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Industrial coatings are composed of layers of different polymers (top coats, primers)

containing pigments, corrosion inhibitors, and fillers as well as additives. For corrosion

protection, it is vitally important to preserve the strong adhesion and long-term stability

of the metal-polymer interface in corrosive environments. In recent decades, the

performance of painted materials increased, which requires the application of advanced

methods for quick assessing, ranking and predicting corrosion stability. Scanning Kelvin

probe (SKP) is a highly sensitive and non-invasive technique to analyze in situ the

metal-polymer interface of high-performance industrial coatings. SKP is able to monitor

the adhesion and corrosion underneath different kinds of paints without the need for

long-term corrosion tests. SKP is a localized electrochemical technique with a spatial

resolution in the range of 70–100µm. Hence, it is possible to obtain information about

the intact and corroding portions of the interface at defect sites, corrosion blisters,

contaminants, and intermetallics, quality of pretreatments, and the development of

galvanic couples that lead to corrosion de-adhesion of the polymeric coatings. This article

reviews the application of SKP to the determination of the mechanisms of corrosion de-

adhesion of model paints, thick marine paints, coatings with zinc rich primers, automotive

paints, and coil coatings applied on galvanized steel substrates.

Keywords: SKP, polymeric coatings, corrosion protection, adhesion, pigments, pretreatments

INTRODUCTION

Historically, polymeric coatings were assumed to protect the substrate from corrosion by acting
as a barrier toward water, oxygen and ions. However, later studies found that oxygen and water
relatively quickly saturated the coating and could not be rate determining factors in corrosion
protection (Leidheiser and Granata, 1988; Thomas, 1991). Kinsella and Mayne (1969) and Mayne
and Scantlebury (1970) found that ionic resistance is a key factor in polymer coating stability,
known as “resistance inhibition.” The relationship between the ionic resistance of a coating and
its protective ability has been identified (Kinsella and Mayne, 1969; Mayne and Scantlebury, 1970).
Ionic resistance has been highlighted as an important (even critical) property of a coating in
modern works (Kendig and Mills, 2017; Mills and Jamali, 2017).

Funke placed great emphasis on the importance of wet adhesion to the substrate, claiming
“adhesion is performance” and that it is a key factor in determining the overall coating lifetime
(Funke, 1979; Negele and Funke, 1996).

The high importance placed on ionic resistance has been criticized in an article of Sykes
et al. (2017). The existence of micro galvanic couples underneath the coating leads to
the rapid failure of resistive coatings. Coating failure normally initiates at a local defects,
which can be the result of application errors, chemical heterogeneities in the coating
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or other defects, such as bubbles, under film deposits or
mechanical damages. The corrosion of steel at a defect can
lead to cathodic delamination of the surrounding coating
(Leidheiser et al., 1983; Hamade and Dillard, 2005; Sørensen
et al., 2010). On the other hand, coating de-adhesion can
result from anodic undermining or filiform corrosion (Sharman,
1944; Funke, 1981). Schematics illustrating these two modes
of coating de-adhesion are given in Figure 1. Leidheiser et al.
(1983) described themechanism for the cathodic delamination of
polymeric coatings. The corrosion of steel at a defect due to the
presence of an aqueous electrolyte can lead to spreading of the
cathodic oxygen reduction reaction to the surrounding interface
(Figure 1A). Delamination is effective for metals (e.g., Fe, Zn),
which are covered by electron conducting surface oxide films.
Considering a coated steel substrate immersed in an electrolyte
at a near-neutral pH, the half-cell reaction responsible for the
coating delamination process is oxygen reduction (Leidheiser
et al., 1983). A linear relationship has been found between
the diffusion coefficients of the different cations in an aqueous
solution and the delamination rate (Leidheiser et al., 1983). The
adhesion instability has been explained by the reduction of the
metal oxide film at the interface or by chemical degradation of
the polymer chains by products of oxygen reduction such as alkali
or peroxide species. Three locus of failure have been suggested:
in the oxide, in the layer of polymer or the interface (Leidheiser
et al., 1983). After a weakening of the interface due to cathodic
processes, residual stresses concentrated at the metal-polymer
interface can cause peeling of the coating (Negele and Funke,
1996; Hamade and Dillard, 2005).

Anodic undermining or filiform corrosion has been found
in polymer-coated metals exposed to humid atmospheres and is
enhanced by artificial or natural impurities, such as sulfur dioxide
or chloride (Sharman, 1944; Funke, 1981). It is supposed that
the galvanic cell governs the growth of the filament (Figure 1B).
Although filiform corrosion usually occurs on organic-coated
aluminum parts, it has also been observed on magnesium and
cold rolled steel. Filiform corrosion normally initiates at small,
sometimes microscopic, scratches or defects in the coating. In
the case of iron and zinc, cathodic oxygen reduction takes place
at defect sites on the surface of rust, and anodic oxidation and
formations FeCl2 or ZnCl2 develop underneath the coating prior
to de-adhesion (Figure 1B). There is only one certain way to
prevent filiform corrosion, which is to dehydrate the rusted steel
surface by reducing the relative humidity of the air to below
∼60% (Funke, 1981). On the other hand, the stability of metal-
paint interfaces can be enhanced by treating the metal surface,
and these types of conversion coatings have a beneficial effect
toward preventing filiform corrosion (Stratmann, 2005).

The electrochemical heterogeneity of the metal surface
governs the spatial separation of the cathodic and anodic
corrosion reactions. The stability of the coatings to corrosion
driven deadhesion is determined by formation of galvanic
elements and the local electrochemical methods can obtain
spatially resolved information related to metal-polymer interface.
The local techniques that have been applied to metals covered
by organic coatings have been reviewed (Grundmeier et al.,
2000; Ogle et al., 2000; Philippe et al., 2003; Stratmann,

2005; Hausbrand et al., 2008; Rossi et al., 2008; Huang
et al., 2011; Upadhyay and Battocchi, 2016). A very important
advantage of local scanning techniques is the possibility
of comparing the map of the electrochemical parameters
with the topographic information (presence of defects or
rust clusters), metal microscopy data (microstructure and
contaminants), differences in surface treatments, etc. DC current
techniques (the scanning vibrating electrode technique and
scanning electrochemical microscopy) are mainly applicable for
assessing relatively low resistive paths, such as defects in the
coating. Techniques based on AC current measurements (local
electrochemical impedance spectroscopy and SKP) are effective
for obtaining information from the interfaces underneath
intact and highly resistive polymeric coatings. The objective
of this particular review is to discuss the growing information
concerning the application of SKP to analyze the properties of
paints and paint additives that influence their stabilities and
protective properties. Industrial paints have increased corrosion
stabilities, and the application of highly sensitive and non-
invasive in situ methods for quick assessment and ranking is
highly important.

