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Abstract

Based on own and literature data, the possibility of using various electrochemical and
electrophysical nondestructive testing methods, including their use for monitoring the state of
the coating film and corrosion of the metal being protected, was analyzed for protective polymer
coatings in various corrosive environments. Primary attention is paid to the evaluation of the
capabilities of the electrochemical impedance method (EIS). The methodological aspects are
considered and the validity of the choice of equivalent circuits for various types of polymer
protective coatings on various substrates is analyzed. The results of evaluating the sorption of a
corrosive medium based on changes in the coating capacitance on inert and corrosive substrates
are considered. Models describing the defects of thin-layer paint and thick-layer protective
polymer coatings were estimated. It was shown that there is a relationship between the resistance
and the inverse capacitance of the Faraday process for thin-layer paint coatings. However, this
relationship is more complicated than that predicted by the model in the works by Mansfeld—
Titz and is non-linear over the entire time range. More promising are the results of testing the
model of sub-film corrosion under thick-layer and multilayer protective coatings, for which the
through porosity is insignificant, which allows one to uniquely associate the variation in the
integral resistance of the Faraday process, Rai, with the fraction of sub-film corrosion. It seems
that the results of this work may be useful for devices for the nondestructive EIS analysis of the
health of operating protective coatings that are currently being developed.
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Introduction

Corrosion is a considerable problem in chemical, power, oil and gas, aerospace, and other
industries, and also in municipal engineering and in transport. According to the data of the
World Corrosion Organization (WCO), the total direct annual economic damage due to
corrosion exceeds $1.8 trn [1].

At present, the most popular method of corrosion protection in up to 70% of the overall
scope of corrosion protection of metal surfaces [2] is the application of paint and polymer
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coatings [3]. The economic performance also favors the use of such coatings. In fact, the
costs of protection by coatings ($500/m?) are much smaller than the costs of stainless steel
($3000/m?) and reinforced composites ($1000/m?).

The use of polymer coatings for protection in highly corrosive media is gaining in
popularity due to the already achieved set of their performance characteristics. In most cases,
the protective polymer coatings based on synthetic resins that are used in his field are thick
(0.4—-2.0 mm) multilayer systems [4].

From the physicochemical point of view, it is of crucial importance that polymer
coatings of any thickness in solutions of corrosive electrolytes do not form an absolute
diffusion barrier and remain penetrable for water, volatile and nonvolatile acids [5] and also
contain migrating water-soluble residual process-related impurities. Since the rates of
penetration of water and electrolytes into polymers differ considerably, the composition of
the electrolyte in a coating and on a substrate being protected can differ from the composition
of the outside solution. It was also found that cation and anion permeation is selective for
acid salts [6].

In view of this, a “metal—coating—electrolyte” system should be considered as a system
with specific electrochemical properties due to the presence of a polymer coating film on the
metal surface that is selectively permeable for electrolytes [7].

For this reason, electrochemical and electrophysical methods [8,9] are most
informative and find extensive use as methods for nondestructive testing of protective
coatings in corrosive media.

It is the first paper in a series of publications on nondestructive testing and
electrochemical study of protective properties of polymer coatings.

1. The main methods for the electrochemical and electrophysical monitoring of
protective coatings

1.1. Monitoring the state of the coating film

The possibility to monitor the state of a coating film relies on the fact that the properties of
a metal-coating—electrolyte system are largely determined by the electric and
electrochemical properties of the polymer coating film. For instance, a decrease in electric
resistance to the reduced resistance of fracture (GOST 9.083-78) is used as a criterion of
coating failure (degradation). Other standard characteristics in use include the dielectric loss
tangent and ratio of capacitances of a metal—coating—electrolyte system measured at
different AC frequencies (Ks). The coefficient K¢ grows with an increase in the paint film
porosity, as the electrochemical capacitance strongly depends on the current frequency,
while the electric component is small and does not depend on the frequency [10]). Therefore,
the Ks value can also be used to estimate the level of coating degradation during tests and
exposure to an environment [10].
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1.2. Monitoring the substrate corrosion

Methods for nondestructive monitoring of substrate corrosion are obviously of particular
interest since the primary function of protective polymer coatings is to prevent or reduce the
corrosion of a metal being protected.

Initially, the methods considered as promising for monitoring metal corrosion under a
paint film were based on the estimation of changes in the electric resistance of a thin metal
film applied on a glass plate before applying a coating to be studied (GOST 9.083-78). It is
obvious, however, that as the composition and structure of a sputter-deposited iron film
differ from the characteristics of real steels and alloys, the method cannot be considered fully
adequate. Moreover, this method cannot be used for the direct nondestructive monitoring of
vessel wall corrosion under industrial conditions.

1.2.1. Eddy current method

Of doubtless interest, especially for industrial application, is the method of eddy current
monitoring of the corrosion damage of a substrate under a coating [11].

