 2012

resistance. The cavitation erosion corrosion of EL Ni-P-nano SiC and EL Ni-P-
micro SiC composite coatings in 3.5% NaCl was determined in accordance with 
ASTM G 32–98. The horn frequency and amplitude were set at 20 kHz and 25 μm, 
respectively. The mass loss of the specimens and the macroscopic surface changes 
were determined at 15-minute intervals during the entire test period of 240 minutes. 

 Incorporation of nanosized SiC particles in the EL NiP matrix increased the 
hardness from 627 ± 43 to 704 ± 60 HV 0.05 . However, incorporation of micron-
sized SiC particles increased the hardness to 1669 HV 0.05 . The cumulative mass 
loss versus time (see  Fig. 8.26 ) due to cavitation erosion corrosion in 3.5% NaCl 
is found to be very low for EL Ni-P-nano SiC composite coating compared with 
its counterpart incorporating micron-sized SiC particles. The EL Ni-P-nano SiC 
coated specimen exhibits a smooth and uniform surface after the cavitation 
erosion corrosion test with no visible pits (see  Fig. 8.27 ). The uniform distribution 
of the nanosized SiC particles in the EL NiP matrix (R a : 0.95 ± 0.060 μm) 
inhibits the formation of pits. However, the higher surface roughness (R a : 1.72 ± 
0.051 μm) promotes bubble formation and causes detachment of the SiC particles, 
which results in the formation of small cavities on the surface of EL Ni-P-micro 
SiC coated steel (see  Fig. 8.27 ). Hence, it is evident that incorporation of nanosized 
particles in EL NiP matrix could provide a better cavitation erosion corrosion 
resistance and inhibit the onset of erosion damage near surface defects. 

   8.26     Cumulative mass loss measured as a function of cavitation 
erosion time in 3.5 wt% NaCl for: (a) uncoated AISI 1045 steel; (b) EL 
NiP coated steel; (c) EL Ni-P-micro SiC coated steel and (d) EL Ni-P-nano 
SiC coated steel (all the coated steels are subjected to heat treatment) 
(Lin et al., 2006).     
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     8.3.4  Effect of nanostructuring on the tribocorrosion 
of titanium 

 Nanostructuring enables an improvement in hardness and tribological behavior 
of a variety of materials. Hence, it will be of great interest to know how 
nanostructuring can help to improve tribocorrosion resistance. The tribocorrosion 
behavior of nanostructured titanium sliding against an alumina ball in phosphate 
buffer solution (PBS) was studied by Faghihi  et al.  (2010). Untreated and 
annealed titanium were used as controls. Annealing of titanium was carried out 
in a tubular furnace at 800°C for 12 h in an ultra-pure argon atmosphere 
subsequently cooled to room temperature. Nanostructuring of titanium was 

   8.27     Visual appearance ((a)–(c)) and surface morphology ((d)–(f)) of EL 
NiP coated steel ((a) and (d)); EL Ni-P-micro SiC coated steel ((b) and 
(e)); and EL Ni-P-nano SiC coated steel ((c) and (f)) (all subjected to 
heat treatment) after 240 min of cavitation erosion in 3.5 wt% NaCl 
(Lin  et al. , 2006).     �� �� �� �� �� ��
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achieved using the principle of severe plastic deformation by high-pressure 
torsion. During this treatment, the titanium discs (12 mm Ø and 1 mm thick) were 
placed between anvils, compressed and deformed under an applied pressure of 
6 GPa at room temperature for fi ve complete cycles, which is equivalent to a true 
logarithmic strain of ~6. 

 The cathodic shift in FCP observed with the onset of sliding (see  Fig. 8.28 ) 
suggests removal of the oxide layer. The fl uctuations in FCP observed during sliding 
indicate continuous formation and removal of the passive oxide layer. The anodic 
shift in FCP after the sliding motion is stopped suggests repassivation of the damaged 
material surface in the wear track (Azzi and Szpunar, 2007). The change in FCP, 
measured as a function of time, appears to be similar for nanostructured, annealed 
and untreated titanium (see  Fig. 8.28 ). However, the width and depth of the wear 
track clearly indicate the difference in their performance under tribocorrosion 
conditions. The width of the wear track for nanostructured titanium is ~473 ± 26 μm, 
which is much lower than ~670 ± 19 μm and ~696 ± 39 μm for untreated and annealed 
titanium, respectively (see  Fig. 8.29 ). The wear depth measured at the cross-section 
of the wear tracks was ~10.6 ± 1.5 μm, ~18.9 ± 1.0 μm and ~21.6 ± 0.5 μm for 
nanostructured, untreated and annealed titanium, respectively (see  Fig. 8.30 ). The 

   8.28     Change in free corrosion potential (FCP) of untreated, annealed 
and nanostructured titanium sliding against the alumina ball in 
phosphate buffer solution as a function of time (conditions: ball-on-
plate contact confi guration; counter face: 4.75 mm ∅ alumina ball; load: 
5 N; stroke length: 5 mm; frequency: 1 Hz) (Faghihi et al., 2010).     
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   8.29     Wear tracks of (a) nanostructured, (b) untreated and (c) annealed 
titanium substrates after subjecting them to tribocorrosion testing in a 
phosphate buffer solution under the same test conditions as Fig. 8.28 
(Faghihi et al., 2010).     

wear tracks of untreated and annealed titanium are rough. Several grooves, signs of 
severe plastic deformation and intergranular fracture features could be seen on the 
worn surfaces of these samples (see  Fig. 8.31 ). In contrast, the extent of deformation 
and generation of wear debris are relatively less for nanostructured titanium, 
suggesting the involvement of a mild abrasion wear mechanism (see  Fig. 8.31 ). 
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   8.30     Wear depth measured at the cross-section of the wear tracks of 
annealed, untreated and nanostructured titanium after subjecting them 
to tribocorrosion testing in a phosphate buffer solution under the same 
test conditions as Fig. 8.28 (Faghihi et al., 2010).     

 Nanostructured titanium has higher hardness and strength than untreated and 
annealed titanium. Both untreated and annealed titanium exhibit a preferred 
orientation of (10 – 10) and (11 – 20) before the wear test. However, after sliding 
against the alumina ball, their texture is changed to (0002), which could be 
correlated with a strain-induced transformation. In contrast, nanostructured 
titanium exhibits a preferred texture of (0022) both before and after the wear test. 
The stresses accumulated because of the change in texture at the surface could 
have contributed to the increase of the wear rate under application of the load. 
This attribute is supported by the surface and subsurface cracks observed for 
untreated and annealed samples within the plastically deformed regions (see  Fig. 
8.31 ) (Geiger  et al. , 1998; Buscher  et al. , 2004; Kim  et al. , 2007). 

 The study demonstrates that nanostructured titanium obtained by high-pressure 
torsion offers a better tribocorrosion performance than untreated and annealed 
titanium. The nanostructured titanium has been shown to possess higher surface 
energy and hydrophilicity and a positive effect on the bone-forming cell response 
compared with the coarse-grained samples (Faghihi  et al. , 2007). The excellent 
biological surface activity, superior bulk properties and improved tribocorrosion 
performance suggest nanostructured titanium as a promising alternative for the 
currently used materials for titanium-based medical devices.   
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   8.31     SEM analysis of worn surface morphologies of (a) nanostructured, 
(b) untreated and (c) annealed titanium substrates after subjecting 
them to tribocorrosion testing in a phosphate buffer solution under the 
same test conditions as Fig. 8.28 (Faghihi et al., 2010).     
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   8.4  Conclusions 

 The tribocorrosion behavior of materials depends on many factors: equipment 
design and operation, electrochemical conditions that prevail at the interface, 
properties of the electrolyte and surface of the contacting materials, and the nature 
of any tribochemically assisted surface layer. The most important aspect is that 
none of these factors act independently, but they are mutually dependent on each 
other and often exhibit a synergy. 

 Nanoparticles have the ability to provide a lubrication effect during the corrosion 
wear process. However, formation of a layer of rather loose particles on the metal 
surface alone is not suffi cient and some mechanical loading is necessary to form a 
protective and compact nanoparticle layer which can act as a third body, protecting 
the metal surface against abrasion and depassivation (at passive potential). The 
contact pressure and rigidity, as well as the interaction forces between particles, are 
critical parameters in determining the formation and stability of this third-body 
layer. The ability of nanoparticle suspensions to compete with the commercially 
available oil-in-water emulsions in terms of friction and wear confi rms their 
potential as a chemically stable and non-polluting lubricant in the near future. 

 The formation of nanosized debris at the contact zone could increase friction, 
cause local damage to passive oxide fi lm and accelerate the release of metal ions 
during micro-abrasion–corrosion. However, the resultant effect is a function of 
the quantity of nanosized debris, the type of mechanical motion and the nature of 
the surrounding environment. Beyond a threshold level, the nanosized particles 
might act as rolling balls in the contact, which is consistent with the bedding-in 
theory. Bovine serum would enable the formation of conglomerates, which could 
trap the nanosized particles. These factors could effectively reduce the extent of 
abrasion–corrosion damage. 

 Nanostructured materials and coatings, in general, offer an improved performance 
under tribocorrosion conditions. Their overall performance is determined by the 
kinetics of mechanical removal of the passive layer with the applied friction, and by 
the kinetics of the repassivation when the friction is stopped. However, improvements 
in mechanical properties such as high hardness and ductility, etc, and in surface 
properties such as the uniform distribution of particles in the case of composite 
coatings, lower surface roughness, lower residual stresses, favorable textures with 
lower accumulation of stresses, etc, are necessary to achieve better performance.  
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 Self-healing nanocoatings for corrosion control  

    M.  G.  S.    FERREIRA,     M.  L.    ZHELUDKEVICH,   
  J .    TEDIM and     K.  A.    YASAKAU,    University of Aveiro, Portugal   

   Abstract:    This chapter provides an overview of nanotechnology-based 
self-healing coatings. Different perspectives on the self-healing concept are 
presented and discussed in detail, with particular relevance for different trends 
in terms of coating technology. The chapter starts with an introduction on the 
self-healing concept, followed by a short description of different self-healing 
coatings. The detailed discussion of anticorrosion coatings begins with systems 
traditionally used in corrosion protection, including corrosion conversion 
coatings. Then, different self-healing systems consisting of surface treatments 
based on silane coatings, sol–gel coatings with nanoreservoirs and conductive 
polymers are reviewed in detail. The type, specifi c applications, performance 
and associated protection mechanisms are critically discussed in the context of 
their promising utilization as corrosion protective systems in real-life 
applications.  

   Key words:    self-healing, conversion coatings, silane coatings, nanoreservoirs, 
nanostructured coatings.   

    9.1  Introduction 

 The enormous economic impact of corrosion of metallic structures in aggressive 
environments is a very important issue worldwide. The most typical corrosive 
environments are the natural waters: atmospheric moisture containing man-
generated pollutants and man-made solutions. Therefore, metallic structures 
operated in such environments suffer from continual and strong corrosion attack. 
This is especially important for transport systems, often used in a wide variety of 
environments that can combine different corrosive impact factors. 

 The application of protective coatings is the most common and cost-effective 
method of improving corrosion protection, and therefore the durability, of metallic 
structures from aircraft to household equipment. The main role of organic polymer 
coatings in corrosion protection is to act as a barrier against corrosive species, 
resisting the fl ow of charge, both electronic and ionic. However, defects appear in 
the protective fi lms during exploitation of the coated structures, allowing corrosive 
agents access to the metallic surface. The action of UV radiation, temperature 
gradients, mechanical stresses and vibration, aligned with the impacts of 
aggressive technical fl uids, leads to formation of micro-cracks and micro-pores 
in the protective coatings. Stone chipping and scratching during automatic 
washing of vehicles, and erosion impacts and defects appearing during aircraft 
operation, also result in the formation of large discontinuities in polymer layers. 
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The corrosion processes develop faster after disruption of the protective barrier 
and therefore an active ‘self-healing’ of defects in coatings is strongly desired in 
order to provide a long-term protection effect.  

   9.2  Concept of ‘self-healing’ 

 The term ‘self-healing’ can be defi ned as the ability of a material to recover its 
initial properties after destructive actions of the external environment or from the 
infl uence of internal stresses. Many terms are used in materials science, such as 
‘self-recovery’, ‘self-repair’, ‘autonomic-healing’, ‘autonomic-repairing’, ‘self-
remedying’ and others, to defi ne this property. However, even a partial recovery 
of the main functionality of a material can also be considered as a self-repair 
ability. The same can also be applied not only to the bulk materials but to functional 
coatings as well. Thus, in the case of protective coatings the term ‘self-healing’ 
can be interpreted in different ways. The traditional interpretation of self-healing 
is based on the full recovery of the coating functionalities due to a real healing of 
the defect, restoring the initial coating integrity. However, the main function of 
anticorrosion coatings is the protection of a subjacent metallic substrate against an 
environmentally induced corrosion attack. Thus, it is not obligatory to recover all 
of the properties of the fi lm in this case. The hindering of the corrosion activity in 
the defect by the coating itself employing any mechanisms can be already 
considered as self-healing, because the corrosion protective system recovers its 
main function, namely corrosion protection, after being damaged. Both of these 
approaches to self-healing in protective coatings will be considered in this chapter. 

 In nature, damage to an organism evokes a healing response. Many ‘natural’ 
materials are themselves self-healing composites (Ghosh, 2008). For example, 
living plants are able to refi ll voids in their epicuticular wax layers by wax self-
assembly (Koch and Ensikat, 2008; Koch  et al. , 2009). Human skin is also an 
example of a complex self-healing system which can repair defects by blood clotting 
(Filipovic  et al. , 2008). Broken bones can also be self-repaired by the human body 
employing different mechanisms. The repair strategies of living organisms attract 
materials designers looking for low-weight structures with enhanced service life. 
These bio-inspired approaches do not completely imitate the real biological 
processes involved because the latter are too complex. Instead, the designers of self-
healing materials try to combine traditional engineering approaches with biological 
self-healing mechanisms. The fi eld of self-healing materials is currently only in the 
incubation stage. Many academic and industrial groups actively explore new 
concepts for different kinds of self-repair materials. However, the number of 
commercialized self-healing materials is so far small. Van der Zwaag makes a 
prediction of the possible industrial applications where such materials can be used 
in fi rst turn because of strong social demands (van der Zwaag  et al. , 2007):

   •   Structures where long-term performance (above 40 years) must be assured 
(engineering structures such as tunnels).  
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  •   Applications where a very high reliability is needed (nuclear and space 
technologies, aircraft).  

  •   Applications where high reliability is requested and the repairs are very 
expensive (underground pipelines, wind farms).  

  •   Applications where high surface quality and aesthetic aspects are important. 
(cars, optical systems).    

 In the following section the application of the self-healing approach to bulk 
composites and coatings is presented.  

   9.3  Polymer bulk composites and coatings 

 Before starting discussion on self-healing coatings, the general approaches for 
development of self-healing materials should be reviewed, as development of the 
self-healing coatings is very often inspired by ideas coming from bulk materials. 
The next section will present a short overview of different strategies on design of 
the self-healing polymer and composite materials. The self-healing function for 
the polymer-based materials can be achieved in two main ways:

   •   reversible cross-linking of the broken chemical bonds  
  •   repair of the defect by the healing agent released from micro-/nanoreservoirs.    

 Covalently cross-linked polymer networks confer superior mechanical 
properties such as high modulus and high fracture resistance together with 
superior chemical and thermal resistance. However, the strong covalent cross-
linking leads to irreversible polymer networks which have no reparability. 
Once a cross-link bond is broken it cannot be re-established, leading to 
propagation of the defect in the polymer matrix. One possibility to bring self-
healing properties to the polymer networks is to employ reversible covalent and 
non-covalent cross-linking reactions such as hydrogen bonding, ionic forces, 
metal-ligand bonds, dipole–dipole interactions, Coulombic interactions, 
mechanical interlocking and reversible Diels–Alder reactions. However, reversible 
cross-linked polymers will normally only exhibit their self-healing capability 
under the action of external triggers such as elevated temperature or photo- and 
chemical activation. 

 Several self-healing polymer composites were recently reported. An outstanding 
example is an epoxy-based system able to heal cracks autonomically, as described 
by White  et al.  (2001). The polymer bulk material contains a microencapsulated 
healing agent that is released upon crack initiation. Then, the healing agent is 
polymerized upon contact with the embedded catalyst, bonding the crack faces 
and recovering the material’s toughness. Dicyclopentadiene-fi lled microcapsules 
(50–200 μm) with a urea–formaldehyde shell were prepared using standard 
microencapsulation techniques. The polymer shell of the capsule provides a 
protective barrier between the catalyst and the monomer to prevent polymerization 
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during the preparation of the composite. However, the chemistry of this system 
had a signifi cant drawback due to the probability of side reactions with the 
polymer matrix and air. 

 A new and advanced self-healing polymer system based on tin-catalysed 
polycondensation of phase-separated droplets containing hydroxyl end-
functionalized polydimethylsiloxane and polydiethoxysiloxane was recently 
suggested by the same group (Cho  et al. , 2006). The concept of phase separation 
of the healing agent was employed in this work, simplifying processing greatly 
as the healing agent was just mixed into the polymer matrix. The catalyst, di-
 n -butyltin dilaurate (DBTL) microencapsulated within a polyurethane shell, is 
embedded in a vinyl ester matrix and can be release when the capsules are 
broken by mechanical damage. The released catalyst initiates polymerization of 
monomers from the surrounding droplets, healing the propagating crack. This 
new system confers high stability in humid environments and high temperatures 
(> 100°C). 

 The work of White was rapidly followed up by other groups, and many other 
self-healing systems were developed, such as self-validating adhesives (Allsop 
 et al. , 1998) and self-healing epoxy composites (Brown  et al. , 2005; Yin  et al. , 
2007). The original idea of hollow spheres was extended to hollow reinforcement 
fi bres, used in fi bre-reinforced plastic, containing a liquid resin. The repair process 
in this case is triggered after an impact loading of the material. The hollow glass 
fi bres, ranging in diameter from 30 to 100 μm with a hollowness of up to 65%, can 
be fi lled with uncured resin systems that bleed into a damage site upon fi bre 
fracture. After being cured they provide a method of crack blocking and recovery 
of mechanical integrity. 

 An even more advanced approach was recently suggested, employing a self-
healing system capable of the autonomous repairing of repeated damage events 
(Toohey  et al. , 2007). The substrate composite delivers the healing agent to the 
cracks in a polymer coating via a three-dimensional microvascular network 
embedded in the substrate. Crack damage in the coating is repaired repeatedly, 
mimicking a body–skin system. However, this approach cannot be used in the 
case of corrosion protective coatings since a microvascular network cannot be 
created in a metallic substrate. 

 In the following section, a review of more traditional conversion coatings 
that can also exhibit self-healing properties against corrosion damage is 
presented. Then, surface treatments with silane coatings are discussed as passive 
and active corrosion protective systems with self-healing abilities. In addition, the 
positive and negative roles of different inhibitive additives for the enhancement of 
active corrosion protection properties of silane coatings are discussed. Sol–gel 
coatings with nanoreservoirs of inhibitors are reviewed as emerging technologies 
for the active corrosion protection of metals. The chapter ends with the application 
of conductive polymer coatings to corrosion protection and the concluding 
remarks.  
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   9.4  Traditional conversion coatings 

   9.4.1  Chromate conversion coatings 

 Chromate conversion coatings are obtained by chemical reaction with the metal 
being treated, to form a complex chromate fi lm over the entire surface. The 
coatings can be applied to aluminium, zinc, cadmium and magnesium. Aluminium 
chromate conversion coatings are amorphous in structure with a gel-like 
composition hydrated with water. This characteristic endows aluminium chromate 
conversion coatings with unique self-healing properties when scratched or 
abraded. Metal exposed by a scratch slowly becomes covered by a chromate 
protective fi lm. Soluble chromates leach from the conversion coating areas 
adjacent to the scratch and precipitate on the open metal surface, thereby providing 
a self-healing of the defect (Kendig  et al. , 1993). 

 Chromate treatments produce effective paint bonds through molecular 
adhesions with the fi lm being bound to the metal, in turn offering the same type of 
adhesion to the organic coating. The fi lm reduces creep corrosion, forming an 
effective barrier against corrosive attack through pores or scratches in the paint. 
With aluminium, chromate is an excellent pre-treatment for paint or adhesives 
since it greatly enhances the product’s ability to form a bond with the substrate. It 
is frequently used on electrical and electronic equipment because it provides 
increased corrosion resistance while remaining electrically conductive. This 
coating is amorphous, permitting cold forming without rupture of the fi lm. During 
the chromate conversion, aluminium oxide and chromic oxide are produced in 
accordance with the conversion reaction shown below:

    [9.1]  

 All chromate conversion coatings use chromic acid in the form of its soluble salts. 
During the process, a thin, gel-like fi lm is produced on the aluminium surface. 
The fi lms produced by this process vary in colour, depending on the aluminium 
alloy being treated, surface conditions and the type of chromate. Chromate 
conversion coating leaves no measurable build-up on the component(s) and 
provides excellent corrosion resistance. The coating is conductive and offers in 
yellow iridescent to clear iridescent colouring. Electrical resistance increases with 
the darkness of the yellow colour. 

 The use of chromate conversion coatings has led to progressively greater 
restrictions imposed by national and international legislation (European 
Union directive 2002/95/EC on the Restriction of Hazardous Substances 
(RoHS) and European Union directive 2002/96/EC on Waste Electrical and 
Electronic Equipment (WEEE)) relating to concerns over health, safety and 
environmental protection regarding the use of these treatments. However, the 
aeronautical industry is a major chromates consumer until a viable alternative can 
be found. 
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 A Trivalent Chromate Process (TCP) that complies with the above regulations 
and is free from hexavalent chromium is offered in the market and is used in some 
applications (Alpha Metal Finishing).  

   9.4.2  Phosphate conversion coatings 

 Phosphate coatings are made up of thin crystalline layers of phosphate compounds 
that adhere to the surface of the metal substrate. The phosphate crystals are porous 
and can be formed from zinc, manganese or iron phosphate solutions. Each of the 
three types provides a phosphate coating with slightly different properties, such as 
crystal size and coating thickness. This allows a more specialized coating to be 
selected for the particular application required for part of the structure. These coatings 
are usually applied to carbon steel, low-alloy steel and cast iron. The coating is formed 
by either spraying or immersing the substrate into a solution of dilute phosphoric acid 
combined with other chemicals that assist in the coating process. Phosphate coatings 
can also be applied to zinc, cadmium, aluminium, tin and galvanized steel, but are 
diffi cult to apply on material with high alloys, which are often immune to the 
phosphoric acid. The main components of a phosphating solution are:

   •   phosphoric acid (H 3 PO 4 )  
  •   ions (cations) of bivalent metals: Zn 2+ , Fe 2+ , Mn 2+   
  •   accelerator – an oxidizing reagent (nitrate, nitrite, peroxide) increasing the 

coating process rate and reducing the grain size of the deposit.    

 When a steel panel is introduced into the phosphating solution (for example zinc 
phosphate), a topochemical reaction takes place in which the iron dissolution is 
initiated at the microanodes present on the substrate by the free phosphoric acid 
present in the bath. Hydrogen evolution occurs at the microcathodic sites (Sankara 
Narayanan, 2005):

    [9.2]  

 Consumption of phosphoric acid for the reaction causes reduction of the acidity of 
the solution in the layer adjacent to the metal surface. Solubility of zinc phosphate 
in the neutralized solution is lowered, resulting in precipitation of the salt and its 
deposition on the substrate surface:

    [9.3]  

 Zinc phosphate coating is applied when increased corrosion resistance is required. 
 Iron phosphate coatings are applied when strong adhesion of a subsequent 

painting is required. In contrast to the solutions for zinc phosphate and manganese 
phosphate coatings, in which the metal ions are a constituent of the composition, 
in iron phosphate solutions iron ions are provided by the dissolving substrate. 
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 Manganese phosphate coatings are applied when wear resistance and anti-
galling properties are required. Manganese phosphate also possesses the ability to 
retain oil, which further improves anti-friction properties and imparts corrosion 
resistance to the coated parts. 

 Although phosphate coatings provide good adhesion and some barrier protection, 
when the coating becomes damaged the corrosion progresses rapidly starts on the 
open metal surface because low solubility phosphates do not possess enough 
inhibiting power compared with chromates and thus cannot provide self-healing of 
the damaged zone. Nevertheless, a self-healing effect can be observed when the 
phosphate coating includes soluble phosphates that can leach from the coating and 
precipitate at the defective sites, as was demonstrated by Aramaki (2003).  

   9.4.3  Anodizing 

 Anodizing is the general name applied to methods of treating metals in which 
the work piece is made the anode in an electrolytic cell, usually to form oxide 
coatings for the purpose of increasing the performance of the surface. The nature 
of the electrolyte, the reaction produced and operation parameters determine 
the structure and properties of the formed oxide fi lm. In the case of aluminium, 
the anodizing process forms a layer of aluminium oxide – Al 2 O 3  – or corundum, 
which is very hard, relatively inert and electrically insulating and can absorb dyes 
to colour the fi lm. The anodic fi lm itself grows at the aluminium/aluminium oxide 
interface by the continuous formation and dissolution of a layer of oxide: this is 
the so-called barrier layer and its thickness is a function of the process starting 
voltage. A porous, more structured layer forms on top of the barrier layer, making 
up the rest of the coating. All anodizing processes are sealed unless the fi lm is 
used as a primer for paint or adhesives. The most common anodizing processes on 
aluminium use chromic acid, sulfuric acid or oxalic acid (Wernick  et al. , 1987). 
Other acids, such as phosphoric acid and boric sulfuric acid mix, are now used in 
the market for anodizing in the aerospace industry. 

 Chromic acid anodizing (CAA) is currently used in the aerospace industry in 
order to treat high-strength aluminium alloys such as AA 2024-T3. However, the 
process uses chemicals that contain Cr (VI), which is contra-indicated from 
the health and environmental points of view since it is toxic and carcinogenic. The 
corrosion resistance is excellent relative to the thickness of the coating, which 
normally lies in the range of 2 to 5 μm. Sulfuric acid anodizing is the most 
frequently used aluminium anodizing process. It produces coatings up to 25 μm 
for conventional coatings and up to 100 μm for hard coatings. Conventional 
coatings are primarily decorative or protective. Hard coat anodizing is processed 
at higher voltages and current densities and is mostly used for engineering 
applications. 

 Boric sulfuric acid anodizing was developed by Boeing Company as a chromic 
acid anodizing replacement for non-critical fatigue parts. Paint adhesion is equal 
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or superior to chromic acid, and the process is more energy-effi cient than chrome-
based processes. However, anodic coatings made in non-chromate containing 
electrolytes cannot provide self-healing of defects when the coating is damaged. 
Therefore, the coating must be sealed by an inhibitive compound in order to 
enhance the corrosion protective properties of anodic fi lms.  

   9.4.4  Rare earths conversion coatings 

 The salts of rare earth (RE) elements have been found to confer an effective 
corrosion inhibition effect on aluminium alloys (Bethencourt  et al. , 1998; Twite 
and Bierwagen, 1998; Davo and de Damborenea, 2004). They control the cathodic 
reaction by precipitating metal hydroxide (Ln(OH) 3 ) at local regions, which is 
associated with an increase of pH due to oxygen reduction (Aballe  et al. , 2001; 
Arenas  et al. , 2001; Davo and de Damborenea, 2004). Cerium showed maximum 
corrosion protection effi ciency compared with other RE compounds (Yasakau 
 et al. , 2006). Cerium nitrate revealed superior corrosion inhibition properties in 
comparison with lanthanum nitrate, probably due to the lower solubility of the 
hydroxide. The insoluble fi lm at the cathodic sites blocks the cathodic reduction 
of oxygen. As a result, the current supplied to the anodic reaction decreases and 
the Al dissolution is reduced. An important role in the superior effi ciency of 
cerium can also be played by Ce 4+ , which can be formed at high pH values in 
aerated chloride environments (Bilal and Muller, 1992; Aldykiewicz  et al. , 1996). 
Aramaki (2003) has demonstrated that, after damage to specially designed cerate 
conversion coatings, Ce ions can escape the conversion layer and precipitate at 
the active corrosion site on zinc substrate, providing some self-healing effect. 
Nevertheless, cerate conversion layers mostly provide barrier protection, and 
when the conversion coating becomes damaged there is no signifi cant self-healing 
observed due to lack of soluble cerium ions in the layer. 

 RE compounds can be introduced in corrosion protection systems for aluminium 
alloys using different strategies. The formation of a conversion coating composed 
of a hydrated oxide layer on top of the aluminium alloy offers an enhanced 
corrosion protection (Campestrini  et al. , 2004; Palanivel  et al. , 2005). Another 
approach is the use of the cerium conversion coating technique to seal the 
porous fi lm of an anodized aluminium alloy (Yu and Cao, 2003). Cerium-based 
inhibitors can also be introduced in the thin hybrid coatings used as pre-
treatment for aluminium alloys, where they have exhibited promising results 
(Kasten  et al. , 2001; Voevodin  et al. , 2001a; Zheludkevich  et al. , 2005a). The 
introduction of cerium compounds can, however, decrease the stability of the 
hybrid matrix by decreasing the barrier properties. The introduction of zirconia 
nanoparticles doped with cerium ions into a hybrid sol–gel matrix was found 
to successfully avoid the negative effect of the cerium cations on the fi lm 
and to provide a prolonged release of cerium inhibitor in places of localized 
corrosion (Zheludkevich  et al. , 2005a, 2005b). Although many works have 
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been dedicated to the investigation of corrosion inhibition using RE-based 
inhibitors, there are still numerous contradictions and ambiguities concerning the 
mechanism of this inhibition.   

   9.5  Sol–gel silane coatings 

   9.5.1  Inorganic and hybrid sol–gel coatings 
with passive protection 

 Sol–gel derived coatings have been used for decades on many metals, including 
stainless steel, iron, aluminium, copper, nickel and others, in many different 
applications such as electric insulation, mechanical resistance, water repellency, 
adhesion promotion, oxidation resistance and corrosion resistance (Guglielmi, 
1997). Historically, the fi rst type of sol–gel coatings were inorganic oxide sol–gel 
derived fi lms. Inorganic sol–gel coatings based mostly on zirconate, silica and 
ceria were developed and investigated in many works for corrosion protection 
of different metallic substrates (Izumi  et al. , 1989; Atik  et al. , 1994; Di Maggio 
 et al. , 1997; Vasconcelos  et al. , 2000; Fedrizzi  et al. , 2001; Khobaib  et al. , 2001; 
Feil  et al. , 2009; Andreatta  et al. , 2010). Particular studies show that the corrosion 
protection conferred by zirconia sol–gel fi lms applied on steel substrates is similar 
to the commercially available tricationic phosphate pre-treatment (Vasconcelos 
 et al. , 2000). In contrast to zirconia layers, silica fi lms deposited on stainless steel 
are not as good, though the increase of fi ring temperature during the coating 
preparation increases the corrosion protection of silica fi lms (Atik  et al. , 1994; 
Vasconcelos  et al. , 2000). Khobaib  et al.  showed that silica sol–gel pre-treated 
AA2024 substrate coated with a polyurethane layer provided an acceptable 
corrosion protection level similar to the conventional chromate system. However, 
results of corrosion tests for scribed panels clearly demonstrate the superior 
performance of the chromate pre-treatment over the inorganic sol–gel based 
coating systems, which is related to the latter’s lack of active corrosion protection 
(Khobaib  et al. , 2001). 

 One of the major disadvantages of inorganic sol–gel coatings is the formation 
of cracks during the drying process. Crackability becomes a more severe problem 
when coating thickness exceeds critical values and therefore dense, crack-free 
coatings can only be obtained with low thickness, below several hundreds of 
nanometres. Local breakdown of sol–gel coatings at cracks causes pitting 
corrosion of aluminium and stainless steel after contact with corrosive species 
(Guglielmi, 1997). Sometimes the thermal treatment of the sol–gel fi lms may be 
critical. Sol–gel derived inorganic coatings prepared using low temperature drying 
can offer better barrier properties against wet corrosion than fi red sol–gel fi lms. 
However, the barrier properties of these coatings are insuffi cient to achieve good 
protection against corrosive species due to formation of non-compact coatings 
with high volumes of micropores. 
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 Cracks may be produced during the curing process due to shrinkage and thermal 
expansion mismatches between the metal and inorganic layers. In order to 
minimize the effects of thermal mismatch, inorganic sol–gel fi lms may be mixed 
with different inorganic oxides such as zirconia that have higher thermal expansion 
coeffi cients (Boysen  et al. , 1999). The application of multi-layer fi lms or the 
introduction of fi llers may partially solve drying problems, although the problems 
with thermal expansion mismatch persist. 

 In spite of the disadvantages, inorganic sol–gel coatings provide a good 
adhesion layer to the metallic substrate (Thim  et al. , 2000; Fedrizzi  et al. , 2001). 
The advantage of sol–gel coatings is the formation of strong Van der Waals bonds 
between the hydrolysed silane molecules and the metallic surface. These bonds 
can be transformed to stable covalent Me-O-Si bonds during the fi lm drying stage 
(Metroke  et al. , 2001). In humid environments, a cleaned surface of metal contains 
many hydroxyl groups. Upon contact with a sol–gel solution, hydrolysed siloxane 
molecules are attracted to the metal surface by van der Waals and electrostatic 
forces. During curing of the sol–gel fi lm, stable covalent bonds are formed 
between the metal surface and silane molecules during the water condensation 
reaction as shown in  Fig. 9.1(a) . Schmidt  et al.  estimated the thermodynamic 
possibility of Si-O-Al bonds formation in sol–gel fi lm/aluminium substrate 
systems. Thermodynamic calculations show that the alumina/silica mixed 
compounds altogether have a lower Gibbs energy than the boehmite, which is 
produced during the fi rst stage of oxidation of aluminium in the presence of 
moisture (Schmidt  et al. , 2003). The enthalpy of interaction between Al-OH and 
HO-Si groups is −462 kJ/mol and is suffi ciently lower than for the reaction of 
Al-OH and Al-OH groups, being −48 kJ/mol, leading to the formation of a more 
stable alumina/sol–gel fi lm interface. 

 Hybrid sol–gel fi lms, in contrast to pure inorganic fi lms, combine the properties 
of organic polymeric material with the properties of ceramic. The inorganic 
components mostly contribute to the increase of scratch resistance, durability and 
adhesion to the metal substrate. The organic component increases density, 

   9.1     (a) Schematic representation of the formation of covalent bonds 
between a metallic (Me) substrate and silica based sol–gel fi lm; (b) 
formation of chemical bonds between epoxy groups of a sol–gel fi lm 
and amino groups of a paint.     
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fl exibility and functional compatibility with organic paint systems. Hybrid 
coatings can be prepared over a continuous compositional range from almost 
inorganic to almost organic (Thim  et al. , 2000; Mackenzie  et al. , 2003). The 
properties of these coatings can be changed, adjusting many parameters to form 
an optimum coating. An advantage of the organically modifi ed sol–gel systems is 
the possibility to prepare thick, crack-free coatings (Ono  et al. , 2004). The 
mechanical properties and adhesion to specifi c organic paint systems can be 
signifi cantly improved in comparison to sol–gel materials based on non-functional 
organosilanes (Boysen  et al. , 1999; Mackenzie  et al. , 1998; Joshua Du  et al. , 
2001; Hofacker  et al. , 2002). The enhanced adhesion is attributed to the presence 
of functional groups in sol–gel coatings that can chemically react with the 
functional groups of organic paints, therefore greatly increasing the adhesion 
between the two systems ( Fig. 9.1(b) ). 

 Sol–gel hybrid materials can be classifi ed into two major classes (Schubert 
 et al. , 1995; Judeinstein and Sanchez, 1996). Class I of hybrid materials or 
coatings is based on the physical mixing of organic and inorganic phases without 
covalent bonds between inorganic and organic components ( Fig. 9.2(a) ). Van der 
Waals, ionic and hydrogen bonding interactions are the only forces that arise 
between the components. The synthesis of such hybrid materials can be performed 
by simple mixing of inorganic sol with organic matrix (Haas, 2000; Mayer  et al. , 
2000; Ono  et al. , 2004). The produced composites have different valuable 
mechanical properties, in particular increased hardness when the organic polymer 
matrix is impregnated with inorganic oxide nano and micro-particles. However, 
such materials cannot provide adequate barrier protection because of porosity and 
loss of chemical bonds. 

   9.2     (a) Class I hybrid material (no covalent bonds are formed between 
inorganic and organic phases). Class II hybrid materials: (b) hybrid 
network with added functionality (Y) linked by inorganic bonds; 
(c) hybrid network linked by inorganic and organic bonds via A groups; 
(d) organic–inorganic network made of nano building blocks linked 
through organic bonds.     
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 Class II hybrid materials are made of precursors with covalent or complex 
bonded organic groups. The commonly used sol–gel precursors are 
organoalkoxysilanes and metal alkoxides. Such materials can be classifi ed into 
two groups based on the type of the organoalkoxysilane organic part, namely  non-
functional  organoalkoxysilanes and  organofunctional  alkoxysilanes (Mackenzie 
 et al. , 1998; Joshua Du  et al. , 2001; Hofacker  et al. , 2002). 

 The fi rst group, presented in  Fig. 9.2(b) , shows an example of the sol–gel 
network formed by organomodifi ed alkoxides (RO) n -E-Y and metal alkoxides 
E(OR′) m  linked by oxygen bridges (where E = Si for organomodifi ed alkoxides and 
E = Zr, Ti, Ce for metal alkoxides). The specifi c functionality group (Y) does not 
react and is retained inside the hybrid material. In this example metal alkoxides are 
optionally added for the purpose of inorganic network formation. Methyl groups 
are commonly used as the organic part for preparation of the hybrids with non-
functional component (Rubio  et al. , 2000; Conde  et al. , 2003; Sheffer  et al. , 2003). 

 In the second case ( Fig. 9.2(c) ), the inorganic network is formed via condensation 
reaction of alkoxy groups of alkoxides, whereas the organic network is formed 
through the polymerization reaction of functional groups ‘A’ present in the 
organomodifi ed precursor (RO) n -Si-A. 

 The third case ( Fig. 9.2(d) ) shows the organic–inorganic network formed by 
connecting the inorganic nanoparticles, which are also called ‘nano building 
blocks’, through the organic functional groups. 

 Nanostructured class II sol–gels can be obtained through the preliminary 
controlled hydrolysis of inorganic precursors such as zirconia, titania, etc, 
alkoxides that are mixed with pre-hydrolysed organomodifi ed silane solution. The 
obtained sol–gel coatings have well-defi ned nanostructural properties due to the 
presence of inorganic zirconia or titania nanoparticles. Such coatings demonstrate 
enhanced corrosion protection and mechanical properties compared with sol–gel 
fi lms prepared using only inorganic or organosilane parts. The size of inorganic 
oxide nanoparticles can be varied depending on the hydrolysis conditions. Another 
type of nanostructured coatings comprises inorganic clusters of silicates or 
silsesquioxanes. Such clusters can have cubic cage geometry with silicon atoms 
situated in corners. Silsesquioxanes can be prepared by the sol–gel process of 
organofunctional silanes and then used as building units for hybrid sol–gel 
materials. 

 Organofunctional silane compounds usually contain epoxy (Atik  et al. , 1997; 
Hoebbel  et al. , 1998; Chou  et al. , 2001, 2003; Parkhill  et al. , 2001; Metroke  et al. , 
2002a; Conde  et al. , 2003; Ono  et al. , 2004; Voevodin  et al. , 2005), acrylic and 
alkyd (Smarsly  et al. , 2003), allyl (Joshua Du  et al. , 2001), phenyl (Sheffer  et al. , 
2003), amino (Ni  et al. , 2000) or vinyl functional groups (Joshua Du  et al. , 2001; 
Liu  et al. , 2005; Hu  et al. , 2007). Some of the organofunctional groups used 
(epoxy, vinyl, methacrylic, etc) can be additionally polymerized for the formation 
of an organic network as shown in  Fig. 9.2(c)  and  (d) . Organofunctional groups, 
in addition to chemical reactivity, are used to achieve tailored compatibility 
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of the sol–gel pre-treatments to organic paint systems and to alter hydrophobicity 
of the coatings (Mayrand  et al. , 1998; Joshua Du  et al. , 2001; Sheffer  et al. , 
2003). The amino and epoxy groups are especially suitable for reacting with 
the epoxy-based organic coatings to provide an excellent binding of organic 
coatings to the sol–gel pre-treatments ( Fig. 9.1(b) ) (Joshua Du  et al. , 2001; 
Mayrand  et al. , 1998). 

 Hybrid sol–gel systems are well known not only for their tailored surface 
properties or mechanical properties. Such materials have been thoroughly 
investigated as corrosion protective coatings for many metallic substrates such as 
steel and stainless steel substrates (Atik  et al. , 1997; Mayrand  et al. , 1998; 
Menning  et al. , 1998; Chou  et al. , 2001, 2003; Ono  et al. , 2004), copper and 
copper-containing alloys (Pilz  et al. , 1997; Bescher and Mackenzie, 2003; Li 
 et al. , 2009; Rao  et al. , 2011), aluminium (Chen  et al. , 1998; Parkhill  et al. , 2001) 
and aluminium alloys (Metroke  et al. , 2002a, 2005; Conde  et al. , 2003; Ono  et al. , 
2004). In general, the presence of organomodifi ed silanes in hybrid coatings 
enhances the protection properties of coatings applied on different substrates like 
steel (Menning  et al. , 1998), stainless steel (Gallardo  et al. , 2003), electrogalvanized 
steel (Mayrand  et al. , 1998) and aluminium (Sheffer  et al. , 2003). However, the 
protection properties also depend on the type of organic groups. In the case of 
phenyl functionalized silanes, the corrosion protection of aluminium alloys is 
better because of the higher hydrophobicity of phenyl groups (Parkhill  et al. , 
2001). On the other hand, sol–gel coatings containing amino groups, which have 
hydrophilic characteristics, increase protection and possess especially strong 
bonding properties to both electrogalvanized steel and epoxy coatings (Mayrand 
 et al. , 1998). 

 Sol–gel coatings containing epoxy groups exhibit increased corrosion protection 
of AA2024 substrates due to the additional polymerization of epoxy groups 
that leads to enhanced fl exibility and elimination of cracks in the coatings 
(Parkhill  et al. , 2001; Voevodin  et al. , 2001b, 2001c). The barrier properties of 
the sol–gel coatings can be further increased if cross-linking agents like superacids 
and different amines are used in the sol–gel process (Metroke  et al. , 2002b). 
However, a better effect is achieved when using amino silanes as cross-linked 
agents due to the formation of inorganic bonds between the silanol groups 
after condensation and polymerization of epoxy and amino groups (Metroke 
 et al. , 2002b; Khramov  et al. , 2003). The methacrylate-containing hybrid sol–gel 
coatings on stainless steel and aluminium substrates also provide enhanced 
corrosion protection by forming a uniform, defect-free and relatively dense 
physical barrier against corrosion species (Chou  et al. , 2001, 2003; Ono  et al. , 
2004). Increasing the metacrylate component concentration tends to promote the 
formation of thicker fi lms on aluminium alloy and stainless steel (Chou  et al. , 
2001; Ono  et al. , 2004). Nevertheless, too high a concentration of organics impairs 
the corrosion protection and adhesion of the sol–gel coatings to the metallic 
substrate. 
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 The addition of organic functional groups and/or organic polymers to sol–gel 
coatings increases coating thickness, fl exibility and metal resistance to corrosion. 
Nonetheless, a high content of organic groups can decrease mechanical properties 
such as scratch or wear resistance while increasing the adhesion and minimizing 
cracking of the coating (Atanacio  et al. , 2005). In some cases both mechanical and 
corrosion resistance of the sol–gel coatings is appreciated. Such properties of 
hybrid sol–gel coatings can be adjusted by introducing inorganic nano and micro-
particles (Chen  et al. , 1998; Malzbender  et al. , 2002; Conde  et al. , 2003; Gallardo 
 et al. , 2003; Palanivel  et al. , 2003; Montemor  et al. , 2006a). 

 Usually, the addition of nanoparticles does not destroy the coating properties. 
Corrosion protection and mechanical properties become enhanced due to 
stabilization of the interface between the nanoparticles and coating matrix (Chen 
 et al. , 1998; Malzbender  et al. , 2002) or due to the higher hydrophobicity of the 
coating with nanoparticles (Conde  et al. , 2003). Particles with diameter in the 
nano range are commonly used as reinforcements for hybrid sol–gel coatings. 
However, when the diameter of the particles is higher than 500 nm the suspensions 
become unstable, which hinders the preparation of uniform sol–gel fi lms. The 
addition of very small amounts (around 15 ppm) of 1 micron silica particles in a 
bis-silane based sol–gel network increases corrosion protection and mechanical 
properties of the coatings, whereas higher amounts have an adverse effect 
(Palanivel  et al. , 2003; Montemor  et al. , 2006a). In the case of glass micro-
particles (around 3 microns), additional cracking may occur when particle size 
exceeds the coating thickness (Gallardo  et al. , 2003). The cracking usually 
happens in the neck between the particle and coating matrix, which results in 
development of corrosion activity near the defects. Therefore, a compromise 
between the sol–gel coating thickness and particle size is needed to improve the 
coating corrosion resistance.  

   9.5.2  Hybrid sol–gel coatings with incorporated inhibitors 

 Hybrid sol–gel coatings provide a dense barrier against corrosive species with 
good surface adherence to both metal substrate and organic paints. However, the 
coating alone is not suffi cient to protect a metal substrate from corrosion. In many 
cases, the coatings contain micro-pores, cracks and areas of low cross-linking 
density which provide a path for diffusion of corrosive species such as water, 
oxygen and chloride ions to the coating/metal interface. Some sol–gel coatings 
present a ‘self-healing’ effect and partial recovery of the corrosion protective 
properties, but this effect is much lower than in the case of the chromate pre-
treatments. Therefore, sol–gel coatings can provide an adequate protection of the 
metal substrate only when they are free of mechanical defects, which is hardly 
achievable in industrial applications. The incorporation of corrosion inhibitors 
inside the sol–gel coatings can partially enhance active corrosion protection and 
prolong coating lifetime. 
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 The incorporation of an inhibitor into the sol–gel matrix can be performed in 
different ways (Osborne  et al. , 2001). The simplest mechanism is based on inhibitor 
trapping by the sol–gel matrix as demonstrated in  Fig. 9.3(a) . In this case, no 
chemical interaction occurs between the inhibitive molecules and the sol–gel 
network. The release of inhibitor is governed by its diffusion when water penetrates 
the sol–gel matrix. When corrosion starts, the inhibitor becomes available at the 
active corrosion place and restricts the corrosion process. The second mechanism 
implies chemical integration of the inhibitor in the sol–gel matrix through bonding 
with inorganic and organic functional groups, which can occur for organic and 
organometallic inhibitors ( Fig. 9.3(b) ). Another possible mechanism includes 
interactions of inhibitors with organic functional groups or inorganic network of 
the sol–gel matrix ( Fig. 9.3(c) ). The interactions occur between the organic 
inhibitor and functional groups like phenyl, vinyl, etc, present in the sol–gel matrix 
and through the formation of complexes with metal oxides, such as Ti, Zr and Ce, 
having unsaturated coordination. Consequently, the inhibitor molecules become 
immobilized, which can be used to control the release of inhibitor from the sol–gel 
matrix. 

  Inorganic inhibitors 

 Incorporation of inorganic or organic corrosion inhibitors into the hybrid fi lms 
can signifi cantly improve the corrosion protection of metallic substrates. Different 
kinds of inorganic inhibitors such as cerium salts, vanadates, molybdates, 
permanganates and phosphates have been incorporated in sol–gel coatings with 
the aim of increasing the corrosion protection of metallic substrates. The results 
of many works show that the incorporation of cerium (III) dopants into sol–gel 
coatings generally enhances corrosion protection for many substrates, like 
aluminium alloys (Joshua Du  et al. , 2001; Kasten  et al. , 2001; Voevodin  et al. , 
2001a; Cabral  et al. , 2006; Trabelsi  et al. , 2007; Moutarlier  et al. , 2008; Rosero-
Navarro  et al. , 2008; Yasakau  et al. , 2008), magnesium alloys (Barranco  et al. , 
2010; Montemor and Ferreira, 2007a, 2007b), galvanized steel (Trabelsi  et al. , 

   9.3     Schematic representation of inhibitor incorporation in the sol–gel 
matrix: (a) no interaction between inhibitor and matrix; (b) integration 
of inhibitor within the organic–inorganic matrix; and (c) interaction of 
inhibitor with organic functional groups or inorganic constituents.     
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2005, 2006; Montemor  et al. , 2006b), zinc (Aramaki, 2002; Garcia-Heras  et al. , 
2004) and stainless steel substrates (Pepe  et al. , 2006). Since cerium-based 
compounds provide good corrosion protection and are much less toxic than 
chromates, they have been one of the main candidates as environmentally friendly 
corrosion inhibitors. 

