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It is highly vital in automotive body, high-speed rail overhead line parts, and water
distribution systems to use hot-dip galvanized steel (HDGS) coatings for efficiency
and ease of synthesis. Various novel coating systems could surpass the technical
restrictions of traditional anticorrosion techniques. Because of this, inorganic or organic
coating systems must be chosen accurately and suitably. Meanwhile, these coating
systems should be evaluated in accordance with their unique material characteristics
and synergistic electrochemical parameters. From this view, we summarize an overview
of recent developments of anticorrosive coating systems research for HDGS. First, we
demonstrate the traditional protective coatings to match the use of HDGS. Likewise,
emerging and state-of-the-art protective coatings are summarized. Then, methods for
the assessment criteria of traditional and emerging protective coatings are displayed and
illustrated through electrochemical analysis. For the conclusion, we make a proposal
about the future developments of protective coating systems for HDGS.

Keywords: coating, hot-dip galvanized steel, lifetime, electrochemical impedance spectroscopy, surface
treatment

INTRODUCTION

Corrosion of steel is inevitable in both production and daily life. The total economic loss caused
by corrosion is estimated to be over 3% of GDP in each country annually (Koch et al., 2002).
Accordingly, it is vital to conduct coating protection for steel. To date, Zinc and its alloy provide
the most effective corrosion protection for steel (Maeda, 1996; Krylova, 2001). Galvanizing layer
firstly serves as a barrier coating to prevent corrosive mediums such as Cl− ions from penetrating
into the matrix steel. This accumulation of the zinc corrosion products would further enhance the
barrier action of the galvanizing layer. Furthermore, the galvanizing layer can act as a sacrificial
anode, which zinc would preferentially corrode compared to the steel (Maaß et al., 2011; Schulz
and Thiele, 2012). However, the above-mentioned HDGS has certain drawbacks, such as relatively
inadequate protection performance to cope with the increasingly harsh natural environment. As an
alternative, a new strategy involving the combination of the pretreatment layer and organic coating,
called duplex coatings, have been proposed (Dallin et al., 2018; Svoboda et al., 2018). Therefore, the
exploration of novel duplex coatings has become a hot issue.

Frontiers in Materials | www.frontiersin.org 1 April 2020 | Volume 7 | Article 74

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2020.00074
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmats.2020.00074
http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2020.00074&domain=pdf&date_stamp=2020-04-15
https://www.frontiersin.org/articles/10.3389/fmats.2020.00074/full
http://loop.frontiersin.org/people/829027/overview
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles


fmats-07-00074 April 13, 2020 Time: 9:36 # 2

Yu et al. Coating Systems for Hot-Dip Galvanized Steel

Typically, the pretreatment layer is a chromate or phosphate
coating, which is environmentally unfriendly. Hence, there has
been increased interest in the design and improvement of “green”
pretreatment technology (Van Schaftinghen et al., 2004). New
pretreatment layers, such as silane film (Van Ooij et al., 2000),
rare-earth conversion film (Tianlan and Ruilin, 2009), conductive
polymer (Le et al., 2001), and self-assembled film (Yamamoto
et al., 1993) etc., have been booming during the past years. In
order to fully realize the potential of these new technologies,
a suitable pretreatment layer must be precisely selected and
evaluated with respect to their special physicochemical properties
and synergistic electrochemical parameters. Nevertheless, there
is little literature evaluating the lifetime of the duplex coatings.
Based on the aforementioned facts, we are eager to summarize
an overview of recent HDGS research from the following three
aspects: (1) anticorrosion control of zinc coatings to meet
HDGS applications, (2) emerging and state-of-the-art duplex
coatings for HDGS, (3) the life evaluation of aforementioned
coating systems. Finally, future developments of coating systems
have been proposed.

ANTICORROSION CONTROL OF ZINC
COATINGS TO MEET HDGS
APPLICATIONS

Zinc is an amphoteric metal. There is a large number of research
articles on the corrosion mechanism of zinc in neutral solution
(Cachet et al., 2001, 2002; Dafydd et al., 2005). It is generally
believed that zinc is transformed by two or three intermediate
substances in the corrosion process. Cachet et al. (2001) used
EIS to study the corrosion process of zinc in an aerated
sulfate solution and discovered that inductive reactance at a low
frequency tail appear in the impedance spectra. They believed
that it was related to the transformation of three adsorbed
particles formed in the corrosion process of zinc, namely Zn+ ad,
Zn2+ ad, and ZnOH ad. Zn firstly loses an electron and becomes
Zn+ ad. Then Zn goes through the following three conversion
paths:

Path 1 : Zn + Zn+ad → Zn2+
sol + Zn+ad + 2e−

Path 2 : Zn+ad → Zn2+
sol + e− → Zn2+

sol

Path 3 : 2Zn + 2H2O → 2Zn2+
sol + 2ZnOHad + H2

ZnOHad → ZnOH2+
sol + e−

Keddam et al. (1992) found that the main corrosion products of
zinc in chlorine-abundant environments were basic zinc chloride,
basic zinc carbonate, and zinc oxide. Under air and sodium
chloride existing neutral conditions, the corrosion reaction of
zinc is:

Zn→ Zn2−
+ 2e−

O2 + 2H2O+ 4e− → 4OH2−

2Zn+O2 + 2H2O→ 2Zn(OH)2

As the corrosion proceeds, the following corrosion reactions will
also occur in the anode region.

5Zn+ 2Cl− + 8H2O→ Zn5(OH)2Cl2 + 8H+

Zn2+
+ 2Cl− → ZnCl2

4Zn(OH)2 + ZnCl2 → Zn5(OH)8Cl2

In neutral or alkaline environments, basic zinc chloride will
precipitate on the surface of substrates to protect matrixes from
corrosion, but in acidic environments it can be easily dissolved.
Therefore, basic zinc chloride can be easily washed away by rain
under exposure environments. This is a cause of zinc pitting
(Cachet et al., 2002). Another cause of zinc pitting in the presence
of Cl− is the pH gradient. Cole et al. (2010) researched the
corrosion products of seawater droplets interacting with zinc
after short-term exposure. It was discovered that the oxide
layer gradually thickened and began to significantly hinder the
diffusion of ions, which would lead to the local acidification in
the anode region. This could also cause pitting at the local defect
site of acidification, which occurred along grain boundaries.

Carbon dioxide is another key factor that affects the corrosion
of zinc. Except for zinc hydroxide, carbonate of zinc is the most
widely existing corrosion product of zinc. The main forms of the
carbonate of zinc are ZnCO3 and Zn5(CO3)2(OH)6 (Chen et al.,
2006; Persson et al., 2007). The corrosion reactions are:

ZnO+ CO2 → ZnCO3

Zn(OH)2 + CO2 → ZnCO3 +H2O

3Zn(OH)2 + 2ZnCO3 → Zn5(CO3)2(OH)6

Basic zinc carbonate would be attached to the surface of
substrates to prevent ions from diffusion and reduce the
corrosion rate of substrates. It was found that the corrosion rate of
zinc would increase with the increase of the concentration of CO2
(Falk et al., 1998). In addition, a large number of SO2, NOx, and
other pollutants in industrial environments will also significantly
affect the corrosion of zinc. SO2 is a major contributor to acid
rain and is prone to cause uniform corrosion of zinc. In an
environment where SO2 coexists with NaCl, there would be
a synergistic effect between them that would result in severe
corrosion of zinc (Qu et al., 2002).

In addition, the corrosion mechanism of zinc in highly
alkaline environments, especially in reinforced concrete, has been
extensively researched. In the initial service period, the pores of
concrete are mainly saturated calcium hydroxide solution. When
the pH value is 12∼14 (Yeomans, 2004), the galvanized layer
is basically in a passivation state. Among the factors leading
to the corrosion of HDGS reinforcement, CaCO3 generated from
the neutralization reaction of CO2 in the air with Ca(OH)2 in
the pore fluid of the concrete and Cl− have the most serious
impacts (Al-Mehthel et al., 2009; Manna, 2009). HDGS concrete
is in a passivation state at saturated Ca(OH)2 solution with a
pH of 12∼13. The corrosion current density Icorr is close to
the passivation critical value. When the pH exceeded 13.5, the
corrosion current density Icorr would increase rapidly on account
of the absence of protective film. When the pH is less than nine,
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the galvanizing film could directly produce a hydrogen evolution
reaction and, thus, damage the coating’s structure.