SKP PRINCIPLES AND APPLICATION

SKP is a non-destructive local electrochemical technique that
measures the contact potential difference between a working
electrode (e.g., the polymer-coated metal) and a vibrating
reference electrode (e.g., a CrNi alloy or gold). A schematic of
the Kelvin probe is shown in Figure 2A. When two metals are
in contact, electrons move to reach equilibrium that creates the
contact potential difference (CPD). This potential difference (1V,
Equation 1) is proportional to the difference in the electron work
functions (Φ) of the two materials. Φ is defined as the minimum
work necessary to extract an electron from the Fermi level of a
metal and transfer it to a point just outside the metal surface
(carrying no net charge) (Hölzl and Schulte, 1979).

Tomeasure the contact potential difference, the probe vibrates
in the vertical plane, which creates a capacitor with an alternating
distance, and an alternating current flows between the probe and
the working electrode (Equations 2, 3). The amplitude of this
current is proportional to the CPD (Equation 4).

1V = (Φw − Φp)/e (1)

C = εε
◦

A/(d + ∆d sin ωt) (2)

I(t) = Iasin(ωt) (3)

Ia = ∆Vε
◦

Aω/d, (4)

where e is the electron charge, C is the capacitance, ε and ε◦

are the dielectric constants of the surface coating and vacuum,
respectively, d is the distance between the probe and working
electrode, I(t) is the AC current, Ia is the amplitude of the current,
ω is the frequency of the current, t is the time, and A is the surface
area of the probe.

The work function (Φw, Equation 1) is a fundamental
property of a metal, and it is proportional to the actual potential
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FIGURE 1 | Schematics for corrosion-driven coating de-adhesion. (A) Cathodic delamination and (B) anodic undermining galvanic cells and potential distributions

along the interface.

FIGURE 2 | Schematic of the Kelvin Probe (A) and the sketch of the sample for evaluation of cathodic delamination of a polymeric coating (B).

of an electron in a metal (Equation 5; Hölzl and Schulte, 1979;
Trasatti and Parsons, 1986).

ΦN = −α = −µe + FXw (5)

where α is the electrochemical potential, µe is the chemical
potential of the electrons, N and F are the Avogadro number and
Faraday constant, respectively, and Xw is the potential difference
across the metal-air interface (Trasatti and Parsons, 1986).

According to these definitions, the electron work function
or electrochemical potential contains bulk and surface
contributions. The bulk contribution is determined by the
chemical potential of the electrons. The surface contribution
(Xw) includes the number of potential drops related to the
surface oxide film and dipole layers of adsorbed molecules
(Equations 5–7).

Xw =
µox−µe

e
+Fb+βox/air (6)

Xw =
µox−µe

e
+Fb+ βox/coating+ βcoating/air (7)

For a bare metal surface, the potential drop (Xw, Equation 6)
includes the contact potential difference between the bulk metal
and oxide film relating to the difference in the corresponding
chemical potentials of the electrons in the metal (µe) and in
the oxide (µox). The second potential drop (Fb) relates to the
adsorption of environmental components (molecules of oxygen,
water, etc.) that bend the conductive and valence bands of the

semiconducting oxide film. The electric charges in the oxide are
compensated for by the charges of the double electric layer, such
as the dipoles of adsorbed species (e.g., O−

2 ions), creating a
potential drop (βox/air).

For polymer-coated metals, the SKP measured potential
has a potential drop (Xw, Equation 7) that includes two
additional potential drops βox/coating and βcoating/air . The first
corresponds to charge transfer or the formation of a double
electric layer of oriented dipoles between the functional groups
of the polymer and the oxide that are related to the adhesive
bonds (Evans and Ulman, 1990; Taylor, 2000). The second
potential drop relates to the dipoles in the organic chains or
charged groups of the polymer (e.g., Donnan potential drop)
(Samec et al., 1993; Taylor, 2000).

Initially, the Kelvin probe was extensively applied to
investigate the kinetics of metal oxidation in the gas phase,
leading to the formation of oxide films. In addition, an important
area of study was the adsorption of different gases onto
the surface of bare metals or those covered by oxide films.
These processes change the potential drop across the metal-
air interface (Equation 6). Thus, CPD between a platinum
probe and an evaporated metal film was monitored during the
adsorption of oxygen, nitrogen or water vapor (Hackerman
and Lee, 1955). Both reversible and irreversible changes of
the Volta potential were found, which corresponded to the
formation of either a dipole barrier or an ion barrier that
prevented electron transfer. Thus, it was shown that oxygen
adsorption increases the electron work function due to electron
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transfer from the metal to the adsorbed oxygen molecules
(Hackerman and Lee, 1955). An increase in the electron work
function due to the formation of an ionic barrier related to the
oxide film has also been demonstrated (Hackerman and Lee,
1955).

During measurement, the Volta potential of the probe (Φp/e)
is kept constant. This makes possible to use CPD measurements
(1V, Equation 1) to determine the Volta potential of the working
electrode (Φw/e) relative to a reference electrode or determine the
electron work function Φw relative to the vacuum level. Finally,
SKP measures the surface distribution of the electrochemical
potential above the metallic substrate or polymer coated metallic
substrate (Grundmeier et al., 2000; Hausbrand et al., 2008).
To transform Volta potential to electrochemical potential the
probe has to be calibrated using a reversible reference electrode
(e.g., Cu/CuSO4). Modern SKP instruments measure potential
distribution with a spatial resolution in the range 70–100µm.
They are equipped with an environmental chamber that enables
measurements in situ, in a corrosive environment.

M. Stratmann and H. Streckel introduced SKP to
electrochemical corrosion (Stratmann and Streckel, 1990;
Frankel et al., 2007). It has been shown that for corroding metals,
SKP measures the corrosion potential and can be used for
studying the corrosion under very thin electrolytic films (Frankel
et al., 2007). In the case of an active surface, the potential drop
Xw (Equation 6) related to surface oxide significantly decreases.
For metals without corrosion activators, the potential is noble
and relates to the potential of the metal under passive conditions
(Hausbrand et al., 2008). In this case, the redox properties of an
oxide film can influence the measured potential (Grundmeier
and Stratmann, 1999). According Nernst equation (Equation 8),
the potential of Fe is a function of the activities of the different
iron species, Fe3+ and Fe2+, in the surface oxide:

1E=const.+
RT

F
ln

a(Fe3+)

a
(

Fe2+
) (8)

A potential drop in a semiconducting oxide film that does not
change the oxidation state, such as in zinc, also significantly
contributes to the potential measured by the SKP. An increase in
the oxide thickness of a Zn/ZnO electrode increases the potential
measured in air (Nazarov et al., 2015). This can be the result of
an increase in the thickness of the space-charge layer in thicker
oxide films. The adsorption of environmental components onto
the oxide film surface also plays a role (Equations 6, 7). Replacing
air with nitrogen decreased the potential of passive zinc by
100–150mV. Thus, the formation of an oxide/O2− dipole layer
increased, and oxygen desorption decreased the Zn potential
(Nazarov and Thierry, 2007; Nazarov et al., 2015).