 Sol–gel fi lms with cerium nitrate increase the corrosion resistance of AA2024 as 
evaluated by impedance spectroscopy and the scanning vibrating electrode technique 
(SVET) (Yasakau  et al. , 2008). However, the addition of soluble cerium salts like 
cerium acetates, oxalates and nitrates in sol–gels is not always benefi cial. The 
obtained coatings can have low barrier properties and fast release of inhibitor 
(Joshua Du  et al. , 2001; Moutarlier  et al. , 2008) and usually fail salt spray tests. 
Studies made by Garcia-Heras  et al.  show that the critical concentration of the 
cerium inhibitor introduced into the silica based sol–gel matrix is in the 0.2–0.6 
range (wt% of Ce 3+ ). A higher concentration could lead to formation of defects in 
the network of the sol–gel fi lm (Garcia-Heras  et al. , 2004). When the effi ciency of 
Ce 3+  and Ce 4+  salts in sol–gel coatings is compared, the Ce 4+  salts show better 
corrosion protection (Pepe  et al. , 2006), which is related to the formation of a more 
stable protective layer made of cerium (IV) oxide-hydroxides (Yasakau  et al. , 2006). 

 Sol–gel coatings with other inorganic inhibitors such as NaVO 3 , Na 2 MoO 4  or 
KMnO 4  show weak corrosion protection due to low matrix stability and high 
solubility of the inorganic compounds (Joshua Du  et al. , 2001; Voevodin  et al. , 
2001a; Moutarlier  et al. , 2008). Glow discharge optical emission spectroscopy 
(GDOES) measurements performed by Moutarlier  et al.  proved fast release of 
KMnO 4 , Na 2 MoO 4  and cerium salts from the coating during immersion in 
corrosive electrolyte (Moutarlier  et al. , 2008). The results of microstructural 
investigation performed prior to corrosion tests identifi ed signifi cant degradation 
of the sol–gel coatings with incorporated Na 2 MoO 4  and KMnO 4  inhibitors. The 
additives led to formation of particles and aggregates in the coating which 
increased the porosity and lowered the protection of the coating. The positive 
effect of the addition of molybdate compounds as corrosion inhibitors to the sol–
gel coatings can be achieved when molybdate is added in the ‘bound’ form after 
reaction with cycloaliphatic amine forming the compound (R–NH 3+ ) 2 MoO 4  in 
contrast to the ‘free’ ionic form (MoO 4  

2− ). The bound form of the inhibitor prevents 
its undesirable interaction with the sol–gel matrix and increases the matrix 
stability (Mascia  et al. , 2006). Release studies also demonstrate that when 
molybdate is added in ‘bound’ form the release becomes slowed down. 

 Inhibitors with high solubility cannot provide long-term active corrosion 
protection of the coated alloy because of the very fast release of inhibitor from the 
coating. Moreover, the osmotic pressure can cause the formation of blisters and 
delamination of the coating during immersion, which can signifi cantly affect the 
coating integrity and the corrosion protection. Therefore, inhibitive compounds 
with low solubility might be preferable candidates for incorporation into the sol–
gel coatings. Strontium aluminium polyphosphate (SAPP) has been recently 
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reported by Raps  et al.  as one of the potential inhibitive compounds for corrosion 
protection of AA2024 (Raps  et al. , 2009). The addition of SAPP to different sol–
gel coatings applied to AA2024 increases the barrier protection and provides 
active corrosion protection by stabilizing the intermediate oxide resistance. 
Neutral salt spray tests after 336 h according to ASTM B117 presented in  Fig. 9.4  
clearly demonstrate the worst performance of uninhibited sol–gel ( Fig. 9.4(a) ) 
compared with the sol–gel with impregnated SAPP particles ( Fig. 9.4(b) ). 

   Organic inhibitors 

 Apart from inorganic compounds, organic inhibitors can also be incorporated into 
the sol–gel matrix following the scheme presented in  Fig. 9.3  where inhibitors can 
be trapped by the sol–gel matrix or when they interact with the sol–gel matrix. 
Many studies show an improvement of corrosion protection of sol–gel coated 
metallic substrates such as 2024 aluminium alloy (Voevodin  et al. , 2003; Khramov 
 et al. , 2004, 2005; Palanivel  et al. , 2005; Quinet  et al. , 2007; Yasakau  et al. , 
2008), aluminium (Sheffer  et al. , 2004), magnesium alloys (Supplit  et al. , 2007; 
Shi  et al. , 2009; Galio  et al. , 2010), copper (Tan  et al. , 2008) when inhibitors are 
present in the sol–gel matrix. Examples of promising inhibitors incorporated in 
the sol–gel matrix are presented below. 

 In general, the addition of inhibitors to sol–gel systems provides additional 
corrosion protection of metal. Khramov  et al.  studied the corrosion protection 
properties of hybrid sol–gel fi lms deposited on aluminium alloy with different 
incorporated organic inhibitors such as mercaptobenzothiazole and 
mercaptobenzimidazole, mercaptobenzimidazolesulfonate and thiosalicylic acid 
(Khramov  et al. , 2004, 2005). Corrosion protection studied by localized methods 
of analysis such as SVET shows low ionic currents at the sites with artifi cial 
defects, which is attributed to active corrosion protection. An improvement of 
the corrosion protection has been also noticed for bis-silane fi lms containing 

   9.4     Photographs of AA2024 unclad samples coated with: (a) undoped 
sol–gel; (b) sol–gel with SAPP inhibitor after 336 h in neutral salt spray 
test according to ASTM B117 (Raps et al., 2009).     
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tolyltriazole and benzotriazole inhibitors (Palanivel  et al. , 2005). Among the 
tested sol–gel coatings with 0.5 wt% of certain organic inhibitors (aminopiperazine, 
aminopiperidine and combinations of tetraethyl dimethylenediphosphonate 
and mercaptobenzothiazole), only the coating with aminopiperazine showed 
suffi ciently high corrosion protection of 2024 aluminium alloy (Voevodin  et al. , 
2003). 

 The corrosion protection of magnesium alloys can be enhanced using sol–gel 
coatings with incorporated inhibitors. Among different inorganic and organic 
inhibitors, 2-methyl piperidine (Shi  et al. , 2009), triethylphosphate, 1,2,4-triazole 
(Supplit  et al. , 2007) and 8-hydroxyquinoline (8HQ) (Galio  et al. , 2010) have 
been reported to extend the corrosion protection of AZ31 magnesium alloy when 
incorporated into the sol–gel coatings. The increase of corrosion protection in 
the case of the 8HQ inhibitor was associated with the formation of insoluble 
complexes of 8HQ with metals (Galio  et al. , 2010). 

 In spite of the higher protective effi ciency of sol–gel coatings with incorporated 
inhibitors, elevated concentrations of organic compounds can negatively affect 
the sol–gel matrix stability. The infl uence of adding the organic compound 
tetrachloro- p -benzoquinone (chloranil) into a hybrid organosiloxane/zirconia sol–
gel matrix has been investigated in order to improve corrosion protection of 
aluminium alloy (Quinet  et al. , 2007). Adding a high content of chloranil leads to 
a disorganization of the sol–gel matrix and consequently to lower corrosion 
protection. Such disorganization could occur because of low solubility of the 
organic compound in the sol–gel. Thus, the crystallized compound can create 
defects and voids in the sol–gel matrix, which negatively infl uences the barrier 
properties of the sol–gel coating. In contrast to that, the incorporation of lower 
concentrations of chloranil has resulted in homogeneous structures, increasing the 
protective properties of the sol–gel coatings.   

   9.5.3  Self-healing by intelligent release of organic 
corrosion inhibitors 

 The incorporation of organic compounds into sol–gel systems does not always 
provide an additional corrosion inhibition compared with undoped sol–gel 
coatings. Such effects can be related to a low release of organic compounds from 
the sol–gel system due to the electrostatic interactions between the organic 
compounds and the sol–gel components. However, a proper trigger can affect the 
inhibitor/sol–gel interactions and therefore provide the release of inhibitor. In 
several cases the release of organic molecular species from the hybrid sol–gel 
matrix can be described by the pH-dependent triggered release mechanism, which 
often implies protonation or de-protonation of the nitrogen atom in functional 
groups (Vreugdenhil and Woods, 2005). When the  ζ -potential of the sol–gel 
matrix becomes comparable with the charge of the organic molecule, the inhibitor 
is ‘pushed’ out of the coating. Such triggering of the desorption processes can 

�� �� �� �� �� ��

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



 Self-healing nanocoatings for corrosion control 231

©  Woodhead Publishing Limited, 2012

provide an ‘intelligent’ release of the corrosion inhibitor only in places of local pH 
changes originating from localized corrosion processes. The corrosion studies 
show that some ionizable inhibitors (mercaptobenzimidazolesulfonate and 
thiosalicylic acid) show far weaker effects than those of non-ionizable inhibitors 
(mercaptobenzothiazole and mercaptobenzimidazole), since the fi rst are too 
strongly attached to the sol–gel matrix and thus cannot be released during 
corrosion (Khramov  et al. , 2005). 

 A controlled release of inhibitor can also be achieved when there are interactions 
between the functional groups of the sol–gel matrix and the inhibitor, as 
schematically shown in  Fig. 9.3(c) . An additional inhibition effect was revealed 
when phenylphosphonic acid was introduced into a hybrid sol–gel fi lm containing 
phenyl groups (Sheffer  et al. , 2004). The inhibitor becomes entrapped inside the 
sol–gel matrix due to specifi c π–π interactions between the phenyl rings. Sol–gel 
coatings with phenylphosphonic acid deposited on aluminium substrates 
demonstrate enhanced corrosion protection attributed to the prolonged release of 
phosphonate ions. 

 The incorporation of organic inhibitors can also lead to the destruction of the 
protective properties of the sol–gel coatings. This effect has been demonstrated by 
Yasakau  et al.  (2008), who performed a corrosion study on AA2024 samples 
coated with sol–gel fi lms containing additives of benzotriazole (BTA). The 
impedance measurements demonstrated a rapid decrease of barrier properties of 
the sol–gel coatings with the BTA inhibitor, which caused signifi cant corrosion 
damage. This effect was attributed to the chemical interaction of BTA with the 
components of the sol–gel system, which caused modifi cation of the sol–gel 
network and rapid corrosion progress. On the contrary, the incorporation of 8HQ 
in the sol–gel system increases the corrosion performance of the coated AA2024 
(Yasakau  et al. , 2008). 

 The presented approaches may be used to design a successful corrosion 
protection system with performance levels close to those of chromate-based 
systems. Nevertheless, there are some important issues to take into consideration 
when using a direct inhibitor addition approach. First of all, the solubility of the 
inhibitor in the corrosive environment must be taken into account. Highly soluble 
inhibitors may cause an excessive coating blistering due to the action of osmotic 
pressure. Moreover, the higher solubility increases leaching of the inhibitor from 
the coating. Another important problem appears when a corrosion inhibitor 
chemically interacts with the components of the coating formulation, leading to 
deactivation of the inhibitor and/or reduction of its mobility, weakening the barrier 
properties of the coating. A negative example of inhibitor interaction with sol–gel 
matrix is presented in  Fig. 9.5 . BTA addition causes the formation of inhomogeneities 
within the sol–gel matrix which become sites for signifi cant corrosion attack 
( Fig. 9.5(a)  and  (b) ). When soluble inorganic salts like sodium molybdate are 
introduced (Moutarlier  et al. , 2008), particles more than 10 micron form due to a 
crystallization process which affects the matrix barrier protection ( Fig. 9.5(c) ). 
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 Summarizing the information presented above, it can be seen that the direct 
addition of inhibitors to sol–gel coatings confers additional corrosion protection, 
and in some cases active protection and self-healing effects. On the other hand, 
the addition of inhibitors is associated with a number of problems. Therefore, 
other strategies of inhibitor addition might be used that isolate an inhibitor 
from the coating components and provide a controlled release of inhibitor on 
demand.   

   9.6  Sol–gel coatings with nanoreservoirs 

 Direct addition of corrosion inhibitors to the sol–gel coating matrix can provide 
an additional active corrosion protection effect on the one hand, but at the same 
time can negatively infl uence adhesion and barrier properties. Moreover, the 
active inhibitors can often be deactivated as a result of chemical interactions with 
the ingredients of the coating formulation. Therefore, immobilization of the active 
inhibiting species inside special particulate carriers or reservoir layers can provide 
an effi cient solution aiming at prevention of the negative effects originating from 
the undesirable coating/inhibitor interactions (Ghosh, 2008). 

 Recent developments in surface science and technology show new and more 
attractive concepts of self-healing coatings. These approaches are based on the 

   9.5     Sol–gel coating with benzotriazole inhibitor (a) before and (b) after 
corrosion; (c) Sol–gel coating with sodium molybdate before corrosion 
(Moutarlier et al., 2008).     
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integration of nanoscale containers (carriers) loaded with active inhibiting 
compounds, or layered reservoirs, into the existing structures of conventional 
coating systems. These self-healing protective coatings should provide fast release 
of the inhibitors on demand within a short time after changes in the coating 
integrity or in the environment aggressiveness. The nanocontainers or reservoir-
layers are introduced to the passive barrier coating system keeping the active 
species in a ‘trapped’ form. By defi nition, a nanocontainer (or nanoreservoir) is a 
nanosized volume fi lled with an active substance confi ned in a porous core and/or 
a protective shell. 

 The immobilization of active inhibiting species reduces the probability of 
excessive and uncontrollable inhibitor leaching or pigment-induced osmotic 
blistering. These problems are typical for coatings containing inhibitor salts if 
they are too soluble or prepared with too small a particle size. The immobilization 
approach also allows creation of ‘smart’ delivery systems which are able to release 
corrosion inhibitors in a controllable way, only on demand from the action of 
different corrosion-relevant triggers such as local change of pH or the presence of 
corrosive anions. When the local environment changes, or if a corrosion process 
starts in the coating defect, the containers respond to this signal and release the 
immobilized active material (Shchukin  et al. , 2006). 

 The delivery of inhibitors can be based on different possible release mechanisms 
that depend upon the encapsulation approaches. The simplest example is 
uncontrollable leakage of active ingredients from a polymer capsule ruptured 
under mechanical stresses. This approach was used by Yang and Van Ooij when 
triazole inhibitor was encapsulated using plasma polymerization to produce 
PP-perfl uorohexane and PP-pyrrole layers employing RF plasma discharge (Yang 
and Van Ooij, 2004). The release of the inhibitor from such a capsule is possible 
only when it is mechanically ruptured. 

 Another relatively simple approach involves a desorption-based mechanism. 
This type of delivery can be classifi ed as a prolonged release, but it is not a 
controlled release; uncontrollable leaching is usually diffi cult to avoid in such 
cases. However, under certain circumstances the kinetics of the desorption 
processes are dependent on the conditions in the surrounding environment, such 
as pH or ionic strength. In this way a certain control of the leaching can be 
achieved. The release on demand can be accomplished via application of trigger-
responsive polymer shells or pre-layers such as polyelectrolytes sensitive to pH. 
Another mechanism of triggered release of inhibiting species can be based on the 
ion-exchange reaction when inhibiting anions are displaced by corrosive anions. 
The previously mentioned examples of release mechanisms are relevant for 
autonomous self-healing processes. In the case of induced self-healing, an external 
action should be applied to provoke the release of an active agent. 

 In this section the main approaches to inhibitor encapsulation and immobilization 
on different carriers and inside reservoir layers will be overviewed in terms of 
their applicability to self-healing sol–gel based anticorrosion coatings. Different 
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techniques that can be used for the development and study of different levels of 
inhibitor immobilization are discussed. Most of the immobilization approaches 
are also widely exploited in other areas where delivery of active agent on demand 
is pursued. Medicine, cosmetics and fertilizers are among the most typical 
examples. 

   9.6.1  Types of nanoreservoir 

  Layer reservoirs 

 Active self-healing functionality can be added to hybrid sol–gel based coatings 
introducing an additional functional layer that acts as an inhibitor container. 
Different approaches can be used to create such a layer between a metallic 
substrate and a hybrid coating or atop the coating. Inorganic porous reservoir pre-
layers were recently reported as functional elements of sol–gel based active 
protective coatings. The advantage of this approach is the availability of corrosion 
inhibitor in large quantities in the vicinity of the metal surface. A novel approach 
aimed at developing a nanoporous reservoir for storing corrosion inhibitors on the 
metal/coating interface has been proposed by Lamaka  et al.  (2006, 2007). A 
porous titania layer on the surface of AA2024 aluminium alloy was developed, 
controllably hydrolysing titanium alkoxide in the presence of a template agent. 
The titania particles were self-assembled in a porous network on the AA2024 
aluminium alloy matrix replicating the microstructure of the native porous 
aluminium oxide. Then, the metallic substrate covered with TiO 2  was immersed 
in a corrosion inhibitor solution (BTA) and fi nally over-coated with a hybrid sol–
gel fi lm. In this case, the inhibitor container is a three-dimensional oxide 
nanostructured porous layer with a large effective surface area available for 
inhibitor adsorption. This complex system shows enhanced corrosion protection 
in comparison with a simple one-layer sol–gel fi lm. Moreover, the bi-layer coating 
demonstrates well-defi ned self-healing ability leading to effective long-term 
active corrosion protection. 

 The anticorrosion performance of these coatings assessed by electrochemical 
impedance spectroscopy shows that the lower impedance was obtained when 
BTA was directly added to the sol–gel matrix, whereas the best performance was 
achieved with inhibitor-doped TiO x  coated with a hybrid fi lm. In terms of active 
corrosion protection, there is a periodic decrease/increase of impedance associated 
with the breakdown followed by the self-healing of the intermediate oxide layer. 
SVET was employed to study the self-healing ability of bi-layer systems at the 
micro level. The measurements of local corrosion current evolution in the zones 
of artifi cial defects have demonstrated well-defi ned corrosion activity on the 
surface of AA2024 coated with sol–gel fi lm only, while no corrosion activity was 
revealed even after 24 hours on the alloy treated with a bi-layer system. The 
reported results show that the adsorbed inhibitor is leached out from the porous 
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pre-treatment layer to the defect, healing it. The developed surface, formed by the 
self-assembled layer, also offers good adhesion between the oxide and the sol–gel 
fi lm due to the high contact area between the two phases. Moreover, the 
employment of this reservoir approach avoids the negative effects of the inhibitor 
on the stability of the sol–gel coating. 

 Rosero-Navarro  et al.  (2010) have recently suggested a multi-layer sol–gel 
hybrid inorganic/organic coating system with a structure composed of an 
intermediate cerium-containing layer deposited between two undoped hybrid 
layers. The obtained results have shown the migration of the cerium ions into the 
defects towards the substrate providing additional active corrosion protection. 
The combination of the physical barrier (blank hybrid sol–gel) and the active 
protection (Ce-containing interlayer) enables an effective protective system for 
aluminium alloys. 

 Biopolymer chitosan can also be used as a ‘green’ candidate for reservoir 
layers. The application of natural polymer materials as reservoirs for 
environmentally friendly corrosion inhibitors constitutes an attractive and 
relatively unexplored approach to the development of ‘green’ self-healing 
coatings. Chitosan is one such interesting candidate due to its good fi lm-forming 
properties, superior adhesion to metallic surfaces and many organic polymers. 
Another important feature of chitosan is its high ability to form complexes with 
potential corrosion inhibitors in a reversible manner. Cerium (III) was employed 
as the corrosion inhibitor for aluminium 2024 alloy in the work of Zheludkevich 
 et al.  (2011). Scanning electron microscopy (SEM) and energy dispersive 
spectrometry (EDS) in  Fig. 9.6  clearly demonstrate preferential immobilization of 
Ce ions in the biopolymer layer. The superior corrosion protection performance 
with well-defi ned active inhibition of the electrochemical reactions in the artifi cial 

   9.6     (a) SEM cross-section of bi-layer coatings with Ce-containing 
chitosan; and (b) EDS map of the same zone indicating distribution 
of Ce cations (Zheludkevich et al., 2011).     
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defects was demonstrated in the case of sol–gel coatings with an inhibitor-loaded 
chitosan pre-layer. 

 The reservoir layers described above provide an effi cient way to store corrosion 
inhibitor, preventing its interaction with sol–gel matrix. However, the release of 
corrosion inhibitors stored in such reservoirs is uncontrollable. Polyelectrolyte 
reservoir fi lms can be applied in order to achieve release of corrosion inhibiting 
species on demand, as suggested by Lamaka  et al.  (2008). The reservoirs are 
composed of layers of oppositely charged polyelectrolyte molecules deposited on 
AA2024 aluminium alloy coated with hybrid sol–gel fi lm. The container is 
prepared via layer-by-layer sequential spray-coating deposition of water solutions 
of poly(ethyleneimine) (PEI), poly(sodium styrenesulfonate) (PSS) and 8HQ. 
The active corrosion protection of AA2024 alloy coated with such a bi-layer 
system is demonstrated by EIS and SVET. 

 The obtained results demonstrate that inhibitor-containing polyelectrolyte fi lms 
remarkably improve the long-term protection performance, providing additional 
‘smart’ anticorrosion properties based on the delivery of inhibiting species ‘on 
demand’. The triggered delivery of inhibitor is possible since the confi guration of 
the polyelectrolyte molecules depends on the presence of H +  ions, making the 
polyelectrolyte fi lm sensitive to the pH of the surrounding solution (Grigoriev 
 et al. , 2009). The acceleration of the inhibitor release is observed in the alkaline 
region. PEI/PSS polyelectrolyte complex consists of strong polyanion (PSS) and 
weak polycation (PEI). This structure of polyelectrolyte multi-layers provides the 
possibility of complex dissolution and inhibitor release at an alkaline pH, starting 
at a pH of around 8. Therefore, the developed reservoir system provides inhibitor 
storage at neutral pH, and fast release on demand in the alkaline region resulting 
from the cathodic activities.  

  Nanocontainers 

 Another strategy is based on the use of nanocarriers as storage/delivery systems 
that can be directly incorporated in the hybrid sol–gel matrix. In this section 
different strategies for the creation of nanocontainers of corrosion inhibitors will 
be reviewed as well as their performance in self-healing hybrid sol–gel coatings. 
One of the simplest ways is to use  oxide nanoparticles  as carriers for corrosion 
inhibitors. The oxide nanoparticles are potential reinforcements for the polymer 
coatings (Chen  et al. , 1998; Malzbender and de With, 2002; Conde  et al. , 2003; 
Gallardo  et al. , 2003). Incorporation of the nanoparticles into hybrid sol–gel 
formulations leads to an additional improvement of the barrier properties due to 
an enhanced thickness and a low crackability of such composites (Malzbender 
and de With, 2002; Zheludkevich  et al. , 2006). Moreover, an additional active 
corrosion protection and a self-healing ability can be achieved when the oxide 
nanoparticles are doped with a corrosion inhibitor. A major challenge in the 
formation of thin layers with the incorporation of nano-oxides is to avoid the 
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formation of particle agglomerates (Brusciotti  et al. , 2010). Agglomeration affects 
the fi lm uniformity and might create preferential paths for corrosion attack. If this 
issue is avoided, the barrier properties of thin sol–gel fi lms are improved by the 
addition of oxide nanodispersed particles (Rosero-Navarro  et al. , 2008). 

 Zheludkevich  et al.  (2005a, 2005b) have suggested the immobilization of cerium 
(III) cations on amorphous zirconia nanoparticles via controllable hydrolysis of 
tetrapropoxyzirconium (TPOZ) in the presence of Ce(NO 3 ) 3 . The resulting sol mixed 
with a siloxane-based hybrid sol–gel formulation leads to a nanocomposite coating 
containing oxide nanocontainers of cerium ions. The large surface area of the carriers 
resulting from the small diameters of the nanoparticles provides suffi cient loading 
capacity. The prolonged release of inhibitor from the surface of oxide nanoparticles 
confers an enhanced long-term corrosion protection on AA2024 aluminium alloy. 
Moreover, the use of oxide nanocarriers prevents the negative effects of cerium ions 
on the hydrolytic stability of hybrid sol–gel coatings (Zheludkevich  et al. , 2005b). 
This idea was followed by other researchers when boehmite nanoparticles were 
synthesized and introduced to the hybrid sol–gel coating as nanocontainers of 
corrosion inhibitor (Pirhady Tavandashti and Sanjabi, 2010). 

 The inhibiting ions can also be immobilized on the surface of commercially 
available nanoparticles by a simple adsorption in an inhibitor-containing solution. 
Silica- and ceria-based nanocarriers obtained by this method provide additional 
active corrosion protection to an organosilane coating applied to galvanized steel 
(Montemor and Ferreira, 2007c). The nanoparticles themselves can also confer an 
inhibiting action in some cases. For example, ceria nanoparticles show a well-
defi ned active anticorrosion effect. However, the structure and nanosize of such 
particles is a key factor. The large and crystalline particles of ceria are extremely 
insoluble and unable to release any inhibiting species. In the work of Schem  et al.  
(2009), small 5 nm size amorphous ceria nanoparticles were introduced to hybrid 
organic–inorganic sol–gel matrices employed as coatings for an AA2024-T3 
aluminium alloy. Electrochemical studies indicate a generally benefi cial effect of 
incorporation of ceria nanoparticles, although the performance of the coated alloy 
depends on the nanoparticle content. 

 Another possible method for using the nanoparticle surface as an inhibitor 
carrier is to adsorb the inorganic corrosion inhibiting anions onto the particle 
surface by an ion-exchange mechanism (Pippard, 1983). However, this approach 
can also lead to an undesirable release of the inhibitor initiated by the presence of 
harmless ions in the surrounding environment. Organic corrosion inhibitors can 
also be immobilized on the surface of nanoparticles. Chemical anchoring of an 
organic inhibitor to aluminium oxyhydroxide nanoparticles through carboxylic 
bonds was employed in protective coatings for aluminium, copper, nickel, brass 
and bronze substrates (Cook, 2005). High specifi c surface area of the oxyhydroxide 
nanocarrier (at least 100 m 2 ·g −1 ) allows a higher quantity of corrosion inhibitor to 
be delivered into the damaged part of the coating. Hydroxide ions generated from 
the corrosion of these metals trigger the release of corrosion inhibitors from the 
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particles at pH 9. Thus, the release of the inhibitor is started only by the corrosion 
process, preventing undesirable leakage of the inhibitor from an intact coating 
during exploitation. 

 Various strategies are suggested to increase the loading of oxide nanocontainers 
by increasing the surface area or forming hollow oxide nanocontainers 
(Kartsonakis  et al. , 2010). One of the examples is shown in  Fig. 9.7 . Cerium 
molybdate  hollow nanospheres  were suggested as possible nanocontainers for 
8HQ or with 1-H-benzotriazole-4-sulfonic acid (1-BSA) as corrosion inhibitors 
(Kartsonakis  et al. , 2010). These nanospheres were synthesized using a three-step 
process: fi rst, polystyrene (PS) nanospheres were produced using emulsion 
polymerization; second, the PS spheres were coated via the sol–gel method to 
form a cerium molybdate layer; fi nally, the nanocontainers were made by 
calcination of cerium molybdate coated PS nanospheres. The calcined nanospheres 
were loaded with 8HQ or with 1-BSA. The loading of 8HQ achieved 5.22% w/w 
and that of 1-BSA was 16.43%. Electrochemical measurements have demonstrated 
that inhibitor is released from the nanocontainers, suppressing the corrosion 
activities on steel and AA2024 surfaces. 

   9.7     SEM images of cerium titanium oxide hollow nanospheres with 
diameter around 170–180 nm (Kartsonakis and Kordas, 2010).     
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  Mesoporous nanoparticles  can also be considered as potential nanocontainers. 
Borisova  et al.  (2011) have suggested the synthesis of monodisperse, mesoporous 
silica nanoparticles loaded with 1H-benzotriazole and embedded in a hybrid sol–
gel coating. The developed nanoparticles exhibit high surface area (~1000 m 2 ·g −1 ), 
narrow pore size distribution ( d  ~3 nm), and large pore volume (~1 ml·g −1 ). This 
confers high uptake and storage of the corrosion inhibitor in the mesoporous 
nanocarriers. The homogeneously distributed BTA-loaded mesoporous silica 
nanocontainers in the hybrid fi lm improve the corrosion resistance of the 
aluminium alloy AA2024 as demonstrated by SVET experiments. These results, 
as well as the controlled pH-dependent release of BTA from the mesoporous silica 
nanocontainers, suggest an inhibitor release triggered by the corrosion process. 

 Even higher loading capacity can be achieved when porous fi llers with hollow 
cellular structure are loaded with organic and/or inorganic inhibitors (Schmidt, 
2002). The hollow cellular structure material may be represented by zeolite or 
halloysite nanotubes. Zeolite particles are attractive carriers also because the 
cations in their structure are rather loosely held and can readily be exchanged for 
the inhibiting cations in the contact solution (Eckler and Ferrara, 1988). 

  Halloysite  was found to be a viable and inexpensive nanoscale container 
($4 per kg with the supply of 50 000 tons per year) for the encapsulation of active 
molecules. Halloysite is defi ned as a two-layered aluminosilicate, chemically 
similar to kaolin, which has predominantly hollow tubular structure in the 
submicron range. The neighbouring alumina and silica layers create a packing 
disorder which causes them to curve. As for the most natural materials, the size of 
halloysite particles varies within 1 to 15 μm of length and 10 to 150 nm of inner 
diameter depending on the deposits. Halloysite nanotubes are capable of 
entrapping a range of active agents (within the inner lumen, as well as within void 
spaces in the multi-layered aluminosilicate shell) followed by their retention and 
release. Both hydrophobic and hydrophilic agents can be embedded after an 
appropriate pre-treatment of the halloysite (Luca and Thompson, 2000). Cheap 
halloysite nanotubes as prospective nanocontainers for anticorrosion coatings 
with active corrosion protection were recently demonstrated (Fix  et al. , 2009). 
Halloysite nanotubes were loaded with BTA or 8HQ and then incorporated into a 
hybrid sol–gel coating. The results of corrosion tests demonstrated superior 
corrosion protection performance of halloysite-containing hybrid sol–gel fi lms 
compared with that of blank coatings. 

 The halloysite nanotubes can provide a signifi cant loading of corrosion 
inhibitor. However, the release of the inhibitor from the nanocontainers can be 
very fast. Large quantities of the inhibitor can be released during the preparation 
of a sol–gel coating and therefore several strategies were considered in order to 
decrease the rate of inhibitor release from the halloysites and preferably to confer 
release on demand. Abdullayev and Lvov have tried to seal the nanotube openings 
with stoppers (Abdullayev and Lvov, 2010). To create tube end stoppers, BTA-
loaded halloysites were exposed to a solution containing Cu(II) ions, leading to 

�� �� �� �� �� ��

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



240 Corrosion protection and control using nanomaterials

©  Woodhead Publishing Limited, 2012

the formation of insoluble complexes at the openings of the halloysites. 
Controllable release of benzotriazole was achieved, and the release time may be 
varied from ten to hundreds of hours. To prevent undesirable leakage of the loaded 
inhibitor from the halloysite interior, the outer surface can be modifi ed by a 
deposition of several alternating polyelectrolyte multi-layers of PAH and PSS, as 
shown in  Fig. 9.8 . Another function of the polyelectrolyte shell is to provide the 
release of the encapsulated inhibitor in a manner controlled by pH changes in the 
environment surrounding the halloysite nanotube (Shchukin  et al. , 2008), which 
will prevent a spontaneous leakage of the inhibitor and perform its release 
triggered by the pH changes directly in the corrosion zone. 

 The possibility of creating a smart self-healing anticorrosion coating based on 
layer-by-layer assembled nanocontainers was recently demonstrated by 
Zheludkevich  et al.  (Shchukin  et al. , 2006, 2007; Zheludkevich  et al.  2007). Silica 
nanoparticles were used as a template and BTA as an organic corrosion inhibitor. 
The layer-by-layer deposition procedure was employed involving both large 
polyelectrolyte molecules and small BTA molecules. The initial SiO 2  nanoparticles 
are negatively charged and so deposition of the positive PEI was performed in the 
fi rst stage. Then, deposition of the negative PSS layer occurred. Deposition of the 
third inhibitor layer was accomplished in acidic media (pH = 3) from a 10 mg ml −1  
solution of BTA. The latter two deposition steps (PSS and BTA) were repeated 
once to ensure a high inhibitor loading in the fi nal layer-by-layer structure. The 
optimal number of PSS/BTA bi-layers that should be deposited onto silica 
nanoparticles is two (Shchukin  et al. , 2007). One bi-layer is not suffi cient for the 
self-healing effect of the fi nal protective coating, while three or more bi-layers 
drastically increase aggregation of the nanocontainers during assembly and 
coating deposition. 

   9.8     Schematic illustration of the fabrication of 2-mercaptobenzothiazole-
loaded halloysite/polyelectrolyte nanocontainers. Right: zeta potential 
data for sequential deposition of PAH and PSS polyelectrolytes on 
halloysite nanotubes, pH 7.5 (Shchukin et al., 2008).     
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 The samples coated with the hybrid fi lm doped with layer-by-layer nanocontainers 
demonstrated suffi ciently enhanced performance in corrosion tests in comparison 
to an undoped sol–gel fi lm or a fi lm doped directly with free non-immobilized 
BTA. It was demonstrated that local corrosion activity triggers the release of a 
portion of BTA from the nanocontainers, hindering the corrosion process in the 
defective area. Such a ‘smart’ self-healing effect can be originated from the active 
feedback between the coating and the localized corrosion processes. 

 The most probable mechanism is based on the local change of pH in the 
damaged area due to the corrosion processes. When the corrosion processes start, 
the pH value is changed in the neighbouring area, which opens the polyelectrolyte 
shells of the nanocontainers in a local area with the following release of BTA. 
Then, the released inhibitor suppresses the corrosion activity and the pH value 
recovers, closing the polyelectrolyte shell of nanocontainers and terminating 
further release of the inhibitor, as schematically shown in  Fig. 9.9  (Zheludkevich 
 et al. , 2007). 

 A quite simple approach to inhibitor entrapment is based on  complexation  of 
organic molecules by cyclodextrin (Khramov  et al. , 2004, 2005). In the beginning, 
this concept was suggested for controllable drug delivery systems (Uekama  et al. , 
1998). Cyclodextrins are known complexation agents that can act as hosts forming 

   9.9     Scheme of the controllable release of the inhibitor from LbL 
nanocontainers and the ‘smart self-healing’ process (Zheludkevich 
et al., 2007).     
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inclusion complexes with various organic guest molecules that fi t, into the size 
of the cyclodextrin cavity. Organic aromatic and heterocyclic compounds are 
usually the main candidates for the inclusion complexation reaction (Rekharsky 
and Inoue, 1998). Several organic heterocyclic compounds are known inhibitors 
for various metallic substrates and so the cyclodextrins can be effectively used 
for immobilization of these species. Two organic corrosion inhibitors, 
mercaptobenzothiazole (MBT) and mercaptobenzimidazole (MBI), were selected 
by Khramov  et al.  (2004) to be added to a hybrid sol–gel used for corrosion 
protection of AA2024 aluminium alloy. MBT and MBI were introduced to the 
sol–gel formulations as inclusion host/guest complexes with  β -cyclodextrin. The 
hybrid fi lms doped with corrosion inhibitors provided superior corrosion 
protection when compared with the undoped ones. Moreover, the coatings doped 
with inhibitors in entrapped form outperformed those made by a simple addition, 
as the complexation equilibrium resulted in the slowed release of the inhibitor and 
its continuing delivery to the corrosion sites followed by self-healing of corrosion 
defects. However, complexation with cyclodextrin confers only a prolonged 
release of the inhibitor without delivery on demand as a response to any corrosion-
relevant external stimuli. 

 A promising class of containers is based on the ion-exchange release mechanism. 
The kinetics of inhibitor delivery in such cases are tightly controlled by the 
concentration of cations or anions present in the corrosive environment. Inhibiting 
inorganic cations can be incorporated as exchangeable ions associated with 
 cation-exchange solids  (Bohm  et al. , 2001; Buchheit  et al. , 2002; McMurray 
 et al. , 2003). The advantage of this approach is that the cation exchange pigment 
is completely insoluble, avoiding osmotic blistering (Bohm  et al. , 2001). Bentonite 
clays are a form of montmorillonite and exhibit intrinsic cation exchange 
properties. They are constituted by stacked negatively charged aluminosilicate 
layers. The negative charge of these layers is compensated by the cations 
intercalated between the aluminosilicate sheets. The interaction between the 
sheets and the exchangeable cations is purely electrostatic. Therefore, the principal 
exchangeable cations (sodium (I) and calcium (II)) can be easily exchanged in the 
laboratory by passing a suspension of bentonite through a cation exchange column 
or by repeatedly washing the bentonite with a solution containing the desired 
cation. Calcium (II) and cerium (III) cation-exchanged bentonite can be used as 
containers of respective inhibiting cations. 

 An even more interesting case is represented by  anion-exchange nanocontainers , 
which are used to immobilize anionic inhibitors (Leggat  et al. , 2002; Buchheit 
 et al. , 2003; Wang  et al. , 2004). The release of inhibitor anions can be triggered in 
this case by aggressive corrosive ions present in the surrounding environment. 
Layered double hydroxide (LDH) is a host/guest structure and can be used as an 
effective anion exchanger. Structurally, LDHs consist of stacks of mixed-metal 
hydroxides positively charged, stabilized by anions and solvent molecules situated 
between the positive layers. The anion exchange pigment can play a double role, 
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absorbing the harmful chlorides and releasing the inhibiting ions in response. 
Furthermore, the release of inhibitors can also be indirectly triggered by pH 
changes: at very high pH the inhibitors can be exchanged with hydroxyl anions, 
whereas at very low pH the LDHs dissolve, releasing the entrapped inhibitors. 
The ‘trap’ function alone can already provide additional anticorrosion effects in 
fi liform corrosion tests when non-inhibited pigments with carbonates and sulfates 
are used in organic coatings (McMurray and Williams, 2004). Absorption of 
chlorides from an aggressive electrolyte in the vicinity of a defect decreases the 
aggressiveness of the corrosive medium decreasing the rate of the corrosion 
processes. The use of additional inhibiting LDH nanocontainers can confi rm the 
active feedback conferring a self-healing ability. 

 LDHs can be prepared by different methods, including by co-precipitation or 
ion exchange, constituting a versatile structure to allocate different inorganic and 
organic anions such as vanadates (VO x ) (Tedim  et al. , 2010; Zheludkevich  et al. , 
2010), phosphates (H x PO 4 ) (Tedim  et al. , 2010), 2-mercaptobenzothiazolate and 
quinaldate (Poznyak  et al. , 2009), ethyl xanthate, oxalate and BTA (Williams and 
McMurray, 2004). X-ray diffraction showed that these materials are crystalline, 
and the peak positions at low 2 Θ  angles allowed correlation between the gallery 
height and size and orientation of different anions. In addition, EDS analysis 
qualitatively indicated that the intercalation of corrosion inhibitors had been 
successful.  Fig. 9.10  shows SEM and transmission electron microscopy (TEM) of 
LDHs intercalated with vanadates (LDH-VO x ). 

 More recently, the combination of LDHs with different intercalating anions 
was suggested to achieve an enhancement of the corrosion protection of AA2024 
substrates (Tedim  et al. , 2010). The combination of different nanoreservoir/
inhibitor systems could be a way of overcoming some technical obstacles, like the 
low loading of inhibitors in the protective coatings or the negative effect of a high 

   9.10     (a) SEM and (b) TEM images of LDH-VOx. (b) Reprinted with 
permission from Zheludkevich et al., 2010; Tedim et al., 2010.     
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concentration of nanocontainers on the coating barrier properties. The anions used 
in this study were VO x , H x PO 4  

−  and MBT. For bare AA2024 substrates immersed 
in NaCl solution, synergistic anticorrosion activity was observed when LDH-VO x  
and LDH-H x PO 4  or LDH-VO x  and LDH-MBT were combined. This effect can be 
attributed to the increase of stability of the native oxide fi lm. Similar studies were 
also performed for painted AA2024 substrates. The coating consisted of a sol–gel 
pre-treatment followed by a water-based epoxy primer and an epoxy-based top 
coat. LDH nanocontainers were added to both pre-treatment and primer. The 
results showed that a positive effect was obtained when LDH-MBT was added to 
the sol–gel and LDH-VO x  was present in the primer, contributing to an 
enhancement of both intermediate oxide fi lm and coating stability.    

   9.7  Conductive polymer coatings 

 In previous sections, different prospective coating systems for corrosion protection 
of metallic substrates were presented. The main function of a coating is to act as 
a barrier, delaying the ingress of oxygen, water and electrolyte species. Other 
functionalities can then be added to sustain the protection of underlying substrates 
when the barrier fails, including microcapsules capable of restoring coating 
integrity upon mechanical impact, dispersion of corrosion inhibitors in the coating 
matrix or the incorporation of nanocontainer/corrosion inhibitors for their 
controlled release. All the coatings presented so far are  insulating  in nature, not 
capable of conducting charge. 

 Here, the application of  conducting polymers  to corrosion protection, and 
specifi cally the electrically conducting polymers of conjugated type, will be 
described. A reader outside the corrosion fi eld may look at the utilization of 
conductive polymers as coating as a paradox, since the main coating function is to 
impede the contact between metal and electrolyte species, and the use of systems 
whose properties are based upon the conduction of charge carriers apparently 
confl icts with that purpose. In fact, there are many examples in the literature 
showing that a careful selection of polymer is required and that the conditions 
under which it will protect the active metal substrate are very specifi c, otherwise 
leading to disastrous results. There are two main points that should be highlighted 
at this stage. The fi rst is the considerable number of published works reporting 
apparently confl icting results. The second, probably a consequence of the fi rst, is 
the open discussion on the corrosion protecting mechanisms associated with 
conjugated polymers and different active metals. 

  Conducting polymer  is a broad concept referring to polymers with the ability to 
conduct charge and can be classifi ed according to the associated type of 
conductivity. When conductivity arises from ionic mobility only, the polymers are 
termed  ion-conducting polymers . One representative system is poly(ethylene)
oxide (PEO) and its interaction with salts (Doscher  et al. , 1951). In the case of 
polymeric systems with redox active species, electronic conductivity exists and 
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the designation  electrically conducting polymers (ECPs)  is applied. Depending 
on the mechanism of electron transfer, ECPs can be divided into two sub-groups: 
 redox  and  conjugated  polymers. For redox polymers like polyvinylferrocene 
(PVF) (Daum and Murray, 1981) the mechanism of electron transfer is by electron 
hopping (Doblhofer  et al. , 1982; Mortimer and Anson, 1982). In conjugated 
polymers the mobility of charge carriers is different. The structure is characterized 
by an extended π-conjugated system which, upon doping, leads to the creation of 
charge carriers with the ability to move in the delocalized π-systems. As a result, 
conjugated polymers exhibit higher conductivity than redox polymers. Examples 
of conjugated polymers include polyacetylene, polypyrrole (PPy) and 
polythiophene (PTh) ( Fig. 9.11 ). 

 PPy and PTh are characterized by the existence of non-degenerate ground 
states, arising from differences in energy of the two mesomeric forms, namely 
aromatic and quinoid. In the undoped (reduced) form, the band gap is high enough 
to prevent electrons moving freely and the structure of the polymer is aromatic. 
On doping (oxidation), there is a loss of electron and the valence band is no longer 
fully occupied; in this state the polymer adopts a quinoid structure, with the 
formation of intermediate electronic states in the band gap thereby becoming 
conductive (Brédas  et al. , 1984). There are different types of doping that generate 
mobile charge carriers in conjugated polymers: (i) redox doping, (ii) doping 
without dopant ions and (iii) non-redox doping (McDiarmid, 2001). Redox doping 
is perhaps the most common and can occur by charge transfer (chemical and 
electrochemical) doping. The example of conductivity previously highlighted for 
PPy and PTh is of  p -type doping (removal of electrons). One example of non-
redox doping is by acid–base chemistry, observed for polymers possessing strong 
basic atoms within the π-backbone; in this case the conductivity arises from 
protonation and not from changes in the number of electrons. The most 
representative example of acid–base doping is polyaniline (PANi), although it 
may also be doped by redox processes (Chiang and MacDiarmid, 1986; McDiarmid 
 et al. , 1987) ( Fig. 9.12 ). One of the most important applications of conducting 
polymers in doping states is corrosion protection. 

 The corrosion behaviour of steel substrate coated with PANi was fi rstly reported 
by DeBerry (1985), although an earlier work by Mengoli and colleagues (1981) 
already refers to polymerization of PANi on iron. Since then, the majority of 
reported studies in this fi eld involve the application of PPy, PTh and PANi, and 

   9.11     Structures of (a) trans-polyacetylene, (b) polypyrrole and 
(c) polythiophene.     
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the most studied metallic substrates by far are iron and corresponding alloys. 
There are several important reviews available in the literature listing the most 
relevant works in this fi eld and shedding some light on different corrosion 
mechanisms, namely the works by Tallman  et al.  (2002) and Spinks  et al.  (2002), 
and more recently by Lacaze  et al.  (2010). 

 Conducting polymers exhibit unique characteristics that can be used in the 
context of corrosion protection. The reduction potential of conducting polymers 
like PPy, PTh and PANi is positive with respect to some of the most active metals 
like iron, zinc, aluminium and magnesium ( Table 9.1 ). This fact can anticipate 
anodic protection as a relevant protection mechanism. Another point is that doping 

   9.12     Proton and electron transfer in PANi. The most oxidized form 
(pernigraniline) is not shown (Tallman et al., 2002).     

   Table 9.1     Reduction potentials of different redox couples  

Redox couple Reduction potential (vs. SHE 
at pH 7)

Mg/Mg2+ −2.36

Al/Al2O3 −1.96

Zn/Zn2+ −0.76

Fe/Fe2+ −0.62

H2/H2O −0.41

H2O/O2 +0.82

CrO4
2−/Cr2O3 +0.42

Polypyrrole −0.1 to +0.3a

Polyaniline +0.4 to +1.0a

Polythiophene +0.8 to +1.2a

   Source: Tallman  et al. , 2002.    
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requires charge compensation by ions from/to the electrolyte. In the case of PPy 
and PTh, doping is electronic (redox) while in PANi it may be protonic and/or 
electronic. The incorporation of ionic species opens different possibilities for 
corrosion protection, namely the incorporation of corrosion inhibitors, whose 
release can be triggered by changes in either the electrochemical potential or pH 
(in the case of PANi). 

 Conducting polymers can be prepared by chemical or electrochemical 
techniques. Electrochemical synthesis provides easier routes when compared with 
chemical synthesis and allows control over fi lm formation, especially relevant if 
polymers are required as thin fi lms deposited on the surface of metallic substrates. 
However, electrochemically synthesized polymers are usually more porous, a 
feature that requires consideration when a barrier effect is necessary. Another 
important aspect in the corrosion fi eld is that the application of potential/current 
necessary to promote electropolymerization may accelerate dissolution (corrosion) 
of the metal. In some cases, an oxide pre-layer is deposited between the metal and 
the polymer to promote adhesion and hinder metal dissolution during the 
electropolymerization process (Tallman  et al. , 2002; Spinks  et al. , 2002). 
Alternatively, the application of layered coatings based on different conducting 
polymers can be a strategy to overcome the problem of metal dissolution. In the 
work of Lacroix  et al.  (2000), a layer of PPy was fi rstly deposited on zinc and 
mild steel in neutral conditions, followed by deposition of PANi in an acidic 
medium, because the direct deposition of PANi on those metallic substrates was 
not possible in an acidic medium, causing dissolution of the metal. 

 An alternative to  in situ  chemical and electrochemical polymerization is the 
utilization of processable pre-formed polymers. However, ICPs are usually 
insoluble and not fusible. To overcome these diffi culties, processable ICPs can be 
obtained by proper functionalization of the heterocycle monomers or colloidal 
dispersions of conducting polymers used (Spinks  et al. , 2002). 