When Cl− enters the concrete environment, it destroys the
primary corrosion product film (consisting of calcium zincate)
covered on the galvanized layer, making the galvanized layer re-
enter into an activation state. When the concentration of Cl−
is less than the critical value (0.4∼0.5 mol/L), the passivation
film would be slightly pitted by Cl− in local region of calcium
zincate with weak protection, and another corrosion product
basic zinc chloride could be generated in local micro-regions. In
the dense area covered by calcium zincate, pitting of Cl− will
not occur. The local continuous basic zinc chloride formed by
pitting, together with the large area dense calcium zincate, can
still offer better protection to the galvanized layer. When the
concentration of Cl− is greater than or equal to the critical value,
the degree of corrosion of the galvanized layer would increase,
and the penetration of Cl− to the passivation film will change
from pitting corrosion to local corrosion. With the increase of
Cl− concentration, a large amount of loosely deposited basic
zinc chloride was generated in the area where the protection of
calcium zincate was relatively weak. The basic zinc chloride was
not tightly bound to the surface of the galvanized layer and it
was easy to break off. Cl− would continuously infiltrate into the
bottom of calcium zincate from the shed, and gradually destroy
the dense membrane structure of calcium zincate, so as to expand
the corrosion of the galvanized layer and destroy the matrix metal
(Yeomans, 2004).

Currently, a relatively mature hot-dip galvanizing process
technique for HDGS has been employed that could compete
against cold galvanizing and zinc thermal spraying, which
has enormous benefits over the latter. For instance, hot-
dip galvanizing has the advantages of lower processing costs,
comprehensive protection, less labor and time, and more
durability and reliability (Schulz and Thiele, 2012). There are
various factors that affect the properties of zinc coatings, such as
the type of steel, surface preparation of steel before galvanizing,
alloying additives of zinc baths, temperature and duration of
the galvanizing process, and galvanizing post cooling methods
(Chen et al., 1992; Strutzenberger and Faderl, 1998; Sere et al.,
1999; Morimoto et al., 2002; Safaeirad et al., 2008; Tsai et al.,
2010). Hence, there are also certain challenges, result from the
demands for hot-dip galvanizing process applied for HDGS.
These challenges include: looking for suitable alloying elements
to improve the corrosion resistance of coatings, achieving an
environmental-friendly galvanizing process, and realizing an
excellent adhesion with a more uniform coating. Therefore, the
discovery of an optimal hot-dip galvanizing process will be
applied into the corrosion protection of steel. This hot topic will
open up new paths for research collaborations between the fields
of metallurgy and materials science.

Furthermore, with a view to better corrosion control of the
novel hot-dip galvanizing process, the following aspects should
be taken into consideration to discover more appropriate hot-
dip galvanizing process for HDGS. As demonstrated in Figure 1,
the common corrosion control strategy for matching hot-dip
galvanizing process to HDGS should cover the following issues:
(1) the optimal selection of a suitable matrix steel, (2) the

FIGURE 1 | Proposed corrosion control strategies to match hot-dip
galvanizing process to HDGS; key factors include the selection of a suitable
matrix steel, the modification of the alloy composition in zinc bath, appropriate
temperature and time of hot-dip galvanizing and the design of passivation
process.

appropriate modification of the alloy composition in zinc bath,
(3) suitable temperature and time of hot-dip galvanizing, (4)
the adoption of passivation process. First, a suitable matrix
steel should be precisely chosen. The anticipated galvanizing
coating after zinc immersion can be realized when cooperating
with a proper type of steel. In fact, the microstructure and
mechanical property of prepared galvanized coatings would be
significantly influenced by the chemical composition of matrix
steel (Breval and Rachlitz, 1988; Lin, 1999; Vourlias et al., 2004;
Vincent et al., 2006; Maaß et al., 2011; Schulz and Thiele, 2012;
Kania and Liberski, 2014; Pokorny et al., 2016). The content
of carbon and silicon in the matrix played a guiding role on
the coating properties, meanwhile the component of manganese,
phosphorus, and sulfur had relatively little impact on it. For
example, different forms of carbon element would have different
effects on the reaction between Fe and Zn. When carbon was
in the form of spherical pearlite and lamellar pearlite, it will
accelerate the Fe-Zn reaction. However, the reaction velocity
of Fe-Zn would not be influenced as C element existed as
tempered martensite or graphite. Besides, the higher the content
of C element, the faster the Fe-Zn reaction. The acceleration
of the Fe-Zn reaction would reduce mechanical properties of
the galvanizing coating. Therefore, low carbon steels are often
chosen as matrix steel. Moreover, the presence of Si element
can accelerate the dissolution rate of Fe in a zinc bath. Steel
containing a low content of Si could obtain a more dense
resistance coating after the process of galvanizing. The higher
content of Si element in steel will lead to the Sandelin effect,
making ζ phase (brittle phase) grow intensely and form a gray
coating with poor adhesion, which would significantly affect the
appearance, microstructure, and properties of the galvanizing
coating. That is to say, the exploration of a suitable chemical
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composition of steel will be the first step in the control of
hot-dip galvanizing process. Second, modification of the alloy
composition in zinc bath for a prescribed matrix steel plays
an essential role in galvanizing optimization (Fasoyinu and
Weinberg, 1990; Pavlidou et al., 2005; Asgari et al., 2007; Pistofidis
et al., 2007; Culcasi et al., 2009). Particularly, the melting point,
viscosity, and surface tension of zinc bath can be modified by
some certain alloying elements, so that the coating thickness,
surface gloss, and mechanical strength of HDGS can be tuned
for the better. In consequence, modifying alloy compositions by
introducing different alloying elements, such as Al, Mg, or Ni,
can enhance the corrosion resistance of the galvanizing coating.
Besides, addition of rare earth elements or Sb can also improve
the fluidity of zinc bath and reduce the amount of zinc adhesion
on the surface of HDGS. Sb has a relatively poor solubility in
zinc bath, which will precipitate as Sb3Zn4. Thus, galvanic cells of
Sb3Zn4/Zn will be formed. An adherent coating is deposited with
the addition of Sb through barrier and galvanic protection (Peng
et al., 2020). Third, an appropriate temperature and time for
hot-dip galvanizing is another key factor to optimize or regulate
the as-prepared galvanizing coating to improve the hot-dip
galvanizing process (Fasoyinu and Weinberg, 1990; Asgari et al.,
2007; Culcasi et al., 2009). Whether the temperature of zinc bath
is too high and too low, it will have adverse effects on the coating
properties. As for the hot-dip galvanizing time, it is necessary
to shorten the dip time under the premise of ensuring a certain
coating thickness, which could decrease the thickness of ζ phase
and improve the plasticity of gal izing coating. Fourth, an effective
passivation process is also beneficial to optimize the galvanizing
coating. Chromate passivation technology, on account of its
simple process, low cost, and good film adhesion, is a classic
process typically used to improve the corrosion resistance of
HDGS (Van Schaftinghen et al., 2004). Unfortunately, chromate
coating is highly carcinogenic and toxic. Therefore, for safety and
environmental reasons, some low-toxic or non-toxic treatments
have also been developed in recent years. The optimal galvanizing
coating originating from such chromate passivation enriches the
large family of hot-dip galvanizing process and fulfills different
demands for HDGS.

EMERGING AND STATE-OF-THE-ART
DUPLEX COATINGS FOR HDGS

Emerging and state-of-the-art coating protection systems are
normally made from an appropriate matrix steel with duplex
coatings, generally consisting of a metallic zinc coating with
a pretreatment layer followed by an organic coating. Up to
now, plenty of novel and prospective duplex coatings have been
discovered, modified, or further developed, which have certified
their feasibility in corrosion resistance of HDGS. In the light of
forms of the pretreatment layers, these duplex coatings cover
silane films (Subramanian and Van Ooij, 1998; Van Ooij and
Child, 1998; Van Ooij et al., 2000; van Ooij and Zhu, 2001), rare-
earth conversion films, conductive polymers, and self-assembled
films. A good deal of novel duplex coatings have been invented
successfully by conducting different pretreatments on the matrix

of HDGS. Table 1 lists four types of typical duplex coating
systems for HDGS. Therefore, we will summarize these above-
mentioned emerging and state-of-the-art duplex coatings in
accordance with the category of their pretreatment technologies.