Well-oxidized and uniform oxide films create stable adhesive
bonds with coatings (Funke, 1979; Kendig and Mills, 2017; Mills
and Jamali, 2017). The application of SKP to studies on metal
surfaces are based on measuring the conditions of the surface
oxide, which are characterized by a potential drop Xw (Equations
6, 7). Intermetallics, contaminations or defects in oxide locally
change the potential that can be visualized by SKP (Nazarov and
Thierry, 2007). Thus, SKP inspection of an oxide surface before

application of polymeric coatings can detect surface defects and
areas with non-uniform potential distributions, which can later
lead to the formation of galvanic corrosion elements working
underneath the coating and accelerating coating deadhesion.

RESULTS

SKP Assessment of Cathodic Delamination
of Polymeric Coatings From Carbon and
Galvanized Steels
Corrosion-driven coating de-adhesion (Figure 1A) is the result
of a non-uniform distribution of the electrochemical potential
across the metal- metal oxide -paint interface and the work of
macro galvanic couples. SKP mapping of the potential makes
possible to determine the galvanic elements (Figure 1A).

Fe→Fe2+ + 2e anodic reaction− in the defect (9)

O2 + 4e+ 2H2O→4OH− cathodic reaction− underneath of

the coating (10)

Using SKP, M. Stratmann et al determined the electrochemical
mechanism for the cathodic delamination of polymeric coatings
from steel surfaces (Stratmann et al., 1991; Leng et al., 1999a,b).
SKP has the main advantage of being able to measure the
potential of a metal underneath a highly resistive, intact and
delaminated coating in situ (Figure 1). For measurements, an
artificial defect in a coating containing a NaCl solution was
prepared (Figure 2B). A linear relation between the coordinates
for the displacement of the delamination front vs. the square
root of the time of exposure was found (Leng et al., 1999a,b).
These results showed that ion migration (Na+) from the defect
along the interface is the rate-controlling process for the cathodic
delamination of thin model coatings (Figure 1A). The de-
adhesion rate is determined by the mobility of the cations, but
the mobility along the metal-polymer interface is much slower
than the mobility of ions in the bulk electrolyte (Leng et al.,
1999b). The results of SKP investigations related to cathodic
delamination of the different polymeric coatings from iron, steel
and galvanized steel substrates have been published in Stratmann
and Hoffmann (1989), Stratmann et al. (1991), Nazarov and
Thierry (1999, 2004a, 2010), Nazarov et al. (2012), Leng et al.
(1999a,b), Furbeth and Stratmann (2001a,b,c), Williams and
McMurray (2003), Reddy et al. (2004), Reddy and Sykes (2005),
de la Fuente and Rohwerder (2008), Nazarov et al. (2012a, 2018a),
and Khun and Frankel (2013).

For example, Figure 3 shows SKP maps for alkyd coating
containing TiO2 pigment deposited on mild steel surface. The
delamination starts from the scribe contaminated by NaCl
aqueous electrolyte (Nazarov and Thierry, 1999). The potential
of the intact interface relates to the steel in the passive state
(cathode, 0.5 V vs. SHE), and at the defect site the steel has a
low potential of active corrosion (anode,−0.3 to−0.2V vs. SHE,
Figure 3). The potential difference of 0.7V is the electromotive
force of the galvanic element leading to cathodic delamination of
the coating from the defect. Figure 4 shows typical SKP profiles
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FIGURE 3 | Potential distribution (mV vs. SHE) in air at 95% RH for a carbon steel coated by alkyd coating (25µm thick) with scribe and electrolyte 0.5M NaCl.

Before exposure (A), exposure during 1 h (B), 12 h (C), and 24 h (D). Reprinted from Nazarov and Thierry (1999) with permission.

FIGURE 4 | SKP potential profiles of epoxy-coated steel sample. The

exposure was carried out using 0.5M Na2SO4 solution as function of distance

from the defect (left hand side) for different times of exposure (Milosev and

Frankel, 2018).

for steel—epoxy system as function of distance for different times
of exposure in neutral 0.5M Na2SO4 solution.

Other factors, such as the roughness of the steel surface and
the texture of the surface, influence the cathodic delamination
rate of epoxy coatings (Khun and Frankel, 2013). SKP
measurements showed that an increase in the steel roughness
decreased the rate of delamination. The surface features of
the underlying steel substrate also influenced the cathodic
delamination of the epoxy coatings. The textured lines (due to

abrasion) parallel to the direction of delamination accelerated the
failure compared with texture lines perpendicular to the direction
of delamination. In this study, a linear dependence of the creep of
coating deadhesion vs. the time of exposure was found (Khun and
Frankel, 2013).

It is important to note that strong spatial separation of
cathodic and anodic reactions with spreading of the cathodic
reaction to the surrounding surface occurs also without a
coating, due to atmospheric corrosion of steel or zinc locally
contaminated by NaCl (Nazarov and Thierry, 2004a; Nazarov
et al., 2015). The formation of galvanic couples consisting of
anode in the region of the NaCl deposit and cathode on the
bare steel surface has been observed by SKP (Figure 5). The
distance of the cathodic spreading also had a dependence on
the square root of time, and the spreading across the bare
metal surface was faster compared with that of coated steel (see
Table 1; Nazarov et al., 2018a). The electromotive force of the
galvanic element that is equal to the potential difference between
the low-potential anode and the noble potential of the passive
steel surface was approximately 0.6 V (Figure 5A). This is the
thermodynamic reason for galvanic corrosion. On the other
hand, the rate of galvanic corrosion is a function of the rates
(polarization resistances) of the partial corrosion reactions and
the ionic conductivity along the interface (Nazarov and Thierry,
2004a). The area of cathodic spreading increased with increasing
NaCl concentrations in the local deposits. The efficiency of the
cathodic reaction on the bare steel surface governs the cathodic
spreading that can be visualized by SKP (Figure 5). The rates
of electron transfer from the substrate to oxygen molecules
(Equation 10) and the migration of cations along the surface can
be function of the surface chemistry. Metal surface pretreatments
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FIGURE 5 | SKP potential profile (potential in V vs. SHE) for a region of bare carbon steel surface that is locally contaminated by NaCl (left hand side), after 4 h (A) and

100 h (B) of exposure to air at 95% RH. An arrow marks the spreading of the area of cathodic reaction. Reprinted with permission from Elsevier (Nazarov and Thierry,

2004a).

TABLE 1 | Rates of cathodic deadhesion (spreading) for square root or linear kinetics during exposure in aqueous electrolytes, type of coating, and pigment, exposure

conditions, coating thickness.