 Earlier in this chapter, protective coatings used in corrosion protection were 
demonstrated to have two main functions: to provide a physical barrier against the 
ingress of aggressive species and confer corrosion inhibition when the barrier 
fails. Indeed, conducting polymers processed as coatings can display a barrier 
effect (Wessling, 1994; Wey  et al. , 1995; McAndrew  et al. , 1996) and, since their 
building block units are heterocyclic compounds, also some sort of active 
corrosion protection can be expected (Sathiyanarayanan  et al. , 1992). Nevertheless, 
the mechanisms according to which conducting polymers can inhibit corrosion 
processes are more complex than simple barrier/corrosion inhibition mechanisms. 
When conducting polymers are electrodeposited on metal substrates they also 
carry ions and water (solvent) molecules from solution, showing too high a 
porosity to work as a proper barrier. The porosity of electrodeposited polymers 
can be decreased by controlling the conditions of electrodeposition (Van 
Schaftinghen  et al. , 2006). Moreover, to decrease the amount of water within the 
polymer matrix, heat treatments can be applied, as evidenced in the work of 
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Hermelin  et al.  (2008). PPy fi lms electrodeposited on zinc substrate from aqueous 
solution in the presence of diisopropylsalicylate and salicylate showed an 
improvement of the barrier effect after dehydration at 180°C in air, which was 
attributed to the cross-linking of PPy chains by O 2 . 

 Another property that can also be controlled is the permeability of the polymeric 
matrix to aggressive ions such as chlorides. The type of electrolyte used in the 
polymerization stage can restrict the movement of ions within the deposited 
coating. If the electrolyte used in the polymerization stage is constituted by small 
ions, one may expect that, in doping/dedoping processes, anions and/or cations 
participate in the charge compensation process. On the other hand, if one of the 
electrolyte ions is large, its mobility within the coating will be limited, thereby 
favouring the counter ion to be the main player in the charge compensation 
process. The use of large anions like polystyrene sulfonate or sodium dodecylsulfate 
during the electropolymerization of PPy promotes cation mobility and decreases 
the permeability of chloride anions (Hien  et al. , 2005). 

 A relevant aspect for coating protection is adhesion to the metal, and in the case 
of conducting polymers it is greatly dependent on the doping state of the polymer 
(oxidized polymers exhibit greater adhesion than in the reduced state). The use of 
oxidized polymers deposited on active metals such as iron, aluminium and zinc 
can thus lead to additional protection mechanisms compared with insulating 
coatings. The oxidized polymer/metal system can show more positive corrosion 
potentials than the bare metal (Wessling, 1994; Talo  et al. , 1997) and can also 
displace the electrochemical interface from the metal–solution interface to the 
coating–solution interface, as long as the polymer barrier is free of defects, the 
permeability to solution species is low and the polymer remains in oxidizing 
states. In this case, the cathodic reaction can occur at the polymer–solution 
interface, if the redox potential of O 2 /H 2 O is more positive than for conducting 
polymers (in the case of PANi, PPy and PEDOT this is true). The occurrence of 
cathodic reaction at the polymer–solution interface was demonstrated in the work 
of Michalik and Rohwerder (2005). Additionally, the generation of OH −  at the 
polymer/solution interface and not at the metal/polymer interface reduces the 
cathodic disbondment of the coating. 

 Another mechanism associated with the coating of an active metal with a 
conducting polymer in the oxidized state is the so-called ennobling mechanism 
(Spinks  et al. , 2002). This is a form of anodic protection according to which the 
oxidized polymer will set the underlying metal in its passive state. To achieve 
passivation, several parameters come into play, namely the type of metal, pH of 
solution and nature of the anions close to the metal interface. This mechanism has 
been accepted for ferrous substrates coated with PANi in acidic media (Lu  et al. , 
1995; Ahmad and McDiarmid, 1996; Cook  et al. , 2004), with protonated PANi 
being able to provide high current density for passivation of defects above the 
Flade potential. This effect has also been demonstrated for PPy-coated iron and 
steel (Michalik and Rohwerder, 2005), but not for polymethylthiophene-coated 
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substrates (Rammelt  et al. , 2003). The main difference between PANi/PPy and 
polymethylthiophene is that the former polymers are oxidized in contact with O 2  
whereas the latter is not, and to attain a passivated state the conducting polymer is 
required to be capable of re-oxidizing (Wessling, 1997). The ennobling protection 
has some limitations: the size of defect to be passivated and the current density 
required to passivate it limit the ennobling effect to small defects; the type of 
anions in contact with the defect will also infl uence the Flade potential, the range 
of potential on which the metal is in a passivated state and the current density 
necessary for passivation. Besides, different phenomena can disrupt protection by 
this mechanism, including cathodic delamination (increase in the defect area) and 
slow re-oxidation of the conducting polymer (Lacaze  et al. , 2010). Within the 
restricted conditions mentioned, ennobling can be envisaged as a self-healing 
process of small defects infl icted on the coating (Ahmad and McDiarmid, 1996). 

 In the aforementioned protection mechanisms, it is possible to infer that barrier 
effect, displacement of interface and ennobling effect greatly depend on specifi c 
conditions that in real-life systems cannot be controlled. One interesting possibility 
associated with the application of conducting polymers in oxidizing states is to 
use corrosion inhibitors as dopant ions. Therefore, when damages occur in the 
polymer, or aggressive species simply diffuse through the coating to the 
metal–polymer interface, a galvanic coupling is established between the oxidized 
polymer and the metal, thereby leading to polymer reduction and release of the 
inhibiting ions. This process is termed self-healing, triggered by electrochemical 
potential variations, and the concept is identical to that of nanocontainers dispersed 
on coating matrices that release inhibitors on demand (Zheludkevich, 2008). At 
this point, it is also relevant to note that self-healing by dopant ions does not 
restrict and can be used in conjugation with some of the corrosion mechanisms 
presented before. 

 The self-healing effect provided by dopant ions has been observed in the work 
of Dominis  et al.  (2003) for emeraldine salt primers loaded with different corrosion 
inhibitors. Also, in the work of Kinlen  et al.  (2002), PANi formulations with 
phosphonic acid derivatives as dopant anions showed better corrosion protection 
performances than formulations with sulfonic acids and derivatives. Kendig  et al.  
(2003) also reported the development of ‘smart’ coatings based on conducting 
polymers doped with different corrosion inhibitors, showing that the release of 
inhibitors was triggered by the electrochemical activity at defects. In the work of 
Paliwoda-Porebska  et al.  (2005, 2006) the cathodic delamination rate in iron 
coated with PPy doped with phosphomolybdates was found to decrease in 
comparison with PPy doped with molybdates. 

 In a more recent work, Michalik and Rohwerder (2005) studied the self-healing 
effect in defected PPy conducting coatings deposited on gold, using the scanning 
Kelvin probe technique. They concluded that, in thick (1 μm) PPy fi lms doped 
with tosylate anions, the transport of small cations is fast and responsible for 
polymer reduction and delamination. According to this study, the cationic transport 
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follows a percolation mechanism and to achieve good protection extended 
percolation networks must be avoided. In other words, polymer conductivity does 
not need to be very high, just enough to maintain satisfactory conductivity. 

 In spite of the variety of corrosion protection mechanisms, the application of 
pure conducting polymers in ‘real life’ conditions is somewhat limited. The 
incorporation of water, high porosity and low adhesion in undoped states, and in 
general the specifi c conditions under which the polymer can protect the metal  vs.  
the broad range of environmental conditions that can be found in exposure sites, 
contribute to the lower performance of conducting polymers with respect to 
currently used ‘insulating’ polymeric coatings. There are, however, some strategies 
that can be used to improve the performance of conducting polymers. Tan and 
Blackwood (2003) prepared multi-layered coatings based on PANi and PPy, 
which were found to be better for corrosion protection of stainless steel than 
single PANi coatings. Very recently, Kowalski  et al.  (2010) prepared a PPy 
bi-layer system with differentiated permeselectivity towards ions ( Fig. 9.13 ). In 
the inner layer the dopant anions are PMo 12 O 40  

3−  and HPO 4  
2− , conferring (active) 

corrosion protection to the underlying carbon steel substrate, whereas the outer 
layer is doped with dodecylsulfate anions. In this way, the large anions from the 
outer layer limit the movement of anions from solution to the metal substrate (e.g. 
Cl−) and the movement of smaller inhibiting anions in the opposite direction. The 
outer layer works as a barrier, whilst the inner works as a reservoir for corrosion 
inhibitors to be provided to the metallic substrate. The resulting coating was found 
to induce self-healing of artifi cially introduced defects. 

 The works of Rajagopalan and Iroh (2001) and of Iroh  et al.  (2003) showed that 
composites of PANi with PPy have decreased porosity and improved corrosion 
protection. Other works suggest that blends of conducting polymers with non-
conducting polymers such as poly(methyl methacrylate) (Silva  et al. , 2005) or 

   9.13     Scheme of a bi-layered PPy coating on steel (Kowalski et al., 2010).     
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polyacrylic (Rout  et al. , 2003) improve the corrosion protection of different metal 
alloys. Conducting polymers have also been used as pigments in coating 
formulations (Wessling, 1998; Sathiyanarayanan  et al. , 2005; Azim  et al. , 2006), 
with evidence of improved corrosion protection. 

 More recently, there has been work devoted to the development of clay 
conducting polymer composites to increase corrosion protection. The incorporation 
of inorganic nanoclays like montmorillonite enhances corrosion protection 
of steel and aluminium when compared with pristine polymers (Zaarei  et al. , 
2008) ( Fig. 9.14 ). Yeh  et al.  (2001) reported the preparation of PANi/
montmorillonite and PPy/montmorillonite (Yeh  et al. , 2003) composite clays 
with monomers being fi rstly intercalated in the clays, followed by one-step 
oxidative polymerization. Improved corrosion protection was found in both 
cases with respect to pristine polymers. Moreover, in the work with PANi (Yeh 
 et al. , 2001), permeability to O 2  was also measured and found to decrease in 
the presence of clay. In other work by the same group (Chang  et al ., 2006; Yeh 
 et al. , 2007) PANi and derivatives doped with dodecylbenzene sulfonic acid 
by emulsion polymerization in the presence of Na + -montmorillonite and 
organo-montmorillonite clays were prepared. Corrosion studies performed for 
nanocomposites with low loadings of Na + -montmorillonite showed improvement 
of anticorrosion performance with respect to emeraldine base form of ‘bare’ 
PANi, attributed to an increase of the barrier effect, and also decreased the 
permeability of O 2  and H 2 O in the nanocomposite. 

 In addition to the improvement of barrier effect that clay materials can impart 
to conducting polymers, the interface of polymer/solution or polymer/air can also 
be tuned to hinder the ingress of species. One strategy to change the wettability of 
conducting polymers’ surface is by grafting of different groups or use of dopant 
anions; the other is to create a rough surface (Bai  et al. , 2008). Xu  et al.  (2005) 
recently used the fact that conducting polymers in oxidized states incorporate 
dopant ions, which can infl uence the wettability of the polymer. Then, depending 

   9.14     Advantages of incorporation of clays in conducting polymers: 
(a) lengthening of diffusion path and (b) shielding of UV radiation 
(Zaarei et al., 2008).     
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on the doping state of the polymer, wettability can be controlled by the electrical 
potential. In this work PPy was electropolymerized on gold-coated glass substrate 
in the presence of FeCl 3 , doped with perfl uorooctanesulfonate anions. The 
obtained fi lm was porous on different scales (pores of 10–50 μm, with the walls of 
pores showing small pores of 1–4 μm, with assemblies of PPy under-micron sized 
particles surrounding the small pores). This porous structure on different scales 
was the basis for achieving superhydrophobicity/superhydrophilicity, with the 
structure being superhydrophobic in the doping state and superhydrophilic in the 
undoped state. Another strategy to generate rough surfaces is by control via 
electrochemical methods. Liu  et al.  (2003) reported the growth of polyaniline 
nanowires on the surface of platinum using a programmed constant-current 
method, designed to control nucleation and growth rates.  

   9.8  Conclusions 

 This chapter highlights the state of the art of self-healing materials for application 
in corrosion protection and control. Different methodologies of self-healing have 
been presented, including the classical self-healing of materials that mimics the 
biological processes occurring in living organisms, as well as the self-healing of 
coatings applicable to the specifi c case of reduction of the corrosion rate of active 
metals. In general, the application of the fi rst strategy would allow recovery of the 
structural properties of coatings or bulk materials after mechanical damage and 
loss of integrity. However, when corrosion protection of metallic substrates is 
required and the protecting coating has completely lost its integrity, leaving some 
metal parts unprotected, unstoppable corrosion processes can occur on the metal 
surface, resulting in signifi cant metal degradation, even after recovery of coating 
integrity. The second self-healing approach employs protective systems that 
include ‘active’ additives capable of reducing the corrosion rate of metals, even 
when the protective system loses mechanical integrity. 

 Various systems corresponding to the described self-healing approaches have 
been presented. These systems include polymeric composites with organic 
polymerizable agents, inorganic conversion layers with passive and active 
corrosion protective properties, silane-based coatings with incorporated inhibitive 
additives or nanocontainers with inhibitors and conductive polymeric coatings. In 
spite of the variety of corrosion protective mechanisms, all the materials fulfi l the 
same main purpose, namely the prevention, or at least hampering, of corrosion 
activity. Nevertheless, the utilization of only one type of self-healing approach 
may not be enough to achieve the highest protection effi ciency necessary for 
real-life conditions. The combination of different protection mechanisms will 
provide superior protection abilities of such multi-level systems. Multi-level 
systems may comprise different protection mechanisms, including: ‘nanotraps’ 
that can consume corrosive species diffusing from outside the coating; water 
displacement capsules that will respond to coating damage and prevent water 
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electrolyte reaching the metal surface; capsules with polymerizing agent that can 
be additionally used to recover the coating integrity; nanocontainers with 
inhibitors incorporated in the coating that will provide active corrosion protection 
of the underlying metallic substrate. Finally, with extensive development of 
nanotechnology, materials exhibiting self-healing ability will be optimized and 
consequently implemented in different areas of industry.   
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 The use of nanoreservoirs in corrosion 

protection coatings  

    D.  G.    SHCHUKIN and     D.  O.    GRIGORIEV,   
 Max-Planck Institute of Colloids and Interfaces, Germany   

   Abstract:    The heavy economic impact of corrosion necessitates continuous 
efforts to improve the protective performance of anticorrosion coatings. The 
restrictions on the use of chromium (VI) compounds in corrosion protection 
due to their negative health and environmental impact have intensifi ed the 
problem. One of the most promising alternatives is based on the achievements 
accomplished during the last two decades in nanotechnology. The following 
chapter provides a brief review of conventional corrosion protection solutions 
in comparison with this new approach, which is based on the incorporation 
of nano- and microcontainers into the coating matrix. Different types of 
nanocontainers, their specifi c features and advantages and the main triggers 
which cause the containers to open are discussed and fi rst practical proofs of 
concept are demonstrated.  

   Key words:    nanocontainer(s), self-healing, controlled release, LbL assembly, 
polyelectrolyte.   

    10.1  Introduction 

   10.1.1  Corrosion 

 The total annual worldwide detriment directly resulting from metal corrosion is 
tremendous. Even in developed countries the material losses and performance 
failure costs connected with corrosion are estimated to be 3 to 4% of GDP (Koch 
 et al. , 2002; McCafferty, 2010). Preventing and slowing corrosion is therefore one 
of the most challenging problems facing modern industrial society. 

 A broad spectrum of approaches for preventing and controlling corrosion is 
employed today. The choice of approach depends on the specifi c industry branch 
and corresponding material(s) under protection. The most frequently used 
methods are: the application of different organic, ceramic and metallic protective 
coatings; the use of corrosion-resistant materials such as alloys (Bendall, 1995; 
Institute of Materials, 2002; Ahluwalia and Uhlenkamp, 2008); polymers (Pacitti, 
1964; Pritchard, 1995; Schweitzer, 2000) and composites (Bogner, 2005; Gupta 
and Gupta, 2005; McConnell, 2005); utilization of diverse corrosion inhibitors 
(Sastri, 1998; Raja and Sethuraman, 2008; Saji, 2010; Zhao  et al. , 2010) and 
cathodic (von Baeckmann  et al. , 1997) or anodic (Roberge, 2000) protection. 
Each of these mainstream approaches to corrosion protection can be further 
subdivided into manifold specifi c special solutions determined by the particular 
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requirements for protection effi ciency, the conditions in which protective 
performance has to be achieved and many other factors. In this chapter we will 
focus predominantly on one approach to corrosion protection that utilizes various 
protective coatings. Other approaches are mentioned here only briefl y and so, for 
further information on these, the authors would like to re-direct the attention of 
readers to the additional sources cited.  

   10.1.2  Protective coatings 

 Contemporary protective coatings have, as a rule, a quite complex structure, 
which is, in turn, closely related to the underlying substrate and to the specifi c 
demands on the corrosion resistance. However, it is possible to point out some 
common elements present in the vast majority of protective coatings. A typical 
protective coating is a layered system consisting of (i) a pre-treatment layer or 
conversion layer; (ii) a primer layer and (iii) a top-coat layer ( Fig. 10.1 ). Quite 
often, a layer of electrochemically more active metal (Zn, Cd, etc) is deposited on 
the top of a metal or alloy substrate to provide additional cathodic protection 
(Brock  et al. , 2009). 

  Chromate and other conversion coatings 

 Until recently, the protective coatings for metal substrates contained a conversion 
layer fabricated using hexavalent chromium compounds (Osborne, 2001; Osborne 
 et al. , 2001; Kendig and Buchheit, 2003). Due to the strong oxidative effect of 
chromate anion on the metal under protection, a tight solid layer of Cr 2 O 3 · n H 2 O 
is formed on the substrate surface (Xia and McCreery, 1998; Sinko, 2001). This 
conversion layer not only has excellent barrier properties, but also confers upon 
the coating a self-healing ability. The latter results from excessive chromate ions 
incorporated into the conversion layer which only loosely bond with it. Upon 
coating damage, chromates released at the affected site react with the metal 

   10.1     Typical layered structure of a conventional protective coating.     
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surface, causing both cathodic and anodic passivation (Chidambara  et al. , 2003; 
Kendig and Buchheit, 2003). Moreover, excellent long-term protection is provided 
by the gradual release of chromates embedded into the conversion matrix and 
their subsequent migration to defects through aqueous medium adjacent to the 
surface (Zhao  et al. , 1998; Xia  et al. , 2000; Zhao  et al. , 2001). Chromate 
conversion coatings prepared by chemical treatment are quite thin and therefore 
not able to store the necessary amounts of chromates (Berger  et al. , 2007) to 
provide sustained corrosion protection of the substrates. A prolonged protective 
effect can be achieved via the addition of chromate anticorrosive pigments such 
as CaCrO 4 , SrCrO 4  or BaCrO 4  into the primer layers (Scholes  et al. , 2006) above 
(Le Bozec  et al. , 2001; Carlton, 2003; Prosek and Thierry, 2004; Gao  et al. , 2006). 

 Unfortunately, the strong oxidizing ability of chromates is also responsible for 
their extremely high environmental toxicity and can cause various life-threatening 
illnesses in humans, such as cancer or mutagenic damage (Twite and Bierwagen, 
1998). For these reasons, the use of chromates has been banned in many corrosion 
protection applications since the beginning of the twenty-fi rst century (Directive 
2000/53/EC). 

 Currently, almost all main industry branches have ceased the utilization of 
chromates for corrosion protection and are searching intensively for more 
environmentally friendly substitutes. Various solutions have been proposed, such 
as compounds of several transition metals in a high oxidation state used for 
chemical conversion coatings, including titanium (Tsai  et al. , 2010), vanadium 
(Zou  et al. , 2011), zirconium and niobium (Ardelean  et al. , 2008), manganese 
(Hughes  et al. , 2006; Zhao  et al. , 2006), cobalt (Hughes  et al. , 2004), molybdenum 
(Magalhaes  et al. , 2004), tungsten and silicon (Li  et al. , 2007), cerium (Kobayashi 
and Fujiwara, 2006; Lin and Li, 2006; Hosseini  et al. , 2007; O’Keefe  et al. , 
2007; Ardelean  et al. , 2008) and other rare earth metals (Yang  et al. , 2009; 
Kong  et al. , 2010). Other proposed solutions include electrochemical chromate-
free oxidation treatment (anodizing) (Knudsen  et al. , 2004; Niu  et al. , 2006; 
Alanazi  et al. , 2010); diverse organic–inorganic pre-treatments (Hansal  et al. , 
2006; Liu  et al. , 2006) and the application of organic inhibitors directly onto 
the metal substrate surface (Hernandez-Alvarado  et al. , 2009). Dufek and 
Buttry (2008) present other numerous attempts to fi nd appropriate alternatives 
to chromates. 

 A fully equivalent substitution for chromates has, to date, still not been found, 
however, and most of the comparative studies of chromate-free corrosion 
protection solutions have led unfortunately, but undoubtedly, to the conclusion 
that chromates provide outstandingly better corrosion resistance than any other 
coatings yet known. In some industry branches, due to the very high requirements 
for corrosion protection performance (for instance in aircraft), the use of chromates 
has been temporarily allowed (Velterop, 2003) whilst experts continue their 
intense efforts to develop a method of corrosion protection technology which is 
equivalent to or even better than the use of chromium compounds.  
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  Barrier (passive) protection with organic coatings 

 In chromate-free coating systems, the contributions of primer and topcoat layers 
to the protective effi ciency of the whole coating increase due to the relatively low 
effi ciency of the chromate-substitute layer. Conventionally these layers (especially 
the topcoat) should facilitate good barrier properties leading to the safe isolation 
of the metal substrate from corrosive environmental factors and from charge 
transfer occurring as a consequence of the electrochemical corrosion processes. A 
huge variety of organic paint systems were developed for this purpose in a wide 
range of industries for some decades (Khanna, 2008). Organic coatings provide a 
physical barrier preventing access to corrosives and can eliminate corrosion as 
long as the coating integrity is free of defects. These organic layers are, however, 
not robust enough to withstand various damages, fi rstly due to mechanical factors 
(scratches, stone chipping, etc) appearing during the service life of the organic 
protective system (Weldon, 2009). Once damaged, the organic coating can no 
longer effectively resist the penetration of corrosives into the damaged area and is 
therefore unable to prevent the development of corrosion.  

  Active organic coatings with inhibitors 

 In terms of nanotechnology-based alternatives, a straightforward and seemingly 
self-evident solution is to create ‘active’ anticorrosion functionality in the coating 
matrix by the direct introduction of corrosion-preventing or corrosion-slowing 
agents, e.g. corrosion inhibitors in the pre-treatment, primer or topcoat layers of 
the protective coating system (Brooman, 2002a, 2002b, 2002c). However, 
numerous complications can occur due to the specifi c physicochemical properties 
of the anticorrosive agents and their interactions with the other components of the 
coating system. These interactions can lead to a signifi cant reduction in the 
protective performance of the coating or even to its failure. Highly effi cient 
inhibitors can only be attained if their solubility in the closest proximity to the 
damaged site lies within certain ‘proper’ limits. Very low solubility leads to lack 
of inhibitor in the damaged environment and consequently to weak feedback 
activity. Where solubility is too high, the substrate can only be protected for a 
relatively short time, after which the inhibitor will be rapidly leached out from the 
coating. 

 Another drawback caused by high solubility is osmotic pressure, which leads to 
blistering and fi nally even to delamination of the coating from the active surface 
of the substrate ( Fig. 10.2 ). The osmotic pressure can also stimulate water to be 
transported through the coating, which acts as a semi-permeable membrane, 
causing the destruction of the passive coating matrix (Shchukin and Möhwald, 
2007). Moreover, the possible chemical interaction of inhibitors with the passive 
matrix leads to signifi cant shortcomings in the stability and barrier properties of 
the whole coating system (Raps  et al. , 2009). The intensity of interaction and 
therefore the rate of release of the active load are dependent on the structural, 
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chemical and acidic/alkaline properties of the passive matrix. Additionally, an 
inhibitor freely dispersed inside the active matrix is often subjected to spontaneous 
leakage from the surface, leading to a depletion of the inhibitor during aging 
(Vreugdenhil and Woods, 2005). 

      10.2  Nanocontainers in coatings 

 The standard anticorrosion coatings developed so far passively prevent the 
interaction of corrosive species with the metal. Thick coatings are required and 
the ‘cut-edge’ problem remains. The next generation of protective coatings should 
be much thinner (thus reducing CO 2  emission and the quantity of raw components 
per 1 m 2  of the substrate) and possess the ability to self-heal or repair themselves 
in the scratched (damaged) areas. Achieving this will require the development of 
components to be included in the coatings which react to external or internal 
impact (pH, humidity changes or distortion of the coating integrity, etc) and, if 
possible, which are able to combine their self-healing property with another 
function (e.g., detection, controlled refl ection, self-cleaning). 

 These requirements and many of the abovementioned problems found in former 
generations of active coatings, which were directly doped with inhibitors or other 
active agents, can be avoided or surmounted by the extension of the ‘passive’ 
host/‘active’ guest engineering concept. This concept involves the integration of 
micro- or nanoscale containers (carriers) loaded with the active components into 
the matrix of ‘classical’ coatings (Shchukin and Möhwald, 2007; Hughes  et al. , 
2010). 

 The key idea behind this approach is to create nanocontainers for the loading of 
active agents with shells possessing controlled permeability specifi c to several 
triggers and then to introduce them into the coating matrix ( Fig. 10.3 ). Being 
uniformly distributed in the passive matrix, these nanocontainers will keep the 

   10.2     Blistering and delamination of organic coatings caused by 
osmotic pressure driven water permeation. Corrosion inhibitor 
pigment solubility increases from right to left (Sinko, 2001).     
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active material in a ‘trapped’ state, thus avoiding the undesirable interaction 
between the active component and the matrix which leads to spontaneous leakage. 
When the local environment undergoes changes, or if the active surface is affected 
by an outer impact, the nanocontainers respond to this stimulus and release 
encapsulated active material. 

 The use of different types of micro- and nanocontainers for encapsulation, 
controlled delivery and the release of active materials is becoming increasingly 
popular. The containers can have an inorganic, organic or composite origin and 
can be applied for the encapsulation of drugs, vitamins, quantum dots, bactericides, 
oils, biopolymers, corrosion inhibitors, low molecular weight compounds and 
many other active molecules. For example, micron-sized capsules with a layer-
by-layer (LbL) assembled polyelectrolyte shell are used for the encapsulation and 
release of drugs, DNA, dendrimers and enzymes (Sukhorukov and Möhwald, 
2007) and inorganic halloysite nanotubes were demonstrated to be suitable for the 
loading of ferments and inorganic nanoparticles (Veerabadran  et al. , 2007). 

 The following triggers prompt the opening and closing of the container shell/
stopper: local pH changes, temperature changes, electromagnetic irradiation, 
mechanical pressure (also ultrasonic treatment), humidity, electric (electrochemical) 
potential, ionic strength and dielectric permeability of the solvent. For opening by 
electromagnetic irradiation, the container shell would require sensitive components 
such as metal (silver) nanoparticles; for IR light (Javier  et al. , 2008), dyes for 
visible light (Tao  et al. , 2004); and semiconductors (TiO 2  particles) for UV light 
(Shchukin and Sviridov, 2006). Mechanical impact requires a certain level of 
rigidity or brittleness of the shell because the elastic shell can undergo deformation 
under pressure, but not rupture (Fery and Weinkamer, 2007); containers with a 
diameter of <100 nm are hardly destroyed with reasonable mechanical force 
because they tend to escape from the force direction. Other triggers for capsule 
opening were demonstrated for hydrogels, including temperature, electric potential 

   10.3     Schematic illustration of working principle of novel multifunctional 
self-healing coatings based on the embedded nano/microcontainers 
with active agents.     
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and high ionic strength, and for polyelectrolyte capsules, including temperature, 
high ionic strength and dielectric permeability of the solvent (Antipov and 
Sukhorukov, 2004). These triggers are usually involved in feedback active systems 
of a specifi c functionality, e.g. coatings with electrochemically reversible 
permeability (Koehler  et al. , 2005). 

   10.2.1  Nanocontainers based on layered double 
hydroxides (LDHs) 

 Hydrophobic layers (Mitchon and White, 2006) of surfactant molecules on the 
surface have recently been proposed as corrosion inhibitors, but they suffer two 
drawbacks: (i) that the layers have limited stability and (ii) molecule-sized defects 
which allow water to reach the underlying surface. These problems need resolving 
before the surfactant can be incorporated in an inorganic host matrix, a thin fi lm 
of which has previously been strongly bonded to metal surfaces such as aluminum. 
Layered double hydroxides (LDHs) are one such potential inorganic host. They 
can be expressed by the general formula (M 2+  1−x M 3+  x (OH) 2 )A n−  x/n · m H 2 O, where the 
cations M 2+ (Mg 2+ , Zn 2+ , Fe 2+ , Co 2+ , Cu 2+  and others) and M 3+  (Al 3+ , Cr 3+ , Fe 3+ , 
Ga 3+  and others) occupy the octahedral holes in a brucite-like layer, and the anion 
A n−  is located in the hydrated interlayer galleries (Williams and O’Hare, 2006). 
The ability to vary the composition of the matrix over a wide range allows even 
materials with a wide variety of properties to be prepared. The LDHs have been 
applied as catalysts and catalyst supports (Albertazzi  et al. , 2004), polymer 
stabilizers (Sorrentino  et al. , 2005) and traps of anionic pollutants (Palmer  et al. , 
2009). 

 The application of hydrotalcite-like compounds in corrosion science has 
covered different aspects. In some studies, the LDHs have been produced  in situ , 
on the top of metallic substrates as protective fi lms (Buchheit  et al. , 2002). 
Hydrotalcite-based conversion fi lms have demonstrated good corrosion protection 
and some research groups have been trying to improve the interaction between 
these conversion fi lms and organic coatings (Leggat  et al. , 2002). An alternative 
method is to use these anionic clays as containers for corrosion inhibitors and 
incorporate them into the organic coatings. In this case, the aims are two-fold: not 
only to release the species that impart active protection, but also to trap the 
corrosive agents (Cl − , SO 4  

2− ). Several works (Mahajanarn and Buchheit, 2008 and 
Williams and McMurray, 2004) can be found on this topic. 

 A class of materials with emerging importance within the LDH family are 
LDHs loaded with organic anions (Theng, 1974). Two short studies on these 
materials are available. Williams and McMurray prepared LDHs with different 
organic species (benzotriazole, ethyl xantate, and oxalate) by rehydration of 
commercial hydrotalcite (Mg 6 Al 2  (OH) 16 ·CO 3 ·4H 2 O). The resulting layered 
systems were inserted into a poly(vinylbutyral) coating, prepared by a bar cast on 
the top of AA2024-T3. 
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 In another report, Kendig and Hon (2005) prepared LDHs intercalated with 
2,5-dimercapto-1,3,4-thiadiazolate in a similar way and studied the inhibiting 
properties of this anion with respect to the oxygen reduction reaction on copper. 
In another recently developed possibility, Zheludkevich  et al.  (2010) used 
Zn–Al and Mg–Al LDHs loaded with quinaldate and 2-mercaptobenzothiazolate. 
The anions were synthesized via anion-exchange reaction. Spectrophotometric 
measurements demonstrated that the release of organic anions from these LDHs 
into the bulk solution is triggered by the presence of chloride anions, proving the 
anion-exchange nature of this process. A signifi cant reduction of the corrosion 
rate was observed when the LDH nanopigments were present in the corrosive 
media. The mechanism by which the inhibiting anions can be released from the 
LDHs underlines the versatility of their environmentally friendly structures and 
their potential application as nanocontainers in self-healing coatings.  

   10.2.2  Polymer-based nanocontainers 

 Healable polymeric systems may, for example, contain encapsulated monomers 
and polymerization catalysts or latent functionalities, which are able to participate 
in thermally reversible (Cho  et al. , 2006), covalent bond-forming reactions 
(Adzima  et al. , 2008). It has also been shown that non-covalent interactions, 
specifi cally hydrogen bonds (Fouquey  et al. , 1990), may be used to promote 
healing within a supramolecular polymer blend (albeit in the presence of a 
plasticizing solvent). In the latter system, it is proposed that fracture propagates 
via the dissociation of the weak supramolecular interactions rather than by scission 
of the covalent bonds, so that re-assembly of the supramolecular network restores 
the original physical properties of the material. 

 Two types of polystyrene microcapsules with aqueous interior and sizes of 6 
and 26 μm, respectively, were formed according to the chemistry of the stabilizing 
surfactants and their concentrations. The electrodeposition of microcapsules onto 
the metal coating carried out in the next step was only satisfactory when their size 
was essentially smaller than the coating thickness (60 μm), stabilizing their 
integrity. A similar method of producing a composite metal coating with organic 
liquid-containing microcapsules by electroplating of the metal substrate was 
chosen in order to achieve the sustained release of a liquid lubricant, lowering the 
friction between repeatedly contacting surfaces (self-lubricating coating) (Liqun 
 et al. , 2004). Microcapsules with liquid organosilica resin as the core and polyvinyl 
alcohol as the shell material were prepared via o/w emulsifi cation using an alkyl 
polyoxyethylene polyether type surfactant as a stabilizer. The subsequent 
electroplating from the mixture of electrolyte solution and capsule dispersion 
fi nishes the formation of composite capsule-contained metal coating. When the 
samples were subjected to a scratch or wear test, surface wetting in the immediate 
vicinity of the damage site was observed, confi rming the release of liquid from the 
broken microcapsules and the ability of the coating to provide self-lubrication. 
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 For effective performance of self-healing composite coatings, the ability to 
recover cracks generated during the service of a polymer is essential and may be 
attained by the incorporation of microcontainers with encapsulated liquid sealant. 
Urea–formaldehyde microcapsules fi lled with drying linseed oil were used for the 
healing of cracks in an epoxy coating (Suryanarayana  et al. , 2008). Since the outer 
shell surface of the microcapsules was very rough, a good binding with the coating 
matrix was provided. The encapsulated linseed oil is released by the coating crack 
and fi lls the crack in a coating matrix. Finally, oxidation of the linseed oil by 
atmospheric oxygen leads to the formation of continuous fi lm inside the crack. 

 Signifi cant progress in the preparation of protective composite coatings with 
incorporated organic micro- and nanocontainers was achieved in the past decade 
by the group of White  et al.  (2001). In their most well-known paper they showed 
the fi rst working prototype of polymeric materials with the ability to ‘autonomically 
heal cracks’ occurring in their bulk structure. The proposed self-healing material 
contained microcapsules (50–200 μm) with poly(urea–formaldehyde) shells fi lled 
with the healing agent – dicyclopentadiene monomer. These capsules were then 
mixed with epoxy resin and Ru-based Grubbs’ catalyst in order to prepare a self-
healing epoxy specimen. A developing crack ruptures the embedded microcapsules 
and releases healing agent into the crack channel due to capillary forces. 
Polymerization of the healing agent was triggered by a catalyst bonding the crack 
faces with a healing effi ciency of about 60%. The proposed self-repairing approach 
had, however, some essential drawbacks for application in protective self-healing 
coatings: (i) the concentration of Grubbs’ catalyst has to be quite high and thus 
increases the price of coating, especially in the case of large surfaces to be protected; 
(ii) the relatively large size of the capsules (50–200 μm) inhibits their application 
to coatings with thickness less than 0.5 mm because of integrity failure. Reducing 
the microcapsule size without reducing the self-healing effi ciency requires a much 
higher concentration in the coating matrix. Samples with smaller microcapsules 
must have very good adhesion to the epoxy matrix to ensure capsule rupture under 
stress. Much smaller capsules (nanocapsules) fi lled with dicyclopentadiene as a 
self-healing agent were synthesized very recently using ultrasonic treatment for the 
preparation of initial o/w emulsions. Up to 2 v/v% of these capsules can be 
dispersed in an epoxy matrix, leading to a slight decrease in the tensile strength 
accompanied by a signifi cant increase in fracture toughness. 

 Deposition of a multilayer polyelectrolyte shell directly onto the liquid oil core 
was performed by Grigoriev  et al.  (2008). Obtained microcontainers which were 
stable in aqueous dispersion for a long time quickly ruptured at the interface due 
to action of capillary forces. The observed fragility of these containers restricts 
their range of applications, especially for embedding into hard and through 
polymeric coatings. On the other hand, the slow curing of organic coating 
formulations containing solvents with similar surface values (interface tension) 
can lead to the containers’ survival and make them potential carriers for the 
loading of lubricants. 
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 Another example, below, demonstrates once more how productive the emulsion 
route can be in the fabrication of micro- and nanocontainers for anticorrosion 
coatings. Organosiloxanes form covalent bonds with the surface of a metal 
substrate bearing hydroxyl groups and give it coupling (in the case of usual 
siloxanes) or water-repelling (for long-chain terminated siloxanes) functionality 
(Mittal, 1992). Moreover, organosiloxanes with multiple SiOR moieties can 
undergo a lateral polycondensation reaction at the substrate surface, forming a 
two-dimensional network with excellent protective abilities against corrosion 
(Mittal, 1992). 

 These properties of organosiloxanes were taken into account by Latnikova 
 et al.  (2010), who have proposed encapsulating a mixture of emulsifi ed 
organosiloxanes and incorporating them into a coating matrix. Micro- and 
nanocontainers with core-shell morphology and polyurethane/polyurea shells 
were successfully synthesized by emulsion interfacial polyaddition and then 
embedded in the corrosion protective coatings on the epoxy basis. A comparative 
study of their protective effi ciency showed a much better performance for the 
coatings with organosiloxane-loaded containers. 

 Inhibitor-loaded emulsion droplets included in epoxy coatings essentially 
decelerated release behavior compared with the behavior of a free dispersed 
inhibitor. A combination of both types of inhibitor incorporation methods was 
suggested to provide the immediate, as well as the sustained, release of the active 
material. Polycondensation/precipitation in an emulsion system was utilized for 
preparation of a core-shell inhibitor- or sealant-loaded microcontainer (Kumar 
 et al. , 2006). The growing molecular weight of formaldehyde–urea prepolymers 
led to the gradual decrease of their solubility (increase of hydrophobicity) and 
fi nally resulted in their interfacial precipitation on the surfaces of emulsion droplet 
yielding microcontainers. Due to the good oil solubility of the inhibitors, either 
camphor or alkylammonium salt of (2-benzothiazolylthio)succinic acid, they 
could be dissolved in the droplets of oil phase prior to the encapsulation, making 
preparation of the containers a quite simple two-step procedure.  

   10.2.3  Nanocontainers based on inorganic materials 
modifi ed by layer-by-layer assembly of polyelectrolytes 

 The strategy of a preparation of nanocontainers based on a mesoporous oxide core 
was presented in Skorb  et al.  (2009). The fabrication of a polyelectrolyte shell 
around the container can be achieved using a LbL assembly of oppositely charged 
species, thereby preventing the spontaneous release of loaded corrosion inhibitor. 
The thickness precision at the deposition of subsequently adsorbed polyelectrolyte 
layers is about 2 nm. Polyelectrolyte nanocontainers completely replicate the 
shape of the templating colloids. The polyelectrolyte shell lends controlled release 
properties to the nanocontainers. The opening of the shell can only be induced by 
changing the surrounding pH value to the acidic or alkaline region (Sukhorukov 
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 et al. , 2000), while in neutral pH the polyelectrolyte shell remains intact, 
preventing undesirable leakage of the entrapped inhibitor. 

 Deposition of polyelectrolyte multilayers via LbL onto emulsion droplets can 
also be applied to the droplets of Pickering emulsions as initial templates which 
fi nally yield microcontainers with signifi cantly improved stability (Li and Stöver, 
2010). Similar containers were used by Haase  et al.  (2010) for loading of corrosion 
inhibitor 8-hydroxyquinoline (8HQ) in their interior. Interestingly, in this case the 
active agent 8HQ simultaneously also played the role of hydrophobizing agent for 
silica nanoparticles forming the container shells. Given the amphoteric character 
of 8HQ, its charge and solubility increase when exposed to low and high pH 
values (< 4 and > 9), leading, therefore, to enhanced electrostatic repulsion 
between molecules on the particle’s surface and, fi nally, to the distribution of 
particulate shells around Pickering emulsion droplets. This, in turn, causes the 
breakup of containers and the release of the encapsulated inhibitor. 

 Halloysite is an economically viable naturally occurring material that can be 
mined as a raw mineral (Lvov  et al. , 2002). As for most natural materials, the size 
of halloysite particles varies within 1–15 μm of length and 10–100 nm of inner 
diameter depending on the deposits. Embedding of the corrosion inhibitor (for 
example, benzotriazole) inside the inner volume of the halloysite G nanotubes 
was performed according to the adapted procedure described by Price  et al.  
(2001). To attain controlled release properties in the halloysite nanotubes, the 
surfaces of the nanotubes could be modifi ed by LbL deposition of polyelectrolyte 
bilayers (Lvov  et al. , 2008).  

   10.2.4  Anticorrosion effi ciency of nanocontainer-based 
coatings 

 The next step in the anticorrosion self-healing coating formation is the 
incorporation of the containers into the coating. Their feedback ability to respond 
actively to the various external impacts has to be used to anneal defects, e.g. to 
construct a self-repairing coating. It has been shown that there are conceptual 
solutions, but there are still many technical and economic issues to be resolved 
before a practical solution is arrived at. The stimuli have thus far been 
predominantly of mechanical and chemical nature, but in future researchers may 
begin to use others, such as friction or biological impact. Feedback loops are 
ubiquitous in nature and technology and are mostly used, not to remove a stimulus, 
but to keep it at a defi ned level, e.g. concentration, pH, potential. Attempting to 
mimic these, however, is a more demanding task which should be tackled in the 
future. There is nevertheless much potential for the construction of these more 
sophisticated regulatory loops, e.g. maintaining a fi xed humidity, potential or 
enzyme concentration. There is a high demand for such feedback active systems 
in the most urgent areas of society, energy, health and raw materials, and we look 
forward to interesting solutions in these areas in the future. 
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 It is important to achieve a uniform distribution of the containers ( Fig. 10.4 ) 
because any agglomeration in the coating will result in the formation of additional 
defects, thus reducing the barrier properties of the coating. This distribution can 
be achieved either by ultrasonic agitation of the nanocontainer/paint formulation 
or by vigorous stirring. The electrochemical impedance spectroscopy data and 
optical photographs of the samples with and without nanocontainers in 0.1 M 
NaCl solution have shown that the highest protection was provided by the 
container loaded with sol-gel fi lm. The effect of very low corrosion in the case of 
containers loaded with fi lm could be explained through their additional and very 
important self-healing ability. 

 SVET (scanning vibrating electrode technique) permits the mapping of the 
current density in an electrolyte close to the substrate surface. The electrode 
vibrates and indicates the current fl ow in the electrolyte due to the corrosion 
processes occurring on the substrate surface. The measured current density vectors 
permit mapping of both the magnitude and direction of current fl ow immediately 
above the substrate surface. This current density map can be overlaid onto an 
optical micrograph of the substrate captured by a video microscope ( Fig. 10.5 ). 
This capability permits the correlation of anodic and cathodic current processes 
with visual features on the substrate surface. The SVET is capable of providing 
detailed spatially resolved information not readily obtainable by other techniques. 
The SVET maps and corresponding optical images 12 h after the start of the 
corrosion test are presented in  Fig. 10.5 . The bare metals alloy exhibited several 
regions of anodic activity, refl ecting sites of localized corrosion ( Fig. 10.5 (a)). 
 Figure 10.5 (b) shows that, for the alloy panel coated with individual sol-gel fi lm, 
one peak of corrosion activity is visible; consequently this results in a higher 
protection ability of the alloy.  Figure 10.5 (c) illustrates that nanocontainer-doped 
sol-gel fi lm exhibits very high anticorrosion ability, which is visible from the 
practical absence of anodic activity. Thus, it is visible from SVET measurements 
that, during the corrosion process, the corrosion centers appear in all samples. The 
highest corrosion occurs in the case of bare Al alloy ( Fig. 10.5 (a)). Second place 

   10.4     (a) Schematic of the self-healing effect of anticorrosion coatings; 
and (b) atomic force microscopy (AFM) images of container-loaded 
SiOx:ZrOx fi lm (Skorb et al., 2009).     
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in the range of protection ability is the sol-gel coating ( Fig. 10.5 (b)). The highest 
protection was provided by the container loaded with sol–gel fi lm ( Fig. 10.5 (c)). 
The effect of very low corrosion in the case of the SiOx:ZrOx fi lm could be 
explained through the additional and very important ability of the SiOx:ZrOx fi lm 
to self-heal. 

     10.3  Conclusions 

 The concept of using anticorrosion coatings which implement micro- or 
nanocontainers fi lled with inhibitor into the coating matrix has been successfully 
proven by numerous examples which show good protection performance of these 
coatings on the laboratory scale. The most important feature of the new generation 
of coatings is their self-healing ability: if the coating becomes damaged, the 
containers adjacent to the impact area will be activated under the infl uence of 
several environmental factors, releasing the encapsulated active substances at the 
damage site and thus terminating the propagation of the corrosion. The major 
advantage of this ‘smart’ solution is that the inhibitor will only be released at the 

   10.5     Scanning vibrating electrode measurements of the ionic currents 
above the surface and the corresponding optical images of (a) 
unmodifi ed aluminum alloy; (b) aluminum alloy coated with SiOx:ZrOx 
fi lm; (c) aluminum alloy coated with container-loaded SiOx:ZrOx fi lm 
(the inhibitor of corrosion incorporated into containers). Scale units: 
µA cm2, spatial resolution 150 µm. Solution: 0.1 M NaCl. Time of 
scanning was 12 h (Skorb et al., 2009).     
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site where the corrosion arises and only in the quantity needed to stop it. This 
allows a prolonged active protection mechanism as well as a signifi cantly 
increased coating sustainability. Once corrosion has been stopped, the triggering 
effect is usually relinquished and rate of inhibitor release reduces to zero. The 
contingent reproducibility between the active and passive states of the container 
ensures the low consumption of active agents. 

 Further up-scaling and transfer of this approach to the technology level does, 
however, involve some restrictions dictated by the industrial requirements for the 
coating. The high ratio between the size of the container and the coating thickness 
can result in the loss of physical integrity of the coating matrix and, therefore, to 
the failure of its barrier properties. This limits the maximum size of the containers 
and their content in the coating formulation. The other essential issue is the very 
complex chemical interplay between the materials of the substrate, the containers, 
the coating matrix and the inhibitor chosen for the substrate protection. Any 
chemical interactions leading to the deactivation of the inhibitor or to change in the 
structure of the coating matrix should be avoided. The compositions of all elements 
of the protective system have to provide good physicochemical compatibility 
expressed in terms of such properties as dispersibility and colloidal stability of the 
initial fl uid coating formulation, adhesion between the containers and the matrix as 
well as between the matrix and the substrate in the cured state. Following this line 
of industrial demands, the large micrometric containers with polymeric shells are, 
for example, suitable for coating formulations as organic solvents which yield 
relatively thick coatings after curing. By contrast, submicrometer or nanoscale 
containers with mesoporous ceramic core (scaffold) could be appropriate for 
water-borne coatings with moderate or low thickness. More detailed fi tting is 
internally determined by specifi c requirements to the particular anticorrosion 
solution, i.e. by all elements of the protective system in use.   
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 Nanoparticle-based corrosion inhibitors and 

self-assembled monolayers  

    S .    RAJENDRAN,    RVS School of Engineering and 
Technology, Dindigul, India   

   Abstract:    Nanomaterials such as polyelectrolytes, layered clays, sol–gel 
encapsulants and surface-modifi ed nanoparticles can function as carriers of 
corrosion inhibitors. Carried in this way, the inhibitors can be released on 
demand, triggered by change in pH, ion exchange and change in oxidation 
state. This chapter gives an outline of such carriers with an emphasis on the 
surface-modifi ed nanoparticle/nanostructure of boehmites. Subsequently, the 
chapter provides a detailed account of self-assembled nanofi lms on various 
surfaces such as nickel oxide, copper oxide and iron oxide and their effect on 
corrosion resistance.  

   Key words:    corrosion inhibitors, functionalized nanoparticles, self-assembled 
monolayers, surface-modifi ed nanoparticles, nanofi lms, release-on-demand 
inhibitors.   