Silane Films
The most famous silane film is no doubt bis-1,2-
[triethoxysilyl] ethane (BTSE) with a functional silane
such an γ-Ureidopropyltriethoxysilane (γ-UPS) or
γ-aminopropyltriethoxysilane (γ-APS) (Van Ooij et al., 2000).
Stable covalent bonds between metallic substrate and silanes
can be formed by dehydration of hydrogen bonds. Besides,
functional silanes can improve the integrity of formed film.
Therefore, compact silane film can supply highly effective barrier
protection (Chang et al., 2019). Figure 2 displays the composition
of a coating system after a typical film-forming process of BTSE.
As illustrated in Figure 2, a thin silicate conversion layer,
consisting of the general type [Me-O]x[SiO3X]y, is firstly formed.
Subsequently, a condensed silane layer is formed. After that,
an interpenetrating coating is formed between the condensed
silane and the cross-linked organics. Numerous micro cells
would be formed at the interface of solution/substrate when
HDGS was immersed into silane solution. The micro-anode and
micro-cathodic reactions, respectively were the dissolution of
zinc and the reduction of oxygen, which could result in the local
increase of pH in the micro-cathodic region. With the further
increase of micro-electrochemical reaction, zinc hydroxides
would be generated and deposited at solution/substrate interface.
Synchronously, hydrogen bonds between Si-OH groups,
originating from the solution and zinc hydroxides, would be
framed via hydrolyzed silanes. Moreover, silane can interact with
each other through hydrogen bonding. After the curing process,
Zn-OH and Si-OH groups would be further condensed to form
Zn-O-Si bonds. In addition, Si-OH groups would also cross-link
to form Si-O-Si covalent bonds (Li et al., 2020). Prerequisites
for the formation of this are the compatibilities of interface
wettability and surface energy. Not all functional groups can
improve the compatibility, hence choosing appropriate and
effective functional groups becomes a difficulty that needs to be
overcome urgently. The stronger the compatibility, the stronger
the adhesion between silane and organics. Therefore, the final
coating system would strongly prevent water and corrosive ions
permeating into metal as a result of forming a well-bonded
hydrophobic interface between the condensed silane and
organics. However, the combination of BTSE and functional
silanes is not universal for different metals (Van Schaftinghen
et al., 2004; Zhu and van Ooij, 2004). Every metal almost requires
a very specific silane component to meet the needs for corrosion
inhibition. Consequently, a more universal silane composition,
which is not sensitive to the substrate metal, could have greater
application prospects.

Highly acceptable silane mixture of bis-1,2-
[trimethoxysilylpropyl]amine (BTSPA) and bis-1,2-
[triethoxysilylpropyl]tetrasulfide (BTSPS) is another modified
kind of silanes, which was firstly reported by Zhu and van Ooij
(2004). It can be used to effectively protect different kinds of
metals (such as stainless steel, HDGS, electro galvanized steel,
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TABLE 1 | Typical duplex coatings applied to HDGS.

Category Author Year System References

Silane films Van Ooij 2004 mixture of bis-1,2-[trimethoxysilylpropyl]amine and
bis-1,2-[triethoxysilylpropyl] tetrasulfide

Zhu and van Ooij, 2004

Montemor 2004 bis-1,2-(triethoxysilyl)ethane Montemor et al., 2004

Motte 2012 montmorillonite clay with Ce3+ Motte et al., 2012

Kartsonakis 2012 ceramic nanocontainers incorporated into epoxy resin Kartsonakis et al., 2012

Zhou 2013 polybenzoxazine Zhou et al., 2013

Van Ooij 2013 epoxy-resin-ester modified bis-[tri-ethoxy-silyl] ethane Xue and Van Ooij, 2013

Capelossi 2013 sulfursilane with Ce4+ Capelossi and Aoki, 2013

Seré 2014 mercaptopropyltrimethoxysilane Seré et al., 2014

Francisco 2014 sulfursilane Francisco et al., 2014

Figueira 2014 alcohol-aminosilicate Figueira et al., 2014

Longhi 2015 tetraethoxy with PMMA Longhi et al., 2015

Figueira 2015 mixture of 3-isociantepropyltriethoxysilane and oligopolymer Figueira et al., 2015

Su 2016 tetraethyl orthosilicate with organosilane and cerium Su et al., 2016

Bera 2016 silanes with alkoxy group, epoxy group, amine group and thiol
group

Bera et al., 2016

Chang 2019 tetraethyl orthosilicate and γ-glycidoxypropyltrimethoxysilane Chang et al., 2019

Li 2020 vinyltrimethoxysilane with Ce3+ Li et al., 2020

Rare-earth conversion films Montemor 2001 Ce(NO3)3 Montemor et al., 2001

Montemor 2002 RE(NO3)3, RE: Y, La, Ce Montemor et al., 2002

Montemor 2006 bis-silanes with Ce(NO3)3 or La(NO3)3 Montemor et al., 2006

Peng 2009 La(NO3)3 and trimethoxy(viny)silance Tianlan and Ruilin, 2009

Gang 2010 La(NO3)3 with citric acid Gang et al., 2010

Gong 2012 Ce(NO3)3 with silane coupling agent KH-570 Gong et al., 2012

Su 2016 Ce(NO3)3 with organosilane Su et al., 2016

Kartsonakis 2016 Ce(NO3)3 and 8-hydroxyquinoline Kartsonakis et al., 2016

Zhang 2018 La(NO3)3 with SiO2 Zhang et al., 2018

Zhang 2019 Ce(NO3)3 with citric acid Zhang et al., 2019

Karaxi 2019 epoxy-based resin with cerium oxide or cerium ion Karaxi et al., 2019

Li 2020 Ce(NO3)3 with vinyltrimethoxysilane Li et al., 2020

Conductive polymers Jafarzadeh 2011 polyaniline doped with methane sulfonic acid Jafarzadeh et al., 2011

El-Shazly 2011 polypyrrole El-Shazly and Al-Turaif, 2011

Deshpande 2012 polyaniline Deshpande et al., 2012

Sarli 2014 polyurethane with Cr3+ or Cr6+ Di Sarli et al., 2014

Cuttone 2016 polyaniline with emeraldine base Cuttone et al., 2016

Malekzadeh 2017 polyaniline Malekzadeh et al., 2017

Self-assembled films Kobayashi 2006 phosphoric acid mono-n-dodecyl ester with Ce3+ Kobayashi and Fujiwara, 2006

El-Sayed 2012 phytic acid with dithio-oxamide and 2,3-dimercapto-1-propanol El-Sayed et al., 2012

Jia 2013 imidazole derivatives Jia et al., 2013

Obot 2015 benzimidazole derivatives Obot et al., 2015

aluminium alloy, and copper), making up for the shortcomings
of the combination of BTSE and functional silanes. In addition,
the proportion of BTSPA and BTSPS can be modified arbitrarily
and the silane mixture can be hydrolyzed or non-hydrolyzed
before application. A variety of organic coatings such as epoxy
resins, polyurethane, polyester, and so on can be strongly bonded
to mixed silane films, which would further enhance the corrosion
resistance of the coating system. Furthermore, silane films doped
with different nanoparticles were also prepared by their group for
the purpose of improving adhesion and anticorrosive capabilities
(Palanivel et al., 2003).