Coating Exposure Rate Rate Dry film thickness, µm References

mm/h1/2 mm/h

Bare steel, atmospheric corrosion Droplet of 0.5M NaCl 2.4 0 Nazarov et al., 2018a

Epoxy model Aqueous electrolyte

0.5M NaCl

1.95 40–47 Leidheiser et al., 1983

Epoxy-ester clear model Aqueous electrolyte

0.5M NaCl

1.2 50–60 Leng et al., 1999b

Amide-epoxy clear Aqueous electrolyte

0.5M KCl

0.6 300 Sørensen et al., 2010

Amide epoxy pigmented flake-shaped micaceous

iron oxide

0.3

Epoxy unpigmented model Aqueous electrolyte 3%

NaCl

0.64 40 Bi and Sykes, 2011

Two layers epoxy pigmented Aqueous electrolyte

3.5% NaCl

0.59 120–200 Bi and Sykes, 2016

Pigmented epoxy marine paint (35◦C) Aqueous electrolyte

3% NaCl

0.38 300–320 Nazarov et al., 2018a

Pigmented epoxy marine paint (22◦C) Aqueous electrolyte 3%

NaCl

0.17 300–320 Nazarov et al., 2018a

Waterborne epoxy clear Aqueous electrolyte

0.85M NaCl

0.96 53–63 Hernández et al., 2004

Waterborne epoxy, 8.3% zinc phosphate pigment Aqueous electrolyte

0.85M NaCl

0.2 53–63 Hernández et al., 2004

(conversion coatings) can be ranked according to their effect
on cathodic spreading. Thus, SKP measurements of bare metal
surfaces can be useful for choosing the appropriate pretreatment
before painting.

SKP is an ideal tool for in situ monitoring of the degradation
processes at the buried interface contaminated by soluble salts.
The study of stability of the steel/coating interfaces to initial
stages of blistering and underfilm corrosion has been carried out
(de la Fuente and Rohwerder, 2008; Nazarov et al., 2012a). SKP
mapping gives the exact locations of the corrosion of the steel
underneath a 150µm thick layer of epoxy-diamine/polyamide
paint (Figure 6A). This SKP study was carried out to determine
the critical amount of NaCl at the interface that can prevent the

development of corrosion beneath the paint. For a particular
paint system, 5 µg/cm2 was the threshold level of NaCl
contamination for the paint to inhibit corrosion in humid
air at 95% RH. Thus, SKP can quickly assess paints that can
withstand corrosion due to NaCl contamination of the interface
(de la Fuente and Rohwerder, 2008; Nazarov et al., 2012a).
Corroding locations show low (active corrosion) potentials
relatively surrounding intact interface (Figure 6B). Cathodic
delamination of the coating around these active locations can be
expected as the exposure time increases.

Cathodic delamination of the polymeric coating can occur on
a metallic substrate that has sufficient electronic conductivity and
catalytic activity to support the oxygen reduction reaction under
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FIGURE 6 | (A) SKP map (V vs. SHE) and (B) the photograph of the steel surface after coating removing. The substrate was contaminated by NaCl (20 µg/cm2 ).

Epoxy-vinyl coating thickness 100µm. The measurement was carried out in air at 95% RH. Reprinted with permission from NACE International (Nazarov et al., 2012a).

the coating (Leidheiser et al., 1983). Corrosion of galvanized
steel in the defect down to the zinc layer leads to cathodic
delamination of polymeric coatings (Furbeth and Stratmann,
2001a,b,c). The propagation kinetics of the cathodic front from
the defect is proportional to the square root of the exposure
time. In contrast to steel, zinc is an amphoteric metal, and
the formation of alkali in cathodic region leads to the growth
of an oxide layer at the zinc–polymer interface (Furbeth and
Stratmann, 2001a). The cathodic reaction decreases the adhesion
of a coating on a steel surface, but it completely delaminates the
coating from a zinc surface.

If a defect in the organic coating is prepared through zinc
layer down to the steel substrate, the polarity changes, and the
defect can serve as a cathode that drives anodic coating de-
adhesion from the defect. As a result, the kinetics are a complex
combination of cathodic and anodic processes that occur at the
metal-polymer interface (Furbeth and Stratmann, 2001b).

SKP Assessment of the Mode of Paint
Corrosion Driven De-adhesion
It has been observed that the galvanic elements leading to the
cathodic delamination of the coating can reverse their polarity
during exposure (Figures 1A,B). SKP and scanning acoustic
microscopy were applied to study the corrosion underneath a
120µm thick epoxy amide resin coating (Reddy et al., 2004;
Reddy and Sykes, 2005). It has been demonstrated that in
some instances, the formation of iron rust at the sites of local
coating degradation can reverse the potential distribution and the
electrochemical activity, with rust serving as a cathodic reactant
and new anodes being formed.

Thus, delamination of a thin polyvinyl butyral (PVB) coating
(20µm thick) from iron starting at a defect site containing
NaCl initially showed cathodic disbondment (Williams and
McMurray, 2003). Spreading of the low-potential region
corresponding to delamination of the PVB coating during
exposure was found. In the second phase, the formation of rust
at the defect site switches the cathodic mode of de-adhesion to
an anodic mode. Filaments grow from the rust locations. The

rust formed on the iron underneath the coating is an effective
cathodic component (Stratmann and Hoffmann, 1989). The
filaments spreading either under the cathodically delaminated
film or under the intact film contain low-potential active heads,
where anodic iron oxidation occurs (Williams and McMurray,
2003). The heads mainly contain iron (II) chloride (Figure 1B).
The tails of the filaments contain hydrolyzed iron-corrosion
products, have a positive potential, and can serve as the cathodes
in filament galvanic cells.

Contamination of the defect site in the coating by iron
chloride instead of NaCl results in only anodic undermining
of the coating occurring (filiform corrosion). Iron is not a
mobile cation due to hydrolysis, oxidation, and rust deposition.
Thus, this contaminant cannot support spreading of the cathodic
region underneath the coating (Williams and McMurray, 2003).

Using steel coated by pigmented epoxy-vinyl coating (100µm
thick), it was found that the polarity of the galvanic couple
and the mode of delamination were functions of the thickness
of the electrolyte in the defect (Nazarov and Thierry, 2010).
Under a thick electrolyte film, the defect site was anodic
that polarizes the surrounding interface leading to cathodic
delamination (Figure 7A). Under thin films, in atmospheric
corrosion conditions, the defect in the same electrode showed
a positive (cathodic) potential that anodically polarized the
surrounding steel-coating interface and facilitated anodic
undermining (Figure 7B). In this system, the delamination
(anodic undermining) was uniform without the formation of
filaments (Nazarov and Thierry, 2010). The defect and the steel
underneath of the coating developed the rust with different
compositions and degrees of oxidation. The anodic front
(Figure 1B and area of low potential in Figure 7B) is enriched
with chloride and contains FeCl2. The Fe2+/Fe3+ redox couple
in the rust near the defect site provided effective cathodic oxygen
reduction (Stratmann and Hoffmann, 1989).

Changes in the polarity of the galvanic elements were found
for bare iron surfaces with local NaCl contaminants (Nazarov
and Thierry, 2004a). Atmospheric corrosion and rust formation
increased the potential of the contamination, and the potential
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FIGURE 7 | Potential distribution (V vs. SHE) of a coated steel with a linear defect (right-hand side) in the epoxy vinyl coating (100µm thick). (A) Measurement with a

thick layer of aqueous electrolyte in the defect. (B) Measurement of the same area with a thin electrolyte layer during atmospheric corrosion at 95% RH. Reprinted

with permission from NACE International (Nazarov and Thierry, 2010).

became more positive (left hand side in Figure 5B). However,
significant anodic spreading was observed only for the coated
samples. The coating additionally separates the partial reactions,
creating a galvanic couple of different aeration, for which
the cathode is in a well-aerated defect site and the anode is
underneath the polymeric coating. For different systems, it was
found that peeling out and removing the paint from anodic
region transforms it into a cathodic surface (Nazarov and
Thierry, 2010; Nazarov et al., 2012).