    11.1  Introduction 

   11.1.1  Corrosion inhibitors 

 Corrosion is a natural, spontaneous and thermodynamically favoured process. 
There are several methods by which corrosion can be controlled; one such 
method is the use of corrosion inhibitors. Corrosion inhibitors are chemical 
compounds which, when added in small quantities, reduce or completely prevent 
the corrosion process. They may be anodic, cathodic or mixed type depending 
upon whether they control the anodic reaction, the cathodic reaction or both 
anodic and cathodic reactions. A good inhibitor is expected to have the following 
characteristics: 1 

   •   Water solubility (but not too much).  
  •   Hydrophobicity (to displace water from metal surface).  
  •   Reactivity with metal or high adsorption strength.  
  •   A good delivery mechanism.    

 Environmental, health and safety concerns are driving the elimination of chromium 
and other toxic heavy metal based corrosion inhibitors from various applications. 
Chromates were widely used in corrosion inhibition in various liquid applications, 
in conversion coatings and in paints. The inhibitors used as substitutes for 
chromates are facing many challenges, such as:
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   •   Inorganic non-chromate replacements are less effective and more soluble than 
chromates; their utility in higher concentration leads to fl ushing and osmotic 
blistering.  

  •   For organic corrosion inhibitors, low specifi c gravity is a problem. Reactivity 
of functional groups of organics with resins can affect resin cure and can trap 
the inhibitor.    

 It is highly desirable, therefore, to develop chrome-free corrosion inhibitors and 
pigments with the substrate versatility necessary to meet this need without 
sacrifi cing performance. Organic molecules offer the best chance for discovery of 
novel, effective and low toxicity inhibitors. Quantitative structure–activity 
relationships for organic inhibitors are being developed to guide the inhibitor 
design. 1  At present, organic inhibitors are widely used in liquid applications 
(boilers, re-circulating cooling lines, etc) but not in coatings.  

   11.1.2  Nanotechnology 

 Nanotechnology is one of the hottest fi elds, draws attention from all over the 
world and has the potential to outdate most of the technology existing today. 
Nanotechnology refers to a wide range of scientifi c or technological phenomena 
that focus on the properties at the nanometre scale (around 0.1–100 nm). It is the 
science of developing materials by controlling individual atoms and molecules to 
create devices that are thousands of times smaller than current technologies permit 
in order to impart to them special electrical and chemical properties. Nanomaterials 
are important due to their unique properties that may lead to new and exciting 
applications, including corrosion control. 2  

 Some of the unique properties of nanomaterials are listed below:

   •   Nanoparticles are smaller than the wavelength of visible light.  
  •   Forces such as van der Waals, electron resistance and magnetic forces play 

more dominant roles than do gravitational forces or inertia.  
  •   Very high surface-to-volume ratio, i.e. large fractions of surface atoms, and 

thus surface properties dominate bulk properties.  
  •   Nanoparticles improve many of the desired properties such as chemical, heat 

resistance, reduction in weight and opacity.  
  •   Nanoparticle-based corrosion inhibitors have better corrosion protection 

effi ciency than the ordinary ones.     

   11.1.3  Corrosion inhibition and nanoparticles 

 Surface chemistry research is an interdisciplinary area on the frontiers of physical 
chemistry and nanoscience. Residual unbalanced forces exist on the surface of a 
solid. As a result of these residual forces, the surface of a solid has a tendency to 
attract and retain molecules of other species with which it is brought into contact. 
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Nanoparticles can be better inhibitors, because, as the size of the particle decreases, 
the surface area for a given mass and hence the number of active centres increases. 
This ultimately leads to effi cient physisorption/chemisorption of nanosized 
inhibitors on corroding metal surfaces. Hence better corrosion inhibition effi ciency 
can be realized when nanoparticles are used as corrosion inhibitors.   

   11.2  Surface-modifi ed nanoparticles as 

corrosion inhibitors 

 To increase the longevity of the corrosion inhibitors it is necessary to hold the 
corrosion inhibitors in a non-leachable form until the onset of metal corrosion 
triggers the release of the corrosion inhibitor. One approach would be to 
incorporate into the corrosion-inhibiting material a labile bond that can be 
disrupted by products released from the corrosion process. For most coated metals 
in air/water vapour environments, the galvanic corrosion cell consists of the 
oxidation of the metal (anode) and reduction of oxygen (in the presence of water) 
to form hydroxide anions (cathode). Thus, the design of carriers that protect the 
reactive groups of the corrosion inhibitors while the coating is curing before 
releasing the corrosion inhibitors in the presence of hydroxyl groups would be an 
attractive corrosion-inhibiting system. 

 Surface-modifi ed nanoparticles are good candidates for corrosion-inhibiting 
additives. Nanoparticles have high surface areas (high loadings of organic 
corrosion inhibitors) and novel surface chemistries (enhanced chemical reactivity) 
and offer multiple property enhancements without trade-offs. However, there are 
also some practical limitations to the use of nanoparticles as corrosion inhibitors. 
These include cost (paints are a commodity product), accessible surface chemistry 
(one needs to tether the corrosion inhibitor to the nanoparticle surface) and a 
release mechanism. 

 A material known as boehmite (AlOOH) fulfi ls the needs of a carrier for organic 
corrosion inhibitors (see Section 11.6 for different types of carriers). Commercially 
available boehmite is available for $2 to $3 per pound and has a high surface area 
(250 fm 2 /g). Furthermore, commercial boehmite can easily be converted from 
its delivered form (30–50 micron agglomerates) to individual (40–70 nm) 
nanoparticle crystallites in water. Nanoparticle boehmite also has a rich and 
readily accessible surface chemistry. 3  Finally, the bond between a carboxylate and 
the boehmite particle surface is cleavable by hydroxide anions. Thus, boehmite 
particles that are surface-modifi ed with carboxylic acids can serve as on-demand 
releasable carriers for corrosion inhibitors if the inhibitor is bound to the boehmite 
surface through a pH-cleavable carboxylate bond. 4  Recent modelling studies have 
found that the pH dependence of the inhibitor release is a critical factor in 
optimizing the effectiveness and service life of a functional coating. 5  This type of 
corrosion-inhibiting mechanism prevents premature depletion of the inhibitor 
reservoir of the coating.  
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   11.3  Cerium-activated nanoparticles as 

corrosion inhibitors 

 The use of silane formulations for the pre-treatment of metallic substrates prior 
to painting has been increasing during recent years and some commercial 
formulations are available in the market of pre-painted galvanized steels. These 
formulations are very attractive because they present environmental friendliness, 
enhance adhesion to different paint systems due to the possibility of surface 
chemistry tailoring and provide a barrier layer that delays the corrosion processes. 
The modifi cation of hybrid silane fi lms or hybrid sol–gel coatings with different 
additives in order to introduce corrosion inhibition properties in their bulk has 
been reported in recent literature. 6–11  The modifi cation of sol–gel coatings with 
organic inhibitors demonstrated positive effects on their protective performance. 6  
Environmentally compliant inhibitors like Ce(NO) 3 , NaVO 3  and Na 2 MoO 4  were 
incorporated into a Zr-epoxy sol–gel. 7  The corrosion behaviour of aluminium 
substrates treated with sol–gel systems containing cerium ions demonstrates that 
cerium can inhibit the corrosion processes. 8  Literature 9  also reports that hybrid 
silica sol–gel coatings containing Ce 3+  ions behave as conversion coatings on 
metallic zinc substrates. The anticorrosive performance of the Ce 3+  ions entrapped 
in the hybrid silica sol–gel network occurs by means of the inhibitor effect and the 
self-repairing mechanism (probably associated with Ce(OH) 3  precipitation). 9  

 The electrochemical behaviour of galvanized steel substrates pre-treated with 
bis-(triethoxysilylpropy1) tetrasulfi de silane (BTESPT) solutions modifi ed with 
SiO 2  or CeO 2  nanoparticles activated with cerium ions has been investigated. The 
electrochemical behaviour of the pre-treated substrates was evaluated via 
electrochemical impedance spectroscopy in order to assess the role of the 
nanoparticles in the silane fi lm resistance and capacitance. The ability of the 
Ce-activated nanoparticles to mitigate corrosion activity at the microscale level in 
artifi cially induced defects was studied via scanning vibrating electrode technique 
(SVET). Complementary studies were performed using potentiodynamic 
polarization. The results show that the presence of nanoparticles reinforces the 
barrier properties of the silane fi lms and that a synergy seems to be created 
between the activated nanoparticles and the cerium ions, reducing the corrosion 
activity. The addition of CeO 2  nanoparticles was more effective than the addition 
of SiO 2  nanoparticles. 12  

 A new approach for the formation of ‘smart’ self-healing anticorrosion coatings 
based on silica nanoparticles layer by layer-coated with  polyelectrolyte  molecules, 
acting as nanoreservoirs for corrosion inhibitors, incorporated in the hybrid 
sol–gel protective coatings, is proposed in literature. 10  These nanoreservoirs 
improve corrosion protection of coated aluminium substrates and provide effective 
storage of the inhibitor and prolonged release ‘on demand’ to the damaged areas, 
conferring active corrosion protection with self-healing ability. The next section 
outlines different such nanostructure/nanoparticle carriers of corrosion inhibitors.  
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   11.4  Functionalized nanoparticles and 

nanostructures as carriers 

 Nanostructured carriers improve the effi ciency of corrosion inhibitors/biocides. 
The advantages are:

   •   Nanoparticles and nanostructures can serve as excellent carriers for inhibitors.  
  •   Organic inhibitor, inorganic inhibitor and mixed inhibitor carriers are possible.  
  •   Controlled and triggered release of inhibitors can be built in.    

  Figure 11.1  schematically represents different nanostructured carriers. As an 
example, noteworthy properties of nanostructured boehmite 1  to function as 
effective carriers are:

   •   Pores are accessible to water without organic burnout.  
  •   Surface area of 260 m 2 /g.  
  •   Tunable hydrophobicity.  
  •   Nanoporous carriers can be prepared without corrosion inhibitors and then be 

fi lled with inhibitors later.  
  •   ‘Burned-out’ nanostructures can also be fi lled with corrosion inhibitors.  
  •   Release rate controlled by pore size and pore hydrophobicity.    

   11.1     Types of nanostructured carriers: (a) supported polyelectrolytes; 
(b) surface-modifi ed nanoparticles; (c) layered clays; (d) sol–gel 
encapsulants; (e) boehmite nanoparticle carriers; (f) nanostructured 
boehmite carriers.      
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   11.1     Continued.     

 Carboxyl groups can be anchored on boehmite particles ( Fig. 11.1(e) ) and they 
may be released on demand by change in pH, especially by hydroxide anions 
generated during the corrosion process. The anchored inhibitors can also be 
released by change in pore size which can be achieved by variation in temperature 
( Fig. 11.1(f) ). Thus, the inhibitors remain in the coating until needed and when 
corrosion occurs they release, migrate to the metal surface and arrest corrosion 
( Fig. 11.2 ). Current inhibitors are selected to be slightly soluble in water, and 
slowly but continually leach out of the coating. In contrast, the new corrosion 
inhibitor additives are released only when needed to arrest corrosion. This smart 
release-on-demand mechanism extends the life of the coating, since the inhibitors 
are not being continually lost. 13  
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    11.5  Nanoparticle-based biocides 

 Marine microbiological corrosion is responsible for considerable damage to all 
devices and vessels immersed in seawater, and this poses serious economic 
problems to maritime activities. 14–16  Employing effective antifouling marine 
paints containing booster biocides at non-toxic levels is one approach to solving 
the issue of fouling. 17–19  Copper and its oxides are common biocides in a large 
number of commercial antifouling marine paints. Commercially available 
antifouling coatings have cuprous oxide (Cu 2 O) as the primary biocide, which 
typically varies from 20% to 76% copper content; 20  however, recent reports have 
shown that 26% of sampling locations/year in the UK exceeded the concentration 
of current Environmental Quality Standard (5 μg/l) 21  for copper, 22  and marine 
microalgae were able to take up copper very quickly in natural coastal seawater. 23  

 Besides Cu, other metals such as zinc and silver exhibit antifungal and 
antibacterial properties and have been widely utilized in advanced coating 

   11.2     Corrosion arrested by release of corrosion inhibitor.     
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technologies. 24–28  Furthermore, silver has a remarkably low toxicity compared 
with other heavy metal ions, 29,30  which makes it possible to manufacture more 
environmentally friendly antimicrobial paint additives than copper. Recent studies 
proved that the biocidal activity of the common biocides increased signifi cantly 
with the decrease in particle size. 31–35  Nanosilver particles have low toxicity, 
which makes them an environmentally friendly antimicrobial paint additive. 

 Similarly to the inhibitors, biocides also can be released on demand using 
nanostructured carriers. The leaching rate of biocides should not be too fast, 
which would result in rapid and premature depletion of the antifouling activity of 
marine coatings and an unnecessarily high concentration in the sea. However, the 
release rate should not be too slow, since this would undoubtedly result in 
fouling. 36  In order to deal with both issues, the application of core–shell nano/
microstructured materials was investigated, since the shells offer protection to the 
cores and introduce new properties to the hybrid structures. 37–39  Up to the present 
time there have only been a few reports exploring marine corrosion protection 
based on core–shell structures employing biocides and corrosion inhibitors; 40–42  
however, there are still challenges, such as the stability of core–shell particles, 
uniform dispersity in a matrix and control of the release rate. Ke  et al.  have 
successfully prepared monodispersed Ag/SiO 2  core–shell nanoparticles with a 
facile pathway. 43  Ag/SiO 2  core–shell nanoparticles within the size of 60 nm were 
applied to marine antimicrobial corrosion coatings. 

 Transmission electron microscopy and X-ray diffraction results indicated that 
the silver was completely covered by silica, and that its crystal form was not 
affected after being coated by silica. The effects of Ag/SiO 2  nanoparticles in the 
microbial corrosion of acrylic-coated steel were studied by means of 
electrochemical noise analysis (ENA). ENA results reveal that 1 wt% Ag/SiO 2  
nanoparticles exhibit better antimicrobial corrosion activity than conventional 
40 wt% Cu 2 O biocides. Inductively coupled plasma optical emission spectrometry 
(ICP) showed very low numbers of Ag ions leaching from the matrix resin, 
whereas there was a much higher volume of copper ions leaching from the resin 
in the same period. It was concluded that Ag/SiO 2  core–shell nanoparticles could 
enhance long-term corrosion protection in comparison with the copper biocides. 
This composite has a great potential use in environmentally friendly antimicrobial 
coatings. 44   

   11.6  Self-assembled nanofi lms as corrosion inhibitors 

 Self-assembled monolayers (SAMs) are a powerful, simple and highly fl exible 
means of functionalizing a solid surface. SAMs can be spontaneously formed by 
the immersion of an appropriate substrate into a solution of reactive molecules in 
an organic solvent. A SAM is composed of a large number of molecules with an 
active head group that chemisorbs onto a substrate, a tail group that interacts with 
the free surface of the fi lm and a spacer (backbone) chain group that connects the 
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head and tail groups. 45,46  SAMs are versatile and have many potential applications 
in a number of areas such as non-wetting surfaces, lubrication, corrosion 
inhibition, biocompatible surfaces, monolayer lithography, etc. 45–47  

 Typical SAMs, such as alkanethiols reacted with gold and alkylsilanes reacted 
with silica, have been studied extensively, as demonstrated by numerous reports 
in the literature. 45  Studies of the properties of n-alkanoic acids reacted with 
oxidized aluminium 48, 49  and alkyl phosphonic acids with tantalum oxide 47,50  
surfaces can also be found in the literature. However, although some information 
is available in the literature on the behaviour of phosphonic acid SAMs, 51–57  
which are one of the important classes of self-assembling organic molecules on a 
range of metal oxide surfaces, there is not much information reported on 
phosphonate SAMs on Cu in the public domain. 58–61  SAMs can be formed on 
various surfaces such as nickel oxide, copper oxide, iron oxide, etc. 

   11.6.1  Self-assembling on nickel surfaces 

 Nickel is a key component in the electronics industry, where it is utilized in diodes, 
wires and switches and as an important alloying constituent in many 
biomaterials. 62–69  In spite of the spontaneous formation of a nickel oxide layer 
under ambient conditions, 70–72  the use of nickel can cause corrosion-related issues. 
In electronic applications, the corrosion of the surface leads to reduced performance 
and device lifetime. 66,73–75  In biomedical applications, corrosion leads to Ni ion 
release into the body and nickel toxicity. 63,73,76,77  Therefore, forming an organic 
thin fi lm on nickel oxide may serve as an effective barrier to corrosion. This is in 
large part due to the fl exibility that SAMs offer: 78–85  they form structurally well-
defi ned fi lms on the solid surface and they can be deposited by a number of easy 
techniques such as immersing the substrate in solution, aerosol spraying and 
vapour deposition. Currently, immersion coating is the most popular and widely 
studied method for monolayer formation. 86–89  

 SAMs of alkylphosphonic acids (butylphosphonic acid, octylphosphonic acid, 
undecylphosphonic acid and octadecylphosphonic acid) on native nickel oxide 
allow substrates to be functionalized easily. Monolayer formation has been 
investigated by diffuse refl ectance Fourier transform infrared spectroscopy, non-
contact mode atomic force microscopy, contact angle measurements and matrix-
assisted laser desorption ionization mass spectrometry. Cyclic voltammetry and 
electrochemical impedance spectroscopy studies showed that the monolayer 
increased surface resistance to oxidation. 90   

   11.6.2  Self-assembling on copper surfaces 

 Formation of SAMs on Cu substrates has attracted attention for both fundamental 
and applied research, e.g. corrosion inhibition 91–95  of Cu used in microelectronic 
device fabrication. 96  Cu is destined to replace Al alloy as the principal very-large 
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or ultra-large scale integration (VLSI/ULSI) interconnection material due to its 
lower electrical and thermal resistivity and greater resistance to electromigration. 
Despite these advantages, one of the major barriers to using it as an interconnection 
material is its susceptibility to corrosion. The effi ciency, power output and steady-
state operation of micro/nanoelectromechanical (MEMS/NEMS) devices can be 
critically infl uenced by adhesion, friction and wear. 97–102  The necessity for an 
ultra-thin lubricant fi lm to minimize adhesion, friction and wear between the 
surfaces is thus clear. One of the lubricant systems used for this purpose is that 
of SAMs. 

 SAM fi lms have been formed on oxidized Cu substrates by reaction with 
1H,1H,2H,2H-perfl uorodecylphosphonic acid (PFDP), octadecylphosphonic acid 
(ODP), decylphosphonic acid (DP) and octylphosphonic acid (OP). The presence of 
alkylphosphonate molecules, PFDP, ODP, DP and OP, on Cu was confi rmed by 
contact angle measurement (CAM) and X-ray photoelectron spectroscopy (XPS). 
The PFDP/Cu and ODP/Cu SAMs were found to be very hydrophobic, having water 
sessile drop static contact angles of more than 140°, while DP/Cu and OP/Cu have 
contact angles of 119° and 76°, respectively. PFDP/Cu, ODP/Cu, DP/Cu and OP/Cu 
SAMs were studied by friction force microscopy, a derivative of atomic force 
microscopy (AFM), to better understand their micro/nanotribological properties. 
PFDP/Cu, ODP/Cu and DP/Cu had comparable adhesive force, which was much 
lower than that for unmodifi ed Cu. ODP/Cu had the lowest friction coeffi cient, 
followed by PFDP/Cu, DP/Cu and OP/Cu, while unmodifi ed Cu had the highest. 

 XPS data gave some indication that a bidentate bond forms between the 
alkylphosphonate molecules and the oxidized Cu surface. Such hydrophobic 
phosphonate SAMs could be useful as corrosion inhibitors in micro/nanoelectronic 
devices and/or as promoters for anti-wetting, low adhesion surfaces. 103  The 
proposed type of bonding for SAM of a phosphonic acid molecule (OP) is 
illustrated in  Fig. 11.3 . It appears that chemisorption of phosphonates on oxidized 
Cu relies on the hydroxylation of the oxide layer and that the phosphonate 
undergoes a condensation reaction with surface-bound copper-hydroxyl (–Cu– 
OH) species to form copper-phosphonate and H 2 O as a byproduct: R–PO–(OH) 2 + 
-Cu–OH → R – (OH)OP–O–Cu -+H 2 O. 

 The advantages of copper have rapidly established it as one of the main 
materials for wire bonding as an alternative to gold in microelectronic 
packaging. 104,105  Wire bonding is the commonly used method to connect the chip 
to the outside world in microelectronic packaging. 106  Reduced cost, enhanced 
device speed and improved reliability of a monometallic system are the primary 
drivers of the emergence of Cu–Cu processes. 106  Ho  et al.  carried out extensive 
studies on copper wire bonding to copper bond pads. 105  Copper wire bonding is 
normally formed by a copper ball onto a copper-based bond pad in the 
microelectronic package. Copper bond pad oxidizes readily and the oxide 
continues to grow in thickness. As oxidation of copper bond pad is the main issue, 
this is being looked into when it is still at the wafer stage. 105  During soldering, it 
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is a common practice to use a fl ux to remove any oxide layers or other contaminants 
from the surfaces of the metals to be joined. 107  Most fl uxes consist of organic or 
inorganic acids, which, at the high temperature of the soldering process, chemically 
remove the oxides, exposing the clean, reactive metal surface. The fl ux residue 
contains ionic contaminants such as copper and tin ions and unused acidic 
components, which, if left on the circuit board, can cause corrosion of joints and 
electrical shorting due to electromigration. 107–109  

 Laibinis and Whitesides reported that alkanethiols adsorbed on a copper surface 
form densely packed SAMs, which were found to be effective inhibitors of copper 
corrosion in air. 109  Feng  et al.  reported the corrosion protection of self-assembled 
alkanethiol monolayer on copper in a 0.5 M NaCl solution. 110  Aramaki and 
co-workers reported that the maximum effi ciency of the SAM of octadecanethiol 
for protection of corrosion of copper in 0.5 M Na 2 SO 4  solution was 80.3%. 111  
Quan  et al.  studied the protection ability of the SAMs of Schiff bases on copper 
surfaces. 112,113  

 SAM protects the copper bond pad surface until it is removed by the ultrasonic 
energy during wire bonding. The mechanism of formation of the ball bond 
involves the removal of the SAM by the ultrasonic energy in the fi rst step and then 
the formation of welded interface in between the deformed ball and the bond 
pad. 105  Liu and Hutt studied SAM of octadecanethiol as preservative to enable 

   11.3     Schematic illustration of the proposed type of bonding for SAM of 
n-octylphosphonic acid (OP).     
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fl uxless soldering of copper substrates. 107  Preservation of copper surfaces to 
enable fl uxless soldering involves the etching of the copper surface in the fi rst 
step to remove the native oxide, followed by the application of an organic 
monolayer that acts as a barrier to the diffusion of oxygen, enabling the material 
to be stored in air for a longer period. During the soldering process, the coating is 
displaced by the temperature rise and by the molten solder, revealing an oxide-
free active surface that can be protected from re-oxidation by the use of an inert 
atmosphere. 107  

 5-Methoxy-2-(octadecylthio)benzimidazole (MOTBI) monolayer was self-
assembled on a fresh copper surface obtained after etching with nitric acid at 
ambient temperature. The optimum conditions for formation of SAM were 
methanol as solvent, 10 mM concentration of the organic molecule and an 
immersion period of 24 hours. The MOTBI SAM on the copper surface was 
characterized by CAM, XPS and refl ection absorption Fourier transform infrared 
(FTIR) spectroscopy, and it is inferred that chemisorption of MOTBI on copper 
surface is through nitrogen. The corrosion protection ability of MOTBI SAM was 
evaluated in aqueous NaCl solution using impedance, electrochemical quartz 
crystal nanobalance, potentiodynamic polarization and weight-loss studies. While 
bare copper showed a charge-transfer resistance ( R  ct ) value of 1.89 k Ω cm 2  in 
0.20 M NaCl aqueous environment, the  R  ct  value for a SAM-covered copper 
surface is 123.4 k Ω cm 2 . The MOTBI SAM on copper afforded a corrosion 
inhibition effi ciency of 98–99% in NaCl solution in both the concentration range 
and temperature range studies. The SAM functions as a cathodic inhibitor. Quantum 
chemical calculations showed that MOTBI has relatively small  ΔE  between highest 
occupied molecular orbital (HOMO) and lowest occupied molecular orbital 
(LUMO) and large negative charge in its benzimidazole ring, which facilitate the 
formation of a polymeric [Cu + -MOTBI] complex on the copper surface. 114  

 SAMs are utilized to prevent the electromigration and surface scattering of 
copper atoms while minimizing the resistance of the interconnect lines. 115  
Electromigration and surface diffusion are prevented because the organic layer is 
covalently bound to the metal atoms in the metal interface. Additionally, the 
organic molecules in the organic layer are relatively large and will help hold the 
metal atoms in place, because it is virtually impossible for metal atoms to migrate 
when covalently bound to large organic molecules.  

   11.6.3  Self-assembling on iron and carbon steel surfaces 

 The self-assembling process has been investigated to improve the corrosion 
inhibition of iron. 116,117  Iron is a widely used metal with extensive industrial 
applications, and the study of its corrosion inhibition has attracted much 
attention. 118,119  The fi rst work to use self-assembled fi lms on iron for corrosion 
protection was self-assembling alkanethiols. 120  But the application of thiol 
compounds is limited because of their toxicity. 121  Felhosi  et al.  121  studied the 
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formation of self-assembled fi lms of alkane monophosphonic acids on iron 
surface and explained its mechanism of corrosion protection. 

 SAM fi lms formed by gold nanoparticles on an iron surface have been proven 
to confer corrosion-inhibiting properties on the iron substrate in 0.5 M H 2 SO 4  
solutions. The SAMs formed by gold nanoparticles protected with sodium oleate 
conferred better corrosion protection on the iron substrate than the sodium oleate 
only. In addition, it was found that the gold nanoparticles could infl uence the 
nickel electroless plating fi lms on the iron substrate. The structure and composition 
of the plating fi lms were tested by electron probe microanalyser (EPMA). The 
mechanisms of the formation of the fi lms and the nickel electroless plating 
reaction have been discussed. 122  

 As an example of SAMs, corrosion inhibition by self-assembled fi lms formed 
by adipic acid (AA) molecules on carbon steel surfaces is discussed below. 123  
SAMs of AA were formed on iron oxide/carbon steel surfaces by the immersion 
coating method. The metal was immersed in an aqueous solution containing 
60 ppm of Cl −  (to initiate the corrosion process and the formation of iron oxide) in 
the absence and presence of adipic acid. The formation, uniformity, ordering and 
bonding of the monolayers accomplished by the immersion method have been 
evaluated by FTIR and AFM. The electrochemical properties of the unmodifi ed 
and modifi ed carbon steel surfaces were characterized by polarization study and 
EIS analysis to test the ability of the monolayer to reduce the corrosion of the 
surface. 

 Well-ordered SAMs of adipic acid were formed on the iron oxide/carbon steel 
surface by the immersion method. This leads to ordered, robust monolayers bound 
to the surface in a tetradentate manner, since adipic acid is a dicarboxylic acid. 
Carbon steel was immersed in an aqueous solution containing 60 ppm of Cl −  
and 50 ppm of adipic acid for 5 minutes, and was then taken out and rinsed in 
distilled water and heated in a hot air oven. The adipic acid monolayer on the iron 
oxide/carbon steel surface can withstand rinsing with water, concentrated acid 
and base exposure. Additionally, these monolayers are stable over the course of at 
least 1 week. 

  Fourier transform infrared (FTIR) and atomic force microscopy (AFM) results 

 The presence of two peaks (2811 and 2726 cm −1 ) in the region of 2700 to 
3000 cm −1 , corresponding to  ν  CH 2  sym and  ν  CH 2  unsym, indicated that the self-
assembled monolayer fi lm formed on metal surface (modifi ed substrate) is stable, 
well ordered and strongly bound to the surface. The shifting of  ν  C = O and  ν  OH 
of the two carboxyl groups of adipic acid (1715 to 1597 cm −1 ; 3417 to 3414 cm −1  
respectively) confi rmed that adipic acid molecules are bound to the surface in a 
tetra dentate manner. 

 The root mean square (RMS) roughness values of the fi lm formed on the 
surface after immersion in various test solutions are given in  Table 11.1 . The 
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comparison of the RMS roughness of the unmodifi ed substrate with the modifi ed 
samples is an indicator of the fi lm’s uniformity. The RMS roughness parameter is 
a measure of the deviations in surface from the mean plane within the sampling 
area. 124  Modifi ed surfaces with a RMS roughness similar to the control surface 
are considered to be fi lms of monolayer thickness that follow the contours of the 
surface, while modifi ed surfaces that have much larger RMS roughness than the 
control are multilayer or non-uniform fi lms. 125,126  It is seen from  Table 11.1  and 
 Fig. 11.4  that control and modifi ed surfaces have similar RMS roughness of 
12 nm. Hence it is concluded that adipic acid molecules self-assembled on the 
surface forming a monolayer. 

   Electrochemical studies 

 The potentiodynamic polarization curves of carbon steel immersed in an aqueous 
solution containing 60 ppm of Cl −  in the absence and presence of adipic acid 
are shown in  Fig. 11.5 . The corresponding corrosion parameters are given in 
 Table 11.2 . Increase in linear polarization resistance (LPR) and decrease in 
corrosion current in the presence of adipic acid indicate the corrosion protection 
nature of SAMs of adipic acid. EIS of carbon steel immersed in an aqueous 
solution containing 60 ppm of Cl −  in the absence and presence of 50 ppm of adipic 

   Table 11.1     The RMS roughness values of the fi lms (SAMs) formed 

on iron oxide/metal surface immersed in various test solutions  

Test solution RMS roughness (nm)

Cl −  (60 ppm) 12.0558

Cl −  (60 ppm) + AA (50 ppm) 11.8833

   11.4     AFM topography images of carbon steel immersed in various test 

solutions: (a) 60 ppm Cl– ; (b) 60 ppm Cl– + 50 ppm adipic acid.     
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   Table 11.2     Corrosion parameters of carbon steel immersed in an aqueous solution 
containing 60 ppm of Cl −   

AA Ecorr bc ba LPR Icorr
(ppm) (mV vs SCE) (mV/decade) (mV/decade) (ohm cm 2 ) (A/cm 2 )

0 −609 183 189 23319.1 1.735 × 10 −6 
50 −715 166 157 26664.4 1.315 × 10 −6 

   Table 11.3     Impedance parameters of carbon steel immersed in an aqueous solution 
containing 60 ppm of Cl −

AA
(ppm) 

Nyquist Plot Bode Plot

Rt
(ohm cm2)

Cdl
(F/cm2)

log (Z)
(ohm)  

0 1225 4.1632 × 10−9 3.119
50 2249 2.2677 × 10−9  3.493

   11.5     Polarization curves of carbon steel immersed in various test 
solutions: (a) 60 ppm Cl –  (Nyquist); (b) 60 ppm Cl –  + 50 ppm adipic acid.     

acid is shown in  Fig. 11.6 . The corrosion parameters are given in  Table 11.3 . In 
the presence of 50 ppm of adipic acid, charge transfer resistance value ( R  t ) and 
impedance increase while double layer capacitance value ( C  dl ) decreases. It is 
concluded from this study that SAMs of adipic acid molecules have a corrosion-
preventive nature. The results indicated that adipic acid monolayers adsorbed on 
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   11.6     Electrochemical impedance spectra of carbon steel immersed 
in various test solutions: (a) A = 60 ppm Cl –       (Nyquist); B = 60 ppm 
Cl –  + 50 ppm adipic acid (Nyquist); (b) 60 ppm Cl –  (Bode); (c) 60 ppm 
Cl –  + 50 ppm adipic acid (Bode).
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iron oxide can reduce electrochemical activity on the surface, often the fi rst step 
in corrosion. 

 Monolayer formation on the iron oxide surface is a signifi cant advance in 
surface modifi cation of iron oxide and can be used as a building block for future 
application in corrosion barriers and electronics.    

   11.7  Conclusions 

 Nanostructured materials are good carriers for organic corrosion inhibitors, which 
can be smartly released on demand, thereby improving the longevity of the 
corrosion-protected structures. Self-assembled monolayers formed on a metal 
oxide/metal have potential application in corrosion inhibition as they react 
spontaneously on the metal surface and form compact and stable fi lms, which are 
noted for their hydrophobicity.   
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 Sol–gel nanocoatings for corrosion protection  

    S .  S.    PATHAK and     A.  S.    KHANNA,   
 Indian Institute of Technology Bombay, India   

   Abstract:    Recent research on combating corrosion and oxidation of metals has 
been focused on nanotechnological principles. Sol–gel coating is one outcome 
of nanotechnology able to tailor both the corrosion protection properties of bulk 
coatings and the metal oxide/polymer interface chemistry. Organic–inorganic 
hybrid coatings are of special interest because they combine properties of 
organic polymers (hydrophobicity, fl exibility and functional compatibility with 
organic paint systems) with those of inorganic ceramics (scratch resistance, 
durability and adhesion to the metal substrate). Several sol–gel coatings are 
commercially available for a variety of engineering metallic substrates and for 
a wide range of applications in mild to severe corrosive environments. Sol–gel 
coatings are desirable for their environmental friendliness, high performance, 
compatibility with existing coating application technologies and for the 
on-demand simplicity of tailoring coating properties.  

   Key words:    sol–gel coating, silane, corrosion resistant coating, nanocoating, 
environmentally friendly coating.   

    12.1  Introduction 

 Metals and alloys are widely used engineering materials and can be found in 
manufacturing, construction, transportation, medical and other applications. 
Corrosion deteriorates material integrity and aesthetic value, and impacts 
economic assets and the environment if left unmonitored and uncontrolled. In the 
most common usage of the word, corrosion means the loss of an electron of metal 
to a reaction with either water or oxygen in its surroundings. The nature of 
corrosion depends on the alloyed elements, metallurgical processing parameters 
and severity of the environment. Corrosion or corrosion-causing events generally 
start from the surface of metals. Atoms or molecules at the surface of a metal/alloy 
are exposed to a different environment from those in the body of the metal/alloy 
and thus have different free energies, electronic states, reactivities, mobilities and 
structures. There are many conventional technologies available to mitigate the 
corrosion, which either enhance the inherent corrosion resistance and performance 
of the metal/alloy itself (e.g. better alloy composition and metal processing 
parameters), reduce the corrosiveness of the operating environment or modify the 
interface between the metal/alloy and its surroundings (e.g. corrosion inhibitors, 
coatings and surface treatment). These countermeasures can be used individually 
or synergistically in the practices of managing corrosion. 
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 There are many corrosion-resistant coating systems available on the market 
today, but none have been completely successful in preventing corrosion; there has 
always been a question mark over the reliability of some critical features of the 
coatings, such as adhesion to the substrate, precise control over surface morphology 
and uniformity, and resistance to water permeation. For over a decade scientists 
and researchers in the fi elds of corrosion and coatings have turned to nanotechnology 
in a constant effort to be more precise in explaining the natural phenomena of 
corrosion at the molecular or nano level (10 −9  meter). This has become an 
imperative because it offers a never-before-seen glimpse into interactions on a 
biological cell level. The application of nanotechnology has produced numerous 
invaluable materials and coatings to prevent or minimize corrosion degradation. 

 This chapter reviews the nanotechnological approaches to corrosion protection 
of metal through sol–gel based coatings. Critical features of sol–gel coatings are 
discussed along with examples of coating systems for a variety of engineering 
metals and alloys.  

   12.2  Nanotechnology in coatings 

 Nanotechnology has been employed to (i) enhance the natural corrosion resistance 
and performance of the metal/alloy itself, by achieving a desired fi nely crystalline 
microstructure (e.g. nanocrystallization) or by modifying its chemical composition 
at the nanometric scale (e.g. formation of copper nanoparticles at the steel grain 
boundaries), and (ii) develop coatings and inhibitors with tailored properties. The 
schematic in  Fig. 12.1  briefl y summarizes the use of nanotechnology in managing 
corrosion. Production of high performance steel with a fi ne-grain structure and/or 
self-organization of strengthening nanophases (carbides, nitrides, carbonitrides, 

   12.1     Domains where nanotechnology principles are used in enhancing 
natural corrosion resistance of metals or surface modifi cation of metals.     
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intermetallides) is a critical example of a nanotechnological approach in making 
corrosion-resistant alloys. 1  Nanoscience has also been engaged to reduce the 
impact of corrosive environments through the alteration of the metal/corrosive 
electrolyte interface using metallic coatings and non-metallic coatings (e.g. 
formation of nanocomposite coatings on steel). Signifi cant advancement in the 
corrosion protection of metals has been reported through the co-deposition 
of nanocomposite coatings (e.g. Ni–SiC nanocomposite coatings on steel, Ni–
Al 2 O 3  nanocomposite coatings on mild steel and application of ZrO 2  and TiO 2 -
nanoparticle sol–gel coatings). 2–4  The incorporation of nanosized particles (e.g. 
polyaniline/ferrite, ZnO, Fe 2 O 3 , halloysite clay and other nanoparticles) into 
conventional polymer coatings signifi cantly enhances the anti-corrosive 
performance of such coatings on various substrates like steel, aluminum, copper 
and magnesium. 5  

 There are now many nano-based coating formulations currently in use or under 
research and development. Sol–gel derived nanocoatings are one of the most 
fascinating because of their demonstrated or anticipated unique properties 
compared with conventional materials. Sol–gel coatings have been found to have 
controllable synthesis, homogeneity of matrix and easily tailored properties (e.g. 
resistance to corrosion, high-temperature oxidation, hydrophobicity, UV 
resistance, scratch resistance and anti-fouling). At this stage, we have covered 
broad examples of nanotechnology-based corrosion protection approaches 
effective in improving the natural corrosion resistance of alloys as well as in 
developing surface coatings (e.g. nanoparticle-doped polymer coatings, sol–gel 
coatings). 

 Before going into details, it is necessary to understand the physical dimensions 
of nanoscience or nanotechnology. There are two broad defi nitions: 6 

   •   In solid-state material systems, interest in physical size in nanoscience starts 
where normally invariant structural and physical properties start changing 
with size. When material is at nanoscale, macroscopic materials characteristics 
(e.g. dielectric constant and specifi c thermodynamic state functions) are no 
longer valid. This often occurs while the material system contains a suffi ciently 
large number of atoms or molecules so that a fi rst principles atomic scale 
model of the system is infeasible.  

  •   A nanomaterial is one with at least characteristic size between 1 and 100 nm. 
There are indeed characteristics of materials and materials systems that, when 
extended or scaled to the nanolevel, lead to improved properties as conceptually 
simple (or scalable) extensions of properties from larger-sized systems.    

 It has been established that both of these defi nitions will apply to coatings with 
components of nanometer size. Nanostuctured materials are of a scale to which 
our normal understanding of material properties no longer applies. Murday 7  
proposed that there are three reasons why nanostructured materials behave 
somewhat differently from other materials: (i) large surface-to-volume or 
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interface-to-volume ratios, (ii) size effects and (iii) quantum effects. These factors 
(changes in the energy level due to quantum effect and grain size at the nanometer 
scale) are considered to have signifi cant effects on corrosion and the reactivity of 
nanostructured materials. Today we have the ability to make uniform nanoscale 
coating components and include them in a coating system of complex hierarchical 
structures, one that permits a new level of control over the physical and chemical 
properties of macroscale coating. The sol–gel based coating process has great 
potential to produce coatings with special properties and create new types of 
functional systems that can take best advantage of the size-adjustable properties 
of their nanosized components. There are several types of corrosion-resistant 
sol–gel coatings in uses ranging from decorative to high-performance engineering 
applications. The reasons behind the widespread exploitation of sol–gel coatings 
are summarized as follows:

   •   Sol–gel coatings can be produced with compositions that are not obtainable 
by other means.  

  •   Sol–gel enables integrated multilayering at a lower cost than vacuum 
techniques.  

  •   Sol–gel can be easily combined with other methods of coating synthesis and 
coating application processes to put down coatings on substrates from sol–gel 
solution.  

  •   Sol–gel coatings are environmentally friendly and can be synthesized and 
applied at low temperature (close to room temperature).  

  •   Sol–gel processes can be used to form nanostructured fi lms (typically 200 nm 
to 10 μm in overall thickness) that are more resistant than metals to oxidation, 
corrosion erosion and wear.     

   12.3  Sol–gel coatings: historical perspective 

and chemistry 

   12.3.1  History of sol–gel coating development 

 Coatings are one of the most important and the most commercially available 
products utilizing sol–gel processes. Sol–gel processing produces coating 
materials with better purity and homogeneity compared with conventional high-
temperature processes. The sol–gel process creates an oxide network by 
progressive condensation reactions of molecular precursors in a liquid medium; 8  
it is a chemical synthesis technique that was initially used for the preparation of 
glasses and ceramics. Roy  et al.  9–11  fi rst discovered the method of synthesizing 
ceramic oxides (a popular silicate powder) by the sol–gel method. In 1971 Chiola 
 et al.  12  synthesized low-bulk density silica by hydrolyzing tetraethoxysilane 
(TEOS) in the presence of cationic surfactants. Sol–gel technology in the coating 
world attracted more attention (in the mid-1980s) when Schmidt  et al.  13–15  
synthesized organic–inorganic hybrid materials using a sol–gel process.  
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   12.3.2  Sol–gel chemistry: precursors and reactions 

  Precursors 

 The traditional precursors for sol–gel reactions have been metal alkoxides. In 
most of the sol–gel coating formulations, metal alkoxides/organofunctional metal 
alkoxides are used either alone or in combination with a conventional polymer 
capable of participating in sol–gel reactions. Sol–gel reactions start with a solution 
of monomeric metal or metalloid alkoxide precursors M(OR)  n   in an alcohol or 
other low-molecular-weight organic solvent. Here, M refers to a network-forming 
element such as Si, Ti, Zr, etc, and R is typically an organic moiety. 16–17   

  Reactions 

 A sol–gel process is a two-step inorganic polymerization that involves hydrolysis 
and condensation reaction of metal alkoxides ( Fig. 12.2 and 12.3 ). In the fi rst step, 
polymerization starts by hydrolysis at the metal–alkoxy linkage yielding alcohol 
and new reactants, hydroxylated metal centers (M-OH). In the second step, 
condensation or three-dimensional propagation occurs when hydroxylated species 
condense to form oxypolymers (M-O-M). Polycondensation involves alkoxylation, 
oxolation or olation, a reaction that creates oxygen bridges and releases water or 
alcohol species.

   12.2     Various stages of sol–gel coating preparation and application to 
substrate: preparation of solution of coating precursors (a), formation 
of sol through hydrolysis of precursors followed by progressive 
condensation reactions (b), application of sol on the metal substrate (c), 
gelation of sol on substrate which results in the formation of a three-
dimensional network throughout the liquid medium (d) and conversion 
of gel into solid coating fi lm after drying/curing (e).     
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 Step I: M(OR)  n   + xH 2 O → [M(OR)  n–x   (OH)  x  ] +   x  R-OH . . . . . . .(Hydrolysis) 

 Step II: M-OH + RO-M → M-O-M + ROH . . . . . . . . (Condensation) 

  M-OH + HO-M → M-O-M + HOH . . . . . . . . (Condensation)  

     12.3.3  From sol (coating solution) to gel (coated fi lm) 

 Nanoparticles of any solid dispersed in any liquid in such a way that the solid 
phase does not spontaneously precipitate or settle out are considered a sol. A sol 
can become a gel when the solid nanoparticles dispersed in it can join together 
to form a network of particles that spans the liquid. This requires that the 
solid nanoparticles in the liquid stick together. As the sol becomes a gel, its 
viscosity approaches infi nity and fi nally becomes immobile. This transition 
from sol to gel is called gelation. The point in time when the particle network 
extends across the entire volume of the liquid, causing it to immobilize, is called 
the gel point. 

 Coating (sol) formulation and its conversion to coating fi lm (after gelation) on 
substrate follows the same principle of sol to gel transition discussed above. If a 
sol of coating precursors is allowed to start to gel on the substrate, a coating fi lm 
on the substrate can be formed from the gel. It is important to apply the sol on the 
substrate before gelation starts, which will also facilitate better adhesion of the 
coating to the substrate.  Figure 12.4  shows a schematic of the sol–gel process of 
coating formulation and deposition on metal substrates. 

    12.3.4  Factors to be considered during sol–gel 
coating formulations 

 Formulation of a coating, in general, is one of the most infl uential factors on 
its end performance. Along with coating recipes, the rate of hydrolysis and 
condensation reactions also have signifi cant impact on the stability and pot life 
of sol (coating solution) and coating properties. By controlling the reaction 
conditions, these reactions may lead to a variety of coating structures with 
desirable properties. The rates of hydrolysis and condensation reactions are 

   12.3     Schematics of sol–gel reactions indicating hydrolysis of 
silicon (Si), titanium (Ti) and zirconium (Zr) alkoxides followed by 
condensation of hydrolyzed moieties during coating sol formulation.     
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considered to be affected by the nature of the ligand (e.g. Si, Ti, Zr, etc), pH, 
nature of the solvent, temperature, reaction time, catalysts and agitation of the sol.  

   12.3.5  Types of sol–gel coatings 

  Inorganic sol–gel coatings 

 Inorganic sol–gel coatings consist of only metal/oxygen (Si-O, Zr-O, Ti-O) networks 
and are widely used for enhancement of the oxidation and corrosion stability of 
metals such as stainless steel, aluminum and copper. Various sol–gel thin fi lms of 
SiO 2 , ZrO 2 , SiO 2 /TiO 2 , ZrO 2 /Y 2 O 3  and Al 2 O 3  have been produced for corrosion 
protection of metals. 18  For example, aluminum oxide (Al 2 O 3 ) sol–gel fi lm can be 
prepared from solutions of hydrolyzed aluminum-tri-sec-butoxide in methoxyethanol 
on steel. While all of these coatings showed promising corrosion resistance, 
unfortunately poor interfacial adhesion, shrinkage and oxidation of the substrate 
remained a problem. These coatings also often fail if the fi lm is thicker than about 
1 μm because of the damaging shrinkage strains during drying and densifi cation.  

   12.4     Organic–inorganic hybrids (functional metal alkoxide) 
conventionally used in sol–gel coatings.     
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  Inorganic–organic hybrid based sol–gel coatings 

 Conventional organic coatings tend to age within 2 to 3 years and need to be 
stripped and repainted. It has been well observed that siloxanes suffer from 
adhesion loss during service and organic polymers suffer from susceptibility to 
weathering and UV radiation. Covalent insertion of hard inorganic microdomains, 
such as alkylsiloxane fragments, inside an organic polymeric network leads to 
attractive materials with good thermal and photostability, resistance to weathering 
and good adhesive properties. 

 Organic–inorganic hybrid coatings can be defi ned as coatings combining the 
properties of both organic and inorganic coatings in a domain of nanometric scale. 
The development of organic–inorganic materials was made possible by the sol–
gel process. There are two different groups of organic–inorganic coating materials. 
In group I, hybrids with weak interactions (hydrogen, van der Waals or ionic 
bonds) between the organic and inorganic parts are considered; in group II, the 
organic and inorganic parts linked by strong bonds (covalent and iono-covalent 
bonds). The chemical structure of the hybrid (group I or group II) determines the 
critical properties, i.e. the mechanical and tribological properties, of these 
materials. The range of coatings currently used for corrosion protection belongs 
to two main classes: (i) silicon-containing compounds (i.e. alkylalkoxysilanes as 
pre-polymers or oligomeric siloxanes), and (ii) organic polymers. Some examples 
of organic–inorganic hybrids are shown in  Fig. 12.4 .    

   12.4  Critical features of sol–gel coatings 

for corrosion protection 

   12.4.1  Corrosion resistance 

 Metals and their alloys, such as iron, aluminum, copper and magnesium, have a 
natural tendency to form a thin layer of oxide/hydroxide on their surface. Oxide/
hydroxide layers provide suffi cient corrosion resistance to the metal in dry 
ambient conditions. Under continued exposure to moisture, these layers become 
thick but more porous, which makes them (oxide/hydroxide layers) no longer 
protective for the metal beneath. Rust formation on iron, white oxide formation on 
aluminum and magnesium, and tarnishing of copper are examples of corrosion. 19  
Coating is one of the most frequently used methods to barricade the metal from 
moisture and other corrosive environmental factors. 