In high alkaline environments, silane pretreatment films for
HDGS also have a wide range of applications, especially in the

cement field. A stable protective film will form on the surface
of HDGS at the pH range of 6–13, which can reduce the
corrosion rate of zinc. Except for the aforementioned pH range,
the formed protective films would be destroyed and zinc would
be corroded (Roetheli et al., 1932). Figueira et al. (2013; 2014;
2015; 2016) had researched composite organic-inorganic coatings
based on inorganic silanes, supplemented by five different organic
oligomers in mortar or simulated concrete pore solution. Two
typical kinds of coating systems were amino-alcoholsilicates
(A(X)) and ureasilicates (U(X)). Dip-coating methods were also
applied by easily depositing these functional films on HDGS. By
the results of electrochemical measurements, silane films based
on U(X) and oligomers exhibited superior corrosion resistance
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FIGURE 2 | Schematic illustration of the polymer/metal interface after film-forming process.

than that on A(X) and oligomers. In addition, the molecular
weight of oligomers had a large impact on the corrosion
resistance of the coated HDGS. In principle, the film would
be rougher with the increase of molecular weight of oligomers.
Therefore, the larger the molecular weight, the less protective
the performance of films. They also investigated the effect of
dip technology on the barrier protection of prepared coatings.
Dip method with one, two, or three steps seemed to have
no significant improvements on corrosion resistance. It must
be point out that the aforementioned silane films could be
simply and easily prepared through immersing substrate metal
into as-prepared silane precursors solution for a certain time,
and this method could be called dip-coating preparation. The
drawbacks of those as-prepared films are their relative lack
of uniformity, which could have side effects on the corrosion
resistance of coating.

For the aim of further improving the corrosive inhibition
properties of above-mentioned silane films, electrochemical
deposition technology is introduced into preparing these organic
silane films (Woo et al., 1993; Shacham et al., 1999; Sheffer
et al., 2003; Gandhi and van Ooij, 2004). Hu’s group has done
numerous research on this aspect (Hu et al., 2006, 2007; Li et al.,
2010; Jiang et al., 2015; Liu et al., 2017; Xu et al., 2018). Firstly,
silane films were electrodeposited successfully in BTSE solutions
at different deposition potentials on AA 2024-T3 alloys (Hu
et al., 2006). Silane films revealed an enhancement in corrosion
resistance properties when deposited at cathodic potentials,
on the contrary it will display an adverse effect on corrosion
protection for prepared films under the circumstance of anodic
potentials. As indicated in Figure 3, the corrosion protection
abilities of electrodeposited silane coatings first improve and
subsequently descend as the applied cathodic potentials gradually
deviate from the open-circuit potential, and the optimal cathodic
potential is−0.8 V/SCE.

FIGURE 3 | Complex plane of uncoated (7) and BTSE coated AA 2024-T3
alloys. The silane films are deposited at OCP V/SCE (4), –0.2 V/SCE (6), –0.4
V/SCE (5), –0.6 V/SCE (3), –0.8 V/SCE (2), and –1.0 V/SCE (1) (Hu et al.,
2006).

Secondly, under the circumstance of electrodeposition of
silane coatings, various doping technologies are attempted to be
doped into the silane films (Li et al., 2010). They discovered
that doped nanoparticles such as SiO2 and TiO2 can fill the
defect of electrodeposited silane films. In addition, the composite
of rare-earth ion and electrodeposited silane films provides
a self-repairing property for obtained film (Zheludkevich
et al., 2005). Co-electrodeposition of active metal and organic
silane can provide additional cathodic protection for prepared
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silane films. These doping technologies can all improve the
corrosion protection performance of silane films (Ferreira et al.,
2004; Cabral et al., 2006; Montemor and Ferreira, 2007). As
demonstrated above, all silane films are organics. The binding
force of organosilane film to the coating is highly selective and
is not suitable for different types of protective organic coatings.
Besides, organosilane film lacks a rough and porous surface
structure, which would affect the adhesion to organic paints or
coatings and the quantity and quality of corrosion inhibitors
load. Therefore, new-emerging electrodeposition inorganic SiO2
film comes into being (Hu et al., 2006). The thickness of
electrodeposition SiO2 film can reach 10 µm and these films
show excellent adhesion and high microscopic roughness, which
is beneficial for binding to organic coatings and loading of
corrosion inhibitors (Liu et al., 2017). A composite coating
system containing E-SiO2 film loaded with corrosion inhibitors
was successfully synthesized as shown in Figure 4. The prepared
samples still have extremely high impedance modulus (over
1011� cm2, at 0.01 Hz) even though immersed into 3.5 wt%
NaCl solution for nearly 1 year, superior to almost all high-
performance duplex coatings reported in the literature up to
now. It shows that this novel duplex coating system using the
e-SiO2 film as both pretreatment layer and container of corrosion
inhibitors should have a great application prospect in the field of
HDGS corrosion protection.

As a brief summary, coating systems containing silane
interlayer, represented by BTSE, have exhibited giant potential
and have been used in the protection against corrosion of
Al alloys. However, the relatively poor compatibility and
adhesion property of prepared silane films restrict its further
application, especially in various steel materials. Therefore,
some new silane pretreatments with improved anti-corrosion
properties are still needed, such as the emerging electrodeposited
organosilane and inorganic SiO2 film discussed above when
applying silane film to HDGS.

Rare-Earth Conversion Films
Rare-earth conversion films also play a major role in the
technological design of new pretreatments for protecting
HDGS from corrosion. Particularly, rare-earth conversion
films, formed by cerium salts and their modifications, have
attracted great interest in respect to their potential applications

(Rudd et al., 2000; Xingwen et al., 2001; Ferreira et al., 2004;
Lu et al., 2006; Montemor et al., 2008; Tianlan and Ruilin,
2009; Dan et al., 2010; Yanhua et al., 2013; Majd et al., 2019).
As a basic component of rare-earth conversion film, rare-
earth ions can comprise relatively complex film compositions,
which commonly contain a wide range of negative ions through
different surface pretreatments of metal substrate, PH in solution,
immersion time, concentrations of rare-earth ions in solution,
and deposition temperature (Brachetti-Sibaja et al., 2011). It
is recognized that rare earths can act as corrosion inhibitors
via inhibiting cathode reactions (Karaxi et al., 2019). Among
these rare-earth conversion films, films containing cerium or
lanthanum ions are pervasive and their anti-corrosion properties
and applications as pretreatment layers have been widely
researched (Aldykewicz et al., 1995; ?; Wang et al., 2004; Kumar
et al., 2012). Figure 5 gives the schematic diagram of kinetics
of the cerium-based film formation (Sun et al., 2019; Li et al.,
2020). The rare-earth conversion film formation process typically
can be divided into three stages according to electrochemical
reactione processes of different immersion time. The first stage
can be referred as the rare-earth film initiation stage, wherein the
surface of the metal starts to dissolve and corrosion pits appear
around the metal surface accompanied with the precipitation
of cerium hydroxide. Generally, the dissolution of metal occurs
at the anode region (reaction 1: Me → Me2−

+ 2e−). At the
same time, oxygen starts to be reduced at the cathodic region
(reaction 2: 2H2O + O2 + 4e− → 4OH−). The deposition of
Ce(OH)n (n = 3, 4) and hydroxide of metal start to appear
orderly for an increase in the pH at the micro-cathode area.
It should be noted that a pH over 8.7 is necessary for the
oxidation of Ce3+ to Ce4+. However, direct oxidation of Ce3+

to CeO2 is impossible. In addition, the presence of H2O2
can benefit the oxidation process, accelerating the formation
of hydroxides and oxides of Ce (Karaxi et al., 2019). The
second stage can be known as the rare-earth film formation
and crack initiation stage, wherein the dissolution of metal
continues along with the precipitation of hydroxide of cerium.
As a consequence, the thickness of these conversion films
continues to increase. In addition, partial hydroxide of these
precipitations could be dehydrated into their relevant oxides in
air and few cracks could appear on the film. The third stage can be
referred to as crack development stage, which sees the rare-earth

FIGURE 4 | Schematic diagram of composite coating system coated AA 2024-T3 alloys.
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FIGURE 5 | Schematic diagram of the growth process of lanthanum-based
conversion coating.

passivation film become thicker as well as the cracks become
deeper and wider, a partial region of the film could gradually
fall off and detach.