During corrosion exposures, the conditions of the defect site
can periodically change, accelerating the cathodic or anodic
modes of coating de-adhesion. Depending on the thickness of
the electrolytic layer at the defect site, switching of the polarity of
the galvanic couple was found for a polymer-coated zinc surface
on a galvanized steel substrate (Nazarov et al., 2012). Using a
cataphoretic epoxy coating (a system is used in the automotive
industry), it was demonstrated that the potential distribution
corresponded to cathodic delamination for a thick electrolytic
film (Figure 8A) and to the anodic undermining (Figure 8B) in
the case of atmospheric corrosion (Nazarov et al., 2012).

Only anodic de-adhesionmode, with spreading of the chloride
ions and formation of anodic blisters contained ZnCl2, was
observed by SKP for de-adhesion of the coating from galvanized
steel (Zn) from the defect down to the steel surface (Nazarov
et al., 2012). A more positive steel substrate serves as a cathode,
and a more negative zinc-coating interface serves as an anode.
This galvanic couple governs the cut-edge corrosion of polymer
coated galvanized steel (coil-coated materials) either under
atmospheric or immersed in an electrolyte conditions (Nazarov
et al., 2012).

Due to its low electronic conductivity, cathodic de-adhesion is
strongly inhibited by substrates with dielectric oxide films, such
as aluminum and magnesium alloys. However, anodic (filiform)
coating de-adhesion in humid atmospheric conditions can be
significant (Williams et al., 2001; Le Bozec et al., 2002; Leblanc
and Frankel, 2004; Romano et al., 2009; McMurray et al., 2010).

Figure 9 shows the potential distribution over an Al alloy coated
with an electrophoretic epoxy coating after 6 weeks of exposure
to air at 85% RH. These systems are applied in the automotive
industry. The measurements of Le Bozec et al. (2002) performed
in air and argon at 95% RH showed that the exchange of the
atmosphere decreased the potentials of the tail and the linear
defect (Figure 9). Thus, pre-corroded areas of Al are a source of
cathodic activity (Equation 10) directed to the anodic location in
the filament head. The filament head has the potential to be more
active at−0.5 V (SHE).

The stress generated during cross-linking and curing of an
electrophoretic coating influences the adhesion and spreading
of the filiform corrosion of an aluminum AA6016 (Romano
et al., 2009). It was found that an increase in the amount of
cross-linking in the epoxy cathaphoretic coating increased the
adhesion and the uniform front of spreading transforms to more
narrow filaments.

Finally, it is possible to point out that the mechanism of
deadhesion is mainly determined by electrochemical conditions
of the metal in the defect (Nazarov and Thierry, 2010). However
many factors such as the electronic conductivity of the oxide film
and the corrosion products, amount of water, degree of aeration,
the type and concentration of pollutants are influencing and
consequently only careful SKP evaluation can inform about the
type of coating deadhesion and predict the coating stability under
particular conditions.

SKP Assessment of Paint Stability to
Delamination. Influence of Loading
Pigments and Corrosion Inhibitors Into the
Paints
The effects of the thickness of a polymeric film and the addition
of pigments on the stability of the interface to de-adhesion
have been studied using SKP. As was discussed above, the
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FIGURE 8 | Potential profiles (V vs. SHE) of hot-dip galvanized steel samples with linear defects in the electrophoretic epoxy coatings. Deposition of a thick electrolyte

layer at the defect site (A) and after drying and exposing to air 95% RH (B). Reprinted with permission from Elsevier (Nazarov et al., 2012).

FIGURE 9 | SKP maps of the filament in electro coated AA6016 in air (A) and in argon (B) at 95% RH. Reproduced with permission from the Electrochemical Society

(Le Bozec et al., 2002) Copyright 2002.

delamination rate of unpigmented coatings was controlled by
cations mobility and delamination was dependent on the square
root of the exposure time (Leng et al., 1999a,b; Furbeth and
Stratmann, 2001c; Reddy and Sykes, 2005; Bi and Sykes, 2016).
The kinetic was only slightly slower for thicker coatings (Bi and
Sykes, 2016). However, the pigments can decrease the cathodic
delamination rate significantly (seeTable 1). A linear dependence
of the delamination vs. time was detected for pigmented systems
(Hernández et al., 2004; Grundmeier et al., 2006; Bi and Sykes,
2011, 2016; Nazarov et al., 2018a). The rate of delamination also
depends from mobility of cations along the interface (Bi and
Sykes, 2016). The rate of deadhesion of pigmented epoxy coatings
decreased in the sequence KCl > CsCl > NaCl > LiCl (Bi
and Sykes, 2016). Important parameter for pigmented coatings
is number of interaction points (hydroxyl groups) between
the coating and the substrate that is controlling interfacial
interaction (Sørensen et al., 2010). Thus, oxygen diffusion rate,
mobility of cations and adhesion are factors, which control
the stability.

SKP was used to study the stability of iron with coatings
contained advanced pigments based on graphene nanoplatelets
and carbon nanotubes (Khun and Frankel, 2016; Glover et al.,
2017, 2018). The delamination rates correlated strongly with a
decrease in oxygen permeation through the coating as a function
of increasing pigment volume fraction in a polyurethane/
multiwalled carbon-nanotube coating (Khun and Frankel, 2016).
The SKP technique was used to measure the propagation of the
delamination front underneath the PVB coating. Incorporation
of high-density graphene nano-platelet pigment blocked the
oxygen and water pathways to the coating-steel interface, which
significantly decreased the rate of cathodic delamination by
98.6% (Glover et al., 2018).

In opposite to oxygen accelerating corrosion, another air
component such as carbon dioxide can decrease the corrosion
rate of galvanized steel. CO2 creates carbonates at the interface
with galvanized steel during atmospheric exposure that decrease
the cathodic coating delamination (Furbeth and Stratmann,
2001c). Polymeric coatings selective to CO2 were studied. The
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important work of Shkrirskiy et al. (2019) investigated the relative
ability of a polymeric coating to absorb a carbon dioxide. SKP
inspections showed that increased permeation of carbon dioxide
through coating and access the interface is favorable for stability
of coated galvanized steel (Shkrirskiy et al., 2019).

SKP was applied to study the effect chromate inhibitors
that could leach from the coating (Williams and McMurray,
2001). On the other hand, in many countries, legislation
does not permit the application of chromates. Less hazardous
phenyl phosphonic acid was investigated as an inhibitor
of corrosion-driven organic coating disbondment from iron
surfaces (Glover and Williams, 2017). SKP assessment of
corrosion underneath the paint was carried out in situ under
corrosive atmospheric conditions. Increasing the loading of
phosphonic acid progressively decreased the delamination rate
up to 55% (Glover and Williams, 2017). From the delamination
kinetics, it was concluded that the species interacting with
substrate form an interfacial salt layer that inhibits oxygen
reduction beneath the film and cathodic de-adhesion.