 The primary role of coatings in corrosion protection is to retard or prevent 
the diffusion of corrosive solution to the metal beneath the coating. Sol–gel 
coatings have the ability to undergo chemical reaction with natural oxide/hydroxide 
fi lms on the metal substrate ( Fig. 12.5  and  Table 12.1 ) and passivate the metal 
surface. The hydroxyl group of hydrolyzed metal alkoxides (M(OH)x (OR)n-x or 
M-OH; M = Si, Ti, Zr) in coating sol forms a covalent bond with the hydroxyl 
group of natural oxide/hydroxide layers on the metal surface. The chemical 
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   Table 12.1     Metal oxides and their reaction with Si, Ti, and Zr based sol  

Substrate Anodic reaction Natural surface oxide/ 
corrosion product

Reaction with substrate sol

Iron/Steel Fe → Fe++ + 2e- Fe(OH)2 Fe-O-Si-, Fe-O-Ti-, Fe-O-P-Si-, 
Fe-O-Zr-

Aluminum Al → Al+3 + 3e- Al(OH)3 Al-O-Si-, Al-O-Ti-
Magnesium Mg → Mg+2 + 2e- Mg(OH)2 Mg-O-Si-, Mg-O-P-Si-
Zinc Zn → Zn+2 + 2e- Zn(OH)2 Zn-O-Si-, Fe-O-Ti-, Fe-O-P-Si-
Copper Cu → Cu+2 + 2e- Cu(OH)2 Cu-O-Si-, Cu-S-Si-

bonding of a sol–gel coating with a metal surface also results in better adhesion of 
sol–gel fi lm to the substrate. As we know, better adhesion to the substrate is the 
primary requisite for proper functioning and durability of corrosion-resistant 
coatings. Other important features which make organic–inorganic hybrid coatings 

   12.5     (a) Schematics of chemical bond formation between hydroxyl 
group on metal (iron, steel, aluminum, magnesium, copper, zinc, etc), 
surface and hydroxyl group (formed after hydrolysis of metal alkoxides 
in sol) and coating deposition on substrate; and (b) the list of processes 
taking place during conversion of coating solution (sol) to coating on 
metal surface (coating fi lm).     
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more promising than conventional coatings are the precise control over coating 
thickness, homogeneity and nanostructure, hydrophobicity, scratch and abrasion 
resistance, and weathering stability. These properties thus have great impact on the 
long-term corrosion resistance of hybrid coatings. Before going into further 
discussion on the corrosion resistance offered by organic–inorganic hybrid 
coatings, we will also briefl y discuss the hydrophobicity and scratch resistance 
stability of these coatings, with some critical examples.  

   12.4.2  Water repellence 

 Water is considered one of the key causes of corrosion and coating degradation. 
It also facilitates the interaction between chlorides and dissolved contaminants to 
the metal surface and coatings. The most effective approach to limit the effect of 
water on a metal surface is to lower the surface energy, and consequently the 
wettability, of the metal surface through water-repellent coatings. According to 
traditional theory, hydrophobicity shields surfaces from moisture and inhibits the 
electrochemical reaction of corrosion; it has already been proved that metals covered 
with superhydrophobic coatings exhibit better anti-corrosion properties than those 
covered with non-hydrophobic coatings. 20–21  The formation of a low-energy coating 
layer on a metal surface inhibits the penetration and interaction of water, together 
with contaminants, to the metal substrate. Hence, control of surface wettability yields 
enormously high economic and environmental benefi ts by preventing corrosion of 
metallic structures, especially in the chemical and microelectronics industries. 

 The hydrophobic nature of corrosion-resistant sol–gel coatings has not been 
suffi ciently investigated, in spite of the potential technological interest. Performance 
of hydrophobic coatings depends upon coating stability, on the segmental 
reorganization whenever the coating comes in contact with water, on the molecular 
chains’ segregation and their orientation at the polymer–air interphase, and on the 
polymeric network structure which controls surface and interface properties. An 
interesting study by Tiwari  et al.  22  reveals that polysiloxane improves the moisture 
sensitivity of polyimide coatings, and that the effectiveness of polysiloxane in 
controlling moisture sensitivity of coatings depends on the size of the polysiloxane 
spheres in the coating matrix. It was proposed that moisture absorption in the 
polyimide coatings could be minimized by reducing the size of the polysiloxane 
spheres down to nanometer scale so that the maximum surface area could be 
achieved for the dispersed polysiloxane domain as compared with the continuous 
polyimide matrix. Organic–inorganic hybrid coatings have been found to impart 
more hydrophobic character than the inorganic sol–gel derived coatings. The 
presence of organic groups on metal alkoxides renders these coatings hydrophobic, 
making them impermeable to ions, moisture and other hydrophilic species as 
compared with pristine metal alkoxide based sol–gel coatings. 

 Sol–gel based superhydrophobic coatings exhibit extreme water repellence, 
with water droplets rolling off at high contact angles. Different approaches have 
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been described up to now in the literature for the synthesis of superhydrophobic 
coatings. Recently, Rao  et al.  18  obtained a superhydrophobic coating surface on 
copper using methyltriethoxysilane via a sol–gel process. The coating showed the 
static water contact angle to be as high as 155° and the water sliding angle as low 
as 7°. A low sliding angle renders the surface ‘non-sticky’, a property that is 
crucial for the fabrication of water-repellent and self-cleaning surfaces. This 
coating not only provides improved adhesion but also acts as a barrier protection 
layer for minimizing the permeability of corrosive species. Some attempts have 
already been made to incorporate fl uorsilane (3,3,3-trifl uoropropyl-
trimethoxysilane) in an epoxysilane–aminosilane (epoxy: 3-glycidyloxypropyl)
trimethoxysilane; amine: 3-aminopropyl-methyldiethoxysilane) coating 
formulation to develop a hydrophobic coating. 23   

   12.4.3  Scratch resistance 

 Excellent mechanical stability of coatings is crucial for durability, aesthetic value 
and protective properties. Coatings undergo various types of mechanical stresses 
such as wear, scratch, impact and bending during service. Two major groups of 
coating failure may occur during a scratch test: coating cracking and delamination. 
Coating cracking is mainly caused by tensile in-plane stress, while delamination 
is usually caused by in-plane compressive stress. 24  The scratch behavior is 
infl uenced by a combination of hardness, viscoelasticity and toughness of the 
coatings. To achieve optimum mechanical stability, the coating composition, 
microstructure and processing parameters need to be adjusted for different types 
of substrates under different functional constraints. The properties of sol–gel 
coatings can be easily modifi ed through chemical formulation and hybridization 
with organic or inorganic compounds. 

 Belon  et al.  25  analyzed the friction and wear properties of hybrid sol–gel coatings 
based on conventional epoxy resin (hydrogenated diglycidyl ether bisphenol A) 
mixed with an epoxy trimethoxysilane precursor such as trialkoxysilane 
((3-glycidyloxypropyl)trimethoxysilane (GPMS)) or (2-(3,4-epoxycyclohexyl)
ethyl)trimethoxysilane (TRIMO) in the presence of a photoacid generator (derivative 
of diaryliodonium salt). They reported that both the coating thickness and the addition 
of the hybrid monomer (silanes) tend to improve the stiffness of the pure epoxy resin; 
however, these two parameters also induce an increase in the dynamic friction value. 

 Organic–inorganic hybrid coatings based on organosilanes exhibit suffi cient 
hardness and fl exibility, adhesion and scratch resistance. The properties of 
organosilane coatings can be further improved by incorporating alumina, cerium 
oxide or zirconium oxide sol in organosilane sol during the sol–gel process. 
Phani  et al.  26  developed sol–gel coatings consisting of a silica matrix embedded 
with nanocomposites of Al 2 O 3 –CeO 2  as wear, scratch resistance and corrosion 
resistance components for magnesium alloy substrates. Al 2 O 3  and CeO 2  sol were 
obtained from aluminum nitrate and cerium nitrate in a pure isoproponal solvent. 
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Kiruthika  et al.  27  reported the formation of hybrid coatings, derived from 
3-glycidoxypropyltrimethoxysilane, zirconium-n-propoxide and methacrylic acid 
(MAA) based sol coatings, on mild steel. 

 Bautista  et al.  28  attempted to understand how the chemical structure of the organic–
inorganic hybrid infl uences the scratch behavior of the coatings. Three different 
coatings were prepared, systems with methacryloxypropyltrimethoxysilane 
(MAPTMS) alone or in combination with tetraethyl orthosilicate (TEOS) and 
1,6-hexanedioldiacrylate (HDDA). It was found that the scratch resistances of the 
coatings are infl uenced by the presence of opened or closed polyhedral structures of 
the inorganic oligomer (MAPTMS and TEOS) part of the coating. The decreasing 
order of scratch resistance of the coatings was found to be in the following order: 
MAPTMS (open polyhedral structure) < MAPTMS + TEOS (open polyhedral 
structure) and MAPTMS + HDDA (open polyhedral structure) < methacryl POSS 
(closed polyhedral oligomeric silsesquioxane). The opened inorganic polyhedral 
decreases stiffness without loss in mechanical properties, while the presence of the 
closed polyhedral makes the chemical structure very tensioned. Another approach to 
making corrosion and scratch-resistant sol–gel coatings is the simple addition of 
nanoparticles (alumina, iron oxide).   

   12.5  Corrosion-resistant sol–gel coatings 

 Industry is turning towards the utilization of more and more organic–inorganic 
hybrid based sol–gel coatings rather than using inorganic sol–gel coatings. 
Organic–inorganic hybrid coatings work on the principles of (i) formation of a 
chemical bond between the coating and metal through hydroxyl group condensation 
(between a hydroxyl from natural oxide/hydroxide fi lm on metal and a hydroxyl 
group formed after hydrolysis of metal alkoxide) and (ii) the creation of a three-
dimensional organic–inorganic network which imparts UV and weathering 
resistance, and hardness with fl exibility. These coatings have been found to have 
better adhesion than their organic and inorganic counterparts. We will restrict our 
discussion to organic–inorganic hybrid coatings used for most common engineering 
materials, such as steel, aluminum, magnesium, copper and zinc. Silane-based 
organic–inorganic hybrid coatings have been used for corrosion protection either 
alone or in combination with TiO 2 , ZrO 2 , Al 2 O 3 , CeO 2 , Fe 2 O 3  sol or nanoparticles. 

   12.5.1  Sol–gel coatings for iron and steel 

 Corrosion of iron or steel (anodic reaction: Fe → Fe 2+  + 2e −  and cathodic reaction: 
4Fe 2+  + O 2  + 10H 2 O → 4Fe(OH) 3  + 8H + ) leads to formation of surface hydroxides. 
The main constituents of oxides formed during atmospheric corrosion of steels 
are  γ -FeOOH (lepidocrocite),  α -FeOOH (goethite),  β -FeOOH (akaganite) and 
 δ -FeOOH (feroxyhite). 29  These hydroxyl groups in rust have a tendency to react 
with hydroxyl groups of hydrolyzed metal alkoxide from sol–gel coatings. 
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 Sol–gel coatings have also been used for protecting steel due to the presence 
of suffi cient numbers of hydroxyl groups on the steel surface. Pepe  et al.  30  
developed a tetraorthosilicate (TEOS) and methyltriethoxysilane (MTES) 
hybrid coating for corrosion protection of carbon steel. Chou  et al.  31  formulated 
a sol–gel coating for stainless steel 304 using tetraethylorthosilicate and 
3-ethylacrylicoxypropyltrimethoxy silane in acid-catalyzed reactions. Coatings 
acted as a physical barrier to the migration of corrosive electrolyte. 

 It was also found that corrosion resistance of coating with a fresh sol is better 
than with an aged sol. Seok  et al.  32  investigated the protective capability of 
a 3-glycidyloxypropyltrimethoxysilane nanosized boehmite (AlOOH) based 
corrosion resistance coating for galvanized steel. Zirconia–polymethylmethacrylate 
hybrid (17 vol.% of polymethylmethacrylate) sol–gel coatings 33  have been found to 
improve the corrosion resistance of stainless steel in de-aerated H 2 SO 4  (0.5 mol l −1 ). 
These coatings improved the lifetime of the stainless steel by a factor of 30. 

 Pepe  et al.  34  studied hybrid silica coatings containing Zn particles for low-alloy 
steel and galvanized metal plates. Thick, adherent and crack-free corrosion-
resistant coatings containing 10% Zn particles were prepared by dip coating on 
carbon steel and Al/Zn coated carbon steel substrates. Yeh  et al.  35  synthesized 
3-(trimethoxysilyl)propylmethacrylate based anticorrosion coating for cold-rolled 
steel. The electrochemical measurement suggests that hybrid sol–gel coatings 
with low silica loading (e.g. 5 wt%) on cold-rolled steel (CRS) coupons were 
much superior in anticorrosion effi ciency to those of neat PMMA based coatings. 
The increase of adhesion strength of sol–gel coatings on CRS coupons was 
attributed to the formation of Fe-O-Si covalent bonds at the interface of the 
coating and CRS system based on the FTIR–RAS (refl ection absorption 
spectroscopy) studies. Lopez  et al.  36  prepared a two-layer (inner layer: TEOS–
MTES and top layer: TEOS + 3-methacryloxypropyl trimethoxysilane 
+ 2-hydroxyethyl methacrylate) sol–gel coatings for a biocompatible AISI 
316L stainless alloy used in prosthetic devices. It was observed that these 
coatings are stable (not damaged) in pH conditions similar to body fl uid and seem 
to restrict the passage of potentially toxic ions to the body fl uid. In another study, 
polysiloxane hybrid fi lms, derived from co-polycondensation of TEOS and 
3-methacryloxy propyltrimethoxysilane (MPTS), were deposited on 316 L 
stainless steel substrates. It was found that the fi lm had a polysiloxane network 
with excellent thermal stability (410°C), corrosion resistance (TEOS/MPTS ratio 
of 2) and adhesion. 37   

   12.5.2  Sol–gel coatings for aluminum and its alloys 

 When an aluminum surface is exposed to the atmosphere, it forms a natural white 
coloured oxide (Al(OH) 3 ) fi lm, which is responsible for its corrosion resistance. 
Although this oxide fi lm makes the aluminum surface stainless, it cannot protect 
the aluminum substrate under severe corrosion conditions, and therefore aluminum 
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requires protective coatings. 38  Aluminum hydroxide on an aluminum surface 
reacts with the hydroxyl moieties of sol–gel coatings and forms a covalent linkage 
between the aluminum surface and the coating ( Fig. 12.6 ). Various silane-based 
sol–gel coatings have been developed for aluminum and its alloys. 39–49  It was 
observed that corrosion resistance of the coating is affected by formulation 
parameters and curing conditions such as hydrolysis water ratio, silane content, 
acidic or basic nature of catalyst, curing mechanism and solvent dilution. 

 Various types of sol–gel coatings based on SiO 2 , ZrO 2 , CeO 2,  organofunctional 
metal alkoxide or combinations of these oxides have been developed to protect 
metallic substrates from general and localized corrosion. The protection 
mechanism of sol–gel coatings is based on the barrier properties. The long-term 
anti-corrosive properties of sol–gel fi lm can be improved by the introduction of 
particles with corrosion inhibition features. In recent decades, organic inhibitors 
such as benzotriazole, tolytriazole or hydroxyquinoline, and inorganic inhibitors 
like cerium, chromium (III), molybdenum and manganese compounds, have been 
incorporated into sol–gel fi lms. 

 Andreatta  et al.  50  developed several ZrO 2  based pre-treatments for aluminum alloy. 
Feng  et al.  51  examined the corrosion resistance of tetra- n -propoxyzirconium (TPOZ), 
with a partly hydrolysable precursor of glycidoxypropyltrimethoxysilane (GPTMS) 
(GPTMS/TPOZ ratio of 2.7) based sol–gel coatings on 1050 aluminum alloy. It was 
found that these coatings exhibit good adhesion to the etched and de-smutted alloy 
substrate and also signifi cantly improve the pitting potential of the coated alloy. 

 Liu  et al.  52  prepared a TEOS modifi ed sol–gel coating using vinyltrimethoxy-
silane (VMS), 3-(methacryloxy)propyltrimethoxysilane (MPMS) and 
3-glycidoxypropyltrimethoxysilane (GPTMS) on a pre-treated 2024 aluminum 
alloy surface by dip coating. The corrosion resistance of the coated aluminum alloy 
and the effect of TEOS content on the corrosion resistance were evaluated by 
potentiodynamic polarization studies and salt spray test. Corrosion currents of VMS 
coating and MPMS coating were 300 times lower than those of bare samples. The 
anticorrosion ability of the VMS coating was strongest and decreased in the order of 
VMS > MPMS > GPTMS. The corrosion current of hybrid coatings was smallest 
when TEOS content reached 15–20%. It was found that VMS coatings have the 
strongest ability to resist salt spray corrosion. When cured at elevated temperatures 
(80°C), all of the hybrid coatings studied passed wet adhesion testing. However, 
water sensitivity remained for most of the room temperature cured hybrid coatings. 

 Pathak  et al.  developed hexamethoxymethylmelamine (HMMM) 53  and 
aminosilane 54  cured GPTMS and methyltrimethoxysilane (MTMS) based 

   12.6     Silane based coating interaction with aluminum and magnesium.     
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waterborne organic–inorganic hybrid coatings for aluminum alloy. GPTMS–
MTMS sol–gel solution was prepared by hydrolysis and condensation of GPTMS 
and MTMS (molar ratios 3:1). Results showed that the HMMM cured coatings 
were uniform, transparent and crack free. Corrosion resistance and hydrophobicity 
of the coating system with 20H–30H (20–30 wt% HMMM of total resin) of 
HMMM were found to be excellent. UV-VIS spectroscopy and UV weathering 
suggest that these coatings are stable in sunlight. The gloss retention for 25H 
coating was found to be about 83.32% without any visible pit or corrosion product. 
Aminosilane cross-linked coatings showed good thermal stability up to 390°C 
and hydrophobicity (water contact angle in the range of 59–78°) with excellent 
corrosion resistance. It was observed that the increase of GPTMS concentration 
and the number of N-H groups in aminosilane infl uence the corrosion resistance 
and hydrophobicity of coatings. 

 Zandi-Zand  et al.  55  developed a hybrid coating on 1050 aluminum by hydrolysis 
and condensation of GPTMS and tetramethoxysilane in the presence of an acidic 
catalyst and bisphenol. Zandi-Zand  et al.  56  studied the effect of aging of 
3-glycidoxypropyltrimethoxysilane sol on corrosion resistance of coating and 
observed that fresh sol has better corrosion resistance than the aged sols. Khramov 
 et al . 57  developed a set of amino silane conversion coatings by a self-assembled 
nanophase particle (SNAP) coating process. SNAP solution was prepared by a 
drop-wise addition of a mixture of silane such as tetramethoxysilane and 
3-glycidoxypropyltrimethoxysilane (1:3 ratio) and an amine based epoxy ring 
opener such as (i) diethylenetriamine (DETA), (ii) aminopropyltrimethoxysilane, 
(iii) 3-(2-aminoethyl)aminopropyltrimethoxysilane or (iv) 3-(trimethoxysilyl)
propyldiethylenetriamine to 0.05 M acetic acid with constant stirring for 1 hour 
and applied on aluminum by dip coating. 

 Metroke  et al . 58  studied the effect of alkyl chain length of organosilane on 
corrosion resistance of coating on 2024-T3 aluminum alloy. Coatings were 
prepared using 0-16.6 vol.% alkyl-modifi ed silane X n -Si (OR) 4-n , where X = 
methyl, dimethyl, n-propyl, n-butyl, n-hexyl, n-octyl or i-octyl. Results showed 
that the corrosion resistance of coatings increases with organosilane concentration 
and alkyl chain length, likely due to blockage of corrosive electrolyte from 
substrate by alkyl groups and thereby increasing the water repellence of the 
coating. 

 Sol–gel processes incorporate corrosion inhibitors, nanoparticles and pigments 
in hydrolysis and condensation steps of coating synthesis, to further improve the 
performance or add specifi c properties to the coatings. Rosero-Navarro  et al.  59  
developed a cerium (III) doped sol–gel coating based on 3-methacryloxypropyl 
trimethoxysilane – tetraethoxysilane and colloidal SiO 2  for corrosion protection 
of AA2024. It was found that cerium provokes a porous structure that diminishes 
the barrier properties of the layers with respect to those without cerium. A self-
healing sol–gel coating for anticorrosive protection of AA2024 was developed by 
Wang  et al . 60  The coating was based on a cerium-doped (for the self-healing 
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effect) methacrylate–silica organic–inorganic hybrid, which showed excellent 
anticorrosive and self-healing properties. 

 Zheludkevich  et al.  61  incorporated cerium nitrate as corrosion inhibitor in a 
zirconia nanoparticle doped sol–gel coating consisting of tetraethylorthosilicate 
and 3-glycidoxypropyltrimethoxysilane. Cerium nitrate, as corrosion inhibitor, 
was doped into the coating matrix or into the hydrolyzed tetra- n -propoxyzirconium 
(zirconiaoxide nanoparticles). It was observed that the zirconia particles present 
in the sol–gel coating appear to act as nanoreservoirs, providing a prolonged 
release of cerium ions. 

 Zheludkevich  et al.  62  investigated corrosion resistance of the coating prepared 
by copolymerization of 3-glycidoxypropyltrimethoxysilane, tetraethylorthosili-
cate and tetra- n -propoxyzirconium on an AA2024-T3 substrate. It was observed 
that amorphous ZrO 2  nanoparticles (size 40–200 nm) were formed in the coating. 
The presence of ZrO 2  nanoparticles seems to have a pore-blocking effect in the 
coatings with a higher particle content. Girardi  et al.  63  synthesized a chemically 
and thermally stable acrylate-based hybrid material, embedding the zirconium 
oxocluster Zr 4 O 4 (OMc) 12 , where OMc = CH 2 C(CH 3 )C(O)O, for aluminum 
alloys. It was observed that the zirconium oxoclusters strongly interact with the 
acrylate matrix and a Zr-PMMM coating shows better corrosion resistance but 
higher water uptake than a pure PMMA coating. In a more recent attempt, various 
research groups around the world are working on development of a layered 
double hydroxide (also known as a hydrotalcite-like compound) doped sol–gel 
coating. It is an environmentally friendly and inexpensive option for corrosion 
inhibition.  

   12.5.3  Sol–gel coatings for magnesium and its alloys 

 Magnesium offers a high potential for use as a lightweight structural material and 
as an electromagnetic shield for electronics. However, it is the most active metal 
used in engineering applications and corrodes so readily in some environments 
that magnesium alloys serve as sacrifi cial anodes on structures such as ship hulls 
and steel pipes. Magnesium dissolves with the formation of hydrogen gas and 
magnesium hydroxide ( Fig. 12.7 ), which is highly insensitive to the oxygen 
concentration. To improve the corrosion resistance of Mg alloys, different coating 
methodologies have been adopted, and sol–gel coatings are one such. Alkoxysilane-
based coatings lead to the formation of self-assembled fi lms in which the dominant 
feature is the presence of a very stable silicon and oxygen rich network. 

 Khramov  et al.  64  synthesized hybrid organic–inorganic coatings with phosphonate 
functionalities and evaluated them as prospective surface treatments for magnesium 
materials. These coatings have been processed using a sol–gel method by hydrolysis 
and condensation of a mixture of diethylphosphonatoethyltriethoxysilane and 
tetraethoxysilane with variable molar ratios. Corrosion studies confi rmed that 
the coating decreased the corrosion resistance of magnesium by two orders of 
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magnitude. Potentially, both functionalities of diethylphosphonatoethyltriethoxy-
silane, trialkoxysilane or trialkoxyphosphonate ester fragments are hydrolyzable. 
It is observed that the phosphonate groups of diethylphosphonatoethyltriethoxy-
silane have more affi nity for the magnesium than silane head groups, and therefore 
the phosphonate groups react with magnesium and form P-O-Mg bonds. In addition, 
phosphate-based coatings perform better than pure silica coatings. 

 Pathak  et al.  synthesized waterborne sol–gel coatings for magnesium based on 
waterborne polyester 43 /polyurethane, 66  3-glycidoxypropyltrimethoxysilane and 
methyltrimethoxysilane and HMMM. The coating solutions were prepared by 
the addition of 30 wt% of HMMM and 1 wt% of p-TSA to a mixture of polyester 
resin and primary sol (MTMS:GPTMS = 1:2 mol. ratios). The coatings were 
designated as SiPU XX 1 YY 1  or SiAlk XX 1 YY 1 , where Si stands for organosilane 
in coatings, PU stands for polyurethane resin in coatings, Alk stands for alkyd 
resin in coatings, XX 1  stands for wt% of organosilane in coatings and YY 1  stands 
for wt% of polyurethane/alkyd resin in coatings. For example, SiPU 4060 stands 
for coating composed of 40 wt% organosilane (MTMS and GPTMS in 1:2 molar 
ratios) and 60 wt% of polyurethane resin; 1 wt% of p-TSA was also added for fast 
curing and catalyzing the sol–gel reaction. The pH of the coating solution was 
adjusted to make it suitable for magnesium substrate. 

 Scanning electron microscopy (SEM) and atomic force microscopy (AFM) 
confi rm the continuous and crack-free coating on the magnesium substrate. The water 
contact angle of coatings was found to be in the range of 63–71°. It was evaluated that 
the coatings effi ciently protected magnesium from corrosion in 3.5 wt% NaCl 
solutions.  Figure 12.7(a–c)  shows the Nyquist impedance plots of bare magnesium 
( Fig. 12.7(a) ), SiAlk ( Fig. 12.7(b) ) and SiPU ( Fig. 12.7(c) ) coated magnesium 
after 30 minutes’ immersion in 3.5 % NaCl. It is apparent that the diameter of 
the capacitive loop increased with increase in organosilane concentration in the 
coatings, which may be attributed to the resistance of the coatings to corrosion. This 
can be explained by the formation of a dense siloxane network (-Si-O-Si-) in 
the coating matrix which acts as a geometric barrier to the migration of water and 
chloride ions. 

 Barranco  et al.  67  optimized the corrosion resistance of four sol–gel coating 
systems (inorganic, hybrid organic–inorganic, containing zirconium ions and 
containing cerium ions) on AZ91 magnesium alloy. The sol–gel coatings were 
evaluated as autonomous protective coatings as well as a pre-treatment prior to an 
acrylic topcoat. The coating obtained from tetramethoxysilane (TMOS) and 
diethoxydimethylsilane (DEDMS) as precursors and doped with Ce 3+  was 
especially effective as pre-treatment for a fi nal acrylic coating. The role of Zr 4+  
ions as active dopant of sol–gel coatings, is infl uenced by their coordination with 
chemical species present in the sol; that is, the further tendency to form other links 
than from Si-O-Zr in the coating network (e.g. zirconium hydroxides and/or 
oxides). Such new species/compounds could diminish the protective properties of 
the Zr-doped coating. 
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   12.7     Comparative resistance of  bare magnesium substrate (a), 
organosilane–alkyd coating, SiAlk (b), and organosilane–polyurethane 
coating, SiPU, (c) in 3.5% NaCl solutions; coating composition: 30 wt% 
of HMMM and 1 wt% of p-TSA to the mixture of polyester resin and 
primary sol (MTMS:GPTMS = 1:2 mol. ratios); coatings designation: 
SiPU XX1YY1 or SiAlk XX1YY1, where Si stands for organosilane in 
coating, PU stands for polyurethane resin in coating, Alk stands for 
alkyd resin in coating, XX1 stands for wt% of organosilane in coating 
and YY1 stands for wt% of polyurethane/alkyd resin in coating.     
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 Wang  et al.  68  developed a scratch-resistant anticorrosion sol–gel coating for 
AZ31 magnesium alloy by incorporating polyaniline/silica in sol–gel fi lm. They 
found that the coating has a ‘self-repairing’ mechanism which results from the 
incorporation of polyaniline in the coating. Lopez  et al.  69  exploited the feasibility 
of tetraethoxysilane-based coatings on ZE41 magnesium alloy for corrosion 
protection.  

   12.5.4  Sol–gel coatings for copper 

 Copper is an extensively used metal in the chemical and microelectronic industries 
due to its high thermal and electrical conductivities, beautiful appearance and low 
chemical reactivity. However, copper is not stable in wet environments and 
undergoes oxygen reduction by forming hydroxides. At pH values below 7, the 
corrosion (least corrosion in pH range of 8–10) of copper becomes signifi cant, 
especially below pH 5, where the formation of stable surface oxides is not 
possible. 38  Organothiols-based self-assembly has been widely investigated for 
a corrosion resistance layer on copper. 70–71  A lot of work is currently focused on 
the development of alkoxysilane and thiol functional alkoxysilane sol–gel 
coatings. 

 Kuan  et al.  72  developed a thermal-cured sol–gel coating for use as a corrosion-
resistant coating on copper using 3-glycidoxypropyltrimethoxysilane. It was 

   12.7     Continued.      
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found that the corrosion resistance is enhanced by the addition of 3-mercapto-
propyltrimethoxysilane (TPTMS), which improves adhesion of coatings to the 
substrate. Bescher and Mackenzie 73  studied the GPTMS and MTMS derived 
organic–inorganic hybrid coatings on copper and bronze surfaces. SEM images of 
the coated substrate showed almost no corrosion products appearing on the 
surfaces even after 2 years of exposure to high sulfur/humidity conditions. The 
GPTMS + MTMS coatings have good compatibility with a fl uoropolymer coating 
as a topcoat, which overall improves the corrosion resistance, hydrophobicity 
and outdoor stability of the fl uoropolymer. Li  et al.  74  synthesized the 
trimethoxypropylsilane (TMPS) and bis(trimethoxysilyl)ethane (BTMSE) based 
organic–inorganic hybrid coating for copper by a dip coating method. Refl ection 
and absorption infrared spectroscopy (RAIR) of coated copper substrate suggested 
that silanol condensation occurs in the coating fi lms on Al and a covalent linkage 
exists between the TMPS fi lm and the copper surface. The TMPS-based coating 
appeared to have a better affi nity to Cu than to Al.   

   12.6  Organosilane and conventional organic polymer 

derived sol–gel coatings 

 The use of organic polymers in the manufacture of the sol–gel coatings has been 
considered as a consistent and continuous development of innovative sol–gel 
coating technology, which is characterized by the combination of novel (alkoxide 
or functional alkoxide-based coating) and conventional (coating based on 
conventional organic polymer) methods of coating formulation. 75–76  The reaction 
of functional alkoxide with a conventional organic polymer, as shown in  Fig. 
12.6 , not only improves overall performance of the organic polymeric coating but 
also makes the organic–inorganic hybrid coating cost-effective for end users. In 
this section, organic–inorganic hybrid coatings prepared using conventional 
polymers are discussed. 

   12.6.1  Polyester and alkyd-based sol–gel coatings 

 Polyester offers fl exible and scratch-resistant surfaces, but they are prone to 
chalking on weathering. Modifi cation of polyesters with organosilane improves 
chalking and corrosion resistance, gloss retention, hardness and fl exibility of the 
coatings. Frings  et al.  77  developed two coating systems by sol–gel processes using 
a polyester–tetraethoxysilane (TEOS) and polyester–epoxy–TEOS for coil 
coating on pre-fi nish construction steel and aluminum. Two types of polyesters, 
namely hydroxyl-terminated and carboxyl-terminated, were used in this study. It 
was reported that the interaction between the organic and inorganic parts occurs 
via the hydroxyl end groups of polyester and the hydroxyl groups on the silanols. 
The infl uence of TEOS on the hardness of the coatings was determined and it was 
found that Konig hardness and  T  g  increase with increasing TEOS content in the 
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coating. The polyester–TEOS system shows an increase in hardness with 
increasing silica content. The acidic and basic nature of the system plays an 
important role in the hydrolysis of the system. 

 Pathak  et al.  modifi ed the waterborne polyester, 43–44  waterborne alkyd 42  and 
waterborne polyurethane coating systems with an alkoxysilane such as 
methyltrimethoxysilane and 3-glycidoxypropyltrimethoxysilane to produce an 
organic–inorganic hybrid coating with improved performance for application on 
AA6011 aluminum alloy. Organosilane-modifi ed waterborne polyester coatings 
(SiE) 44  were synthesized and applied on aluminum alloy substrates at an average 
coating thickness of 5 ± 0.6 μm. The corrosion current of the SiE-coated substrate 
decreased by two orders of magnitude compared with the bare substrate. A 
signifi cant decrease in the corrosion current was investigated for SiE coatings 
(4.6–13.1 × 10 −7 A), which was higher than for the polyester coating (7.8 × 10 −6 A). 
SiE coatings were thermally stable up to 300°C with the water contact angle in the 
range of 64 ± 3° to 73 ± 2°. These data indicate that the incorporation of organosilane 
into the polyester increased the electrical resistance of the coatings and water 
repellence, resulting in better corrosion protection. Thus, coatings act as barriers 
that restrict the diffusion of corrosive species such as water, oxygen and chloride 
ions towards the coating/metal interface due to the formation of a highly protective 
aluminum–oxygen–silicone interface at the aluminum substrate, as also indicated 
by FT IR study. Coatings exhibited excellent adhesion to the substrate. The pencil 
hardness (ASTM D 1522) of the SiE coating increased from 3H to 6H with 
increasing organosilane composition in the coating. This might be due to the 
replacement of the soft organic polymeric matrix by a hard siloxane (Si-O-Si) 
matrix in coatings. 

 Organosilane-incorporated alkyd coatings (SiAlk) 42  were developed to improve 
the chalking, fading, hardness and corrosion resistance of alkyd coatings. 
Organosilane incorporation in alkyd improved the corrosion resistance by one 
order of magnitude compared with a pure alkyd coating on aluminum alloy. 
Accelerated weathering of the coated specimen was carried out to simulate outdoor 
weathering using a combination of UV light and condensation (ASTM-G53). 
Visual examination of the exposed specimen showed that there were no white pits 
of corrosion product, cracking or loss of adhesion. The highest gloss retention of 
coating observed was 92% for 10 wt% alkyd incorporated, followed by 60 and 
90 wt% alkyd coatings with gloss retention of 84% and 61%, respectively. However, 
yellowing of the 90 wt% alkyd incorporated coating was observed. Therefore, 
organosilane incorporation in alkyd improves the gloss retention and water 
repellence (from 64 ± 2 to 82 ± 3) of alkyd coating by water contact angle of 10°. 

 Easton  et al.  78  modifi ed the waterborne alkyd with silicon intermediates to 
improve weathering resistance in paints for exterior application. Organosilane 
incorporation in alkyds became the fi rst choice in systems for protecting metal 
surfaces on bridges, railways and towers. Today they compete with other coating 
types, including two-pack polyurethane coating, which perform extremely well.  
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   12.6.2  Polyurethane-based sol–gel coatings 

 Polyurethane coating has poor mechanical properties, thermal stability and corrosion 
resistance. Organosilane incorporation in polyurethane coatings (SiPU) was 
developed to enhance corrosion resistance, thermal stability and hardness of the 
polyurethane coatings. 45  Like SiAlk (alkyd-based sol–gel coatings) and SiE 
(polyester-based sol–gel coatings), decrease in corrosion current was observed for 
SiPU coatings compared with the bare aluminum. Improvement in corrosion 
resistance is attributed to the formation of an aluminum–oxygen–silicon interface 
which acts as a geometric blocking layer against the migration of chloride ions and 
water towards the substrate. SiPU coatings (58 ± 2°) show better water repellence 
than polyurethane coating (48 ± 4°). The pencil hardness of the polyurethane coating 
was found to be 2H, while it was enhanced from 3H to 6H with increasing silane 
concentration in SiPU coatings. Furthermore, the presence of siloxane (Si-O-Si) 
moieties in SiPU coatings made them fl exible and resilient enough to sustain the 
mechanical stresses during service. Coatings were found thermally stable up to 
206°C and the degradation of SiPU coatings was delayed by silane incorporation. 

 Chen  et al.  79  prepared polyester/silica hybrid resins and polyester/silica/
polyurethane hybrids via  in situ  sol–gel process and found that the extent of 
interaction among polyester, polyurethane and silica increases with the number of 
ethoxy groups in silica. Yang  et al . 80  synthesized waterborne polyurethane–silica 
(0 to 50 wt%) based organic–inorganic hybrid coatings and observed that these 
coatings have much better thermal stability and mechanical properties than pure 
waterborne polyurethane resin, which is likely due to the effective interaction between 
silica particles and urethane polymer chains. Prabu and Alagar. 81  studied the thermal 
and morphological properties of a silicone–polyurethane–epoxy resin system and 
found the formation of inter-cross-linked networks. Jeon  et al.  82  prepared water-
dispersible polyurethane-based organic–inorganic hybrid compound through a sol–
gel process. Like previous cases, it was observed that increasing the silica content 
improved the mechanical properties, heat stability and water resistance of the organic–
inorganic hybrid material due to chemical network formation between PU and silica. 

 There has been continued interest in nanotechnology because it has demonstrated 
the achievement of unique properties compared with conventional techniques. The 
nanotechnology-based materials offer new solutions with the issue of corrosion 
degradation of metal by introducing coatings that provide corrosion resistance. 
Corrosion resistance of a coating is considered to be infl uenced by its adhesion to 
a metal substrate and other coating layers (if any), its hydrophobic nature and its 
ability to resist hygrothermal and mechanical stresses during service life.   

   12.7  Industrial applications of sol–gel coatings 

 Sol–gel coating does not need any introduction today. Sol–gel coatings have the 
potential to fulfi l each and every expectation of the end user in terms of cost 
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effectiveness, environmental friendliness and unique functional properties. The 
cost is the most important driving force behind the growth of sol–gel coatings. 
Sol–gel coatings can be prepared by simple, non-vacuum processes with only a 
small capital investment. 

 Today sol–gel based coatings are being used in every sector of engineering 
application, such as aerospace, electronics, ships, building, decorative, etc. 
However, we are still in the initial stages of development and industrialization of 
sol–gel coatings. We face numerous problems with conventional coating adhesion 
and delamination during service of coated metal. Sol–gel coatings offer better 
adhesion to the substrate, but delamination of these coatings remains a problem. 
It is an open challenge for us to develop new coatings and coating precursors and 
establish formulation protocols for achieving better control over coating properties 
and the wide industrial use of sol–gel coatings.  

   12.8  Conclusions 

 Sol–gel coatings utilize the principle of nanotechnology in offering corrosion 
protection to metal substrates as well as their own stability under UV weathering 
and mechanical stresses. Using the sol–gel approach, corrosion-resistant coatings 
can be developed for most engineering materials for a variety of service conditions. 
Sol–gel coatings have the potential to lead the twenty-fi rst-century high-
performance coating market.  
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 Polymer nanocomposites in corrosion control  

    C.-J .    WENG,     C.-H.    CHANG and     J . -M.   YEH,    Chung Yuan 
Christian University, Taiwan   

   Abstract:    Polymer/clay nanocomposites (PCN) are now of great interest to 
polymer scientists, physicists and material scientists because of the unique 
properties produced by combining these components at the nanoscale level. 
Measuring the corrosion protection effects of PCNs as coatings is crucial to 
gaining a fundamental understanding of the anticorrosion mechanism of these 
materials. Measurement of the anticorrosive properties of PCN is also helpful 
in establishing the gas barrier properties of polymer/clay interactions and 
their structure–property relationship in nanocomposites. This is because 
anticorrosive performance is strongly infl uenced by the nanoscale structure and 
interfacial characteristics. In this chapter, recent advances in PCN anticorrosive 
coatings are discussed.  

   Key words:    anticorrosion, organophilic clay, polymer/clay nanocomposites, 
electroactive polymer/clay nanocomposites, gas barrier.   

    13.1  Introduction 

 Every year, industry pays a massive and rising cost for its corrosion problems. 
Research and development into new materials, processes and initiatives to combat 
this loss is increasing, and new fi ndings are constantly coming to light which can 
help to beat corrosion problems throughout industry. Oxidation corrosion is 
simply the process of the metal returning to its natural oxidized, or passivated, 
state. The force associated with this phenomenon is referred to as the oxidation 
potential. Some metals, such as iron, have very high oxidation potentials, which 
is why natural organisms use iron to oxygenate blood and why iron rusts so 
quickly. Sodium has such a high oxidation potential that it bursts into fl ame at 
room temperatures. Other metals, such as chromium, have very low oxidation 
potentials, which is why chromium rusts so slowly, if at all. In this chapter, we 
will discuss the prevention of corrosion of metal substrate using organic–inorganic 
hybrid technology. 

   13.1.1  Measures of corrosion prevention 

  Material selection 

  Metals and alloys:  The most common method for preventing corrosion is the 
selection of the proper metal or alloy for a particular corrosive service (Tiwari 
 et al. , 2010; Custodio  et al. , 2010). 
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  Metal purifi cation:  The corrosion resistance of a pure metal is usually 
better than that of one containing impurities or small amounts of other elements. 
However, pure metals are usually expensive and are relatively soft and weak. In 
general, pure metals are used in relatively few, special cases (Tiwari  et al. , 2001; 
Custodio  et al. , 2010). 

  Non-metallics:  This category involves integral or solid non-metallic construction 
(mainly self-supporting) and sheet linings or coverings of substantial thickness 
(different from paint coatings). The fi ve general classes of non-metallics are 
(1) rubbers (natural and synthetic), (2) plastics, (3) ceramics, (4) carbon and 
graphite, and (5) wood (Worspop and Kingsburf, 1950; Tiwari  et al. , 2001; 
Custodio  et al. , 2010; Zelinka and Stone, 2011). 

  Changing medium:  Altering the environment provides a versatile means 
for reducing corrosion. Typical changes in the medium that are often employed 
include (1) lowering the temperature, (2) decreasing the velocity, (3) removing 
oxygen or oxidizers and (4) changing the concentration. In many cases, these 
changes can signifi cantly reduce corrosion, but they must be performed with care 
(Welder and Partridge, 1954; Tiwari  et al. , 2001; Custodio  et al. , 2010). 

  Inhibitors:  An inhibitor is a substance that, when added in small concentrations 
to an environment, decreases the corrosion rate. In a sense, an inhibitor can 
be considered a retarding catalyst. There are numerous inhibitor types and 
compositions. Most inhibitors have been developed by empirical experimentation 
and many are proprietary in nature; thus their composition is not disclosed. 
Inhibition is not completely understood for these reasons, but it is possible to 
classify inhibitors according to their mechanism and composition (Tiwari  et al. , 
2001; Custodio  et al. , 2010; Rosenfeld, 1981).  

  Cathodic and anodic protection 

  Cathodic protection:  Cathodic protection was employed before electrochemistry 
had been developed. Humphrey Davy used cathodic protection on British naval 
ships in 1824. The principles of cathodic protection may be explained by 
considering the corrosion of a typical metal in an acid environment. Electrochemical 
reactions include the dissolution of the metal and the evolution of hydrogen gas:

    [13.1] 

    [13.2]  

  Anodic protection:  In contrast to cathodic protection, anodic protection is 
relatively new; it was fi rst suggested by Edeleanu in 1954. This technique was 
developed using electrode kinetics principles and is somewhat diffi cult to describe 
without introducing advanced concepts of electrochemical theory. Simply, anodic 
protection is based on the formation of a protective fi lm on metals by externally 
applied anodic currents (Locke and Sudbury, 1960; Acello and Greene, 1962).  
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  Coatings 

  Metallic and other inorganic coatings:  Relatively thin coatings of metallic and 
inorganic materials can provide a satisfactory barrier between a metal and its 
environment. The chief function of such coatings (aside from sacrifi cial coatings 
such as zinc) is to provide an effective barrier. Metal coatings are applied by 
electrodeposition, fl ame spraying, cladding, hot dipping and vapor deposition. 
Inorganics are applied or formed by spraying, diffusion or chemical conversion. 
Spraying is usually followed by baking or fi ring at elevated temperatures. Metal 
coatings usually exhibit some formability, whereas the inorganics are brittle. In 
both cases a complete barrier must be provided. Porosity or other defects can result 
in an accelerated localized attack on the base metal because of the two-metal 
effects (Moore and McCafferty, 1981; Draper, 1982; McCafferty  et al. , 1982). 

  Organic coatings:  These involve a relatively thin barrier between the substrate 
material and the environment. Paints, varnishes, lacquers and similar coatings 
protect more metal per ton than any other method for combating corrosion. Exterior 
surfaces are most common, but inner coatings or linings are also widely utilized. 
Approximately $2 billion per year is spent in the United States on organic coatings. 
Myriad types and products are involved, and some are accompanied by outlandish 
claims. Substantial knowledge of this complex fi eld is therefore required for 
successful performance. The best procedure for those who are inexperienced is to 
consult a reputable producer of organic coatings. As a general rule, these coatings 
should not be used where the environment would rapidly attack the substrate 
material (Garrett, 1964). Aside from proper application, the three main factors to 
consider for organic coatings, listed in order of importance, are (1) surface 
preparation, (2) selection of primer or priming coat and (3) selection of top coat or 
coats. Polymeric (or organic) coatings have been employed to protect metals 
against corrosion for a long time. The primary effect of a polymeric coating is to 
function as a physical barrier against aggressive species such as O 2  and H + .   

   13.1.2  Polymer nanocomposite coatings 

 Chromium-containing compounds (CC) have generally been used as effective 
anticorrosive coatings in the past decades. However, due to the environmental 
and health concerns, CCs may need to be replaced by alternative materials that 
would not pose biological and ecological hazards. Thus, research has focused on 
the development of novel polymeric coating materials that contain effective 
anticorrosive agents. Organic or polymeric coatings on metallic substrates provide 
an effective barrier between the metal and its environment and/or inhibit corrosion 
through the presence of chemicals. These coatings generally function as a physical 
barrier against aggressive species such as O 2  and H +  that cause decomposition. 

 Examples of representative polymers include epoxy resins (MacQueen and 
Granata, 1996; Dang  et al. , 2002), polyurethanes (Moijca  et al. , 2001) and polyesters 
(Defl orian  et al. , 1996; Malshe and Sangaj, 2006). Moreover, conjugated polymers 
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such as polyaniline (Wessling and Posdorfer, 1999; Tan and Blackwood, 2003), 
polypyrrole (Krstajic  et al. , 1997; Iroh and Su, 2000) and polythiophene (Kousik 
 et al. , 2001) have also been employed as advanced anticorrosive coatings due to 
their redox catalytic properties, forming metal oxide passivation layers on metallic 
substrates. Conversely, not all neat polymeric coatings are permanently impenetrable, 
because small defects in the coatings can lead to gateways that allow corrosive 
species to attack the metallic substrate; thus, localized corrosion can occur. 

 As a second line of defense against corrosion, various nanoscale inorganic 
additives have been incorporated into various polymer matrices to generate a series 
of organic–inorganic hybrid anticorrosive coatings. Recently, nanoclays such as 
clay have attracted intensive research interest for the preparation of polymer/clay 
nanocomposites (PCNs) because their nanostructure displays high in-plane strength 
and stiffness. Typically, the chemical structure of montmorillonite (MMT) consists 
of two fused silica tetrahedral sheets that sandwich an edge-shared octahedral sheet 
of either magnesium or aluminum hydroxide. The Na +  and Ca +2  residing in the 
interlayer regions can be replaced by organic cations such as alkylammonium ions, 
by a cationic exchange reaction, to render the hydrophilic clay organophilic. 

 The historical development of PCNs can be traced back to the work on PCNs 
reported by Toyota’s research group (Usuki  et al. , 1993). According to many recently 
published works, the dispersion of clay was found to boost the thermal stability 
(Lan  et al. , 1994), mechanical strength (Tyan  et al. , 1999), molecular barrier (Asif 
 et al. , 2011) and fl ame-retardant (Gilman  et al. , 2000) properties of polymers. 
Recently, PCN materials used as enhanced anticorrosion coatings have been reported 
by Yeh’s group (Yeh  et al. , 2001 2002, 2002, 2003, 2003, 2004a, b, c, d, e, 2005, 
2006, 2007; Yu  et al. , 2004a, b, c; Chang  et al. , 2007, 2008; Lai  et al. , 2007; Huang 
 et al. , 2011). For example, conjugated polymers (e.g. polyaniline, polypyrrole and 
poly(3-hexylthiophene)), thermoplastic polymers (e.g. poly(methylmethacrylate), 
polystyrene, poly (styrene-co-acrylonitrile) polysulfone), thermosetting polymers 
(e.g. polyimide and epoxy) and electroactive polymers (e.g. electroactive polyimide 
and epoxy) had all been blended with organo-modifi ed clay or raw Na + -MMT clay 
through different preparative routes, such as  in situ  polymerization or solution 
dispersion, to make a series of novel advanced anticorrosion coatings based on a 
series of electrochemical corrosion parameter measurements of corrosion potential, 
polarization resistance and corrosion current at room temperature. 