Since Hinton and Wilson (1989) first introduced rare-earth
salts-based pretreatments into corrosion protection of metals
in 1989, numerous research about rare-earth conversion films
have been conducted over the past decades. They discovered
that oxide or hydroxide of cerium could be highly valid in
restraining the corrosion rate of zinc by means of suppressing
the cathodic reaction. Aramaki (2001a,b, 2005) also investigated
the corrosion inhibition mechanism of cerium salts deposited
on zinc. The generation of cerium sesquioxide frame network
on the surface of zinc could be the cause for the inhibition of
cathodic reactions. Rudd et al. (2000) researched various rare-
earth salts pretreatments to the corrosion effect of magnesium
and its alloys. They found that these substrates, when treated
with lanthanum, cerium, or praseodymium salts, would have
an improved corrosion resistance in comparison with untreated
samples, which could be ascribed to the coprecipitation of
rare-earth hydroxyl/oxide coatings and mixed magnesium
hydroxyl/oxide products. Brachetti-Sibaja et al. (2011) studied
the bath conditions effect of cerium and lanthanum treatments
on the corrosion protection performance of AA6061 alloy. The
enhancement of anticorrosive properties of AA6061 aluminum
alloy presumably is due to the improved barrier performances
of the rare-earth conversion layer. Lu et al. (2006) investigated
the optimal treatment technology by adjusting and controlling
the immersion time of hot-dip galvanized steel (HDGS) into
cerium salt solution. With the increase of the immersion time, the
anti-corrosion properties of the rare-earth conversion film firstly
enhance within 1 h on account of the thicker coating thickness
therewith and then weaken after 1 h due to the occurrence of
cracks and peeling off of the coating.

As the aforementioned demonstrates, rare-earth conversion
films display a huge potential in the use of different kinds of
metal’s pretreatment protection. Recently, in order to cope with
the deteriorating natural environment, many novel rare-earth

conversion films have been discovered. For example, a two-step
treatment of trimethoxy(viny) silance and lanthanum salt is used
for the sake of corrosion protection of galvanized steel (Tianlan
and Ruilin, 2009). This two-step method furnishes excellent paint
adhesion and gives a more effective anticorrosion property than
Cr6+ pretreatment alone. For aluminum alloy, the duplex rare-
earth conversion films (Xingwen et al., 2000) are introduced to
enhance the corrosion resistance of LY12 alloy. The polarization
consequences show that the corrosion resistance of the duplex
conversion films is superior to that of chromate conversion
coating. In addition, the corrosion resistance of conversion film
containing cerium compounds on aluminum alloy (Zhang and
Zuo, 2008) can also be improved by a post-treatment process. The
improvement can account for the fact that post-treatment would
eliminate micro cracks on the film surface. As for steel, Yanhua
et al. (2013) have studied the combination of rare-earth salts
and sodium molybdate to get compounded inhibitors containing
rare-earth and Mo for X70 steel. The synergistic effect between
sodium molybdate and rare-earth was significant in inhibition
corrosion of X70 steel and the best molar ratio of rare-earth ion
to molybdenum ion was 1:1.

On the whole, rare-earth conversion films, represented
classically by cerium oxide/hydroxide coating, have shown great
potential and have been applied in practical metal surface
protection. Nevertheless, the relatively weak corrosion resistance
of the rare-earth conversion films compared to chromate
conversion films restricts their further application, in particular
with the applications in marine and industrial environments.
Herein, novel and effective treatments for rare-earth conversion
films with improved corrosion resistance are still necessary,
such as the booming two-step treatments and duplex rare-earth
conversion films presented above.

Conductive Polymers
Conductive polymers represented by polypyrrole (PPy) coatings
(Tallman et al., 1999, 2002; Le et al., 2001; Spinks et al.,
2002; Shinde et al., 2006) have a history of use in corrosion
control in the steel industry. Nowadays, many neoteric promising
conductive polymer systems have also been discovered and
reported. Nonetheless, the difficulty in processing conductive
polymers coupling with all kinds of metals must be overcome
in order to develop these polymers. Most of these conductive
polymers could only be deposited on some particular metals for
lack of fusibility and solubility. Schirmeisen and Beck (1989)
investigated the deposition of PPy coating galvanostatically
on iron. This electropolymerization process was studied from
various aqueous and non-aqueous electrolytes. It was also
discovered that PPy films with excellent smooth and adherent
properties can only be formed from aqueous nitrate electrolytes.
In addition, Ferreira et al. (1996) solved the PPy dissolution
problem by metal substrate pretreatment in aqueous 10% HNO3
solution prior to electrodeposition. After this, many novel
pretreatments like nitrate and oxalic to form partial passivation
of the steel were established. De Bruyne et al. (1998) adopted
an electrodeposition method to achieve an approximate 800 nm
PPy’s film on polished steel. The electrolytes are aqueous 0.1 M
H2C2O4 (oxalate) and 0.5 M Na2SO4. The advantages of oxalate
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were confirmed, which the iron oxalate intermediate layer was
formed before the electrodeposition process. This intermediate
layer could be mainly responsible for the strong adhesion
between the conducting polymer and steel. In turn, the corrosion
resistance of coated PPy samples were improved. “Grain-
boundaries-pores” model is used for explaining the corrosion
protection process. When PPy was coated on the surface of iron,
electrons will be in the lowest occupied molecular orbital level.
A positively charged metal surface of Fe3O4/Fe2O3 interface is
formed. The electron deficiency of Fe3O4 layer would change
the chemical potential, which makes it tougher to oxide Fe2+.
Furthermore, the charged layer will inhibit the diffusion process
of Fe2+ and O2−, contributing to a slower corrosion.

Apart from applying conductive polymers to steel corrosion
protection, conductive polymers are more commonly used for
corrosion control of aluminum alloys. In general, most of these
conductive polymers involve either polyaniline or polypyrrole.
First of all, different polyaniline formations have been discovered
for corrosion control of Al alloys, as an example of deposited
on Al 2024-T3 alloy (Tallman et al., 2000) by emeraldine
salt (ES), deposited on Al 2024-T3 and Al 3003 alloys by
emeraldine base (EB) (Epstein et al., 1999), and deposited
on Al 7075 alloy (Racicot et al., 1995, 1997) by molecular
complex forms(ES form with polyelectrolyte counterions). These
deposited coatings in these above studies were all based on
solutions consisting of electroactive conducting polymers (ECP).
Racicot et al. (1995, 1997) first employed polyaniline to prevent
aluminum alloy from corroding. They had successfully adopted
a template-oriented synthesis method to synthesize a molecular
complex containing polyaniline and polyanions, yielding double-
strand polyanilines. The introduction of polyanions could impart
some desirable properties to coated metals, such as improved
solubility in common solvents and enhanced adhesion to the
substrate or topcoat. Polyanions were typically vinyl copolymers
consisting of arboxylic acid and alkyl side groups for better
facilitating processing and adhesion. Molecular entanglement
and electrostatics could knit the molecular complex together
completely and, for this reason, polyanilines can maintain
the properties of dopant and conductivity. Samples coated
with polyaniline exhibit excellent corrosion resistance through
different tests such as potentiodynamic polarization (PP),
electrochemical impedance spectroscopy (EIS), and salt-spray
test, which could be comparable or better than the Alodine-
600 treatment (chromate conversion coatings). Epstein et al.
(1999) investigated the corrosion protection of pure aluminum
and aluminum alloys 3003 and 2024-T3 through the form of EB
to deposit polyaniline coating. The EB coating is an oxidized
but non-conductive state of polyaniline and could remarkably
heighten the rustless property of the coated aluminum and
its alloys. Recently, a few researchers have attempted to
use polypyrrole for corrosion protection of aluminum alloy
and achieved some unexpected results. Tallman et al. (2002)
discovered the pitting behavior of polypyrrole-based alloys
could be more effectively suppressed than that of polyaniline-
based alloys. In addition, He’s group discussed the interactions
between poly(3-octylpyrrole) (POP) and Al 2024-T3 alloy by
scanning vibrating electrode technique (SVET). The current

flow of POP-coated alloys shows a significant delay when
compared to epoxy-coated ones. Also, only reduction current
was detected within the defect area of POP-coated alloy while
oxidation current and reduction current were observed within
the defect area of epoxy-coated ones. In addition, in order to
get broader applications of POP, Gelling et al. (2001) studied
long-term immersion of a composite coating system consisting
of a POP pretreatment layer and a polyurethane topcoat,
which was applied on aluminum 2024-T3 alloy. This composite
coating could maintain high impedance values and shows no
evidence of failure after a 2.5 years immersion experiment, which
revealed excellent long-lasting anticorrosion performance of the
as-prepared samples. More recently, Naoi et al. (1995) have
used surfactant sulfonates to promote the growth of polypyrrole
films. The ointment is that the corrosion protection of this film
is not assessed.