SKP was employed by the group of G. Williams and H.
N. McMurray to evaluate coating delamination from Al, Fe,
Zn substrates after loading of an ion-exchanger, bentonite clay
(Williams and McMurray, 2004, 2017; Dodds et al., 2017).
Ion exchanger supplies the interface with divalent alkali-earth
and trivalent rare-earth metal cations with the subsequent
precipitation of sparingly soluble hydroxides. The deposit
reduced the ionic conductivity of the electrolyte underneath the
polymeric coating and correspondingly decreased the current in
galvanic cell. For the best performing divalent cation-exchange
pigments, the inhibitory effect was comparable to or provided
better protection than that of a conventional strontium chromate
pigment (Williams and McMurray, 2004, 2017). Pigments
containing Mg2+ prevented delamination of the coating from
hot-dipped galvanized steel (HDG). In situ SKP demonstrated
that the high level of inhibition of cathodic delamination could
be attributed to the deposition of Mg(OH)2 precipitate (Dodds
et al., 2017).

SKP was applied to monitor the cathodic delamination of
a 300µm thick-pigmented epoxy coating from steel, starting
from the defect site after immersion of the sample in an
aqueous electrolyte (Nazarov et al., 2018a). Due to high
barrier properties, this coating is applied in offshore or marine
environments. It was found that at ambient temperatures, the
cathodic delamination was very slow and the paint partially
retained its adhesion (see Table 1). However, under atmospheric
corrosive conditions the reduction of oxygen on the rust surface
at the defect site led to rapid coating de-adhesion following
the anodic undermining mechanism. Thus, anodic de-adhesion
under atmospheric weathering conditions is harder to prevent
compared with cathodic de-adhesion when metal-polymer joint
is immersed in an electrolyte (Nazarov et al., 2018a).

Zinc-rich primers (ZRP) are components of polymeric
coatings that provide active corrosion protection to steel
structures in heavily corrosive environments, such as offshore. In
general, a paint contains different polymeric layers with a total
thickness of>400µm that significantly delays the degradation of
the paint and decreases the observation of corrosion failures. In

situ SKP measurements of a complete paint system showed the
efficiency of cathodic protection of a steel substrate by ZRP with
different compositions and from different producers (Nazarov
et al., 2018b). The electrolyte ingression to the interface from
the defect site and activation of the Zn particles in the primer
determine the ability of the primer to polarize the substrate
and provided sacrificial protection under either immersed or
atmospheric conditions. Thus, SKP mapping can determine the
activity of the zinc particles at the interface as a function of the
distance from the defect sites (scribe and cut-edge). Monitoring
the interfacial potential during exposure provided information
about the consumption of the zinc particles and the lifetime
over which the primer could provide cathodic protection to the
substrate. Thus, SKP provides a quick means of assessing the
sacrificial steel protection provided by industrial marine paints
containing zinc-rich primers under atmospheric or immersed
conditions (Nazarov et al., 2018b).

SKP Assessment of the Metal-Metal
Oxide-Coating Interface to Determine the
Nature of Adhesive Bonds and Their
Stability
Achieving durable corrosion protection with polymeric coatings
requires an understanding of the chemical interactions at the
hybrid polymer/metal oxide/metal interfaces. It is important
obtain information in situ directly from the solid/solid interface.
This section shows the possibility of SKP assessment of the
metal–coating interface to determine the nature and the stability
of the metal–coating bonds (Nazarov and Thierry, 2004b,
2005; Nazarov et al., 2008, 2011). Metal-polymer interactions
include hydrogen bonding, ionic polar or acid-base interactions
(Brönsted and Lewis kinds of interaction), and van der Waals
secondary forces. Formation of the interfacial dipoles are
illustrated by Equations (11) and (12) and in Figure 10 (Nazarov
and Thierry, 2004b).

OMe−OH+H−OCOR→OMe+−OCO− R+H2O

(11)

OMe−OH+HN− RR¤→OMeO−+H2N− RR¤ (12)

Depending on the ionic groups distributed throughout the
coating, the charges in the metal and coating layers can be
different. These charges can be determined by scanning across
different metal-polymer joints (Figure 10A).

Figure 10A shows the potential distribution for steel substrate
sequentially coated by alkyd and epoxy coatings. It is clear that
different coatings interact with the steel surface differently. The
epoxy coating significantly decreased the potentials of steel or
zinc (500mV), and the alkyd coating increased the potential
(100–150mV) (Nazarov and Thierry, 2004b, 2005). This can be
explained by the formation of dipoles according to Equations (11)
and (12). Alkyds contain acidic groups, and their interactions
with the surface hydroxide OH-Me result in a negative charge
in the coating layer and a positive charge on the metal oxide
surface. Protonation of the amino groups of the epoxy coating
by the OH-Me groups of the surface hydroxides creates a positive
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FIGURE 10 | (A) Potential distribution (mV vs. SHE) across a steel surface covered by epoxy-diamine (250µm thick, right hand side) and alkyd coatings (35µm thick,

left hand side). Reprinted with permission from Elsevier (Nazarov and Thierry, 2004b). (B) Schematic of the interfacial interaction for epoxy resin.

charge in the coating and a negative charge on the metal surface
(Equation 12). The potential change across the interface due to
the formation of metal oxide-polymer dipoles can be illustrated
by the following equation:

∆ϕ = −4παµNS , (13)

where ∆ϕ is the potential drop across the interface, NS is
the surface coverage, µ is the effective dipole moments of
the adsorbed complexes, and α is polarizability (Nazarov and
Thierry, 2004b, 2005; Nazarov et al., 2008).

Ingression of the water separates the interface, decreased
the dipole moment and the potential drop (Equation 13), and
coated surface exhibits the potential close to the values of
bare metal surface (Nazarov and Thierry, 2005; Nazarov et al.,
2008). However, this process is reversible, and drying the sample
restores the dipoles and the initial high potential drop of coated
metals with adhesive bonds (Nazarov et al., 2008). The potential
changes that occur during water ingression are related to the
formation of a thin aqueous film at the interface, which can
lead to hydrolysis. On the other hand, a small amount of
water at the interface is beneficial for increasing the degree of
hydroxylation of the surface oxide (O-Me-OH) and creating
anchoring hydrogen bonds that improve the interfacial durability
(Nazarov et al., 2008). Aging of the samples decreased variation
of the potential during wet-dry cycles and irreversibly decreased
the potential drop∆ϕ (Equation 13). Thus, the chemistry and the
strength of interactions at the interface can be monitored during
exposure of the adhesive joints.

Different epoxy coatings interact differently with the metal
surface and create dipoles with different coverage that can be used
for SKP ranking according to the adhesive force and interfacial
interactions (Nazarov et al., 2011). It has been found that epoxy
hardeners containing diamino groups, which are used in two-
component epoxy coatings (EP1), could dissolve surface oxides
(ZnO), creating stable complexes and an interphase with a
mixed organic-inorganic nature. This interaction created a large
potential drop across the interface and provided the highest
adhesion and water stability to the metal-epoxy polymer (EP1)
joint (Figure 11A; Nazarov et al., 2011). In contrast, another

epoxy coating (EP2), which has a low adhesion to metal, showed
a low potential drop (Figure 11B; Nazarov et al., 2011).