 In this chapter, we present PCN materials (including conjugated polymers, non-
conjugated polymers and electroactive polymers) as model coatings to demonstrate 
the advanced anticorrosive properties of clay-based polymeric coatings by 
performing a series of electrochemical corrosion measurements.   

   13.2  Structure of clay 

 Clay minerals are an example of a wider class of compounds known as layered 
materials, which may be defi ned as ‘crystalline material wherein the atoms in the 
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layers are cross-linked by chemical bonds, while the atoms of adjacent layers 
interact by physical forces’ (Schoonheydt  et al. , 1999). Both clay sheets and 
interlayer space have widths in the nanometer range. The predominant naturally 
occurring cationic clay minerals have alumino-silicate sheets that carry a 
negative charge, which means that the interlayer guest species must be positively 
charged (cationic) (Grim, 1962). Clays are generally classifi ed by structure as 
allophane, kaolinite, halloysite, smectite, illite, chlorite, vermiculite, attapulgite–
palygorskite–sepiolite and mixed layered minerals (Grim, 1968). PCNs are 
mainly based on smectite clays because of their swelling properties, which result 
from their capacity to host water and organic molecules between silicate layers, 
high cation exchange capacities, high aspect ratio and large surface area (Theng, 
1979; Pinnavaia, 1983). 

 The surface area of a mineral when measured using an adsorption method 
depends on access to the internal surfaces, so that the N 2  Brunauer–Emmett–Teller 
(BET) method generally returns the external area, which is typically 15–50 m 2  g −1  
for smectite clays (Grim, 1962, 1968). The internal surface area is better calculated 
and is about 620 m 2  g −1  (Helmy  et al. , 1999; Chen and Evans, 2004). 

 Smectite clays consist of units in the form of ‘sheets’ or ‘platelets’, made up of 
two silica tetrahedral layers with a central alumina or magnesia octahedral layer. 
Hydrated exchangeable cations are found in the spaces between lattices, as shown 
in  Fig. 13.1  (Paul and Robeson, 2008). The layers are held together by van der 
Waals and electrostatic forces, and the absence of primary chemical bonds allows 
the intercalation of water or polar organic molecules, causing the lattice to expand 
in the  c  direction (Grim, 1968). 

   13.1     Structure of sodium montmorillonite (Paul and Robeson, 2008).     
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 MMT and hectorite are commonly used in nanocomposites. They belong to 
the dioctahedral and trioctahedral groups (two and three aluminum-centered 
octahedrons in the unit cell respectively) and have ideal chemical formulae of 
Al 2 Si 4 O 10 (OH) 2 ·yH 2 O and Mg 3 Si 4 O 10 (OH) 2 ·yH 2 O respectively (Grim, 1968). 
Some Al 3+  cations in MMT are substituted by Mg 2+ , and similarly some Mg 2+  
cations in hectorite are substituted by Li + . These substitutions cause charge 
defi ciency and are balanced by external cations present in the galleries, such as 
Na + , producing chemical formulae Mx/n n+ ·yH 2 O[Al 4.0–x Mg x (Si 8.0 )O 20 (OH) 4 ] and 
M x/n  

n+ ·yH 2 O[Mg 6.0–x Li x  (Si 8.0 )O 20 (OH,F) 4 ] (Paul and Robeson, 2008). 
 Natural MMT is hydrophilic and is generally considered unsuitable for hosting 

non-polar organic molecules without prior treatment. Interlayer cations can be 
exchanged with organic cations to obtain organophilic MMT, producing an 
‘organoclay’, which has an expanded interlayer spacing and more readily produces 
a PCN by intercalation and/or exfoliation. Traditional modifi cation agents behave 
as surfactants, such as alkyl and quaternary ammonium halides (e.g. dimethyl di 
(hydrogenated tallow) quaternary ammonium chloride), mainly following the 
Toyota research group, who used a solution of 12-aminolauric acid in concentrated 
hydrochloric acid as the modifi er for MMT to reinforce nylon 6. Similarly, 
modifi cation is necessary for hectorite to make it organophilic.  

   13.3  Polymer/clay nanocomposite (PCN) structures 

 Nanocomposites can, in principle, be formed from clay and organoclay in a number 
of ways, including various  in situ  polymerization (Fukushima and Inagaki, 1987; 
Kojima  et al. , 1993; Biasci  et al. , 1994; Huang  et al. , 2000; Zhou  et al. , 2001; 
Albrecht  et al. , 2003; Kiersnowski and Piglowski, 2004), solution (Ray and 
Okamoto, 2003; Hussain and Hojjati, 2006) and latex (Goldberg  et al. , 2002; 
Takahashi  et al. , 2006) methods. However, the greatest interest has involved melt 
processing (Masenelli-Varlot  et al. , 2000; Kim  et al. , 2005; Vermogen  et al. , 2005; 
Morgan  et al. , 2007; Picard  et al. , 2007) because this is generally considered more 
economical and more fl exible for formulation and involves compounding and 
fabrication facilities commonly used in commercial practice. For most purposes, 
complete exfoliation of the clay platelets, i.e. platelets separated from one another 
and dispersed individually in the polymer matrix, is the desired goal of the 
formation process. However, this ideal morphology is frequently not achieved and 
varying degrees of dispersion are more common. 

 While far from a completely accurate or descriptive nomenclature, the literature 
commonly refers to three types of morphology: immiscible (conventional or 
microcomposite), intercalated and exfoliated. These are illustrated schematically in 
 Fig. 13.2  along with example transmission electron microscopic (TEM) images and 
the expected wide-angle X-ray scans (LeBaron  et al. , 1999; Pinnavaia and Beall, 
2000; Yariv and Cross, 2002; Hussain and Hojjati, 2006; Mai and Yu, 2006; 
Anbarasan  et al. , 2011). 
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 For the case called ‘immiscible’ in  Fig. 13.2 , the organoclay platelets exist in 
particles comprised of tactoids or aggregates of tactoids more or less as they were in 
the organoclay powder, i.e. no separation of platelets. Thus, the wide-angle X-ray 
scan of the polymer composite is expected to look essentially the same as that obtained 
for the organoclay powder; there is no shifting of the X-ray  d -spacing. Generally, such 
scans are made over a low range of angles, 2 θ , such that any peaks from a crystalline 
polymer matrix are not seen, since they occur at higher angles. For a completely 
exfoliated organoclay, no wide angle X-ray peak is expected for the nanocomposite 
since there is no regular spacing of the platelets and the distances between platelets 
would, in any case, be larger than wide angle X-ray scattering can detect. 

    13.4  Methods for synthesizing PCN 

 Intercalation of polymers in layered hosts, such as clay, has proven to be a 
successful approach to synthesize PCN materials. The preparative methods are 
divided into three main groups according to the starting materials and processing 
techniques. 

  Intercalation of polymer or pre-polymer from solution  ( Fig. 13.3(a) ) (Aranda 
and Ruiz-Hitzky, 1992; Yano  et al. , 1993; Jimenez  et al. , 1997; Jeon  et al. , 1998; 

   13.2     Illustration of different states of dispersion of organoclays 
in polymers with corresponding WAXS and TEM results (Paul and 
Robeson, 2008).     
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Tseng  et al. , 2001; Xu  et al. , 2001): This is based on a solvent system in which the 
polymer or pre-polymer is soluble and the clay is swellable. The layered silicate 
is fi rst swollen in a solvent such as water, chloroform or toluene. When the 
polymer and clay solutions are mixed, the polymer chains intercalate and displace 
the solvent within the interlayer of the clay. Upon solvent removal, the intercalated 
structure remains, resulting in PCN materials. 

 In situ  intercalative polymerization method  ( Fig. 13.3(b) ) (Kojima  et al. , 1993; 
Usuki  et al. , 1993; Okamoto  et al. , 2000, 2001; Biswas and Sinha-Ray, 2001; Leu 

   13.3   (a) Schematic representation of a PCN material obtained by 
intercalation of polymer from solution; (b) schematic representation of 
a PCN material obtained by in-situ polymerization; and (c) schematic 
representation of a PCN material obtained by direct melt intercalation  .     
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 et al. , 2002; Kim  et al. , 2003). In this method, the clay is swollen within the liquid 
monomer or a monomer solution so that polymer formation can occur between the 
intercalated sheets. Polymerization can be initiated either by heat or by radiation, 
by the diffusion of a suitable initiator or by an organic initiator or catalyst fi xed 
through cation exchange inside the interlayer before the swelling step. 

  Melt intercalation method  ( Fig. 13.3(c) ) (Vaia  et al. , 1993, 1995; Vaia and 
Giannelis, 1997a, 1997b; Huang  et al. , 2000; Wang  et al. , 2001; Chisholm  et al. , 
2002; Fornes  et al. , 2002; Usuki  et al. , 2002). This method involves (statically or 
under shear) a mixture of the polymer and organically modifi ed clay above the 
softening point of the polymer. This method has advantages over either  in situ  
intercalative polymerization or polymer solution intercalation. First, this method 
is environmentally benign due to the absence of organic solvents. Second, it is 
compatible with current industrial process such as extrusion and injection 
molding. The melt intercalation method allows the use of polymers that were 
previously not suitable for  in situ  polymerization or solution intercalation. 

    13.5  Anticorrosive properties 

 In a non-conjugated polymer system, Yeh  et al.  (2002) reported a series of PCN 
materials that consisted of poly(methylmethacrylate) (PMMA) and layered MMT 
clay that were prepared by effectively dispersing the inorganic nanolayers of 
MMT clay in an organic PMMA matrix via  in situ  thermal polymerization. Organic 
methylmethacrylate monomers were fi rst intercalated into the interlayer regions of 
organophilic clay hosts, followed by a typical free-radical polymerization. The 
as-synthesized PCN materials were characterized by infrared spectroscopy, 
wide-angle powder XRD ( Fig. 13.4 ) and TEM ( Fig. 13.5 ). 

  Figure 13.4  shows the wide-angle powder XRD patterns of organophilic clay 
and a series of PCN materials. For CLMA1 (1 wt% clay dispersed into PMMA 
matrix), there is a lack of any diffraction peak in 2 θ  = 2–10° as opposed to the 
diffraction peak at 2 θ  = 4.85° ( d -spacing = 1.82 nm) for organophilic clay, 
indicating the possibility of having exfoliated organophilic clay dispersed in a 
PMMA matrix. When the amount of organoclay increased to 5 wt%, there was a 
small peak appearing at 2 θ  = 2.8°, corresponding to a  d -spacing of 3.15 nm. This 
implied that there was a small amount of organoclay that could not be exfoliated 
in the PMMA and existed in the form of an intercalated layer structure. For 
CLMA10 (10 wt% clay dispersed into PMMA matrix), the interlayer distance of 
organoclay nanolayers could not be further increased and displayed a  d -spacing 
of organophilic clay in the organic PMMA matrix, indicating that a large amount 
of organoclay existed in an intercalated layer structure. 

 In  Fig. 13.5 , the TEM of PCN materials with 5 wt% clay loading (CLMA5) 
reveals that the nanocomposite displays a mixed nanomorphology. Individual 
silicate layers, along with two and three-layer stacks, are found to be exfoliated in 
the PMMA matrix. In addition, some larger intercalated tactoids can also be 
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   13.4     Wide-angle powder X-ray diffraction patterns of organophilic clay, 
PMMA and a series of PCN materials.     

   13.5     Transmission electron microscopy of PMMA/clay (5 wt%) 
nanocomposite.     
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identifi ed. PCN coatings with 1 wt% clay loading (CLMA1) on cold-rolled steel 
(CRS) showed superior anticorrosion properties compared with those of bulk 
PMMA based on a series of electrochemical measurements of corrosion potential 
( E  corr ), polarization resistance ( R  p ), corrosion current density ( I  corr ) and impedance 
spectroscopy in 3.5 wt% aqueous NaCl electrolyte ( Table 13.1  and  Fig. 13.6  
and  13.7 ). 

   Table 13.1     Relationships of the composition of PMMA–MMT clay nanocomposite 
materials with the  E  corr ,  R  p ,  i  corr , and  R  corr  measured using electrochemical methods  

Compound 
code

Feed 
composition 
(wt%)

Inorganic 
content 
found in 
product 
(wt%)

Electrochemical corrosion measurement

PMMA MMT  Ecorr 
(mV)

Rp (KΩ 
cm2)

lcorr 
(nA/cm2)

Rcorr 
(MPY)

Thickness 
(µm)

Bare  —  — — −604 2.7 1.9×104 36.7 —
PMMA 100  0 0 −485 3.2×102 1.2×102 2.3×10−1 110
CLMA1  99  1 1.2 −379 9.2×102 4.5×101 8.0×10−2 112
CLMA3  97  3 3.5 −278 6.4×103 9.4 1.8×10−2 121
CLMA5  95  5 6.9  −78 7.5×103 5.7 1.1×10−2 113
CLMA10  90 10 18.1  −19 1.8×104 2.3 4.4×10−3 117
CLMA-N10  90 10 22.1  — — — — —

   13.6     Tafel plots for (a) uncoated, (b) PMMA-coated, (c) CLMA1-coated, 
(d) CLMA3-coated, (e) CLMA5-coated and (f) CLMA10-coated CRS 
measured in 3.5 wt% NaCl aqueous solution.     
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 The molecular weights of PMMA extracted from PCN materials and 
bulk PMMA were determined by gel permeation chromatography (GPC) with 
tetrahydrofuran as an eluant. Effects of the material composition on the gas and 
water permeability, optical clarity and thermal stability of PMMA and PCN 
materials, in the form of both free-standing fi lms and fi ne powders, were also 
studied by molecular permeability analysis, ultraviolet–visible transmission 
spectra, differential scanning calorimetry and thermogravimetric analysis, 
respectively. 

 Anticorrosive performance of sample-coated CRS coupons can be examined 
from the values of corrosion potential ( E  corr ), polarization resistance ( R  p ), 
corrosion current ( i  corr ) and corrosion rate ( R  corr ), as listed in  Table 13.1 . The CRS 
coupon coated with PMMA shows a higher  E  corr  value than the uncoated CRS. 
However, it exhibits a lower  E  corr  value than the specimen coated with PCN 
materials. Such an  E  corr  value implies that the CLMA1-coated (1 wt% clay 
dispersed into PMMA matrix) CRS is more noble toward the electrochemical 
corrosion compared with the PMMA. The CLMA1-coated CRS shows a 
polarization resistance ( R  p ) value of 9.2 × 10 2  kΩ/cm 2  in 3.5 wt%NaCl, which is 
about two orders of magnitude greater than the uncoated CRS ( Table 13.1 ). 
Corrosion current information can be obtained by the Tafel extrapolation method, 
where large cathodic and anodic polarizations provide the cathodic and anodic 
polarization curves for the respective corrosion processes. 

 The Tafel plots for PCN are shown in  Fig. 13.6 . Electrochemical corrosion 
current values of PCN materials as coatings on CRS were found to decrease 
gradually with a further increase in clay loading. Electrochemical impedance 

   13.7     Nyquist plots of fi ve CRS samples in 3.5 wt% NaCl aqueous 
solution: (a) PMMA coated, (b) CLMA1-coated, (c) CLMA3-coated, 
(d) CLMA5-coated and (e) CLMA10-coated.     
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spectroscopy (EIS) was also used to examine the activity difference between the 
CRS surface after PMMA and PCN materials treatment. 

  Figure 13.7  shows the Nyquist plots of the PCN. The charge-transfer resistances 
of samples (a), (b), (c), (d) and (e), as determined by the intersection of the low-
frequency end of the semicircle arc with the real axis, are 5000, 32 000, 49 000, 
58 000 and 89 000 Ω·cm 2 , respectively. The results clearly demonstrate that the 
sample with the highest clay loading has the greatest anticorrosive performance. 

 According to the gas and water permeability analysis above, a free-standing 
fi lm of PCN materials at low clay loading (e.g. 3 wt%) shows about 57% and 28% 
reduction of H 2 O and O 2  permeability, respectively, as shown in  Fig. 13.8 . 
Furthermore, it should be noted that a further increase of clay loading results in a 
slightly further enhanced molecular barrier property in bulk PCN materials. The 
enhanced corrosion protection effect of PCN compared with bulk PMMA might 
have resulted from dispersing clay in the PMMA matrix to increase the tortuosity 
of oxygen gas and water vapor diffusion pathways. 

 In a conjugated polymer system, Yeh  et al.  (2001) investigated a series of 
nanocomposite materials consisting of an emeraldine base of polyaniline and 
MMT clay that were prepared by effectively dispersing the inorganic nanolayers 
of MMT clay in an organic polyaniline matrix (CLAN) via  in situ  polymerization. 
Organic aniline monomers were fi rst intercalated into the interlayer regions 
of organophilic clay hosts and followed by a one-step oxidative polymerization. 
The as-synthesized polyaniline/clay lamellar nanocomposite materials were 
characterized by infrared spectroscopy, wide-angle powder XRD and TEM. 

   13.8     Permeability of H2O and O2 as a function of the MMT clay content 
in the PMMA/clay nanocomposite materials.     
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 Wide-angle powder XRD patterns of organophilic clay and a series of PCN 
materials ( Fig. 13.9 ) showed that there is a lack of any diffraction peak in 
2 θ  = 2–10° as opposed to the diffraction peak at 2 θ  = 3.9° ( d- spacing = 2.26 nm) 
for organophilic clay, indicating the possibility of having exfoliated silicate 
nanolayers of organophilic clay dispersed in a polyaniline matrix that was 
correspondent to TEM image ( Fig. 13.10 ). Polyaniline–clay nanocomposites in the 
form of coatings with low clay loading (e.g. CLAN075; 0.75 wt% clay dispersed 
into polyaniline matrix) on CRS showed superior corrosion protection compared 
with those of conventional polyaniline based on a series of electrochemical 
measurements in 3.5 wt-% aqueous NaCl electrolyte ( Fig. 13.11 ). 

 The molecular weights of polyaniline extracted from polyaniline/clay 
nanocomposite materials and bulk polyaniline were determined by gel permeation 
chromatography (GPC). The effects of material composition on the gas barrier 
properties ( Fig. 13.12 ), thermal stability and mechanical strength of polyaniline and 
polyaniline/clay nanocomposite materials, in the form of both fi ne powders and 
free-standing fi lms, were also studied by gas permeability measurements, differential 
scanning calorimetry, thermogravimetric analysis and dynamic mechanical analysis. 

   13.9     Wide-angle powder X-ray diffraction patterns of organophilic clay, 
polyaniline and a series of polyaniline/clay nanocomposite materials.     
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   13.10     TEM of PCN03: with exfoliated single, double and triple layers 
and a multilayer tactoid.     

   13.11     Tafel plots for (a) uncoated, (b) PANI-coated, (c) CLAN025-coated, 
(d) CLAN05-coated and (e) CLAN075-coated CRS measured in 3.5 wt% 
NaCl aqueous solution.     
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 In an electroactive polymer system, Huang  et al.  (2011) attempted to prepare 
advanced PCN anticorrosive coating materials with the synergistic effects 
of redox catalytic capability and gas barrier properties by incorporation of 
well-dispersed organophilic clay platelets into amine-capped aniline trimer 
(ACAT)-based electroactive polyimide (EPI) matrix through chemical imidization 
(see  Fig. 13.13 ). 

 The corrosion protection properties of electroactive polyimide/clay 
nanocomposite (EPCN) coatings were investigated by a series of electrochemical 
measurements in 3.5 wt% NaCl electrolyte. Gas barrier properties and redox 
behavior (i.e. electroactivity) of EPCN materials, in the form of membrane and 
coating, was identifi ed by the studies of gas permeability analysis (GPA) and 
electrochemical cyclic voltammetry (CV), respectively. 

 It should be noted that the EPCN coating was found to confer advanced 
corrosion protection effects on a CRS electrode when compared with a neat non-
electroactive polyimide (NEPI) coating, based on a series of electrochemical 
corrosion measurements in 3.5 wt% NaCl electrolyte. This enhanced corrosion 
protection may be for two possible reasons: (1) redox catalytic capabilities (i.e. 
electroactivity) of ACAT units existing in the electroactive PCN may induce 
formation of passive metal oxide layers on a CRS electrode, as evidenced by 
scanning electron microscopy (SEM) and electron spectroscopy for chemical 
analysis (ESCA) studies; (2) well-dispersed layered organophilic clay platelets 
embedded in the EPCN matrix are acting as an effective oxygen barrier because 

   13.12     Permeability of O2, N2 and air as a function of the MMT clay 
content in the polyaniline/clay nanocomposite materials.     
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their high aspect ratio creates more tortuous O 2  and H 2 O diffusion pathways, as 
evidenced by GPA. 

 The interlayer spacing of MMT clay (2 θ  = ~6.8°,  d- spacing = 6.5 nm) increased 
after surface treatment with an intercalating agent to 9.6 nm (2 θ  = ~4.6°), as 
shown in  Fig. 13.14 . This result confi rms the expansion of silicate layers in 
organophilic MMT clay. At the same time, there are no obvious diffraction peaks 
for EPCN01 (1 wt% clay dispersed in an EPI matrix) or EPCN03 in 2 θ  = 2~10°, 
whereas a diffraction peak appeared at 2 θ  = ~4.6° ( d- spacing = 9.6 nm) for 
organophilic MMT clay, indicating the possibility of having exfoliated and 
intercalated silicate nanolayers of organophilic clay dispersed in the EPI matrix. 
In  Fig. 13.15 , TEM micrographs of EPCN materials, (a) 1 wt% (EPCN01) and (b) 
3 wt% (EPCN03) loading, also show that the nanocomposites have a combinational 
morphology, including both exfoliated and intercalated nanolayered structures 
simultaneously in the polymer matrix. 

 This redox behavior of EPI and EPCN can also be further identifi ed by an 
electrochemical cyclic voltammetry (CV) approach, as shown in  Fig. 13.16 . The 
electrochemical CV studies have indicated that EPCN03, in the form of a coating, 

   13.13     Schematic representation of the synthesis of ACAT and 
electroactive polyimide/clay nanocomposite (EPCN).     
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   13.14     Wide-angle powder X-ray diffraction patterns of (a) MMT, (b) 
organophilic/MMT clay, (c) EPCN01 and (d) EPCN03 materials.     

   13.15     TEM micrographs of (a) EPCN01 and (b) EPCN03 materials.     

showed a single oxidation peak similar to that of neat EPI. However, the CV curve 
of NEPI was found to exhibit zero redox current, indicating that feeding a 
conjugated diamine of ACAT may also incorporate electroactivity into the 
as-prepared EPI. Moreover, thoroughly dispersing clay platelets in the EPI matrix 
causes little sacrifi ce in electroactivity. 

 However, the electrochemical corrosion currents and corrosion potentials of 
EPCN materials as coatings on CRS were found to decrease gradually with further 
increases in clay loading ( Fig. 13.17 ). 
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   13.16     Cyclic voltammetry of polyimide shown as (a) ITO, (b) NEPI, 
(c) EPI and (d) EPCN03 measured in aqueous H2SO4 (1.0 M) with 
scan rate of 50 mV/s.     

   13.17     Tafel plots for (a) bare, (b) NEPI, (c) EPI, (d) EPCN01 and 
(e) EPCN03 measured in 3.5 wt% aqueous NaCl solution.     
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 The mechanism of enhanced corrosion protection of EPCN coatings was found 
to be associated with the formation of passivating protective metal oxide layers, 
induced from the redox catalytic properties of ACAT elements available in 
as-prepared EPCN coatings, as shown in  Fig. 13.18  (a), which was similar to that 
of PANI coatings reported in the previous literature (Wessling, 1996; Li  et al. , 
1997; Talo  et al. , 1997; Spinks  et al. , 2002). An enhanced corrosion protection 
effect of EPCN coatings compared with neat EPI may result from thoroughly 
dispersing organophilic clay platelets in the EPI matrix to increase the tortuosity 
of corrosive O 2  and H 2 O diffusion pathways ( Fig. 13.18(b) ). 

 Visual observation of passivation oxide layers revealed the deposition of a 
grayish oxide layer fi lm over the CRS surface (Wessling, 1994, 1996) under an 
EPCN coating on a CRS electrode. SEM image studies revealed that oxide layers 
were formed at the interface of an EPCN (i.e. EPCN03) coating and a CRS surface 
( Fig. 13.19(b) ). However, the bare CRS surface was smooth and clear; we could 
not observe the passive metal oxide layer on the bare CRS surface ( Fig. 13.19(a) ). 

   13.18     Schematic diagrams of (a) mechanism of CRS passivation by 
EPCN coatings and (b) diffusion pathway of oxygen gas in the EPCN.     
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 In addition to the SEM observations, the chemical nature of the passivating 
oxide layers can also be identifi ed by ESCA investigation. The typical binding 
energy plots versus intensity for iron oxide layers are shown in  Fig. 13.20 . Fe 2p 
spectra of FeO and Fe 3 O 4  are very similar and it is hard to distinguish one from 
the other. Fe 2p 1/2  and Fe 2p 3/2  binding energies were found at approximately 
724.2 and 711.0 eV, indicating that the passive oxide layer is predominately 
composed of Fe 2 O 3 , above a very thin Fe 3 O 4  layer (Lu  et al. , 1995). 

   13.19     SEM surface image of (a) polished CRS and (b) CRS induced by 
EPCN03.     

   13.20     ESCA Fe 2p core level spectra of EPI.     
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    13.6  Conclusions 

 Smectite clays can be effective reinforcing agents in the synthesis of PCN that 
display superior properties, even at low clay content (<3 wt%). PCN show enhanced 
physical properties even with a small amount of added clay, because the nanoscale 
dimensions of the clay particles yield a large contact area between the polymer 
matrices and the fi ller. The structure of clays, with layers of high aspect ratio, also 
imparts an excellent barrier that exhibits low gas permeability and enhanced 
anticorrosive properties. Anticorrosive properties of non-conjugated, conjugated 
and electroactive polymer nanocomposites with clay have been discussed above. 
The as-prepared PCN, in the form of coatings, showed advanced protection against 
corrosion on CRS coupons compared with bulk polymers, based on a series of 
standard electrochemical corrosion measurements including corrosion potential, 
polarization resistance, corrosion current and impedance spectroscopy. 

 The enhanced corrosion protection effect of PCN compared with bulk polymers 
is believed to have resulted from dispersing silicate nanolayers of clay in the 
polymer matrix to increase the tortuosity of diffusion pathways for H 2 O and O 2  
molecules, and is further evidenced by the O 2  and H 2 O permeability studies on the 
free-standing fi lm of as-prepared PCN. 

 It is noteworthy that the investigations of the corrosion protection effi ciency of 
conjugated and electroactive polymer–layered silicate nanocomposite coatings 
were divided into two separate phases. Firstly, neat conjugated polymer or 
electroactive polymeric coatings signifi cantly enhanced corrosion protection on 
CRS electrodes compared with non-conjugated polymeric coatings, and this 
might be attributed to the redox catalytic property of electroactive aniline trimers 
in the formation of passive layers of metal oxides. Secondly, the advanced 
anticorrosive properties of conjugated polymer coatings were revealed by the 
introduction of layered silicate into the matrix to form conjugated polymer–
layered silicate nanocomposite materials.   
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 Nanocoatings for corrosion protection of 

aerospace alloys  

    R.    ASMATULU,    Wichita State University, USA   

   Abstract:    As the result of environmental conditions, corrosion usually takes 
place and degrades the surface of aluminum alloys used in aerospace 
manufacturing. Commonly used methods of decreasing corrosion rates to 
improve the lifetime of these alloys include protective coatings, passivations 
and anodic and cathodic fortifi cation. In addition, new protection methods 
incorporating nanotechnology-associated approaches have been recently 
developed. These include surface treatments, nanocomposite thin-fi lm coatings, 
layer-by-layer coatings, self-cleaning coatings, sol–gel coatings, ceramic 
coatings, nanoscale alloy coatings and top-layer coatings. Compared with 
conventional coating materials, nanotechnology-associated coatings 
signifi cantly increase the corrosion protection of aluminum alloys. In this paper, 
some of the nanoscale studies involving protective coatings are analyzed and 
the results evaluated.  

   Key words:    corrosion, protective coatings, passivation, anodic and cathodic 
fortifi cation, nanocomposite, layer-by-layer coating, sol–gel coating.   

    14.1  Introduction 

   14.1.1  Background 

 Most early airplane skins were made primarily of aluminum alloys, which 
are lightweight and very good conductors of electricity, in addition to having 
a high strength compared with other materials. 1  When today’s commercial and 
military aircraft were designed in the 1960s and 1970s, practical lifetimes of 
30 to 40 years were anticipated. With increasing aircraft costs and decreasing 
budgets, many of these aircraft are still in service, and even higher demands have 
been placed on their extended service lifetimes. As a result, an ever-increasing 
obstacle to the fl ightworthiness of aircraft is corrosion, in addition to several 
billion dollars of repair, maintenance and other costs to air forces and commercial 
airlines. 2  

 Aluminum alloys, the primary metals used in industry, owe their excellent 
corrosion resistance to a barrier oxide fi lm (20–200 nm) that is bonded strongly to 
their surfaces. Even if these alloys are damaged, the oxide fi lm quickly reforms in 
most situations. 1  However, due to the wide variety of environments under which 
aircraft must operate, urban industrial pollutants, high humidity, hot deserts and 
marine locations may all combine to accelerate corrosion and jeopardize the 
structural integrity of aircraft parts. 2  To address this problem, routine inspection 
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and repair, and periodic restoration of the protective treatment that inhibits 
corrosion, have been practiced to extend the functional life of aircraft. 

 Corrosion is the destructive and unwanted attack of a corrosive environment 
on metals and alloys, and decreases the lifetime of materials used in aircraft 
and spacecraft manufacturing. 1  As a result of the degradation of metal surfaces, 
materials can lose their mechanical, other physical, chemical and physicochemical 
properties and appearance. 2–8  Metal surface corrosion accounts for approximately 
4% of an industrialized nation’s gross national product (GNP) spent on its 
prevention, replacement of corroded parts, maintenance and environmental 
protection. This translates to nearly $300 billion direct and indirect costs to the US 
economy per year at 2003 prices. 8  

 For more than a century, a number of different aluminum alloys have been 
commonly used in the aircraft industry. 1  These substrates mainly contain several 
alloying elements, such as copper, chromium, iron, nickel, cobalt, magnesium, 
manganese, silicon, titanium and zinc. It is known that these metals and alloys can 
be dissolved as oxides or other compounds in an aqueous medium due to the 
chemical or electrochemical reactions between their metal surfaces and the 
environment (solution). The rate of the dissolution from anode to cathode phases 
at the metal surfaces can be infl uenced by the electrical conductivity of electrolytic 
solutions. Thus, anodic and cathodic electron transfer reactions readily exist with 
bulk electrolytes in water and, hence, produce corrosive products and ions. 1–3  It 
is known that pure water has poor electrical conductivity, which in turn lowers 
the corrosion rate of materials; however, natural environmental solutions (e.g. 
sea water, acid rains, emissions or pollutants, chemical products and industrial 
waste) are highly corrosive and the environment’s temperature, humidity, UV 
light and pressure continuously vary depending on time and the type of process 
involved. 2,3   

   14.1.2  Aerospace alloys 

 Currently there are a number of aerospace alloys, including Al- and Mg-, Ni-, 
Co- and Ti-based alloys. In aluminum-based alloys, Al is the predominate metal 
in the system along with alloying elements such as copper, zinc, manganese, 
silicon and magnesium. Two main classifi cations of Al-based alloys are cast and 
wrought alloys, both of which are subdivided into heat-treatable and non-heat-
treatable categories. 1  More than 80% of Al alloys are produced by the wrought 
process in the form of rolled sheets and foils because of their higher strength and 
lower density. The following Al alloys are commonly used in aircraft and other 
aerospace applications (helicopters and spacecraft): 7075, 6061, 6063, 2024 and 
5052. Among these, the 7075 Al alloy is most preferred by the aircraft industry. 
The composition of this specifi c Al alloy is 5.1–6.1% zinc, 2.1–2.9% magnesium, 
1.2–2.0% copper and less than 0.5% of silicon, iron, manganese, titanium, 
chromium and other trace metals. 9  Aluminum alloys are widely used in aircraft 
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fuselages and other engineering structures and compounds in which light weight 
and corrosion resistance are highly desired. 

 In addition to Al-based alloys, specially designed alloys make it possible for the 
aircraft industry to produce high-strength parts for jet engines and airframes 
where high pressure, temperature and vibration are greatly considered during 
their design and manufacturing. 9  Stainless steel, titanium, nickel, copper and their 
alloys are the major components of aerospace alloys utilized for engine blocks, 
providing high strength and/or the ability to perform at extremely high 
temperatures. The ratio of engine power to weight, airframe strength and many 
other factors drastically affect jet performance. Also, these alloys are designed to 
be strong, resistant to corrosion and able to maintain their integrity at any 
temperature. 

 Initially, little or no attention was paid to corrosion and corrosion control of 
commercial and military airplanes. As the age of an aircraft exceeds 20 years 
of service life, corrosion becomes a major concern, thus bringing corrosion 
prevention and control issues to the forefront of design and manufacturing. For 
several years now, corrosion of military aircraft and other equipment has been an 
ongoing problem. Data provided by the US military indicate that corrosion is 
potentially the number one cost, which totals approximately $20 billion annually. 10   

   14.1.3  Aerospace alloy corrosion 

 The structural integrity of aging aircraft structures can be directly related to 
corrosion. As the service life of aircraft increases, eventually there will be a 
growing probability of corrosion formation, along with other forms of damage 
such as fatigue cracks, stress–corrosion cracking and other local or global 
damage. 11  In addition, aging aircraft can accumulate residual structural stresses in 
their structures, or on the rivets and around rivet holes, decreasing the mechanical 
properties of Al alloys and reducing the lifetimes of these highly expensive pieces 
of equipment. 12  

 Usually, the surfaces of Al and Al alloys keep their apparent shine in a 
low humidity environment because of the protective oxide layer on the 
surface, which can be up to several hundred nanometers thick. 13  At higher 
humidity and temperatures, galvanic, pitting and intergranular corrosion, hydrogen 
embrittlement and selective leaching can take place, mainly on the surface of Al 
alloys if there is suffi cient electrical conductivity between the environment and 
the metal surface. 14  Other types of corrosion can also take place on Al alloys, but 
these may be negligible compared with other types of corrosion forming on 
aircraft alloys. 

  Galvanic corrosion  is an electrochemical process in which one of two metals 
preferentially corrodes in an electrolyte aqueous solution at the joint. 13  During 
aircraft manufacturing, Al or Mg alloys are usually in contact with highly 
corrosion-resistant carbon or stainless steel where galvanic corrosion can take 
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place, which accelerates the corrosion formation on Al or Mg alloys. 15  Riveted 
areas are highly vulnerable to galvanic corrosion if the rivets and alloys are of 
dissimilar materials. A number of procedures can prevent galvanic corrosion: 16  
spraying a protective coating between dissimilar metals, insulating the electrical 
conductivity; balancing the anode and cathode areas; aeration of salty sea water; 
reducing electrolytes and electrical contacts; lowering the range of individual 
potential difference; removing microorganisms and dust accumulation; changing 
the microstructure (grain size reduction); forming a passive oxide layer; applying 
an impressed current; neutralizing the pH values of the solution; and reducing the 
content of humidity, temperature, UV light and oxygen. 9  

  Pitting corrosion  is a localized corrosion by which small cavities or holes are 
formed on the surface of metals. This is one of the more dangerous corrosions 
because of its limited detection and the persistence of pitting formations. 1  These 
small holes and cavities can lead to a catastrophic failure of the engineering systems. 
Surface oxide layers and other corrosion products often cover the surfaces of the pits 
and make them entirely invisible. 14  Aluminum pit corrosion is randomly localized in 
the passive region of the protective oxide layer. Based on pitting conditions, the pit 
width, length and shape can change over time. In an open environment, pitting 
corrosion is mostly initiated in the weak areas of the materials by chlorine (Cl − ) ions, 
fl uorine (F − ) ions and oxygen, which are abundant elements on earth. 17  Pits prorogate 
into aluminum and Al alloys according to the following reactions: 18  

 Al = Al 3  
+  + 3e −  [14.1] 

 Al 3  
+  + 3H 2 O = Al(OH) 3  + 3H +  [14.2] 

 Additionally, hydrogen evolution and oxygen reduction can take place at the 
intermetallic cathodes: 

 2H +  + 2e −  = H 2  [14.3] 

 O 2  + 2H 2 O + 4e −  = 4OH −  [14.4] 

 When a pit begins to form through an anodic reaction, the pH of the environment 
inside the pit is reduced, according to Reaction [14.2]. In order to balance the 
positive charges produced in Reactions [14.1] and [14.2], chlorine ions migrate 
into the pit sites, resulting in HCl formation and hence pitting. During the 
reduction reaction, local alkalinization around the cathodic particles can occur. 
These cathodic particles already exist in the system. Since aluminum oxide layers 
are usually not stable in such an environment, Al around the cathodic particles 
dissolves, thus creating alkaline pits on the surface. 17  Pure aluminum metal 
usually has lower electrode potential than its alloys, so connecting these two can 
accelerate galvanic corrosion as well. Most Al alloys have excellent resistance to 
atmospheric corrosion, and usually the requirements for additional protection are 
minimal in that short period. 9  
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  Intergranular corrosion  is another type of localized corrosion, whereby the 
grain boundaries (or crystallites) of metals are selectively dissolved and visible 
boundary lines are created. 19  Grain boundaries are the precipitated and segregated 
sites of the metals, which makes them physically and chemically different from 
the remaining matrix. Here, the bulk grains are not usually attacked by the 
corrosion species and the depth of corrosion is often shallow. 1  Al alloys are very 
rich in corrosion-resistant elements such as titanium, chromium, copper and 
nickel, and these alloying elements can be depleted in the grain boundaries. The 
depleted zones on the grain boundaries are electrochemically active, and this 
activity is based on the alloy composition and thermo-mechanical processing. 17  
These zones can also exhibit local galvanic coupling, resulting in galvanic 
corrosion of the Al alloys. Usually, Al-based alloys are sensitive to intergranular 
corrosion and can be weakened over time. 

  Hydrogen embrittlement  is a process whereby hydrogen atoms are introduced 
into metals and alloys. This can seriously reduce the ductility of the materials, 
resulting in catastrophic brittle failures at a stress well below the yield stress of the 
materials. 20  In this process, hydrogen atoms dissolve into metals and increase 
their hardness exponentially. 9  Although hydrogen embrittlement does not affect 
all metals and alloys, the most vulnerable materials include high-strength steels 
and aluminum and titanium alloys. The main sources of hydrogen come from a 
hydrogen-contaminated environment, electrolysis, storage tanks, by-products of 
general corrosion reactions and other cathodic reactions. 14  The production of 
atomic hydrogen is as follows in this single-step reaction: 11  

 H 2 O + e −  = OH −  + H [14.5] 

 A hydrogen atom-rich solution provides an aggressive environment for Al alloys. 
Many Al alloy-based aging aircraft have corrosion damage during their service 
life because of corrosion-induced hydrogen embrittlement mechanisms. 21–23  
More specifi cally, hydrogen atoms cause lattice defects (e.g. vacancies, 
dislocations, grain boundaries) and distortions on Al alloys and make them 
extremely brittle. The Aloha Airlines accident in 1988 is considered to have had 
this type of mechanism failure as well as other environmentally induced cracking. 11  

  Selective leaching  (or de-alloying) is the leaching process of a less noble metal 
from alloys in a suitable condition. This is a localized corrosion process. The most 
common elements typically undergoing selective removal include zinc, aluminum, 
nickel, iron, chromium and cobalt. What remains is a mechanically weak, porous 
structure with very low ductility. 24  Aluminum metal can preferentially dissolve 
from an Al alloy in a de-aluminifi cation process. Severe marine environments and 
acidity accelerate the Al depletion process from the alloys. Selective leaching can 
be prevented by oxygen removal from the solution, cathodic protection, selection 
of alloying elements and grain-size reduction. 25  

 In addition to these corrosions, others may also take place on aerospace alloys, 
including bacterial corrosion, uniform corrosion, hot temperature corrosion, 
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exfoliation (lamellar or layer) corrosion, deposit corrosion, crevice corrosion and 
fretting corrosion. 1,9,13  This deterioration, along with residual stress and fatigue, 
can accelerate the aging process of aircraft alloys and reduce the aircraft’s overall 
mechanical performance. This has been an unsolved engineering problem for 
several decades and needs to be addressed.  

   14.1.4  Protective coatings 

 Protective coatings are frequently utilized for the purpose of protecting composite 
and metal and alloy surfaces against environmental attack. For the Al alloy surface, 
three layers of the protective coatings, such as chromate conversion coating, primer 
coating and a top layer coating are generally employed.  Figure 14.1  shows 
the protective coatings on an aircraft Al alloy with approximate thicknesses. 1  
Chromate conversion coatings have a good atmospheric corrosion resistance and 
are commonly used by the aircraft industry. Primer coating is a preparatory coating 
on the metal surface prior to the top coating to ensure better adhesion, higher 
durability and additional protection against corrosion. Finally, a polymeric top 
layer coat consisting of polyurethane, polyamide, polyester, resin or epoxy is 
applied to protect the remaining layers and substrates against chemicals, oxygen 
and light. The top layer is also used as a foundation for coloring and design, as 
these extra elements have a strong tendency to react with alloy surfaces. 20  

 Polymeric coatings undergo physical, chemical and physicochemical 
deterioration as a result of environmental interactions. These degradations can 
develop in the form of swelling by radiation (solar UV light, electron beams, 
x-ray,  β -ray and  γ -ray), water absorption (causing a reduction in hardness and 
stiffness), dissolution, cross-linking, oxidation and color changes due to heat, acid 
rain, oxidative environments (O 2  and O 3 ) and other factors. 7  Additionally, at 
elevated temperatures some gas species may evolve from the coatings, thus 
reducing the strength, molecular weight (MW), gloss, density and glass transition 
temperature ( Tg ), and thereby increasing the porosity and surface roughness of 
the polymeric coatings. The combined effects of degradation can also take place 
on organic materials. Finally, the degradation process alters mechanical, electrical, 

   14.1     Three layers of protective coatings for Al alloys of aircraft.     
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thermal and optical properties, as well as other chemical and physicochemical 
properties of the materials. 2   Figure 14.2  shows the major atmospheric infl uences 
on an organic coating and corrosion formations on a substrate. 6  

 Comparing all environmental conditions, the most destructive damage on a 
polymeric coating is the result of UV light over a long period of time. The sun 
emits high-intensity UV light, which causes the formation of free radicals on 
polymer surfaces. 2  These radicals are simply groups of atoms/molecules with an 
excess number of electrons that want to pair with other electrons in the polymer 
structure. Therefore, this process breaks the covalent bonds of polymer molecules 
into small molecules and initiates cross-linking reactions (extra polymerization) 
or oxidation. 7  During a long period of UV light exposure, these polymers can be 
overly cured at wavelength ranges of 300 nm to 400 nm, which in turn causes 
shrinkage/expansion and hence increases the internal stresses and brittleness of 
the polymers. 6  Because of the long-term UV exposure, synthetic and naturally 
occurring polymeric coatings cannot defend against environmental attack. 
Especially at higher levels of cross-linking, polymeric materials can degrade, 
eventually causing crack propagation on the protective coatings. Therefore, 
composites, metals and alloys under the coatings can be degraded or dissolved as 
oxides or other compounds. 6  

 Surface treatment methods are currently used to prevent corrosion and enhance 
adhesion between metals and coating materials. For these purposes, chromate-, 
zinc- and phosphate-based materials are employed to increase the corrosion 
resistance of surfaces as well as enhance coating quality. 20  However, some of 
these materials are unacceptable from an ecological and human health point of 
view, and an alternative system must be considered to reduce these concerns. 1  
Recently, several research programs have focused on low-toxicity materials that 
could replace currently used materials. These new surface treatments should 
improve corrosion protection and also provide good adhesion between metal and 
paint surfaces. 2–8  

   14.2     (a) Atmospheric infl uences on organic coating and (b) corrosion 
formations on a substrate coated with an epoxy-based polymeric 
substance.     
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 Several recent studies on nanostructured materials (nanocomposites, nanoscale 
thin-fi lm coatings, nanoparticles, nanograins, diamond-like coatings, sol–gel, etc) 
have also been conducted to analyze the possible corrosion-mitigating effects of such 
materials. 9  The motivation for this work comes from the fact that, in comparison to 
bulk materials, nanoscale materials may have unique physical, chemical and 
physicochemical properties that allow improved corrosion protection. It is known 
that such nanoparticles in a low dosage create a high surface area in order to allow 
their uniform dispersion into matrix materials; therefore, the effi ciency of 
nanocomposites can be signifi cantly high in terms of material properties.   

   14.2  Nanotechnology-associated approaches 

 Nanotechnology-associated coatings include nanoscale conversion coatings, 
nanoscale ceramic coatings, sol–gel coatings, nanocomposite coatings, thermal-
barrier coatings, ceramic coatings, layer-by-layer (LBL) coatings, nanoscale 
self-cleaning coatings and nanoscale alloy coatings. These coatings have 
many applications in commercial and military aircraft to improve durability, 
reliability and performance of components, as well as to improve surface quality 
and produce corrosion-resistant coatings for combating galvanic, pitting, hydrogen 
embrittlement, fretting, leaching and hot corrosion. 1  

   14.2.1  Nanoscale conversion coatings 

 Conversion coatings or surface passivations have been employed on the surfaces 
of metals and alloys for more than a century. 20  Conversion coatings involve (but 
are not limited to) molybdenum, zirconium, chromium, aluminum, vanadium, 
phosphate, potassium, cerium, nickel and zinc-rich layers to increase the 
polarization resistance of the surface and hence decrease current and potential 
corrosion rates. 2,8,9,26,27  However, hexavalent chromium conversion coatings have 
several environmental concerns, and in the near future the use of such materials 
will possibly be banned by the aircraft industry worldwide. 2  Wet and dry chemical 
processes can be applied to conversion coatings on a number of different metals 
with thicknesses between 20 nm and 20 μm. 1  Recently, new research programs 
have focused on molybdenum, zirconium and phosphate coatings, since these are 
more environmentally friendly for the aircraft industry. 8  In our recent studies, a 
thin layer of molybdenum coating was applied on Al alloys, and then a 
nanocomposite coating was applied on the overall surface (Fig. 14.3). 2  Polymeric 
nanocomposite coatings will be discussed in Section 14.2.3. 

    14.2.2  Sol–gel coatings 

 Sol–gel is a wet-chemical process that involves the formation of an inorganic 
colloidal suspension (sol) and gelation of the sol in a continuous liquid phase (gel) 
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to form a three-dimensional network structure. The precursors for synthesizing 
colloidal sols consist of organometallic compounds surrounded by reactive 
functional groups. Metal alkoxides, such as alkoxysilanes (tetramethoxysilane 
and tetraethoxysilane), aluminates, titanates, zirconates and borates, are the most 
used in a sol–gel process. 28  Sol–gels can be in the form of fi lms, particles, fi bers, 
aerogels and dense materials at micro- and nanoscale following a heat treatment. 
Sol–gel products are initially amorphous, so the crystalline sol–gel products can 
be achieved using appropriate heat treatments. 