Nevertheless, developing new conductive polymers (CPs)
that exhibit a better anticorrosion performance when faced
with various kinds of environments remains a challenge.
Currently, the commonly used methods to achieve this goal
can be divided into three categories according to different
mechanisms. The specific classifications are as follows: (1)
copolymerization CPs, (2) nanostructured CPs, (3) composites
of CPs. For example, the corrosion resistance of mild steel could
be elevated through the use of poly(N-methyl pyrrole) and/or its
copolymer (Weidlich et al., 2005). Furthermore, pyrrole was also
copolymerized with ter-polymerpoly (pyrrole-co-o-anisidine-co-
toluidine), improving the water resistance of the CPs (Yalçınkaya
et al., 2010). Yao et al. (2008) synthesized polyaniline nanofibers
onto carbon steel by interfacial polymerization and compared
the corrosion behavior with conventional polyaniline-covered
carbon steel in sodium chloride solutions. The corrosion
current of polyaniline nanofibers coating was lower than that
of conventional polyaniline coating to carbon steel, which
was owing to the formation of denser coating layer induced
by nanofibers. Yang et al. (2010) successfully employed three
polymerization methods to synthesize polyaniline nanofibers in
sulfuric acid aqueous solution. They discovered that an optimal
synthetic method was direct mixed reaction. Compared with the
other two polymerization methods (conventional polymerization
and interfacial polymerization), films that get through direct
mixed reaction exhibit more homogeneous morphology and
improved corrosion resistance. Last but not least, composite
materials can couple the characteristics of CPs and multifarious
functional materials, which would impart the coatings better
corrosion resistance. Different kinds of metals, metal oxide
particles, non-metallic particles, and nanomaterials can be
encapsulated into polyaniline coatings. The introduction of
zinc nanoparticles between polyaniline coatings could achieve
improvements in conductivity and anticorrosion compared to
zinc micro-sized particles (Olad and Rasouli, 2010). Moreover,
nanoSiO2 is one of the most promising nanoparticles applied
into anticorrosive coatings. NanoSiO2-polyaniline composites
deposited on mild steel show enhanced protective performance
in comparison to polyaniline alone. The synergistic effect
of nanoSiO2 hydrophobicity ability and polyaniline redox
catalytic property would be responsible for the improvement
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of anticorrosion (Weng et al., 2012). Generally speaking, the
CPs should be given much more attention in the aspect
of practical corrosion protection application, since they own
excellent chemical compatibility that can be applied into
different forms, and some of them could exhibit a highly stable
corrosion resistance.

Self-Assembled Films
Self-assembled films have also attracted much attention because
of their adaptability for coatings and corrosion protection
applications, despite the self-assembled films having some
shortcomings concerning the sharp degradation of corrosion
resistance of self-assembled monolayer (SAM), as their thermal
stability is relatively poor. However, the properties of ease of
fabrication, characterization, and manipulation make sure that
SAM remains popular among coating fields. For example, SAM
of alkanethiols, represented by CnH2n+1SH (n = 6∼18), are good
selections for copper corrosion protection applications because
they can adsorb on the surface of copper and act as a dense barrier
coating (Yamamoto et al., 1993). Hydrolysis and condensation
reactions are expected to explain the corrosion protection
process. Cross-linked alkanethiol layer is directly chemisorbed
on the metal surface and co-polymerized with hydrolyzed
silanes, which could make the surface more hydrophobic and
improve the corrosion resistance ability. In order to overcome
the potential shortcomings, such as relatively insufficiently high
protection abilities of the SAM in some corrosive medium
solutions, modifications of SAM and some novel types of SAM
with improved corrosion resistance have been discovered for the
purpose of their potential applications in corrosion protection.

Shahrabi’s group reported a series of SAM derived from Schiff
bases and their modifications as new candidates for application
in Cu corrosion protection (Ehteshamzade et al., 2006). Two
ligands Schiff bases, N,N′-ortho-phenylen-bis (salicylidenimine)
(S-o-ph-S) and N,N′-ethylen-bis (salicylidenimine) (S-E-S)
were chosen to be chemisorbed on a copper surface to achieve
SAM. The corrosion inhibition behavior was researched by EIS
and Tafel polarization curve. Electrochemical results proved
that the corrosion inhibition efficiency of SAM of S-o-ph-S
is higher than that of S-E-S. Thermodynamics calculations
of S-o-ph-S and S-E-S certified that S-o-ph-S would display
more negative adsorption free energy and a larger adsorption
constant compared to S-E-S, which could further confirm the
electrochemical results. They also attempted to modify SAM
of Schiff bases with two kinds of alkanethiols: 1-dodecanethiol
and propanethiol. Two kinds of alkanethiols strengthened the
corrosion inhibition efficiency of prepared SAM based on Schiff
bases, owing to the more densely packed formation of the
coatings accompanied by much fewer defects on the surface.
Unfortunately, the above-mentioned effective inhibitors are
toxic, which is harmful to both the environment and human
body. Therefore, environmentally friendly inhibitors gradually
have become a hot issue in recent years. The representative
non-toxic inhibitor is imidazole, wherein two nitrogen atoms
exist in the heterocyclic (Zhang et al., 2009). Apart from
protecting copper, Hackerman et al. investigated the corrosion
inhibitive properties of heterocyclic diazoles to prevent iron

from corrosion in acidic media (Babiæ-Samardžija et al., 2005).
They drew a conclusion that two nitrogen atoms in different
positions in heterocycle of imidazole could have a more striking
impact on corrosion inhibition of prepared coatings. The
corrosion inhibition behavior of imidazole derivatives were
superior to that of pyrazole derivatives. The differences between
pyrazole and imidazole are that two nitrogen of pyrazole are
contiguous in heterocycle while there is a carbon atom between
two nitrogen atoms of imidazole. The substituent on the carbon
atom will have a positive effect between the SAM and iron,
leading to the improvement of corrosion inhibition. Recently,
(Zhang et al., 2009) Chen’s group applied imidazole and its
derivatives that attached either with distinct lengths of alkane
chains or with disparate functional groups to investigate the
defending consequences for coated iron in acidic solution. The
names and abbreviations are, respectively imidazole (IMZ),
1-benzyl-1H-imidazole (BIMZ), (E)-3-(4-((1H-imidazol-1-
yl)methyl)phenyl)acrylic acid (IMMP), 1-buty1-1H-imidazole
(BTIM), 1-tosyl-1H-imidazole (TSIM) and (E)-methyl 3-
(4-((1H-imidazol-1-yl)methyl)phenyl)acrylate (MIMMP).
Corrosion inhibition behavior of these six SAM were studied by
modifications of the immersion time, assembling temperature,
and the concentration of assembling solution. Electrochemical
tests certificated that the series of imidazole compounds were
suitable corrosion inhibitors for acid iron corrosion and that
MIMMP is the best inhibitor among them. But there was no
specific mechanism mentioned as to why MIMMP had the
optimal corrosion inhibition in that paper.

As a short conclusion, self-assembled films, especially
imidazole and its derivatives, could be a potential option
for corrosion protection of steel in practice if the thermal
stability can be resolved or further enhanced. Relatively easy
synthesis methods and various modifications, combined with
suitable functional groups, make sure that this series of self-
assembled films attracts much attention with regard to their
future applications.