These points are in agreement with SKP measurements of the
potential shifts of iron surfaces with adsorbed carboxylic acids,
amines and amides (Wielant et al., 2008, 2010; Nazarov et al.,
2011). The adsorption of amines can simulate the epoxy/amine
coating systems described above. The adsorption of carboxylic
acids shifted the potential in the positive direction (Equation 11),
whereas adsorption of amines and amides induced a negative
potential shift of 400–500mV (Equation 12). Brönsted acid–base
interactions change the overall dipole moment. The potential
shift increased with the degree of protonation on the surface
and increased with the amount of surface hydroxide groups
(Wielant et al., 2008, 2010). These results are in line with the
SKP study on the adsorption of amines and an epoxy coating
on Al hydroxylated surfaces (Salgin et al., 2013b). It has been
shown that the interaction of N-methyldiethanolamine in the
epoxy coating with hydroxide groups on the Al surface decreased
the potential of the epoxy-coated Al. The value of the potential
drop could be controlled by the amount of hydroxyl groups in
the oxide. In addition, the amount of interfacial dipoles can be
increased by modifying the chain of an adsorbed amine with
hydroxide groups (Wielant et al., 2007). Thus, the application of
SKP enables new possibilities for controlling the metal-coating
interface with the aim of increasing the adhesion and stability to
hydrolyze of the metal-polymer bonds.

SKP Assessment of Metal Surface
Pretreatments and Improvement of the
Stability of the Interface to Corrosive
De-adhesion
The surface energies of metallic substrates are much higher than
the surface energies of polymers. This difference decreases the
energy of the interfacial interactions and the stability of the
contacts. Thus, we have to modify metal surfaces and create
the interphases with intermediate properties to obtain good
interactions with the polymer. The role of these pretreatments
is to increase metal-polymer adhesion under dry and wet
conditions, obtain an interface with high dielectric properties
that inhibit oxygen reduction, and provide correspondingly high
stability against corrosion driven delamination. In addition, the
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FIGURE 11 | Potential (V vs. SHE) distribution across coated and uncoated parts of zinc surface. (A) epoxy coating (EP1) with high interface interaction and (B) epoxy

coating (EP2) with low interaction. Reprinted with permission from John Wiley & Sons, Ltd. Copyright 2010 (Nazarov et al., 2011).

interface has to decelerate the migration of ions along the
interface, which circulate in the galvanic cells.

The correlations between the oxide surface energy of
the substrate, the adhesion force of the polymer film in
corrosive environments and the delamination rate from the
defect site as a function of the pretreatment was shown
(Wielant et al., 2009). The SKP technique has normally
been used to detect the displacement of the de-adhesion
front under the polymeric coating from the defect site, as
discussed above. Steel surfaces were pretreated in different
ways, creating surface hydroxides with different surface energies
and polar components (Wielant et al., 2009). It was shown that
cathodic delamination decelerates with increase of polar oxide
surface energy and the adhesion interactions at the oxide-
coating interface.

Additionally to adhesion, interfacial ion mobility is a key
parameter in the work of surface galvanic elements on coated
galvanized steel and aluminum alloy (Klimow et al., 2007; Posner
et al., 2009, 2013, 2014; Salgin et al., 2013a). Cations move during
the spreading of the cathodic reactions, and anions migrate
across the interface during anodic undermining (Figure 1). The
fixed surface charges (ion-exchange groups) determine the ion
mobility that can be determined using SKP. Thus, controlled
modification of the surface chemistry could selectively hinder
or activate the mobility of the desired charge carriers to better
control the electrochemical processes occurring on the oxide
surface (Posner et al., 2009; Salgin et al., 2013a).

SKP can be used to study the properties of thin conversion
films on steel, aluminum or galvanized steel surfaces without
the deposition of a top coat. SKP was applied to phosphated
zinc surfaces (galvanized steel) to study their ability to reduce
oxygen in a humid atmosphere (Nazarov and Thierry, 1998).
It was shown that the phosphated surfaces contaminated with
carbonmicroparticles increased the transients of potential during
exchange air to argon atmosphere. The cathodic particles were
localized in the SKP maps as locations with more positive

potentials relatively to the background level of phosphated
zinc. Complete phosphating and replacing of the surface zinc
oxide by phosphate decreased the surface potential. Thus,
the potential measurements can be used for determination
of the quality of phosphatation and the presence of cathodic
contaminants (Nazarov and Thierry, 1998).

Investigation of the Zn/ZnO electrode using SKP (Nazarov
et al., 2015) showed that cathodic spreading is effect of
the semiconducting ZnO film participating in the oxygen
reduction reaction. A decrease in the ZnO thickness decreased
the potential of Zn and inhibited cathodic spreading. From
these results, was concluded that effective pretreatment has to
decrease the potential of Zn due to the formation of more
dielectric and less catalytic deposits (Nazarov et al., 2005).
Chromate conversion coatings have shown excellent inhibition
of the corrosion. Normally, chromating creates Zn surfaces
with extremely negative potentials (−0.7V vs. SHE) (Nazarov
et al., 2005). To replace chromates, different compositions have
been developed, and SKP has been useful for selecting the
right compositions on the base of vanadate and magnesium
phosphates (Nazarov et al., 2005; Gao et al., 2018). Figure 12
shows SKP potential transients as a result of exchanging the
air atmosphere for an argon atmosphere. The magnitudes
of the potential variations are proportional to the inhibition
ability of the pretreated surface to adsorb and reduce oxygen.
Thus, the lowest potential deviations during exchange of the
atmosphere were seen in compositions containing magnesium
vanadate and magnesium phosphate that were comparable
with the effect of SrCrO4 species (Nazarov et al., 2005).
The results showed that the addition of magnesium ions was
important for inhibition of oxygen reduction on the zinc surface
that is in line with the studies of ion-exchange pigments
leaching magnesium cations (Dodds et al., 2017; Williams and
McMurray, 2017). Additionally, using SKP and XPS, V(IV)
species were seen to be cathodic inhibitors of zinc corrosion.
The protection was related to the formation and enrichment
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FIGURE 12 | Air-argon-air SKP potential (mV vs. SHE) transients for zinc

surfaces treated with vanadate-phosphate conversion coatings. (A)

untreated (passive), (B) treated in a 100mM NaCl solution, (C) treated in a

100mM NaCl solution with magnesium phosphate, (D) treated in the presence

of magnesium vanadate, magnesium phosphate, and magnesium hydroxide in

a 100mM NaCl solution. Reproduced with permission from Nazarov et al.

(2005) Copyright 2005, The Electrochemical Society.

of the coating by V(IV) species over increasing exposure
times (Gao et al., 2018).