 The range of applications of sol–gel-derived products in the aerospace industry 
continuously expands because of their resulting strength, density and chemical 
inertness. 28  One of the largest aircraft applications is thin-fi lm coating on various 
alloy surfaces, which can be produced by spin-coating, spray-coating, roll-casting, 
electrophoresis and dipping. One of the main reasons for employing sol–gel 
coating is to replace the highly toxic chromium conversion coatings on Al alloys. 29  
Generally, surface treatments using the sol–gel process improve corrosion 
resistance because of the formation of an oxide layer on the surface of the alloys. 
This protective fi lm acts as a barrier against oxygen diffusion into the metal 
surface. 30   

   14.2.3  Polymeric nanocomposite coatings 

 Nanocomposite coatings are formed by mixing two or more dissimilar materials at 
nanoscale to improve the physical, chemical and physicochemical properties of the 
new materials. The properties of nanocomposite coatings depend on several factors, 
including the individual components, dispersion, morphology and shape, surface 
functionalization, interfacial intentions and processing techniques. 31  Nanocomposite 
coating is one of the fastest growing areas of nanotechnology research. New 
nanocomposite coatings are continuously being developed with novel properties 
that are absent in the constituent materials. These materials offer a number of new 
applications in the following areas: aerospace, electronics, biomedical implants, 
automotive, marine, non-linear optics, mechanically reinforced lightweight 
materials, sensors, batteries, bioceramics, energy conversion and many others. 32  

   14.3     Design of corrosion conversion coating on Al alloy substrate.     
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 The contact angle is an equilibrium angle where the liquid–vapor interface 
meets the solid surface. Usually, the concept is illustrated with a small liquid 
droplet resting on a fl at horizontal solid surface, which can identify the surface 
hydrophobicity (tendency to repel water) and surface hydrophilicity (strong 
affi nity for water) of the materials. 6  At lower contact-angle values, it is believed 
that coatings can absorb more water molecules and increase the corrosion and 
degradation rates of the materials. 33  The contact-angle method is often used in 
characterizing the surface properties of nanocomposite materials. 34,35  

 A variety of research has been performed on polymeric nanocomposite 
thin-fi lm coatings for corrosion mitigation because of their distinctive thermal 
stability and mechanical and molecular barrier properties. 2  These include organic 
(silica gel, para-aminobenzoic acid, benzophenones, etc) and inorganic (clay, 
silica, zirconia, titania and carbon nanotubes, graphene, carbon black, etc) 
nanoparticulates incorporated into polymeric matrixes (epoxy resin, polyimide, 
polystyrene, nylon, poly(methyl methacrylate), etc) at very low volume fractions 
of 0.5% to 5%. 3–7  In a nanocomposite fabrication, polymers and nanoparticles 
are generally synthesized by using a solution, melt interaction and/or  in 
situ  polymerization. Nanostructured fi lms formed by a process involving an 
air nozzle spray, brush and electrostatic self-assembly (ESA) result in 
highly ordered and densely packed layers that can function as a barrier to 
underlying substrates. 8  For example, corrosion test results obtained on poly(o-
ethoxyaniline)/clay nanocomposites showed that the corrosion potential ( E  corr ), 
corrosion current ( I  corr ) and corrosion rate ( R  corr ) exponentially decreased, while 
polarization resistance ( R  p ) signifi cantly increased as a function of the nanoclay 
contents. 36–38  

 The latest study was conducted on the corrosion protection of Al alloys using 
carbon nanotubes (CNT) and graphene-based nanocomposite coatings. 3,5,6  
Nanocomposite coatings were prepared by dispersing multiwall carbon nanotubes 
(MWCNTs) and graphene platelets in an epoxy primer. Inclusions were mixed 
with the solvent reducer and sonicated for 30 minutes to ensure good dispersion. 
The epoxy primer was shaken on a pneumatic paint shaker and then transferred to 
a hot plate. The inclusions/solvent mixtures were slowly added drop-wise to the 
epoxy primer and the resulting solution was stirred on a hot plate for 24 hours at 
room temperature. After 24 hours, a curing agent was added to the mixture and 
stirred for 15 minutes to produce the uncured nanocomposite coating. Mixtures of 
0.25%, 0.5%, 1% and 2% MWCNT or graphene were prepared, and corresponding 
test samples were painted at different thicknesses.  Figure 14.4  shows the SEM 
images of the MWCNT mixtures in the epoxy primer. These images clearly show 
that the MWCNTs were well dispersed in the epoxy primer. 5  The nanocomposite 
coatings on the Al alloy substrates were then exposed to both UV chamber and 
salt fog chambers at different testing conditions. 

  Figure 14.5  shows the contact-angle values of a one-millimeter-thick coating 
on Al substrates with various MWCNT under various UV exposure times. As can 
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   14.4     SEM images of MWCNTs dispersed into epoxy primer used for 
aircraft coating.     

   14.5     Change in contact-angle values with UV exposure time for 
1-millimeter-thick coatings at different percentages of MWCNTs.     

be seen, at day 0 of UV exposure, the average contact-angle values of 0%, 0.25%, 
0.5%, 1% and 2% MWCNT nanocomposite coatings are between 84° and 91°; 
however, after 16 days of UV exposure, the contact-angle values are gradually 
reduced to 11°, 30°, 33°, 40° and 43°, respectively. 6  This may be attributed to the 
absorption and blockage of UV light by the inclusions, as well as the prevention 
of crack formations on the nanocomposite surfaces. 39  The data also indicate that 
the surface hydrophobic properties of the coatings were improved by adding 
carbon nanotubes, which increased the coating resistance to UV light and 
corrosion species. 
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 In order to determine the degradation levels of coatings at nanoscale, atomic 
force microscopy (AFM) studies were conducted on the coated samples. 
 Figure 14.6  shows the AFM surface images of 1-millimeter nanocomposite 
coatings at 0 day and 16 days of UV exposure. 6  These images clearly prove that 
the surface morphology of coated samples is entirely changed after UV exposure. 
At 0 day of UV exposure, the surface looks smooth and shiny, whereby a higher 
contact angle is achieved, while at 16 days of UV exposure, the surface smoothness 
and glossiness seem reduced or completely disappeared, by which a lower contact 
angle or hydrophilic surface has formed. This may be due to the fact that the 
radicalized polymer chains under UV light interact with oxygen and hydroxyl 
species, resulting in rougher and hydrophilic surfaces. 33  

 Most aircraft skins are made of aluminum alloys that have protective organic 
coatings; however, these coatings experience UV degradation. This primarily 
occurs as a result of the weak protective coatings/paints on the surface of Al 
alloys. This route accelerates the aging process and fatigue cracks, and reduces 
the overall mechanical properties of the aircraft. The new coating systems with a 

   14.6     AFM surface images of coatings with carbon nanotubes before 
(left) and after 16 days of UV exposures (right).     
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higher contact angle and UV resistance values will open up new possibilities for 
extending the lifetime of aircraft. 6  

 Polyurethane top coatings are favorable coating materials that have a wide 
variety of osmotic barrier, chemical, thermal, hydrolytic and oxidative stability 
properties, which may be advantageous for preventing the corrosion of aircraft 
alloys. Although some coating materials (i.e. epoxy and acrylic bases) are readily 
available and inexpensive in the market, their protection capabilities are limited in 
severe environmental conditions. 2  For this reason, urethane top coatings are 
preferred for protecting not only initial organic layers (or nanocomposite layers) 
but also material surfaces against corrosion attack. 8  Recently, fl uorinated 
polyurethanes that have the lowest known surface energy (6 mN/m) were 
developed to drastically decrease the permeability of the fi lms against corrosive 
ions and molecules, moisture, temperature and UV radiation. It has been reported 
that interfacial coating and surface treatment (plasma and chemical etching) 
techniques can signifi cantly improve the adhesion between protective layers and 
material surfaces and, hence, increase corrosion resistance. 40  Nanocomposite 
urethane top coatings can also be sprayed on nanostructured surfaces to further 
increase the strength of the coatings used by the aircraft industry. 33   

   14.2.4  Layer-by-layer coatings 

 Layer-by-layer (LBL) nanofi lms have demonstrated value in many specifi c 
applications of coatings. 41  These fi lms can be fabricated on glass, metals 
and alloys, ceramics, polymers and their compounds using a dipping technique 
to modify the performance (e.g. corrosion, biological, optical, electrical, 
tribological, thermal, magnetic and electrostatic) of the materials and also 
to protect the surface from environmental effects. 40,42  LBL fi lms can be 
applied easily to clean surfaces. For instance, a negatively charged substrate 
that is dipped into a solution containing cationic polyelectrolytes (e.g. 
poly(diallyldimethylammonium chloride)-PDDA), which are attracted to the 
anionic surface, self-assembles into a single layer of molecules. 42  The resulting 
physical, chemical and physicochemical properties indicate that the molecular 
order of such individual bilayers is nearly perfect, in much the same way that the 
electrical charge on a free-conducting surface distributes itself uniformly over the 
surface in order to minimize the total system energy. 40  Subsequent anionic (e.g., 
polystyrene-119) and cationic monolayers are added in bilayer pairs, by alternately 
dipping the substrate into those positively and negatively charged solutions, to 
produce a multilayer nanostructured fi lm. 42  

 LBL coating provides a simple barrier against corrosive species in the same 
way as a conventional organic coating. A recent study revealed that the nanoclay-
based LBL coatings exhibit very high corrosion protection on aluminum and Al 
alloys because of the molecular nature of the LBL system. The anticorrosion 
behavior of the LBL coating is based on the following mechanisms: 43  (i) the pH 
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buffer formed by the polybase and polyacid complex suppresses pH changes 
during corrosion; (ii) the coating regenerates and eliminates defects of the polymer 
chains in a swollen network; (iii) polyelectrolyte layers form a carrier for the 
inhibitor; and (iv) the polyelectrolyte system presents a corrosion-resistant barrier 
between the surface and the environment. Although LBL fi lms are extremely light 
in weight and highly effective for corrosion pretention, they are very vulnerable 
to external forces. As soon as the fi lms are ruptured, they no longer protect the 
surfaces of aircraft skins. 

 By modifying the surfaces or choosing appropriate polyelectrolytes, both 
superhydrophobic (contact angle  θ >150°) 44,45  and superhydrophilic ( θ <5° in less 
than 0.5 sec) 46  surfaces can be created. In nature, there are many superhydrophobic 
surfaces, such as the sacred lotus leaf, taro leaf, grass leaf and water strider’s legs. 
The superhydrophobicity of these materials is mostly related to the hierarchical 
roughness, voids, channels and hydrophobic structure of the surfaces. 45  Thus, 
superhydrophobic surfaces may be used for self-cleaning purposes on Al alloy 
surfaces, which in turn reduces corrosion rates.  

   14.2.5  Nanoscale ceramic coatings 

 Ceramic coatings can provide high-performance oxide layers on metals and alloys 
to solve the problems of corrosion, wear, heat, insulation and friction. 1  Some 
ceramic coatings include thermal spray coating, plasma spray coating, sputter 
coating, dry-fi lm lubricants and other wet chemical and electrochemical 
coatings. 47–49  The thickness of ceramic fi lms can range from 50 nm to several 
micron meters, depending on the application and coating processes. Recently, 
new nanoscale ceramic coatings such as Si 3 N 4 , 

50  silicon carbide, 51  a diamond-like 
coating, 52  boron nitride 53  and cerium oxide 47  have been considered in metal and 
alloy coatings to produce promising high-temperature structural materials due to 
their excellent thermo-mechanical properties. 

 Ceramic coatings have various advantages: they increase the lifetime of parts, 
prevent corrosion, reduce heat on high-temperature components, reduce friction, 
stop thermal and acidic corrosion and improve the appearance of surfaces. 9  Although 
ceramic coatings have several advantages, they have some disadvantages as well: 
they are extremely brittle and hard to repair; de-bonding can occur during the 
expansion and shrinkage; corrosion easily forms at the cracks; they are heavier than 
organic coatings; and the coating involves additional equipment, supplies and labor. 48   

   14.2.6  Nanoscale thermal barrier coatings 

 Thermal barrier coatings (TBCs) are high-temperature coating systems for metallic 
surfaces such as on gas turbines, power stations and transportation vehicles and 
aero-engine parts operating at elevated temperatures. These coatings serve to protect 
those parts exposed to high temperatures, while limiting the thermal exposure of 
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structural components, thus extending the lifetime of the parts and reducing 
oxidation, hot corrosion and erosion, and thermal fatigue. 47  TBCs consist of two 
layers on the surface of alloys: a metallic bond coating (or MCrAlY coatings, where 
M = Co, Ni or Co/Ni) and an oxide ceramic coating. The fi rst layer (bond) is used 
to bind the oxide to the material surface, while the second layer (zirconia-stabilized 
yttria) is used to protect the material’s surface against hot environmental conditions. 48  

 It is reported that when compared with the conventionally used TBCs, by using 
a thermal barrier coating as the top layer (or interfacial layer), corrosion and 
erosion resistance (high surface hardness and wear resistance) of the material 
surface can be improved signifi cantly. 47  Nanoscale porous coatings are used to 
insulate hot sections of metallic compounds from the hot gas stream of the gas 
turbine engines of aircraft. Air spray and electron beam physical vapor deposition 
techniques are employed to coat such protective layers. 30  It has also been found 
that nanoporosity formed on the coating materials can lead to increased corrosion 
resistance by dissipating excess heat. 54   

   14.2.7  Nanoscale alloy coatings 

 Super-hard alloy coatings have been developed recently to increase the surface 
performance of aluminum and its alloys, steel and other components. 55,56  These 
coatings consist of boron, iron, carbon, cobalt, nickel, zinc and other compounds. 
The alloy coating can be applied on the surface using twin-wire arc spraying, sputter 
coating and other physical and chemical techniques. These coatings provide 
protection against wear, erosion, abrasion and corrosion in a harsh environment 
because of their smaller grain size and structure, interfacial incarnations and greater 
hardness (Vickers hardness). 1  A recent study showed that the corrosion resistance of 
electrodeposited Zn–Ni alloy coating (~15% Ni) could be seven times better than 
that of a pure zinc coating against corrosion attack. 8  Similar corrosion resistance was 
also seen on FeCrTiN alloy samples due to the higher corrosion resistance of Cr. 8    

   14.3  Conclusions 

 Recently, nanotechnology-associated multifunctional coating systems have 
been developed for aircraft applications to provide corrosion protection, sense 
corrosion and mechanical damage of Al alloys, achieve optimal adhesion 
using environmentally friendlier materials, detect color changes and improve 
fatigue resistance of aircraft alloys. The coatings include nanoscale conversion, 
ceramic, sol–gel, thermal barrier, polymeric nanocomposite, nanoscale alloy, 
layer-by-layer and nanocomposite top layers. These coatings are usually 
lightweight, high-strength and thermally stable nanomaterials that can be used in 
various parts of aircraft. The recent progress on nanotechnology-associated 
coatings will make aircraft alloys more effi cient, more economical and safer and 
will extend aircraft service life.  
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 Nanoscience and biomaterial corrosion control  

    M.    BOBBY KANNAN,    James Cook University, Australia 
and      V.  S.    SAJI ,     Korea University, South Korea   

   Abstract:    There is enormous interest in nanostructured biomaterials as they 
can stimulate tissue–biomaterial interaction more effectively. Research is 
focused on developing advanced nanostructured biomaterials. The major 
strategies include fabrication of nanocomposites, surface nanostructuring 
and nanostructured coatings. A potential issue of concern in terms of 
biocompatibility is the corrosion resistance of the modifi ed biomaterials. 
This chapter presents the current trends in this area with emphasis on load-
bearing orthopaedic and dental implants. A detailed account on the general 
and the localized corrosion of conventional metallic implants is provided. 
Novel fabrication strategies of nanostructured hydroxyapatite-based 
coatings and their roles as barrier coatings are presented. Impacts of 
nanoscale surface modifi cations on the corrosion resistance of permanent 
implants and novel bioresorbable implants based on magnesium alloys 
are highlighted.  

   Key words:    nanocomposites, surface nanostructuring, nanostructured coatings, 
biocompatibility, orthopaedic and dental implants, bioresorbable.   

    15.1  Introduction 

 Metallic, ceramic, polymeric and composite biomaterials have been used 
extensively as orthopaedic and dental implants. Metals (stainless steels, cobalt–
chromium alloys, titanium alloys), ceramics (alumina, bioglass, hydroxyapatite), 
polymers (ultra-high molecular weight polyethylene, polymethylmethacrylate) 
and their composites are widely employed in bone repairs and joint replacements. 
Commercially pure titanium (CP-Ti) and their alloys, cobalt–chromium (Co–Cr) 
cast alloys, hydroxyapatites (HA) and bioglass are the commonly used dental 
implant materials. Biodegradable (resorbable) scaffolds are attractive for less 
load-bearing applications and help to eliminate additional surgery required to 
remove the implant after serving its function. The series of complex post-
implantation interactions at the tissue–implant interface is critical in determining 
the implant success. The surface topography (micro or nanostructured) of the 
implant can have signifi cant impact on these cellular interactions. Other 
determining factors include surface chemistry changes and mechanical properties 
of the implants during service (Williams, 1987; Park and Bronzino, 2003). 

 Corrosion resistance is one of the most basic criteria in selecting metallic 
materials for use in surgical implant applications. In general, titanium and its 
alloys are immune to fi lm breakdown under physiological conditions, whereas 
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cobalt-based alloys and stainless steels suffer fi lm breakdown under certain 
conditions. However, all these metallic materials exposed to body fl uid (which 
contains salts, enzymes and proteins) release ions into the surrounding tissue at a 
very slow rate. In fact, corrosion products are responsible for limiting the 
biocompatibility of metallic materials since they can potentially produce 
undesirable reactions in tissues. In addition, orthopaedic and dental implants are 
exposed to mechanical loading during their service and the synergetic effect of 
corrosion and mechanical loading could lead to failure of implants.  

   15.2  General and localized corrosion in orthopaedics 

and dental implants 

 Titanium and its alloys are known as being the most suitable metallic biomaterials. 
They are used in orthopaedic applications due to their excellent mechanical 
properties. More importantly, they form a very stable oxide layer in body fl uid 
and hence possess exceptional biocompatibility as compared with other metal 
implant materials. However, these materials undergo failure due to surface 
reactions and mechanical loading. Passive corrosion or accelerating processes 
such as wear have led to the release of titanium and the other alloying elements 
into the surrounding tissues. This section discusses the corrosion issues in 
titanium and its alloys, cobalt-based alloys, stainless steels and nickel–titanium 
alloys. 

 Azevedo investigated the failure of a pure titanium reconstruction plate used for 
osteosynthesis. Fracture surface analysis revealed intense secondary intergranular 
cracking, as shown in  Fig. 15.1 . A selective attack of the  β -precipitates on the surface 
of the implant was observed. The author suggested that the premature fracture of the 
plate was caused by a corrosion-fatigue mechanism associated with selective attack 
of  β -phase in the region of high stress concentration (Azevedo, 2003). 

 As stated earlier, the passive layer of titanium alloys can potentially break 
down by mechanical process such as wear. However, titanium has the ability to 
repassivate after fi lm breakdown. Khan  et al.  investigated the ability of various 
titanium alloys (Ti–6Al–4V, Ti–6Al–7Nb and Ti–13Nb–13Zr) to repassivate in 
phosphate buffered saline (PBS), bovine albumin solutions (in PBS) and 10% 
foetal calf serum (in PBS) at different pH values and at different albumin 
concentrations. They found that an increase in the pH had a greater effect on 
the corrosion behaviour of Ti–6Al–4V and Ti–6Al–7Nb than on Ti–13Nb–13Zr in 
PBS. Further, they found that the addition of protein to the PBS reduced the 
infl uence of pH on the corrosion behaviour of all the alloys. They also reported 
that proteins in the environment appear to interact with the repassivation process 
at the surface of these alloys and infl uence the resulting surface properties 
(Khan  et al. , 1999). 

 Pitting corrosion is a localized form of corrosion by which pits are produced 
in the materials. This form of corrosion in load-bearing implants could lead 
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to catastrophic failure. Olmedo  et al.  evaluated the biological effect of 
pitting corrosion of titanium. Their histological study of titanium implants 
subjected to pitting corrosion showed insuffi cient bone–implant contact. In fact, 
the contact was only present in the areas with no pitting and/or surface alterations. 
They also found that the corrosion products contained titanium around the 
blood vessels and areas of bone marrow in the metal–tissue interface (Olmedo 
 et al. , 2008). 

 Dissimilar/similar metal joints are used in implant applications. In such 
situations, it is critical to know the galvanic corrosion effect of dissimilar metals; 
equally, in the case of weld joints the localized corrosion behaviour of weld/heat 
affected zones has to be evaluated. Reclaru  et al.  studied the corrosion behaviour 
of combinations of materials used in orthopaedic implants, i.e. welded stainless 
steel, to understand the risk of starting localized corrosion such as pitting, crevice 
or intergranular corrosion from a galvanic couple. They observed that sensitized 
samples (weld joint produced by tungsten inert gas welding) exhibited some 
localized intergranular corrosion, as shown in  Fig. 15.2 , at a small distance along 
the welded stainless steel (Reclaru  et al. , 2001). 

 Kumar and Narayanan studied the corrosion behaviour of Ti–15Mo alloy in 
0.15 M NaCl solution containing varying concentrations of fl uoride ions for dental 

   15.1     Failure analysis of a commercially pure titanium plate used for 
osteosynthesis, showing localized intergranular cracking found on the 
plate notch surface near the fracture origin (Azevedo, 2003).     
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applications. Their study revealed that there is a strong dependence of the 
corrosion resistance of Ti–15Mo alloy on the concentration of fl uoride ions in the 
electrolyte medium. They found that an increase in fl uoride ion concentration 
increases the corrosion current density and also the passive current density of the 
alloy (Kumar and Narayanan, 2008). Mareci  et al.  studied the corrosion behaviour 
of Ti–Ta alloys (different concentrations of Ta) and Ti–6Al–7Nb alloy in 
fl uoridated acidifi ed saliva. They reported a decrease in corrosion resistance and 
less protective passive oxide fi lms for all titanium alloys (Mareci  et al. , 2009). 
Recently, Sivakumar  et al.  studied the fretting corrosion behaviour of Ti–6Al–4V 
alloy in artifi cial saliva containing different concentrations of fl uoride ions. They 
observed cathodic shift in free corrosion potential with the onset of fretting, which 
indicated damage of the passive fi lm. After the fretting motion was ceased, an 
instantaneous repassivation of Ti–6Al–4V alloy was observed only in artifi cial 
saliva. The negative infl uence of fl uoride ions on passive fi lm formation hinders 
instantaneous repassivation of the damaged areas of the fretted zone (Sivakumar 
 et al. , 2011). 

 The effect of fl uoride and chloride ions on the corrosion behaviour of nickel–
titanium orthodontic wires was studied by Li  et al.  Their study indicated that 
Ni–Ti alloy was primarily susceptible to localized corrosion when exposed to a 
solution containing chloride ions and general corrosion in fl uoride ioncontaining 
solution. A synergistic detrimental effect was observed on Ni–Ti alloy when 
exposed to solution containing fl uoride and chloride ions ( Fig. 15.3 ) (Li  et al. , 
2007). Yan  et al.  reported that organic species (proteins) enhance corrosion-
related damage in Co–Cr–Mo alloy and 316L stainless steel. They also observed 

   15.2     Intergranular corrosion at the interface weld of stainless steel 
(Reclaru et al., 2001).     
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that the constituents of bovine serum have a great infl uence on their corrosion 
behaviour. In static conditions, the authors observed passive fi lm breakdown. 
However, in tribological contacts, the biofi lm formed effectively reduced friction. 
Interestingly, the authors found that Co–Cr–Mo reactions at the surface in the 
contact zone formed a very complex nanostructured layer which comprised wear 
debris and biofi lm. Moreover, they suggest that the reaction products and the 
process also changed the nature of the passive fi lm formation and the fi lm reduced 
the material loss (Yan  et al. , 2007). 

 Stainless steels are the most commonly used biomaterial in orthopaedic implant 
applications. However, these materials have issues such as passivity breakdown, 
wear and fatigue failures. Azar  et al.  reported that shot peening treatments on 
316L stainless steel increase the breakdown potential and decrease the corrosion 
current density as compared with untreated material in Ringer’s solution (Azar  et 
al. , 2010). The correlation between the microstructure and fatigue crack initiation 
of an austenitic stainless steel biomaterial was investigated by Giordani  et al.  It 
was observed that the crack initiation was caused by particle rupture rather than 
by separation of the particle/matrix interface. The authors suggested that coarse 
Z-phase precipitates and non-metallic inclusions are detrimental to the fatigue 
properties of the steel, and the microstructural constituents accelerate the initiation 
of fatigue and corrosion fatigue cracks (Giordani  et al. , 2004). 

   15.3     Corrosion attack on nickel–titanium wire in a solution containing 
chloride and fl uoride (Li et al., 2007).     
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 Unfortunately, the metallic biomaterials do not suffi ciently replicate the surface 
of the replaced bone and, as a consequence, failures of implants do occur due to 
insuffi cient bonding with adjacent bone. Hence, surface treatments are often 
required for better biocompatibility and osteointegration. Bioceramic coatings are 
widely used on medical metallic implants to modify the surface so that the 
implants possess the bulk properties of the substrate, i.e. the good mechanical 
performances of metals and the bioactive properties of bioceramics.  

   15.3  Nanostructured biomaterials 

 In recent years, biomaterials engineered at the nanometre scale have gained 
recognition due to their various potential advantages over conventional 
(micrometre scale) biomaterials. Nanostructured biomaterials are expected to 
interact more effectively with the biological molecules in the human body, as 
most of these molecules are also at the nanometre scale. Many studies have 
demonstrated that implants having nanotopography/nanostructure stimulate more 
positive cellular response than conventional materials through controlled cell 
growth, protein deposition, increased osteoblast adhesion and proliferation 
(Karlsson  et al. , 2003; Jager  et al. , 2007; Richert  et al. , 2008; Saji  et al. , 2010). 
The increased surface area and fi ner surface roughness at the nanometre scale are 
expected to yield better biological response of osteogenic cells and effective 
tissue–implant mechanical interlocking. The superior hardness and strength 
of nanomaterials in comparison with their microstructured counterparts are 
attractive in making highly wear-resistant implants. Even though the majority 
of the implants currently in clinical use are micrometre-scale surface roughened, 
it is expected that in the near future nanostructured implants will be extensively 
used. 

 The major current approaches to making nanostructured biomaterials fall under 
the following headings (Saji  et al. , 2010):

   •   Nanoscale surface modifi cations altering topography.  
  •   Nanomaterialistically manipulating the surface chemistry.  
  •   Nanoceramic coatings.  
  •   Nanocomposites.    

 There are no comprehensive standards or literature available on the corrosion 
behaviour of such nanostructured implants.  Figure 15.4  schematically represents 
a few likely outcomes. The following sections discuss the effects of these 
modifi cations on the corrosion resistance of orthopaedic and dental implants. 
More specifi cally, Section 15.4 discusses the effect of nanoscale surface 
modifi cations on the corrosion behaviour of titanium based alloys. Section 15.5 
discusses nanoceramic coatings with emphasis on HA coatings. Current 
approaches in making nanostructured coatings and nanocomposites for Mg based 
resorbable implants are presented in Section 15.6. 
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    15.4  Nanoscale surface modifi cations and 

corrosion resistance 

 Signifi cant progress has been made in the production of implants with suitable 
surface nanotopography (created by nanograins, pores, tubes, particles, ridges or 
valleys). There are diverse physical and chemical approaches investigated so far 
to create nanopatterning on implant surfaces, especially on titanium implants 
(Mendonca  et al. , 2008). Typically applied chemical/physical approaches include 
acid etching, anodization, self-assembled monolayers, sputter coating, ion beam 
deposition, lithographic techniques, etc. In this direction, a few novel approaches 
such as a nanotubular oxide layer (Kubota  et al. , 2004; Oh  et al. , 2005; Macak 
 et al. , 2007), nanoscale rod array (Liu  et al. , 2008) and nanonodular self-
assembly (Ogawa  et al. , 2008) have been reported. Among them, nanotubular 
oxide layer formation through controlled anodization in a fl uoride containing 
electrolytes is particularly promising for implant applications (Oh  et al. , 2005). 
Self-ordered nanotubular layer formation can be achieved on different valve 
metals by optimized anodization; the method is economic and simple (Macak 
 et al. , 2007). 

 Reported works concerning corrosion resistance of implants after nanoscale 
surface modifi cations are scanty. Depending upon the type of the implant material 
and the nature of modifi cation, corrosion resistance of modifi ed implants can be 
superior or inferior. For example, a thick anodized porous oxide layer improves 

   15.4     A diagram highlighting the expected pros and cons of modifi ed 
biomaterials.     
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the general corrosion resistance of titanium alloys (Jakubowics, 2008). It has been 
shown that pulsed plasma electrolytic boriding can improve the corrosion 
resistance of titanium alloys (Aliev and Saboor, 2007). By suitable adjustment of 
the pulse frequency and duty cycle, the size and porosity of nanocrystalline 
borides (10 μm thickness layer) can be controlled and thereby superior corrosion 
resistance can be achieved. The overall corrosion resistance of such modifi ed 
implants is determined by various parameters such as thickness of the modifi ed 
layer, the interface between the implant and the modifi ed layer, thickness of the 
barrier oxide layer on the implant after modifi cation, permeability of the corrosive 
species through the modifi ed layer, etc. Due to the complexity of the process, such 
modifi cations can lead to an inferior corrosion resistance. As an example, a brief 
discussion on the corrosion behaviour of titanium alloys after nanotubular oxide 
layer modifi cation is provided below. 

 Recent studies have demonstrated that the corrosion resistance of titanium 
alloys after nanotubular oxide layer modifi cation was inferior to that of the 
unmodifi ed alloy (Saji  et al. , 2009; Saji and Choe, 2009). Potentiodynamic 
polarization studies carried out at open circuit potential in Ringer’s solution 
(9 g/l NaCl, 0.42 g/l KCl, 0.48 g/l CaCl 2  and 0.2 g/l NaHCO 3 ) at 37 ± 1°C 
showed that the corrosion current density ( i  corr  by Tafel extrapolation) of a 
nanotubular oxide layer coated Ti–13Nb–13Zr alloy was notably higher 
(18.9 μA.cm −2 ) than that recorded for the bare alloy (1.77 μA.cm −2 ). High  i   c orr  
indicates a lower corrosion resistance. The corresponding  E  corr  values were 
−870.58 mV SCE  and −608.69 mV SCE  for the nanotubular alloy and the bare alloy 
(Saji and Choe, 2009). The authors explored the interface (nanotubular oxide/
barrier oxide) morphology (using focused ion beam miller/transmission 
electron microscopy) and suggested that the region is prone to earlier corrosion 
initiation. As a means to reduce the high dissolution current, various heat 
treatment conditions were investigated for the modifi ed alloy. It was found that 
a low-temperature heat treatment (at 150°C) had noteworthy constructive 
impact on the corrosion behaviour and reduced the  i  corr  value considerably 
(2.04 μA.cm −2 ).   The corresponding potentiostatic plots recorded at 
300 mV SCE  (a maximum potential analogous to a mouth environment) is 
shown in  Fig. 15.5 . The fi gure clearly demonstrates the variation of the 
current density with time for the three cases showing the effect of heat 
treatment (Saji and Choe, 2009). Being a complex phenomenon, such surface 
topography changes can have signifi cant impact on the interfacial 
electrochemical behaviour. It is lucky that corrosion resistance can be improved 
and optimized by suitably controlling the modifi cation parameters or by a post-
modifi cation strategy. It has been shown that a nanoporous anodized surface 
has more desirable corrosion resistance and surface passivation than an 
analogous nanotubular surface (Saji  et al. , 2009). Detailed studies to evaluate the 
corrosion resistance of nanostructured biomaterials are crucial before any 
clinical application. 
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    15.5  Nanostructured ceramic coatings 

 Nanoceramic coatings are attractive in terms of enhancement of mechanical 
properties and bioactivity. The most intensively investigated class among them 
is nano-HA coatings. Nanostructured metalloceramic coatings (Cr–Ti–N) are 
extensively investigated as they signifi cantly enhance the wear and corrosion 
resistance. It is known that nanostructured surface coatings such as diamond and 
diamond-like coatings have extreme hardness, wear resistance and low friction. 
Such coatings increase the corrosion resistance of stainless steels and cobalt-
based alloys (Catledge  et al. , 2004; Saji  et al. , 2007). This section mainly discusses 
the novel strategies in producing nano-HA coatings and their behaviour as a 
corrosion-resistant barrier. 

 Biomedical applications of HA, Ca 10 (PO 4 ) 6 (OH) 2 , have been researched 
extensively due to its analogy to the inorganic component of natural bones and 
teeth (LeGeros, 2002; Kalita  et al. , 2007). Although HA does not have the 
mechanical strength to enable it to succeed in load-bearing applications, implant 
materials such as stainless steels and titanium alloys are coated with HA for its 
high biocompatibility and good bio-affi nity. HA coating not only increases the 
bone bioactivity of the metallic implants and facilitates bonding with the 
surrounding bone tissue, but also enhances the corrosion resistance. Coatings of 
HA on metal substrates have been widely studied for the past few decades; 

   15.5     Potentiostatic polarization plots recorded at 300 mV for (a) bare 
titanium alloy, (b) nanotubular alloy and (c) nanotubular alloy after heat 
treatment at 150°C. The inset shows the lateral and surface appearances 
of the nanotubes formed on the alloy (Saji and Choe, 2009).     
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however, nano-HA coatings have gained interest more recently because of their 
better biological properties compared with those of micro particles. A variety of 
coating methods, such as sol–gel, electrophoretic and electrolytic deposition, 
high-velocity oxy-fuel process, electrohydrodynamic spray deposition, ion 
implantation, cathodic arc plasma deposition, RF magnetron sputtering and pulse 
laser deposition, have been tried for achieving high performance nano-HA 
coatings. 

 The electrochemical deposition method is one of the cheapest and easiest 
methods of coating HA onto metallic materials. Another advantage of this method 
is the feasibility of coating complex structures. In regards to achieving corrosion 
resistance, a uniform coating is critical; otherwise localized corrosion such as 
crevices could potentially occur. Hu  et al.  prepared a novel porous nano-HA 
coating on CP-Ti by a modifi ed electrochemical deposition method ( Fig. 15.6 ). 
The micrographs of the coating show a uniform microporous morphology 
consisting of wire-like crystals at the nanometre scale. They observed that, under 
controlled deposition conditions, the primary HA nanowires grow and self-
assemble to construct an ordered microporous nest-like morphology. Their  in 
vitro  studies indicated excellent biocompatibility and bioactivity for the nano-HA 
coating (Hu  et al. , 2010). 

 Narayanan  et al.  electrochemically coated nanograined calcium phosphate on 
Ti–6Al–4V alloy using aqueous electrolyte maintained at acidic pH. They reported 
that an ultrasonic bath produced coatings containing dicalcium phosphate 
dehydrate and the grain sizes were in the range of 50–100 nm (Narayanan  et al. , 
2007). Lobo  et al.  (2011) developed a nano-HA crystalline fi lm on Ni–Ti 
shape memory alloy by the electrodeposition method. It was reported that the 
nano-HA fi lm was homogeneous and highly crystalline and possessed bioactivity 
properties. 

 Recently, Hu  et al.  produced nano-HA on titanium (sandblasted and acid 
etched) by hydrothermally treating the material in a simple suspension of HA. 

   15.6     SEM micrographs of the electrochemically deposited calcium 
phosphate coating: (a) microporous structure, (b) nanometre-scale 
crystal grains (Hu et al., 2007).     
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The increase in hydrothermal treatment temperature and time enhanced the 
formation of nano-HA. The bonding strength of the nano-HA coating formed 
by hydrothermal treatment was higher than that of a HA coating generated 
directly by HA suspension deposition.  In vitro  testing showed a more favourable 
cell attachment for a nano-HA coating formed by hydrothermal treatment than 
for the directly generated HA suspension coating (Hu  et al. , 2010). Xiong  et al.  
also produced nano-HA coating on a titanium–niobium (Ti–Nb) alloy substrate 
using a hydrothermal coating process. It was reported that, during the hydrothermal 
process, TiO 2  and Nb 2 O 5  formed on the Ti–Nb alloy surface and hydrated to 
Ti(OH) 4  and Nb(OH) 5 , respectively, and calcium phosphate nucleated and 
grew into a layer of nano-HA particles on the surface of Ti–Nb alloy under 
the hydrothermal conditions. They found that the crystallinity of the nano-HA 
coating was improved with the increase in hydrothermal treatment temperature 
and coating time (Xiong  et al. , 2010). Nanocrystalline fl uoridated HA (FA) 
powders and coatings with a chemical composition of Ca 10 (PO 4 ) 6 OH 2 –xF x  
(where x values were selected equal to 0.0, 0.5, 1.0, 1.5 and 2.0) were prepared 
by Zahrani  et al.  (2010) through a modifi ed simple sol–gel technique. TEM 
analysis revealed that FA powder was composed of nanosized particles, ~25 nm 
in size. 

 Great effort is being undertaken in producing different HA-based composite 
coatings. Kaya  et al.  coated Ti6Al4V alloy with carbon nanotube (CNTs)-reinforced 
HA employing electrophoretic deposition (EPD) and found that the addition of 
CNTs increased the bonding strength of the EPD formed layers to the metallic 
substrate (Kaya  et al. , 2008). Kwok  et al.  (2009) reported that a CNTs-reinforced 
HA coating exhibited increased coating hardness without compromise in the 
adhesion strength as compared with a monolithic HA coating. Importantly, 
the corrosion current was lower, suggesting better corrosion protection for the 
CNTs-reinforced HA coating as compared with the other coatings.  

   15.6  Resorbable biomaterials: nanoscale approaches 

 Metallic materials such as stainless steels, Ti and Co–Cr based alloys are currently 
used as permanent implant materials. These alloys are also used for temporary 
implant applications in the form of plates, screws and pins, for the repair of bone 
fracture. However, these metal implants have to be removed by a second surgical 
procedure after the tissues have healed suffi ciently, since they pose a risk of 
releasing toxic metallic ions and/or particles through corrosion or wear processes. 
The second surgical procedure adds to the cost and burden to the patients. 
Identifi cation of implants to support tissue regeneration and healing in specifi c 
applications by material corrosion and simultaneous implant replacement by the 
surrounding tissues is an important area of research. 

 Magnesium (Mg) is a potential material for temporary/resorbable bio-implant 
applications because Mg corrodes in the physiological environment and the 
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corrosion product is non-toxic and soluble in body fl uid (Staiger  et al. , 2006). 
However, the major problem in the application of Mg for temporary bio-implant 
applications is the corrosion rate. Pure Mg corrodes too quickly in the pH level 
(7.4–7.6) and high chloride level of the physiological environment. The extremely 
high corrosion rate of Mg in body fl uid not only dissolves the implant before the 
tissues suffi ciently heal, but it also creates hydrogen (a cathodic reaction) gas 
pockets which potentially affect the healing process (Witte  et al. , 2008). 

 In recent years, a number of Mg alloys have been tested under  in vitro  and  in 
vivo  conditions to understand their corrosion behaviour and mechanisms (Witte 
 et al.  2006; Kannan and Raman, 2008, 2010; Kannan, 2010; Walter and Kannan, 
2011). AZ series alloys show a lower corrosion current than that of pure Mg. 
However, aluminium-containing Mg alloys may not be the ultimate choice, 
simply because of the potentially toxic effects of high aluminium levels in body 
fl uid. The infl uence on corrosion properties of calcium and rare-earth elements 
added to Mg and its alloys has been investigated, but the improvement was not 
signifi cant. 

 The low solubility of HA and its high osteoconductivity make it a very attractive 
material for coating on Mg alloys. Wen  et al.  deposited a bone-like nanowhisker 
HA coating on AZ31 by an electrochemical deposition method ( Fig. 15.7 ). The 
as-deposited HA coating exhibited plate-like particles arranged in a fl ower pattern 
on the substrate. These particles contained calcium phosphates, whereas the post-
treated coating was HA doped with Na + , Mg + , HPO 4  

2−  and CO 3  
2− , presenting 

needle-like particles of 1000 nm in length and 35 nm in diameter. They also found 
that the  E  corr  of the substrate shifted by 180 mV towards the noble direction in 
simulated body fl uid after treatment and hence suggested that the coating could 
protect the substrate effectively (Wen  et al. , 2009). 

 Razavi  et al.  (2010) evaluated the effect of fl uoroapatite (FA) nanoparticle 
content on the microstructure, mechanical properties and bio-corrosion behaviour 
of a nanocomposite made of AZ91 Mg alloy as matrix, and FA nanoparticles as 

   15.7     TEM images of nanowhisker HA particles on AZ31 alloy (Wen et al., 
2009).     

�� �� �� �� �� ��

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



 Nanoscience and biomaterial corrosion control 387

©  Woodhead Publishing Limited, 2012

reinforcement, for load-bearing applications. They produced the nanocomposites 
(with 10 wt%, 20 wt% and 30 wt% of FA) by mixing AZ91 Mg alloy powders and 
FA nanoparticles using a blend press-sinter powder metallurgy method. The 
presence of FA nanoparticles in the Mg alloy matrix not only led to signifi cant 
improvement in hardness and elastic modulus but also increased the 
corrosion resistance. An AZ91-FA nanocomposite with 20 wt% of the FA 
nanoparticles showed optimum mechanical properties as well as corrosion 
resistance ( Fig. 15.8 ). 

 Meng  et al.  reported that fl uorine-doped nano-HA coating on Mg–Zn–Ca alloy 
by pulse electrodeposition was dense and uniform than the conventional 
electrodeposition method. The potentiodynamic polarization experiment indicated 
that pulse electrodeposited coating effectively protects the material from corrosion 
( Fig. 15.9 ). They also found that pulse electrodeposition coating induces 
precipitation of Mg 2+ , Ca 2+  and PO 4  

3−  more effectively in comparison with 
conventional electrodeposition coating, because the nanophase had comparatively 
high specifi c surface area (Meng  et al. , 2011). 

 Gao  et al.  used micro-arc oxidation to fabricate a porous coating on Mg–Zn–Ca 
alloy, and then electrochemical deposition of rod-like nano-HA on the porous 
coating. Atomic force microscopy observation of the composite coatings 
showed that the diameters of HA rods varied from 95 nm to 116 nm. Interestingly, 
the bonding strength between the HA–fi lm and micro-arc oxidation coating 
increased almost two times higher than that of the direct electrochemical 
deposition coating. The corrosion current density of the alloy decreased 
signifi cantly when the porous structure was coated with nano-HA ( Fig. 15.10 ) 

   15.8     Corrosion rate of immersed AZ91 Mg alloy and AZ91-FA 
nanocomposites in simulated body fl uid as a function of immersion 
time (Razavi et al., 2010).     
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   15.9     Polarization curves in simulated body fl uid of (a) pulse-
electrodeposition, (b) traditional electrodeposition and (c) bare Mg 
alloy (Meng et al., 2011).     

   15.10     Polarization curves of coated and bare Mg–Zn–Ca alloy in 
simulated body fl uid: (a) micro-arc oxidation coating and rod-like 
nano-HA deposition, (b) micro-arc oxidation coating and (c) bare alloy 
(Gao et al., 2011).     
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and that has been attributed this to the enhancement of bonding strength and 
rod-like nano-HA. The rod-like nano-HA induced a rapid precipitation of 
calcium orthophosphates in comparison with conventional HA coatings (Gao 
 et al. , 2011). 

    15.7  Conclusions 

 Currently, widespread investigations are being made into producing nanostructured 
bulk materials and nanostructured surface modifi cations on metallic implants for 
orthopaedics and dental applications. Nanostructured diamond and metalloceramic 
coatings are well known as wear and corrosion resistance coatings. While 
bioactive nanostructured hydroxyapatite coatings have constructive impact on the 
general corrosion resistance, a recent report on nanotubular oxide layer formation 
on titanium-based alloys was found to have a negative impact on the overall 
corrosion resistance. Fortunately, heat-treatment procedures can tailor the 
corrosion performance of the nanotubular oxide layer coated titanium alloys. 
Bulk nanocomposites (e.g. titanium–ceramic nanocomposites) and nanocomposite 
coatings are the current focus areas. Nanohydroxyapatite coatings on magnesium 
alloys are promising for their potential applications in biodegradable implant 
applications. Corrosion resistance assessment is critical before clinical application 
of any such nanostructured biomaterials.   

    15.8  References 

  Aliev, M. Kh. and Saboor, A. (2007), ‘Pulsed nanocrystalline plasma electrolytic boriding 
as a novel method for corrosion protection of CP-Ti’,  Bulletin of Materials Science ,  30 , 
601–5.  

  Azar, V., Hashemi, B. and Yazdi, M. R. (2010), ‘The effect of shot peening on fatigue and 
corrosion behaviour of 316L stainless steel in Ringer’s solution’,  Surface and Coatings 
Technology ,  204 , 3546–51.  

  Azevedo, C. R. F. (2003), ‘Failure analysis of a commercially pure titanium plate for 
osteosynthesis’,  Engineering Failure Analysis ,  10 , 153–64.  

  Bobby Kannan, M. and Singh Raman, R. K. (2008), ‘In vitro degradation and mechanical 
integrity of calcium-containing magnesium alloys in modifi ed-simulated body fl uid’, 
 Biomaterials ,  29 , 2306–14.  

  Bobby Kannan, M. (2010), ‘Infl uence of microstructure on the in-vitro degradation 
behaviour of magnesium alloy’,  Materials Letters ,  64 , 739–42.  

  Bobby Kannan, M. and Singh Raman, R. K. (2010), ‘A mechanistic study on in vitro 
degradation of magnesium alloy using electrochemical techniques’,  Journal of 
Biomedical Materials, Research Part A ,  93A , 1050–5.  

  Catledge, S. A., Fries, M. and Vohra, Y. K. (2004), ‘Nanostructured surface modifi cations 
for biomedical implants’, in Nalwa, H. S. (Ed.)  Encyclopedia of Nanoscience and 
Nanotechnology . California: American Scientifi c Publishers, pp. 741–62.  

  Gao, J. H., Guan, S. K., Chen, J., Wang, L. G., Zhu, S. J.  et al.  (2011), ‘Fabrication and 
characterization of rod-like nano-hydroxyapatite on MAO coating supported on 
Mg-Zn-Ca alloy’,  Applied Surface Science ,  257 , 2231–7.  

�� �� �� �� �� ��

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



390 Corrosion protection and control using nanomaterials

©  Woodhead Publishing Limited, 2012

  Giordani, E. J., Guimaraes, V. A., Pinto, T. B. and Ferreira, I. (2004), ‘Effect of precipitates 
on the corrosion–fatigue crack initiation of ISO 5832-9 stainless steel biomaterial’, 
 International Journal of Fatigue ,  26 , 1129–36.  

  Hu, R., Lin, C. J. and Shi, H. Y. (2007), ‘A novel ordered nano hydroxyapatite coating 
electrochemically deposited on titanium substrate’,  Journal of Biomedical Materials 
Research Part A ,  80A , 687–92.  

  Hu, X., Shen, H., Cheng, Y., Xiong, X., Wang, S.  et al.  (2010), ‘One-step modifi cation of 
nano-hydroxyapatite coating on titanium surface by hydrothermal method’,  Surface 
and Coatings Technology ,  205 , 2000–6.  

  Jager, M., Zilkens, C., Zanger, K. and Krauspe, R. (2007), ‘Signifi cance of nano- and 
microtopography for cell-surface interactions in orthopaedic implants’,  Journal of 
Biomedicine and Biotechnology , 1–19.  

  Jakubowics, J. (2008), ‘Formation of porous TiO x  biomaterials in H 3 PO4 electrolytes’, 
 Electrochemistry Communications ,  10 , 735–9.  

  Kalita, S. J., Bhardwaj, A. and Bhatt, H. A. (2007), ‘Nanocrystalline calcium phosphate 
ceramics in biomedical engineering’,  Materials Science and Engineering C ,  27 , 441–9.  

  Karlsson, M., Palsgard, E. P., Wilshawb, P. R. and Di Silvio, L. (2003), ‘Initial in vitro 
interaction of osteoblasts with nano-porous alumina’,  Biomaterials ,  24 , 3039–46.  

  Kaya, C., Singh, I. and Boccaccini, A. R. (2008), ‘ Multi-walled carbon nanotube-reinforced 
hydroxyapatite layers on Ti6Al4V medical implants by electrophoretic deposition ’, 
 Advanced Engineering Materials ,  10 , 131–8.  

  Khan, M. A., Williams, R. L. and Williams, D. F. (1999), ‘The corrosion behaviour of 
Ti-6Al-4V, Ti-6Al-7Nb and Ti-13Nb-13Zr in protein solutions’,  Biomaterials ,  20 , 631–7.  

  Kubota, S., Johkura, K., Asanuma, K., Okouchi, Y., Ogiwara, N.  et al . (2004), ‘Titanium 
oxide nanotubes for bone regeneration’,  Journal of Materials Science. Materials in 
Medicine ,  15 , 1031–5.  