THE LIFE EVALUATION OF
AFOREMENTIONED COATING SYSTEMS

Hot-dip galvanized steel based on aforementioned coating
systems is of great importance for various applications;
consequently, these novel coating systems with optimized or
anticipated properties are incessantly researched by materials or
chemistry researchers. At the same time, the life evaluation of
these duplex coating systems is quite tough but essential and
also attracts the attention of a large number of researchers. The
purpose of life evaluation of those coating systems for HDGS is
to quantitatively assess the corrosion resistance of coatings and
to determine whether the coating system fails to avoid greater
losses, such as corrosion failure. Up to now, there has been no
unified definition of the lifetime of duplex coating systems. There
are three main opinions to judge the coating systems to reach
its service life,: (1) any rust appeared on the surface of coated
metal, (2) perforation of coated metal, (3) rust area of the coated
metal reaching a predetermined value (Zhen, 2005). For the
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shortcoming of long field test cycle, indoor corrosion acceleration
tests can effectively evaluate the service life of the coatings in a
short time under certain environments. Therefore, a consensus
has been reached that the life prediction of coated metals is
usually obtained by summarizing the correlation of results of
indoor corrosion acceleration tests and field tests among scientific
researchers. In other words, it is vital to grasp the corrosion
mechanism of the coated metal under the circumstance of
indoor corrosion acceleration tests and put forward appropriate
evaluation methods based on the corrosion mechanism. As to
metal coated with single coating (metallic coatings or organic
coatings), the accelerated corrosion evaluation method of metal
has been proposed and recognized (such as various standards)
and some of these standards also provide quantitative assessment
criteria. For metallic coatings, galvanizing coating would be
taken as an example. Service lifetime of galvanizing coating
is traditionally referred to the time for the red rust area
to reach 5% of the whole area of galvanizing layer in the
situation of accelerated test. Zhang and Xu (2007) covered
the correlation between accelerated corrosion tests and actual
corrosion conditions, concentrating on the corrosion rate ratio
of steel to zinc. “Zinc coating life predictor” was also invented
based on numerous statistics on corrosion of steel and zinc.
Fujita and Mizuno (2007) researched the perforation corrosion of
zinc or steel coated with zinc alloy and evaluated the lifetime of
various coated steel sheets based on different kinds of accelerated
corrosion tests. They divided the perforation corrosion procedure
into four periods. Stage 1: the whole surface of substrate steel is
covered with zinc coating and no other than the zinc coating is
corroded (τ1). Stage 2: zinc coating is just lost fractionally, and
this film continues to be corroded sacrificially to protect steel
(τ2). Stage 3: zinc coating is entirely lost and the steel starts
to be corroded. Meanwhile, zinc corrosion products can inhibit
the overall corrosion rate of galvanized steel (τ3). Stage 4: zinc
coating completely loses its protective effect and steel is corroded
quickly (τ4). The schematic diagram of corrosion process of
galvanized steel was shown in Figure 6. So as to illuminate
the connection between different accelerated corrosion tests and
actual corrosion, they took (Zhang and Xu, 2007) as references
to propose a concept named Perforation Corrosion Index (PCI)
for the evaluation of the perforation corrosion of galvanized steel.
Specific formula was as follows:

PCI = VSteel/VZinc (1)

Where, VZinc and VSteel were defined, respectively as follows:

VZinc = dcoating/(τ1 + τ2 + τ3) (2)

VSteel = dSteel/τ4 (3)

d coating and d steel were, respectively the thickness of zinc
coating and steel.

Through this formula, the PCI of accelerated corrosion tests
would coincide with the actual corrosion in Detroit, proving the
feasibility of PCI. Regrettably, it is not universal for various metals
and different corrosion conditions.

As for the lifetime prediction of organic coatings, Mayne
combined the Fick diffusion law with electrochemistry of coated

FIGURE 6 | The schematic diagram of corrosion process of galvanized steel
(Fujita and Mizuno, 2007).

steel plate to propose a life prediction formula of organic coating
based on the “control theory of coating polarization resistance”
(Maitland, 1962). The formula was as follows:

L = l2/ (6D)+ φ
(
psσn

)
(4)

Where, L and l were, respectively the lifetime of coating and
the depth of coating, D represented the diffusion coefficient of
coating ions, φ was a constant, ps and σn, respectively referred
to the adhesion of coating and applied pressure on the surface
of steel. Chuang (1997) established a mathematical model on
the basis of coating bubbling, where the bubbling growth rate
V is regarded as a function of torque, material properties and
temperature. Finally, the life of the coating system was obtained:

Vmin = 1.83
(
σf /W

)5/4 (
Dbδb�/kT

) [
Eh3/12

(
1− ν2)]1/4 (5)

Where, σf was the layered stress, W was the cross-sectional
area of the coating, Db δb was interfacial diffusivity, �, k, and
T were constant, ν and E were, respectively PoissoN′s ratio
and elastic modulus of coatings under wetting condition, h
was the total thickness of coatings. Although the formula of
organic coating life prediction was established, its accuracy was
questionable. Due to the diversity of coatings and difference of
corrosion environment, no general formula has been found that
can accurately predict the service life of coatings so far.

Apart from the above-mentioned life prediction formula, EIS
technology gradually becomes a powerful tool to predict organic
coating life. EIS affords an in situ non-destructive measurement
of the corrosion behavior of protective coating, which can reflect
information about corrosion reaction, mass transfer, and charge
transfer (Grundmeier et al., 2000; Vogelsang and Strunz, 2001).
This technique is strengthened by the current response of the
small sinusoidal perturbation of electrode potential in variations
with perturbation frequency. Equivalent circuit methods are
commonly utilized to analyze and interpret the EIS data. The
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equivalent circuit normally consists of electrical elements that
simulate the electrode/solution interface. Resistance (R) and
capacitors (C) are the most typically used electrical components.
Under some circumstances, constant phase elements (CPE)
instead of capacitors (C) were introduced to achieve satisfactory
fittings. Warburg impedance is appropriate for diffusion process.
Adopted equivalent circuit models should consider the following
principles: (1) Electrical components used in equivalent circuits
must have clear physical meanings. That is, they must correspond
to physical properties of the system that can produce such
electrical responses; (2) Equivalent circuits must generate spectra
and parameters in the circuits have appropriate values. Although
spectra are different from experimental spectra, acceptable errors
are allowed; and (3) The proposed equivalent circuits should be as
simple as possible. Cao and Zhang (2002) proposed six equivalent
circuit models according to the characteristics of impedance
spectra of organic coating systems in different immersion
periods. For a wide variety of organic coating systems, three
basic physical processes are common: (1) Dielectric relaxation
process. This process is represented by coating capacitance
Cc, which generally occurs in the high frequency region of
impedance spectra; (2) Charge transfer process at metal/solution
interface. This process is represented by charge transfer resistance
Rct and double layer capacitance Cdl, which occurs after the
corrosive solution reaches the organic coating/metal interface;
(3) Diffusion process. This process usually exists in the coating
pores and occurs in the low frequency part of impedance spectra
(Strunz, 2000).

Sekine et al. (1992) discovered a linear relationship between
fθmax and Rc, in which Rc is the coating resistance and f θmax
refers to the frequency with which phase angle is at maximum.
The relationship may work as a standard to judge the corrosion
resistance of organic coatings, whereas f θmax can be easily
measured. Mahdavian and Attar (2006) analyzed and compared
the differences in anti-corrosion performance of zinc phosphate
coatings and zinc chromate coatings through the phase angle
at 10 kHz. Haruyama and Sudo (1993) put forward a novel
concept: breakpoint frequency f b, a frequency where firstly the
phase angle descends to 45◦, and discovered a better correlation
between delaminated areas of organic coating on the metal and
breakpoint frequency. Mansfeld and Tsai (1991) put forward two
new parameters: θmin and fθmin, which, respectively represent
the minimum phase angle and corresponding frequency. It can
be indicated that the θmin and the proportion of fb/fθmin were
all up to the stripping area between the as-prepared organic
coatings and substrate metal. The above-mentioned methods all
analyze high frequency regions of the impedance spectrum to
predict the performance of organic coatings, which could avoid
the measurements in low frequency regions of the impedance
spectrum and develop fast lifetime evaluation for organic
coatings. In addition, Zuo et al. (2008) found that the phase
angle and coating resistance in the middle frequency domain
from Bode plots show analogously descending tendencies. The
changes of phase-angle at 10 Hz varying with the soaking time
in 3.5% NaCl solution was in accordance with the variation of
coating resistance, which could reflect the corrosion resistance of
organic coating qualitatively. In the event that the phase angle

FIGURE 7 | (A) Impedance complex plane, circuit model, and (B) bode
diagram of epoxy coated LY12 aluminum alloy immersed in 3.5% NaCl
solution for 12 min (Hu et al., 2003).

at 10 Hz decreased into a range of 20∼40◦, the electrolytes
would thoroughly permeate into the organic coatings and
electrochemical reactions underneath those protected coatings
began to react quickly. Therefore, the phase angle at the frequency
of 10 Hz could be applied for a quick evaluation of organic
coating performance.