Currently, Zr- and Ti-containing compositions were
formulated to achieve better corrosion protection of zinc alloys
and steels (Khun and Frankel, 2015; Lostak et al., 2016; Sababi
et al., 2017; Milosev and Frankel, 2018). SKP measured the
potential distribution and delamination kinetics in the vicinity
of artificial defects (Milosev and Frankel, 2018). It was shown
that a Zr-based treatment could decrease the electromotive
force in cathodic galvanic elements and correspondingly the
delamination rates of different coatings (Khun and Frankel, 2015;
Lostak et al., 2016). Another silane-Zr-based conversion layers
decelerated the electron transfer rate and coating delamination
from galvanized steel due to the electron insulating properties of
the ZrO2 conversion coating (Lostak et al., 2016).

Important SKP works investigated the stability of polymer
coated and pre-treated steels, which are applying to packaging
materials (Wint et al., 2015, 2016; Edy et al., 2019). Thus,
this technique was used in situ to compare the stability
of a polyvinyl butyral coating deposited on steel substrate
that was pre-coated by chromium/chromium oxide layers
deposited from bath containing Cr(VI) or Cr(III) species
(Wint et al., 2016). It was found that the system containing
Cr (VI) species was fully resistant to all kinds of deadhesion.
The conversion coating deposited from electrolyte contained
Cr (III) species showed cathodic and anodic disbonding.
However, cathodic delamination rate of polymeric coating
pretreated by Cr (III) compositions significantly decreased
after developing of the coatings (Edy et al., 2019). Figure 13
shows the cathodic delamination rates as a function of
the formulations. It was found that the conversion coating
diminished electrocatalytic activity for cathodic oxygen
reduction process that correlate with a decrease in the
delamination rate (Edy et al., 2019). Similar SKP study of

FIGURE 13 | Delamination distance vs. time of delamination of polyvinyl

butyral coating on chrome-chrome oxide Cr(III)—steel substrate as function of

formulation of conversion coating (Edy et al., 2019).

delamination of organic lacquer from tin-iron packing materials
was carried out (Wint et al., 2015). It was found that tin
and iron-tin intermetallics decrease the rate of cathodic
oxygen reduction that also improved the coating stability to
cathodic disbonding.

Surface modification of aluminum alloys is important for
creating stable metal-polymer interfaces. Normally, deadhesion
of the epoxy coating from an untreated Al substrate starts
immediately after the ingression of water to the interface
(Nazarov and Thierry, 2004b, 2005). This is the result of a low
surface density of hydroxide groups in Al2O3, which cannot
sufficiently bond with the functional groups of the coating (Salgin
et al., 2013b). To solve this problem, SKP was successfully applied
to find the correlations between type of Al surface modification,
the density of the surface hydroxide groups and the Volta
potential (Özkanat et al., 2012).

To have high stability of electrophoretic epoxy coatings on
Al alloys substrates is an important issue for the automotive
industry. SKP study (Nazarov et al., 2012b) compared the
development of filiform corrosion as function of different sol-
gel pretreatments (amino-silanes, silane-ZrO2 (Oxsilan), and
sol-gel nanoclays). It was found that some amino-silanes
can accelerate anodic undermining of electrophoretic coating.
Amines have a positive charge due to their protonation,
which decreases the potential of the interface. After exposure,
SKP found extended interfacial area that was activated by
migration of the chloride ions from the defect site along
the interface. Fast corrosive deadhesion of the coating can
be an effect of the positive amino groups, which accelerate
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FIGURE 14 | Potential distribution (V vs. SHE) near cut edge for polymer coil

coated galvanized steel panel. Reprinted with permission from Elsevier (Prosek

et al., 2015).

the migration of negative chloride ions according to the ion-
exchange mechanism. Other compositions decreased the area of
activation and the rate of filaments spreading from the defect
site (Nazarov et al., 2012b).

SKP Assessment of the Corrosion Stability
of Coil Coated Hot Deep Galvanized Steels
Highly stable interface for polymer coated galvanized steel is
important issue for automotive and building industries. SKP
was successfully applied to study these novel Zn-Mg and
Zn-Mg-Al alloys for galvanized steel with polymeric coatings
(Hausbrand et al., 2003, 2009; Prosek et al., 2008, 2015;
Vimalanandan et al., 2014; Davies et al., 2015). Due to the
selective oxidation, the oxide film in the alloys consists of MgO,
which is a perfect dielectric material and has poor electrocatalytic
properties for reducing of oxygen (Prosek et al., 2008). In
addition, due to the enrichment of the oxide film by MgO,
the material obtains a low potential and small electromotive
force for galvanic cells driving cathodic coating deadhesion
(Hausbrand et al., 2009; Vimalanandan et al., 2014). Thus,
alloying of zinc by Mg inhibits the cathodic delamination of
polymeric coating significantly (Hausbrand et al., 2003, 2009).
The strong inhibition of spreading of cathodic reaction was
observed for Zn-Mg alloys with small additions of Cr, Zr,
and Ti (Nazarov et al., 2017). However, Mg is remaining
main component in the alloy inhibiting work of cathodic
galvanic element.

Cut-edge corrosion is kind of degradation of coil
coated galvanized steels. It is anodic undermining mode
of coating deadhesion that is result of work galvanic
element consisting from steel substrate (cathode) and the
interface Zn/ZnO/polymeric coating (anode) (Figure 14).

The electromotive force (0.4–0.5V) between anode and
cathode governs coating anodic deadhesion. Different
industrial coil coatings were studied using SKP to find
the effective pigments, pretreatments, composition of
alloys, which decrease the rate of cut edge corrosion
(Prosek et al., 2012, 2015, 2016a,b; Nazarov et al., 2017). Thus,
these SKP studies were important for developing of new more
corrosion stable coil coated products.

CONCLUSIONS

1. A review of the literature shows that scanning Kelvin probe
is a highly effective technique for assessment of corrosion
of metals underneath of dielectric polymeric coatings. Non-
uniform distribution of electrochemical potential leads to
work of galvanic elements and to coating deadhesion. SKP
measures the potential distribution along the interface that
helps to predict the coatings failure. Cathodic delamination and
anodic undermining modes of corrosion driven de-adhesion can
be distinguished.

2. The rate of propagation of the de-adhesion front
from the defect site can be determined. The pigments in
coatings decrease the rate of oxygen diffusion and inhibit
cathodic disbondment. Conversion coatings, adhesion
promoters and corrosion inhibitors increased the stability
of an interface to anodic undermining. SKP can be used to
find the effect of pretreatment on ionic conductivity along
the interface controlling acceleration/deceleration effect of
galvanic elements.

3. SKP is perspective technique that can determine in
situ the nature of adhesive bonds and their stabilities. It
can be used for engineering of the developed coatings
and interfaces.

4. SKP technique helps quickly select most promising and long
lasting protective industrial paints. The technique analyses the
interface underneath the multilayer coatings in situ. Typically,
only short-term corrosion exposure has to be employed to predict
coating stability.

Thick marine paints and compositions containing zinc
rich primers for marine and offshore application can
be quickly ranked. Electrophoretic paints on galvanized
steel or aluminum substrates used in automotive industry
can be evaluated as function of curing or pretreatment
chemistry. Coil coated materials used in automotive
and architecture industries can be investigated in
order to choose effective pretreatment, pigment and
alloy composition.
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