  Kumar, S. and Sankara Narayanan, T. S. N. (2008), ‘Corrosion behaviour of Ti-15Mo alloy 
for dental implant applications’,  Journal of Dentistry ,  36 , 500–7.  

  Kwok, C. T., Wong, P. K., Cheng, F. T. and Man, H. C. (2009), ‘Characterization and 
corrosion behaviour of hydroxyapatite coatings on Ti6Al4V fabricated by electrophoretic 
deposition’,  Applied Surface Science ,  255 , 6736–44.  

  LeGeros, R. Z. (2002), ‘Properties of osteoconductive biomaterials: calcium phosphates’, 
 Clinical Orthopaedics and Related Research ,  395 , 81–98.  

  Li, X., Wang, J., Han, E. H. and Ke, W. (2007), ‘Infl uence of fl uoride and chloride on 
corrosion behaviour of NiTi orthodontic wires’,  Acta Biomaterialia ,  3 , 807–15.  

  Liu, Y., Chen, W., Yang, Y., Ong, J. L., Tsuru, K.  et al.  (2008), ‘Novel fabrication of nano-
rod array structures on titanium and in vitro cell responses’,  Journal of Materials 
Science. Materials in medicine ,  19 , 2735–41.  

  Lobo, A. O., Otubo, J., Matsushima, J. T. and Corat, E. J. (2011), ‘Rapid obtaining of nano-
hydroxyapatite bioactive fi lms on NiTi shape memory alloy by electrodeposition 
process’,  Journal of Materials Engineering and Performance ,  20 , 793–7.  

  Macak, J. M., Tsuchiya, H., Ghicov, A., Yasuda, K., Hahn, R.  et al.  (2007), ‘TiO 2  nanotubes: 
self-organized electrochemical formation, properties and applications’,  Current 
Opinion in Solid State and Materials Science ,  11 , 3–18.  

  Mareci, D., Chelariu, R., Gordin, D. M., Ungureanu, G. and Gloriant, T. (2009), ‘Comparative 
corrosion study of Ti–Ta alloys for dental applications’,  Acta Biomaterialia ,  5 , 3625–39.  

  Mendonca, G., Mendonca, D. B. S., Aragao, F. J. L. and Cooper, F. L. (2008), ‘Advancing 
dental implant surface technology-From micron to nanotopography’,  Biomaterials ,  29 , 
3822–35.  

�� �� �� �� �� ��

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



 Nanoscience and biomaterial corrosion control 391

©  Woodhead Publishing Limited, 2012

  Meng, E. C., Guan, S. K., Wang, H. X., Wang, L. G., Zhu, S. H.  et al.  (2011), ‘Effect of 
electrodeposition modes on surface characteristics and corrosion properties of fl uorine-
doped hydroxyapatite coatings on Mg-Zn-Ca alloy’,  Applied Surface Science ,  257 , 
4811–16.  

  Narayanan, R., Seshadri, S. K., Kwon, T. Y. and Kim, K. H. (2007), ‘Electrochemical nano-
grained calcium phosphate coatings on Ti-6Al-4V for biomaterial applications’,  Scripta 
Materialia ,  56 , 229–32.  

  Ogawa, T., Saruwatari, L., Takeuchi, K., Aita, H. and Ohno, N. (2008), ‘Ti nano-nodular 
structuring for bone integration and regeneration’,  Journal of Dental Research ,  87 , 751–6.  

  Oh, S. H., Finones, R. R., Daraio, C., Chen, L. H. and Jin, S. (2005), ‘Growth of nanoscale 
hydroxyapatite using chemically treated titanium oxide nanotube’,  Biomaterials ,  26 , 
4938–43.  

  Olmedo, D. G., Duffo, G., Cabrini, R. L. and Guglielmotti, M. B. (2008), ‘Local effect of 
titanium implant corrosion: an experimental study in rats’,  International Journal of 
Oral and Maxillofacial Surgery ,  37 , 1032–8.  

  Park, J. B. and Bronzino, J. D. (2003),  Biomaterials – Principles and applications . Florida: 
CRC Press.  

  Razavi, M., Fathi, M. H. and Meratian, M. (2010), ‘Microstructure, mechanical properties 
and bio-corrosion evaluation of biodegradable AZ91-FA nanocomposites for biomedical 
applications’,  Materials Science and Engineering A ,  527 , 6938–44.  

  Reclaru, L., Lerf, R., Eschler, P. Y. and Meyer, J. M. (2001), ‘Corrosion behaviour of a 
welded stainless-steel orthopaedic implant’,  Biomaterials ,  22 , 269–79.  

  Richert, L., Vetrone, F., Yi, J. H., Zalzal, S. F., Wuest, J. D.  et al.  (2008), ‘Surface 
nanopatterning to control cell growth’,  Advanced Materials ,  20 , 1488–92.  

  Saji, V. S. and Thomas, J. (2007), ‘Nanomaterials for corrosion control’,  Current Science , 
 92 , 51–5.  

  Saji, V. S. and Choe, H. C. (2009), ‘Electrochemical corrosion behaviour of nanotubular 
Ti-13Nb-13Zr alloy in Ringer’s solution’,  Corrosion Science ,  51 , 1658–63.  

  Saji, V. S., Choe, H. C. and Brantley, W. A. (2009), ‘An electrochemical study on 
nanoporous and nanotubular Ti-35Nb-5Ta-7Zr alloy for biomedical applications’,  Acta 
Biomaterialia ,  5 , 2303–10.  

  Saji, V. S., Choe, H. C. and Yeung, K. W. K. (2010), ‘Nanotechnology in biomedical 
applications – a review’,  International Journal of Nano and Biomaterials ,  3 , 119–39.  

  Sivakumar, B., Kumar, S. and Sankara Narayanan, T. S. N. (2011), ‘Fretting corrosion 
behaviour of Ti-6Al-4V alloy in artifi cial saliva containing varying concentrations of 
fl uoride ions’,  Wear ,  270 , 317–24.  

  Staiger, M. P., Pietak, A. M., Huadmai, J. and Dias, G. (2006), ‘Magnesium and its alloys 
as orthopaedic biomaterials: A review’,  Biomaterials ,  27 , 1728–34.  

  Walter, F. and Bobby Kannan, M. (2011), ‘In-vitro degradation behaviour of WE54 
magnesium alloy in simulated body fl uid’,  Materials Letters ,  65 , 748–50.  

  Wen, C., Guan, S., Peng, L., Ren, C., Wang, X.  et al . (2009), ‘Characterization and 
degradation behaviour of AZ31 alloy surface modifi ed by bone-like hydroxyapatite for 
implant applications’,  Applied Surface Science ,  255 , 6433–8.  

  Williams, D. F. (1987),  Defi nition of Biomaterials , Amsterdam: Elsevier.  
  Witte, F., Fischer, J., Nellesen, J., Crostack, H. A., Kaese, V.  et al.  (2006), ‘In vitro and in 

vivo corrosion measurements of Mg alloys’,  Biomaterials ,  27 , 1013–18.  
  Witte, F., Hort, N., Vogt, C., Cohen, S., Kainerc, K. U.  et al.  (2008), ‘Degradable 

biomaterials based on magnesium corrosion’,  Current Opinion in Solid State and 
Materials Science ,  12 , 63–72.  

�� �� �� �� �� ��

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



392 Corrosion protection and control using nanomaterials

©  Woodhead Publishing Limited, 2012

  Xiong, J., Li, Y., Hodgson, P. D. and Wen, C. (2010), ‘Nanohydroxyapatite coating on a 
titanium-niobium alloy by a hydrothermal process’,  Acta Biomaterialia ,  6 , 1584–90.  

  Yan, Y., Neville, A. and Dowson, D. (2007), ‘Biotribocorrosion of CoCrMo orthopaedic 
implant materials – Assessing the formation and effect of the biofi lm’,  Tribology 
International ,  40 , 1492–9.  

  Zahrani, E. M., Fathi, M. H. and Alfantazi, A. M. (2011), ‘Sol-gel derived nanocrystalline 
fl uoridated hydroxyapatite powders and nanostructured coatings for tissue engineering 
applications’,  Metallurgical and Materials Transactions A ,  42 , 3291–309.                

�� �� �� �� �� ��

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



© Woodhead Publishing Limited, 2012

393

 abrasion–corrosion, 177 
 accelerator, 218 
 active dissolution 

 nanocrystalline materials, 60–1 
 of nanocrystalline materials in a liquid 

system 
 polarisation curves for surface-

nanocrystallised low-carbon steel, 61 
 ‘adatoms,’ 87 
 additives 

 grain refi ners, 96–100 
 activity on the nanostructure of gold 

deposits, 98 
 X-ray diffraction patterns of 

nanocrystalline copper deposits, 100 
 adipic acid monolayer, 295 
 aerospace alloys 

 corrosion, 359–62 
 galvanic corrosion, 359–60 
 hydrogen embrittlement, 361 
 intergranular corrosion, 361 
 pitting corrosion, 360 
 selective leaching, 361–2 

 corrosion protection using nanocoatings, 
357–71 

 Al alloys protective coating layers, 362 
 atmospheric infl uences on organic coatings 

and corrosion formation on coated 
substrate, 363 

 background, 357–8 
 nanotechnology-associated approaches, 

364–71 
 protective coatings, 362–4 

 Ag/SiO 2 core–shell nanoparticles, 290 
 AISI 1045 carbon steel 

 Ni-Co alloy coating effect on corrosion wear, 
187–90 

 AISI 316L stainless steel, 172 
 7075 Al alloy, 358 
 Aloha Airlines accident, 361 
 alumina 

 nanoparticle effect on the corrosion wear of 
316L SS, 172–5 

 evolution of mean coeffi cient of friction, 
current of AISI 316L SS disc, 173 

 wear profi le of AISI 316L SS disc, 174 
 nanosized particle effect on microabrasion 

corrosion of Co-Cr-Mo alloy, 175–80 
 coeffi cient of friction  vs.  total wear volume 

if AISI 316 SS, 176 
 morphological features of wear scars, 180 
 specifi c wear rates and wear-induced 

corrosion current, 178, 179 
 wear scar profi les, 177 

 aluminium alloys, 357 
 anion-exchange nanocontainers, 242–3 
 anion-exchange reaction, 271 
 anionic clay, 270 
 anodic protection, 331 
 anodising, 219–20 
 ASTM B117, 229 
 ASTM D 1522, 324 
 ASTM-G53, 324 
 ‘autonomic-healing’  see  ‘self-healing’ concept 
 ‘autonomic-repairing’  see  ‘self-healing’ concept 

 ball peening, 150 
 barrier layer, 219 
 benzotriazole inhibitor, 231 
 bioceramic coatings, 380 
 biocompatible coatings, 111–13 

 nanostructured TiO 2  deposited in Ti6Al4V, 
112 

 biomaterial 
 nanoscience, 375–89 

 nanoscale surface modifi cations and 
corrosion resistance, 381–2 

 nanostructured biomaterials, 380–1 
 nanostructured ceramic coatings, 383–5 
 orthopaedics and dental implants corrosion, 

376–80 
 resorbable biomaterials, 385–9 

 biopolymer chitosan, 235 
 biotribocorrosion 

 cobalt nanoparticle on Co-Cr-Mo Alloy hip 
prosthesis, 180–4 

   Index 

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



© Woodhead Publishing Limited, 2012

394 Index

 change in FCP of CoCrMo hip prosthesis, 
181–2 

 friction factor, 183 
 nanoparticle varying concentration effect, 

183 
 boehmite, 222, 285 
 Boeing Company, 219–20 
 boric sulphuric acid anodising, 219–20 
 Butler–Volmer relationship, 24 

 carbon nanotube reinforced copper composite, 
109 

 cathodic protection, 331 
 cationic polyelectrolytes, 369 
 ceramic coatings, 158–63 
 cerium activated nanoparticles, 286 
 cerium conversion coating technique, 220 
 cerium (III) doped sol-gel coating, 318 
 cerium molybdate hollow nanospheres, 238 
 cerium nitrate, 220 
 chemical imidisation, 345 
 chemical vapour deposition (CVD), 148, 158 
 chloranil  see  tetrachloro-p-benzoquinone 
 chromate conversion coating, 217–18, 362 
 chromate treatment, 217 
 chromic acid anodising, 219 
 chromium, 100 
 chromium-containing compounds, 332 
 class I sol-gel hybrid materials, 223 
 class II sol-gel hybrid materials, 224 
 clay conducting polymer composites, 251 
 clay minerals, 333–5 
 Co-Cr-Mo alloy 

 cobalt nanoparticle effect on 
biotribocorrosion of hip prosthesis, 
180–4 

 change in FCP of CoCrMo hip implant, 
181–2 

 friction factor, 183 
 nanoparticle varying concentration effect, 

183 
 nanoparticle effect on stainless steel (SS) 

tribocorrosion, 172–84 
 nanosized alumina particle effect on 

microabrasion corrosion, 175–80 
 coeffi cient of friction  vs.  total wear volume 

if AISI 316 SS, 176 
 morphological features of wear scars, 180 
 specifi c wear rates and wear-induced 

corrosion current, 178, 179 
 wear scar profi les, 177 

 Co/Cu multilayer, 110–11 
 coating cracking, 314 
 coating deposition, 148–53 

 electro-spark deposition, 149–50 
 magnetron sputtering, 148–9 
 mechanical action enhanced technique, 150–3 

 cobalt, 100 
 biotribocorrosion of Co-Cr-Mo Alloy hip 

prosthesis, 180–4 

 change in FCP of CoCrMo hip prosthesis, 
181–2 

 friction factor, 183 
 nanoparticle varying concentration effect, 

183 
 coeffi cients of thermal expansion (CTE), 156 
 composite ceramic coating, 7 
 composite coating, 160–3 

 oxidation kinetics, 162 
 oxygen diffusion paths, 161 
 particle formation by high energy ball 

milling, 161 
 compositionally modulated multilayer, 28, 110 
 conductive polymer coatings, 244–52 

 bilayered PPy coating on steel, 250 
 clay incorporation advantages, 251 
 proton and electron transfer in PANi, 246 
 redox couples reduction potentials, 246 
 trans-polyacetylene, polypyrrole and 

polythiophene structures, 245 
 Co–Ni–Cu/Cu superlattice, 111 
 conjugated polymers, 245 
 contact angle, 366 
 copper, 100–2 
 copper composite, 108–9 
 copper–Al 2 O 3  nanocomposite, 109 
 copper–water system, 22 
 copper–water–chloride system, 22 
 copper–ZrB 2  composite, 109 
 corrosion, 5–7, 18–19, 264–5, 283 

 impact of nanotechnology on reducing cost, 
3–13 

 nanomaterials: thermodynamics and kinetic 
factors, 16–30 

 nanomaterials in corrosion prevention, 8–12 
 nanostructured materials corrosion/oxidation 

behaviour, 7–8 
 nanotechnology correlation, 6 
 overview, 3–5 

 cost, 4–5 
 nanostructured materials, 3–4 

 prevention, 16–20, 22 
 corrosion control 

 nanoscience, 375–89 
 nanoscale surface modifi cations and 

corrosion resistance, 381–2 
 nanostructured biomaterials, 380–1 
 nanostructured ceramic coatings, 383–5 
 orthopaedics and dental implants corrosion, 

376–80 
 resorbable biomaterials, 385–9 

 polymer nanocomposites, 330–51 
 anticorrosive properties, 338–50 
 PCN synthesis methods, 336–8 
 polymer/clay nanocomposite (PSN) 

structures, 335–6 
 prevention measures, 330–2 

 cathodic and anodic protection, 331 
 coatings, 332 
 material selection, 330–1 

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



© Woodhead Publishing Limited, 2012

 Index 395

 self-healing nanocoatings, 213–53 
 conductive polymer coatings, 244–52 
 polymer bulk composites and coatings, 

215–16 
 ‘self-healing’ concept, 214–15 
 sol-gel coatings with nanoreservoirs, 

232–44 
 sol-gel silane coatings, 221–32 
 traditional conversion coatings, 217–21 

 corrosion/cracking, 7 
 corrosion dynamics 

 nanocrystalline metals, 43–9 
 nanoscale grain size  vs.  distance from 

sample surface, 45 
 oxidation kinetics curves of CG and NC 

zircaloy-4, 47 
 oxide formed on NC and CG, 49 
 oxygen content distribution in ZrO 2  fi lm, 

48 
 surface morphology of CG and NC 

zircaloy-4, 46 
 corrosion inhibitors, 283–4 
 corrosion loss, 19–20 
 corrosion prevention, 16–20, 22, 330–2 

 cathodic and anodic protection 
 anodic, 331 
 cathodic, 331 

 coatings 
 metallic and inorganic coatings, 332 
 organic coatings, 332 

 material selection, 330–1 
 changing mediums, 331 
 inhibitors, 331 
 metal and alloys, 330 
 metal purifi cation, 331 
 non-metallics, 331 

 nanomaterials, 8–12 
 expected corrosion resistance properties, 9 
 nanocoatings, 9 

 corrosion protection 
 corrosion, 264–5 
 nanocoatings for aerospace alloys, 357–71 
 nanoreservoirs, 264–77 

 anticorrosion effi ciency, 274–6 
 layered double hydroxides based 

nanocontainers, 270–1 
 modifi ed inorganic material based 

nanocontainers, 273–4 
 polymer-based nanocontainers, 271–3 

 nanotechnology-associated approaches, 
364–71 

 layer-by-layer coatings, 369–70 
 nanoscale alloy coatings, 371 
 nanoscale ceramic coatings, 370 
 nanoscale conversion coatings, 364 
 nanoscale thermal barrier coatings, 370–1 
 polymeric nanocomposite coatings, 

365–9 
 sol-gel coatings, 364–5 

 protective coatings, 265–8 

 sol-gel nanocoatings, 304–26 
 corrosion resistance, 311–13 
 scratch resistance, 314–15 
 water repellance, 313–14 

 corrosion resistance, 311–13 
 active dissolution of nanocrystalline 

materials, 60–1 
 chemical bond formation schematics, 312 
 electrochemical infl uences, 59–83 
 electrodeposited nanomaterials, 113–17 

 anodic polarisation curves for pure zinc 
coating, 116 

 corrosion data of three different Ni-Cu 
alloys, 115 

 corrosion rate with immersion time for 
pure zinc coating, 116 

  E  corr ,  I  corr  and corrosion rate determined 
from Tafel plots, 117 

 potentiodynamic polarisation plot of Ni-Cu 
alloy, 114 

 Tafel plots of TiO 2 , 117 
 future trends, 83 
 grain boundary and electron movement, 34–6 
 grain size effect on electrochemical corrosion 

behaviour, 80–2 
 infl uence of grain size reduction, 43–54 

 corrosion dynamics of nanocrystalline 
metals, 43–9 

 nanocrystalline zircaloy structural 
evolution, 49–54 

 interaction theory, 36–41 
 lattice distortion, Fermi energy and Fermi 

velocity of nanocrystalline metals, 41–3 
 metal oxides and their reactions, 312 
 nanocrystalline materials: infl uence of grain 

size, 34–55 
 passivation of nanocrystalline materials, 

62–75 
 chemistry passive fi lm, 63–7 
 nanocrystallisation effect on passive fi lm 

growth, 73–5 
 semiconductive properties of passive fi lm, 

70–3 
 structure of passive fi lm, 68–70 

 pitting corrosion of nanocrystalline metals, 
76–80 

 effect on pit growth process, 79–80 
 effect on pit initiation process, 77–9 

 corrosion wear, 168 
 alumina nanoparticle effect on 316L SS, 172–5 
 Ni-Co alloy coating effect on AISI 1045 

carbon steel, 187–90 
 cost, 4–5 
 crystalline component (CC), 130 
 Cu/Ni multilayer, 111 
 Cu–Ni alloys, 106 
 ‘cut-edge’ problem, 268 
 Cu–TiO 2  nanocomposite, 109 
 cyclic voltammetry (CV) approach, 345–6 
 cyclodextrins, 241–2 

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



© Woodhead Publishing Limited, 2012

396 Index

 de-alloying  see  selective leaching 
 delamination, 314 
 dental implants corrosion, 376–80 

 corrosion attack on nickel-titanium wire, 379 
 failure analysis of titanium, 377 
 intergranular corrosion of stainless steel, 

378 
 dicyclopentadiene monomer, 272 
 direct current electrodeposition, 92 

 electrically conducting polymers, 244–5 
 electro-spark deposition, 149–50 

 microstructure of nanosized oxide particle, 
150 

 electroactive polyimide/clay nanocomposite 
(EPCN) coatings, 345 

 electrochemical corrosion 
 active dissolution of nanocrystalline 

materials, 60–1 
 corrosion resistance of nanocrystalline 

materials, 59–83 
 future trends, 83 
 grain size effect, 80–2 
 passivation of nanocrystalline materials, 

62–75 
 chemistry of passive fi lm, 63–7 
 nanocrystallisation effect on passive fi lm 

growth, 73–5 
 semiconductive properties of passive fi lm, 

70–3 
 structure of passive fi lm, 68–70 

 pitting corrosion of nanocrystalline metals, 
76–80 

 pit growth process, 79–80 
 pit initiation process, 77–9 

 electrochemical deposition, 159, 384, 386 
 electrochemical metal dissolution kinetics, 

23–4 
 electrochemical noise analysis (ENA), 290 
 electrochemical potentials, 19 
 electrochemical sintering, 159 
 electrodeposited nanocrystalline coating, 

187–98 
 electrodeposition, 28 

 application in nanomaterials, 89–91 
 electrodeposited nanomaterials and their 

application, 91 
 corrosion resistance, 113–17 
 electrodeposited nanomaterials, 100–13 

 biocompatible coatings, 111–13 
 metals, 100–2 
 multilayers, 110–11 
 nanocomposite, 107–10 
 nanocrystalline alloys, 105–6 
 precious metals, 102–5 

 overview, 86–8 
 mechanism, 86–8 
 metal deposition fundamentals, 88 
 steps in cathodic deposition of metals, 87 
 thermodynamics and kinetics, 88 

 special technique for grain size reduction, 
92–100 

 additives and grain refi ners, 96–100 
 pulse and pulse reverse currents, 92–5 
 template-assisted, 95–6 

 technique for nanomaterials, 86–118 
 electroless deposited nanocomposite coating, 

198–200 
 electrolysis cell circuit, 86–7 
 electron movement 

 grain boundary, 34–6 
 interaction theory of grain boundary and 

nanocrystalline metals, 36–41 
 corrosion kinetics of zirconium metal, 40 
 corrosion rate constant decreases with 

decreasing grain size, 39 
 effective electronic mean free path and 

grain size, 39 
 electron probe microanalyser (EPMA), 63, 295 
 electrophoretic deposition (EPD), 385 
 energy dispersive spectrometry (EDS), 235, 243 
 ennobling mechanism, 248 
 Environmental Quality Standard, 289 
 erosion corrosion, 168–9 

 Fe-based alloys 
 nanocrystalline Fe, 132–4 

 grain growth in Fe-10Cr alloy, 134 
 XRD profi les for balled-milled Fe-10Cr 

alloy, 133 
 Fe-Cr alloys, 132–3 

 nanocrystalline oxidation resistance, 136–42 
 kinetics of NC and MC Fe-10Cr alloys, 

138 
 SIMS depth profi le of Cr and O in oxidised 

of Fe-10Cr NC and MC alloys, 139–40 
 Fe/Cr multilayer, 110 
 Fe–Ni alloys, 106 
 Fermi energy 

 lattice distortion and Fermi velocity of 
nanocrystalline metals, 41–3 

 electron resistivity, 43 
 Fermi velocity, 37 

 lattice distortion and Fermi energy of 
nanocrystalline metals, 41–3 

 electron resistivity, 43 
 fi lamentary nanostructure, 89 
 Flade potential, 249 
 fl uorinated polyurethanes, 369 
 fl uoroapatite (FA) nanoparticle, 386–7 
 free-radical polymerisation, 338 
 fretting corrosion, 169–70 

 galvanic corrosion, 28, 359–60 
 galvanic corrosion cell, 285 
 gas permeability analysis (GPA), 345 
 gel point, 309 
 gelation, 309 
 glow discharge optical emission spectroscopy 

(GDOES), 228 

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



© Woodhead Publishing Limited, 2012

 Index 397

 gold, 102–3 
 grain boundary, 361 

 electron movement, 34–6 
 interaction theory of nanocrystalline metals 

and electron movement, 36–41 
 corrosion kinetics of zirconium metal, 40 
 corrosion rate constant decreases with 

decreasing grain size, 39 
 effective electronic mean free path and 

grain size, 39 
 grain refi ners 

 additives, 96–100 
 activity on the nanostructure of gold 

deposits, 98 
 X-ray diffraction patterns of 

nanocrystalline copper deposits, 100 
 grain size 

 corrosion resistance of nanocrystalline 
materials, 34–55 

 effect on electrochemical corrosion 
behaviour, 80–2 

 corrosion rate vs depth for SNC 
low-carbon steel, 81 

 potentiodynamic polarisation plots, 82 
 grain boundary and electron movement, 34–6 
 interaction theory, 36–41 
 lattice distortion, Fermi energy and Fermi 

velocity of nanocrystalline metals, 41–3 
 reduction infl uence, 43–54 

 corrosion dynamics of nanocrystalline 
metals, 43–9 

 nanocrystalline zircaloy structural 
evolution, 49–54 

 reduction special technique, 92–100 

 halloysite, 274 
 halloysite nanotubes, 239 
 hard coat anodising, 219 
 hectorite, 335 
 high energy ball milling, 160 
 high temperature 

 oxidation protection using nanocrystalline 
coatings, 146–63 

 ceramic, 158–63 
 overview, 146–8 
 resistant metal, 148–58 

 hip prosthesis, 180–4 
 hybrid sol-gel coatings, 221–6 
 hydrogen embrittlement, 361 
 hydrotalcite-based conversion fi lms, 270 
 hydrothermal coating process, 385 
 hydroxyapatite, 113, 383 
 8-hydroxyquinoline, 230, 274 

 immobilisation approach, 233 
 impedance spectroscopy, 228, 234 
  in situ  thermal polymerisation, 338 
 inductively coupled plasma optical emission 

spectrometry (ICP), 290 
 inhibitor incorporation mechanisms, 227 

 inhibitor release mechanisms, 233–4 
 inhibitors, 331 
 inorganic coatings, 332 
 inorganic inhibitors, 227–9 

 AA2024 unclad samples, 229 
 inorganic-organic hybrid coatings, 311 
 inorganic sol-gel coatings, 221–6 
 instantaneous nucleation, 88 
 intercalative polymerisation method, 337–8 
 intercrystalline component (IC), 130 
 intergranular corrosion, 35, 361 
 ion-conducting polymers, 244 
 ion-exchange release mechanism, 242 
 iron, 100, 102, 294 
 iron phosphate coatings, 218 

 kinetics, 22–7 
 corrosion and nanomaterials: 

thermodynamics, 16–30 
 corrosion processes, 24 
 mixed potential system, 26–7 
 reaction equations, 23–6 

 316L SS 
 alumina nanoparticle effect on corrosion 

wear, 172–5 
 evolution of mean coeffi cient of friction, 

current of AISI 316L SS disc, 173 
 wear profi le of AISI 316L SS disc, 174 

 lattice distortion, 41–3 
 layer-by-layer assembly, 273–4 
 layer-by-layer coatings, 369–70 
 layer-by-layer deposition procedure, 240 
 layer reservoirs, 234–6 

 Ce-containing chitosan and EDS map, 235 
 layered double hydroxide (LDH), 242–3 
 layered materials, 333–4 
 layered nanostructure, 89 
 liquid system 

 active dissolution of nanocrystalline 
materials, 60–1 

 polarisation curves for surface-
nanocrystallized low-carbon steel, 61 

 lubricants, 171–2 

 magnetic permalloy, 106 
 magnetron sputtering, 148–9 
 manganese phosphate coatings, 219 
 marine microbiological corrosion, 289 
 mechanical action enhanced technique, 150–3 

 cross-sectional morphology of a 
nanocrystalline Fe-Al intermetallic 
coating, 151 

 equipment for coating fabrication, 152 
 nanosized crystallites with different 

orientations and cubic cell 
microstructure, 153 

 melt intercalation method, 338 
 3-mercaptopropyltrimethoxysilane (TPTMS), 

323 

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



© Woodhead Publishing Limited, 2012

398 Index

 mesoporous nanoparticles, 239 
 metal deposition, 88 
 metal purifi cation, 331 
 metallic bond coating, 371 
 metallic coatings, 332 

 high temperature oxidation resistant, 148–58 
 metallic corrosion, 18 
 metals, 100–2 

 NC copper deposit, 101 
 NC copper grain size, 101 

 metal–solution interface, 23 
 methacrylate-containing hybrid sol-gel coatings, 

225 
 5-methoxy-2-(octadecylthio)benzimidazole 

monolayer, 294 
 micro-arc oxidation, 387 
 microabrasion corrosion, 170 

 nanosized alumina particle effect on 
Co-Cr-Mo alloy, 175–80 

 coeffi cient of friction  vs.  total wear volume 
if AISI 316 SS, 176 

 morphological features of wear scars, 180 
 specifi c wear rates and wear-induced 

corrosion current, 178, 179 
 wear scar profi les, 177 

 microcrystalline, 129 
 mixed potential system, 26–7 

 current-potential curves for corroding 
systems, 26 

 moderate temperature 
 oxidation protection using nanocrystalline, 

129–42 
 degradation of metals and alloys by 

environment, 134–5 
 metal structure and properties, 130–1 
 resistance of metals and alloys, 135–42 
 thermal stability and synthesis of metals 

and alloys, 131–4 
 montmorillonite, 333, 335 
 multilayered coating, 158–60 

 (ZrO 2 -Y 2 O 3 )/(Al 2 O 3 -Y 2 O 3 ) composite, 159 
 multiwall carbon nanotubes (MWCNTs), 366 

 N 2  Brunauer–Emmett–Teller (BET) method, 
334 

 ‘nano building blocks,’ 224 
 nano-hydroxyapatite coatings, 383–4 
 nanocoatings 

 corrosion protection of aerospace alloys, 
357–71 

 nanotechnology-associated approaches, 
364–71 

 material tribocorrosion performance 
improvement, 167–205 

 nanoparticles role in tribocorrosion, 171–84 
 lubricants, 171–2 
 stainless steel (SS) and Co-Cr-Mo alloy, 

172–84 
 overview, 167–71 

 different types of contact modes, 169 

 future perspectives of tribocorrosion 
research, 171 

 nanomaterials, 167–8 
 parameters that affect tribocorrosion, 170 
 tribocorrosion, 168–71 

 tribocorrosion resistance and nanocrystalline 
coatings, 184–204 

 electrodeposited nanocrystalline coating 
effect, 187–98 

 electroless deposited nanocomposite 
coating effect, 198–200 

 nanostructuring effect of titanium, 200–4 
 thermal sprayed nanostructured coating 

effect, 184–7 
 nanocomposite, 6 

 fabrication, 366 
 nanocontainer-based coatings 

 anticorrosion effi ciency, 274–6 
 ionic current measurements, 276 
 self-healing effect and SiO x :ZrO x  fi lm 

loaded container, 275 
 nanocontainers, 236–44 

 cerium titanium oxide hollow nanospheres, 
238 

 illustration of fabrication of 
2-mercaptobenzothiazole, 240 

 inhibitor controllable release and ‘smart 
self-healing’ process, 241 

 LDH-VOx SEM and TEM images, 243 
 nanocrystalline alloys 

 degradation of metals by environment, 
134–5 

 oxidation resistance of metals, 135–42 
 thermal stability and synthesis of metals, 

131–4 
 nanocrystalline coatings, 7 

 high temperature oxidation protection, 
146–63 

 ceramic, 158–63 
 overview, 146–8 
 resistant metal, 148–58 

 tribocorrosion resistance, 184–204 
 nanocrystalline Fe 

 Fe-based alloys, 132–4 
 grain growth in Fe-10Cr alloy, 134 
 XRD profi les for balled-milled Fe-10Cr 

alloy, 133 
 nanocrystalline fl uoridated hydroxyapatite, 385 
 nanocrystalline materials, 89 

 corrosion resistance, 59–83 
 corrosion resistance: electrochemical 

infl uences 
 active dissolution in a liquid system, 60–1 
 future trends, 83 
 grain size effect, 80–2 
 passivation, 62–75 
 pitting corrosion of nanocrystalline metals, 

76–80 
 corrosion resistance: infl uence of grain size, 

34–55 

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



© Woodhead Publishing Limited, 2012

 Index 399

 grain boundary and electron movement, 
34–6 

 grain size reduction infl uence, 43–54 
 interaction theory, 36–41 
 lattice distortion, Fermi energy and Fermi 

velocity of metals, 41–3 
 nanocrystalline metals 

 corrosion dynamics, 43–9 
 nanoscale grain size  vs.  distance from 

sample surface, 45 
 oxidation kinetics curves of CG and NC 

zircaloy-4, 47 
 oxide formed on NC and CG, 49 
 oxygen content distribution in ZrO 2  fi lm, 

48 
 surface morphology of CG and NC 

zircaloy-4, 46 
 corrosion mechanism, 34–6 
 degradation of alloys by environment, 134–5 
 interaction theory of grain boundary and 

electron movement, 36–41 
 corrosion kinetics of zirconium metal, 40 
 corrosion rate constant decreases with 

decreasing grain size, 39 
 effective electronic mean free path and 

grain size, 39 
 lattice distortion, Fermi energy and Fermi 

velocity, 41–3 
 electron resistivity, 43 

 oxidation resistance of alloys, 135–42 
 pitting corrosion, 76–80 

 potentiodynamic polarisation plots, 76 
 structure and properties, 130–1 

 model of nanostructured material, 131 
 thermal stability and synthesis of alloys, 

131–4 
 nanocrystalline structures 

 moderate temperature oxidation protection, 
129–42 

 degradation of metals and alloys by 
environment, 134–5 

 metal structure and properties, 130–1 
 resistance of metals and alloys, 135–42 
 thermal stability and synthesis of metals 

and alloys, 131–4 
 nanocrystallisation, 60–1 

 effect on passive fi lm chemistry, 63–7 
 Cl 2p XPS depth profi le spectra, 66 
 double-layer capacities as a function of 

electrode potential, 67 
 EPMA element maps, 64–5 
 XPS composition, 63 

 effect on passive fi lm growth, 73–5 
 crystalline stainless steel under anodic 

polarisation, 74 
 nanocrystalline coating in the initial stage 

under anodic polarisation, 75 
 effect on passive fi lm semiconductive 

properties 
 Mott-Schottky plots, 71 

 effect on passive fi lm structure, 68–70 
 Cr 2p XPS depth profi le spectra, 68 
 double-log plots of current-time, 69 

 effect on pit growth process, 79–80 
 NC coating in the pitting stage under 

anodic polarisation, 80 
 effect on pit initiation process, 77–9 

 crystalline alloy in the pitting stage under 
anodic polarisation, 79 

 current electrochemical noise, 78 
 semiconductive properties of passive fi lm, 

70–3 
 nanomaterial, 16–30, 167–8, 306 

 applications, 28–30 
 corrosion, 18–19 
 corrosion prevention, 8–12 

 expected corrosion resistance properties, 9 
 nanocoatings, 9 

 electrodeposition technique, 86–118 
 application, 89–91 
 corrosion resistance, 113–17 
 electrodeposited nanomaterials, 100–13 
 overview, 86–8 
 special technique for grain size reduction, 

92–100 
 kinetics, 22–7 

 mixed potential system, 26–7 
 reaction equations, 23–6 

 thermodynamics, 19–22 
 stable fi lm formation, 20–2 

 nanoparticle-based biocides, 289–90 
 nanoparticle-based corrosion inhibitors, 

283–99 
 cerium activated nanoparticles, 286 
 corrosion inhibition and nanoparticles, 

284–5 
 corrosion inhibitor concept, 283–4 
 functionalised nanoparticles and 

nanostructures as carriers, 287–9 
 boehmite nanoparticle and nanostructured 

boehmite carriers, 288 
 corrosion arrest by inhibitor release, 289 
 nanostructured carrier types, 287 

 nanoparticle-based biocides, 289–90 
 nanotechnology, 284 
 surface modifi ed nanoparticles, 285 

 nanoparticles, 285 
 alumina effect on the corrosion wear of 316L 

SS, 172–5 
 evolution of mean coeffi cient of friction, 

current of AISI 316L SS disc, 173 
 wear profi le of AISI 316L SS disc, 174 

 cobalt effect on biotribocorrosion of 
Co-Cr-Mo Alloy hip prosthesis, 
180–4 

 change in FCP of CoCrMo hip prosthesis, 
181–2 

 friction factor, 183 
 nanoparticle varying concentration effect, 

183 

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



© Woodhead Publishing Limited, 2012

400 Index

 lubricants, 171–2 
 role in tribocorrosion, 171–84 
 tribocorrosion of stainless steel (SS) and 

Co-Cr-Mo alloy, 172–84 
 nanoreservoirs, 232–44 

 corrosion protection coatings, 264–77 
 multifunctional self-healing coatings 

schematic, 269 
 nanocontainers in coatings, 268–76 

 types, 234–44 
 layer reservoirs, 234–6 
 nanocontainers, 236–44 

 nanoscale alloy coatings, 371 
 nanoscale ceramic coatings, 370 
 nanoscale conversion coatings, 364 

 Al alloy substrate coating design schematic, 
365 

 nanoscale corrosion resistance, 381–2 
 potentiostatic polarisation plots, 383 

 nanoscale porous coatings, 371 
 nanoscale surface modifi cations, 381–2 

 potentiostatic polarisation plots, 383 
 nanoscale thermal barrier coatings, 370–1 
 nanoscience 

 biomaterial corrosion control, 375–89 
 nanoscale surface modifi cations and 

corrosion resistance, 381–2 
 nanostructured biomaterials, 380–1 
 nanostructured ceramic coatings, 383–5 
 orthopaedics and dental implants corrosion, 

376–80 
 resorbable biomaterials, 385–9 

 nanostructure crystallites, 89 
 nanostructured biomaterials, 380–1 

 pros and cons diagram, 381 
 nanostructured ceramic coatings, 383–5 

 SEM of calcium phosphate coating, 384 
 nanostructured class II sol-gels, 224 
 nanostructured materials, 3–4 

 corrosion/oxidation, 7–8 
 nanomaterials, 4 

 nanostructuring 
 effect on tribocorrosion of titanium, 

200–4 
 FCP change of untreated, annealed sliding 

against the alumina ball, 201 
 wear depth measured at the cross-section of 

wear tracks, 203 
 wear tracks of untreated and annealed 

substrates, 202 
 worn surface morphologies, 204 

 nanotechnology, 5–7, 16–18, 284 
 coating, 305–7 
 correlation to corrosion, 6 
 impact on reducing corrosion cost, 3–13 

 nanomaterials in corrosion prevention, 
8–12 

 nanostructured materials corrosion/
oxidation behaviour, 7–8 

 overview, 3–5 

 ‘nanotoxicity,’ 4 
 Ni-Co alloy, 132 

 nanocrystalline coatings on corrosion wear of 
AISI 1045 carbon steel, 187–90 

 anodic current of Ni-Co alloy, 188 
 FCP change of Ni-Co alloy, 187 
 surface morphology of Ni-Co alloy, 

189–90 
 Ni-Fe alloys, 132 
 Ni-nano SiC composite coating 

 electrodeposited effect on corrosion wear of 
steel and stainless steel, 190–8 

 change in FCP as a function of time, 192 
 change in FCP of ED Ni-SiC, 195 
 current-time transients, 197 
 friction coeffi cient of Nip and NipSiC200, 

198 
 potentiodynamic polarisation curves, 196 
 pure nickel wear corrosion rate, 194 
 surface profi le measured at the middle of 

wear scar, 193 
 Ni-P-nano SiC composite coating 

 electrodes effect on the cavitation erosion 
corrosion of steel, 198–200 

 cumulative mass loss measured as a 
function of cavitation erosion, 199 

 visual appearance and surface morphology 
of EL Ni-P coated steel, 200 

 nickel, 100, 102, 291 
 Ni–Co alloys, 105–6 
 Ni–Cr nanocomposite, 108 
 Ni–Cu alloys, 106 
 NiPx/Sn multilayer, 111 
 Ni–SiC nanocomposite, 107 
 Ni–TiN nanocomposite, 108 
 non-metallics, 331 

 organic coatings, 332 
 organic inhibitors, 229–30 
 ‘organoclay,’ 335 
 organofunctional silane compounds, 224–5 
 organosiloxanes, 273 
 orthopaedics implants corrosion, 376–80 

 corrosion attack on nickel-titanium wire, 
379 

 failure analysis of titanium, 377 
 intergranular corrosion of stainless steel, 

378 
 oxidation 

 ceramic coatings for high temperature 
protection, 158–63 

 composite, 160–3 
 multilayered, 158–60 

 corrosion, 330 
 degradation of nanocrystalline metals and 

alloys by environment, 134–5 
 high temperature protection using 

nanocrystalline coatings, 146–63 
 high temperature resistant metallic coatings, 

148–58 

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



© Woodhead Publishing Limited, 2012

 Index 401

 coating deposition, 148–53 
 oxide scale spallation resistance, 155–8 
 selective oxidation of nanocrystalline, 

154–5 
 moderate temperature protection using 

nanocrystalline structures, 129–42 
 nanocrystalline metal structure and properties, 

130–1 
 overview, 146–8 

 enhanced selective oxidation of binary 
alloy A-B by grain size reduction, 147 

 resistance of nanocrystalline metals and 
alloys, 135–42 

 general principles, 135–6 
 nanocrystalline Fe-Cr alloys, 136–42 

 thermal stability and synthesis of 
nanocrystalline metals and alloys, 131–4 

 Fe and Fe-based materials, 132–4 
 general principles, 131–2 

 oxidation/corrosion resistance, 129–30 
 oxidation potential, 330 
 oxidation resistance, 135–42 
 oxidation test, 160 
 oxidative polymerisation, 342 
 oxide ceramic coating, 371 
 oxide dispersive strengthening (ODS), 149–50 
 oxide-metal interface, 158–9 
 oxide nanoparticles, 236 
 oxide scale 

 spallation resistance, 155–8 
 micropegs and pits formed at the 

oxide-metal interface, 157 

 pack aluminising, 150 
 passivation 

 nanocrystalline materials, 62–75 
 potentiodynamic polarisation plots, 62 

 passive fi lm 
 nanocrystallisation effect on chemistry, 

63–7 
 Cl 2p XPS depth profi le spectra, 66 
 double-layer capacities as a function of 

electrode potential, 67 
 EPMA element maps, 64–5 
 XPS composition, 63 

 nanocrystallisation effect on growth, 73–5 
 crystalline stainless steel under anodic 

polarisation, 74 
 nanocrystalline coating in the initial stage 

under anodic polarisation, 75 
 nanocrystallisation effect on semiconductive 

properties, 70–3 
 Mott-Schottky plots, 71 

 nanocrystallisation effect on structure, 
68–70 

 Cr 2p XPS depth profi le spectra, 68 
 double-log plots of current-time, 69 

 passive protection, 221–6 
 phosphate conversion coating, 218–19 
 phosphating solution, 218 

 pH–potential diagram, 20 
 physical vapour deposition (PVD), 148, 158 
 pit growth process 

 nanocrystallisation effect, 79–80 
 NC coating in the pitting stage under 

anodic polarisation, 80 
 pit initiation process 

 nanocrystallisation effect, 77–9 
 crystalline alloy in the pitting stage under 

anodic polarisation, 79 
 current electrochemical noise, 78 

 pitting corrosion, 360, 366–7 
 nanocrystalline metals, 76–80 

 potentiodynamic polarisation plots, 76 
 platinum, 102, 104 
 polycrystalline solids, 129 
 polyelectrolyte nanocontainers, 273–4 
 polyelectrolyte reservoir fi lms, 236 
 polyester–TEOS system, 323–4 
 polymer-based nanocontainers, 271–3 
 polymer bulk coatings, 215–16 
 polymer bulk composites, 215–16 
 polymer nanocomposites 

 anticorrosive properties, 338–50 
 ACAT and EPCN synthesis, 346 
 CRS passivation mechanism and diffusion 

pathway of oxygen gas, 349 
 CRS SEM surface images, 350 
 cyclic voltammetry of polyimide as 

PCNs measured in aqueous H 2 SO 4 , 
348 

 EPCN01 and EPCN03 materials 
micrographs, 347 

 EPI ESCA Fe 2p core level spectra, 350 
 H 2 O and O 2  as permeability vs MMT clay 

content, 342 
 MMT, organophilic/MMT clay and EPCN 

material, 347 
 Nyquist plots for 5 CRS samples, 341 
 O 2,  N 2  and air permeability vs MMT clay 

content, 345 
 organophilic clay and PCN materials 

wide-angle powder XRD patterns, 343 
 organophilic clay wide-angle powder XRD 

patterns, 339 
 PCN03 TEM, 344 
 PMMA/clay (5 wt%) nanocomposite TEM, 

339 
 PMMA–MMT clay nanocomposite 

composition relationships, 340 
 Tafel plot for PCNs measured in 3.5% 

NaCl solution, 348 
 Tafel plots for different PCN coatings, 

340 
 Tafel plots for PCN coatings in NaCl 

solution, 344 
 clay structure, 333–5 

 sodium montmorillonite structure, 334 
 coatings, 332–3 
 corrosion control, 330–51 

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



© Woodhead Publishing Limited, 2012

402 Index

 PCN synthesis methods, 336–8 
 intercalative polymerisation method, 

337–8 
 melt intercalation method, 338 
 PCN materials and polymerisation, 

337 
 polymer or pre-polymer from solution 

intercalation, 336–7 
 polymer/clay nanocomposite (PSN) 

structures, 335–6 
 polymer organoclays dispersion states, 

336 
 polymeric nanocomposite coatings, 365–9 

 carbon nanotube coatings surface images, 
368 

 dispersed MWCNTs in epoxy primer, 367 
 MWCNTs contact-angle values change with 

UV exposure, 367 
 polyurethane top coatings, 369 
 potentiodynamic polarisation, 286 

 experiment, 387 
 Pourbaix diagram, 20–2 
 precious metals, 102–5 

 crystallite size dependence on pulsed current 
density, 103 

 off time effect on gold deposits nanostructure, 
104 

 primer coating, 362 
 programmed constant-current method, 252 
 progressive nucleation, 88 
 project on emerging nanotechnology (PEN), 4 
 protective coatings, 265–8 

 active organic coatings with inhibitors, 
267–8 

 blistering and delamination, 268 
 barrier protection with organic coatings, 

267 
 chromate and other conversion coatings, 

265–6 
 typical layered structure, 265 

 pulse current electrodeposition, 92–5 
 effect of DC and PC plating, 93 
 process parameter for nano nickel deposition, 

95 
 XRD pattern of pulse-plated NC-A and 

DC-plated NC-C alloys, 94 
 pulse reverse current electrodeposition, 92–5 

 effect of DC and PC plating, 93 
 process parameter for nano nickel deposition, 

95 
 XRD pattern of pulse-plated NC-A and 

DC-plated NC-C alloys, 94 

 rare earth conversion coatings, 220–1 
 reaction-couple, 19 
 reaction equations, 23–6 
 redox polymers, 245 
 refl ection and absorption infrared spectroscopy 

(RAIR), 323 
 release on-demand mechanism, 288 

 resorbable biomaterials 
 nanoscale approaches, 385–9 

 AZ91 Mg alloy corrosion rate, 387 
 coated and bare Mg-Zn-Ca alloy 

polarisation curves, 388 
 deposition effect on Mg-Zn-Ca alloy, 388 
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 ‘self-remedying’  see  ‘self-healing’ concept 
 ‘self-repair’  see  ‘self-healing’ concept 
 ‘self-repairing’ coatings, 17 
 silsesquioxanes, 224 
 silver, 102–3 
 smectite clays, 334 
 sol–gel coating, 307–11, 364–5 
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release, 230–2 
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 stainless steel, 379 
 nanoparticle effect on Co-Cr-Mo alloy 
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97 
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200–4 
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 overview, 167–71 
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 two-body sliding wear, 175 

 ultrasonic shot peening (USSP), 60 
 urea-formaldehyde microcapsules, 272 

 Wagner metal oxidation theory, 36 
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 WC/Co-Ni nanocoating, 109–10 
 wire bonding, 292 
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 X-ray diffraction, 243 
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 zeolite particles, 239 
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 zinc phosphate coatings, 218 
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