More recently, Hu et al. have studied the electrochemical
impedance spectra of LY12 aluminum alloy/epoxy coating at
distinct immersion stages in 3.5% NaCl solution (Hu et al., 2003;
Zhang et al., 2004). They thought that the aging failure of organic
coatings could be divided into four stages.

Stage 1: At the initial time of immersion, only one time
constant appears on the electrochemical impedance spectrum,
which shows an equivalent circuit of coating pore resistance (Rp)
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in parallel with coating capacitor (Cc), in which Rs is solution
resistance. Figure 7 shows the equivalent mode A, Nyquist plots
and Bode plots of the composite electrode immersed in 3.5%
NaCl solution for 12 min.

Stage 2: When water, O2, and other substances with larger
diffusion coefficients pass through the coating and reach the
substrate, the electrochemical interface of metal/electrolyte
solution is established, and electrochemical reaction impedance
start to appear. The equivalent circuit of this stage is shown
in model B in Figure 8. The high frequency section of the
impedance spectrum corresponds to the coating itself (CcRp),
and low frequency regions of that corresponds to electrochemical
reaction impedance (CdlRct) at the metal/solution interface,

FIGURE 8 | (A) Impedance complex plane, circuit model, and (B) phase angle
diagram of coated metal immersed in pure water for 3 h (Hu et al., 2003).

FIGURE 9 | Impedance complex plane and circuit model of coated metal
immersed in pure water for 48 h (Hu et al., 2003).

in which Cdl refers to double-layer capacitance and Rct is
electrochemical reaction resistance.

Stage 3: Affected by the barrier of coating, the transmission
of corrosion products on the metal surface is inhibited, resulting
in the emergence of diffusion impedance Zdiff . The equivalent
circuit of this stage is shown in model C in Figure 9. In addition,
Figure 9 also shows the impedance complex plan of the electrode
immersed in pure water for 48 h.

Stage 4: When the corrosive ions with small diffusion
coefficients such as Cl− ion reach the metal/coating interface
through the coating, chemical reactions between Cl− and the
soluble corrosion products at the interface appear to generate
salt film. Faraday impedance is the sum of salt film impedance
(Rsf Csf ) and electrochemical dissolution impedance (Rof Cof ) of
the alloy. The equivalent circuit of this stage is shown in model
D in Figure 10. Figure 10 illustrates the appearance of double
capacitance arcs by taking the impedance complex plan of coated
metal immersed in 3.5% NaCl solution for 388 h as an example.
It is considered that the high frequency capacitive reactance
arc corresponds to the characteristic impedance of film forming
reaction involving Cl− ions on aluminum substrate surface, while
the low frequency capacitive reactance arc corresponds to the
anodic electrochemical reaction impedance of the surface of
aluminum substrate.

Speaking of duplex coatings, so far there have not been any
accelerated corrosion evaluation standard for composite coating
systems, such as carbon steel coated with firstly a galvanizing
coating and then an organic coating. It is inappropriate to
evaluate the corrosion resistance of composite coatings by simply
applying the evaluation criteria of single coatings. For example,
some researchers (Bacon et al., 1948) discovered that when the
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FIGURE 10 | (A–C) Impedance complex plane and circuit model of coated
metal immersed in 3.5% NaCl solution for 388 h (Hu et al., 2003).

electrochemical impedance modulus of organic coatings reached
108 � cm2 or above, organic coatings had better corrosion
resistance. While the electrochemical impedance modulus of
organic coatings was less than 108 � · cm2, their anticorrosion
performance was relatively poor. Even when the electrochemical
impedance modulus descended to 106 � · cm2, the coatings

could be considered to have failed completely. But for HDGS,
its impedance modulus is usually no more than 106 � · cm2. It
cannot be indicated that the zinc coating has failed by impedance
modulus alone and, in fact, the zinc coating may be intact.
Therefore, this evaluation standard does not apply to metallic
coating. That is, the evaluation standard for single coating is not
suitable for composite coating.

However, by summarizing the above research on the lifetime
evaluation of metal coatings and organic coatings, it was found
that the failure process of two distinct kinds of coatings studied
above are similar to each other to some extent, and both
of their failure processes can be regarded as going through
four stages. Based on these, we propose a novel method for
evaluating the accelerated lifetime of composite coating system.
There are synergies among the overall lifetime of the composite
coatings (Lc) (Dallin et al., 2018) and the lifetime of organic
coating (Lf ) and the lifetime of zinc coating (Lz) for composite
coating system: Lc = k (Lf + Lz), k = 1.5∼2.3. Therefore,
the research of composite coating lifetime can be divided into
two aspects: organic coating lifetime and galvanizing coating
lifetime. For organic coatings, we can evaluate the failure
process by the four stages proposed by Hu’s group and the
appearance of double capacitance arcs marks the final lifetime
of the organic coating. For galvanizing coatings, we not only
need to judge the four stages of corrosion process, but also
need to combine the potential reversal of steel and zinc to
comprehensively judge the life of the galvanized layer. Due to
the sacrificial anode protection ability of the galvanizing layer,
even when the corrosive substances such as Cl− pass through
the galvanizing layer and reach the substrate, the carbon steel
may not immediately corrode, which results in the time that the
corrosive ions such as Cl− reach the metal/coating interface not
necessarily being the same as the time for the protection life
of galvanizing coating. When the corrosion rate of galvanized
steel increases rapidly, the open circuit potential of galvanized
steel should reverse. While zinc loses the anodic protection
of steel and the carbon steel substrate starts to corrode quickly,
the corrosion rate of galvanized steel should increase rapidly,
and the open circuit potential of galvanized steel will reverse.
Specific experimental verification is still in progress and ready
to be published.

CONCLUSION AND FUTURE WORK

Novel and high-efficiency corrosion resistant coating systems
for HDGS are highly significant for their wide applications in
things such as high-speed rail overhead line parts. They are
important to, for example, galvanizing process control, paint
coatings, and electrochemical protection; they ensure that the
global HDGS field is at a leading position by applying various
coating systems for their superior corrosion resistance. For the
moment, novel coating systems still need to acquire corrosion
resistance coatings with better adhesion property to the substrates
on the basis of the types of HDGS, and need to enhance the
corrosion resistance efficacy for the purpose of prolonging the
service life of devices or fulfilling the applications of HDGS under
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more severe natural environments. Hence, plenty of novel and
efficient coating systems are invented and reported as a brief
summary in this light. Furthermore, valid tactics for the discovery
of new coating systems, such as silane films, rare-earth conversion
films, conductive polymers, and self-assembled films, have been
illustrated by the latest reported literature.

The future developments of coating systems for HDGS would
affect a number of fields. Firstly, the modifications of the
present coating systems would be affected through, for example,
the structural modification of silane films and composition
optimization of rare-earth conversion films. Also affected would
be the discovery of novel coating systems. To cope with the
worsening environment, new-emerging coating systems with
better improved corrosion resistance should be necessary for the
future applications of HDGS. Thirdly, methodology research for
the evaluation of these aforementioned coating systems would be
influenced by any developments in coating systems for HDGS.
Due to the lack of unified lifetime evaluation methods for these
composite coating systems, it is desiderate to establish reasonable
lifetime evaluation criteria. The establishment of evaluation

methods will have a huge positive impact on production and life,
asit will allow us to judge whether the coating systems will lose
protection functioning to avoid greater losses. Therefore, it is
essential to comprehensively understand the experimentally and
theoretically intrinsic properties of the corrosion process for the
HDGS composite coating systems in relation to the life evaluation
of these coating systems and the design of preferable coating
systems for HDGS.
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