The prospects of the matrix eddy current method are due to the fact that its principles
have been extensively developed in recent years [12—14].

It is known that the method under consideration employs the effect of eddy currents
formed in a conductive sample. They are excited in a test object by an inductance coil
through which AC current is flowing. The receiver is another coil for measuring the EMF
created by the secondary magnetic field generated by Foucault eddy currents.

This method is widely employed to estimate tube corrosion. In this case, an axial
through probe is used with a converter consisting of two inductance coils located along the
tube axis [14]. This probe type is used for estimating the integral characteristics of the
residual tube wall thickness, but it does not allow local corrosion pits to be estimated.

A matrix converter (Figure 1) contains 16 or 32 pairs of inductance coils located along
the probe circumference. The values of the amplitude and phase of the secondary electric
signal in the measurement coils obtained after processing allow conclusions to be made
concerning the continuity of each of the N tube cross-section sectors. This technology can
be used to measure both the extent of corrosion damage and the size of individual corrosion
defects.

Thirty-two pairs of measurement coils were contained in a matrix eddy current
converter used in [11] for testing subfilm corrosion of painted heat-exchange tubes with a
diameter of 26 mm, which provided the coverage of an approximately 2.5 mm long tube
sector per coil.
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Figure 1. Schematic diagram of a matrix eddy current converter for monitoring heat-exchange
tubes: (1) circumferential doubled inductance coils; (2) base; (3) tubular shaft for moving
along the tube.

An advantage of the eddy current method is that it is nondestructive and allows one to
monitor the total and local corrosion both under laboratory and industrial conditions, and
can be used as a basis for predicting the remaining lifetime of both a substrate and a coating
[15].

However, this method has certain limitations related to the substrate type, particularly
for substrates with ferromagnetic properties.

1.3. Potential measurement methods

The method of measuring the potentials of a substrate under a coating is widely used in
laboratory tests. However, considering the above data that the composition of the inner
solution in a coating and at the interface with the substrate differs from the composition of
the outer electrolyte for insulating protective coatings, interpretation of the measured
potentials may be controversial. At the same time, the method yields interesting comparative
results on different metallic substrates (active and inert) [16], which allows estimating the
contributions of insulating and adhesion layers.

Methods of measuring local currents (SVET) and potentials (SIET) on a coating surface
were developed lately [17], though their application range is still limited to laboratory studies
of comparatively thin coatings [18].

The vibrating electrode technique (SVET) [19] is based on measuring the local changes
in current density due to the difference in potentials between the anodic and cathodic regions
on a surface being studied [20, 21].

Local potentials can also be measured using ion-selective electrodes. This method
provides information on the local activity (or concentration) of certain solution ions (e.g.,
H*) and thus allows estimating the changes in the acid-alkali balance owing to an
electrochemical process, including local corrosion [22, 23].
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It has been shown [24] that a combination of the above local methods allows identifying
burning defects in a coating and can also be used to estimate the efficiency of inhibited
coatings with a self-recovery effect.

1.4. Conclusion

Thus, the majority of the methods under consideration provide baseline information, but can
mostly (to the exclusion of the eddy current test method) be used only in laboratory tests.

Of the methods that can currently be used in practice, the electrochemical impedance
spectroscopy (EIS) method may be distinguished. EIS is suitable for various substrates,
including, in the first place, the most abundant steel substrates. It can potentially provide
miscellaneous information both about a coating and the coating/metal interface.

It is important to note the already implemented possibility of using the EIS method
under industrial conditions, as in [25] where a miniature EIS sensor for the assessment of
the initial stages of coating degradation is reported. The results obtained allowed calculating
the electrochemical parameters of coatings, though the authors confined themselves to the
analysis of the basic parameters.

2. The electrochemical impedance spectroscopy (EIS) method

The EIS method was first suggested in the eighties of the 20th century for the study of
coatings [26], but its use was long limited due to the high cost of the instruments. At present,
many manufacturers offer this equipment, which promoted the popularity of the method.

The EIS method became most popular in studies of various paint and polymer coatings
[9, 27-29], as it provides information both about a coating layer and the processes on the
surface of the metal substrate being protected.

2.1. Methodical basics of EIS

To date, methodical basics have been formulated both for samples with polymer coatings,
equipment, measurement range, on the one hand, and presentation and processing of data,
including the choice of equivalent circuits, on the other hand [30—-32].

At the same time, as the methods were improved and results were accumulated, it
became imperative to modify the complex techniques and elaborate the optimum methods
of data processing. This is especially important for studies in corrosive media and for
composite coatings with electrochemically active additives [33].

2.2. Methods of EIS data presentation

Typical EIS plots for protective polymer coatings of various types in some corrosive media,
such as single-layer paint coating in NaCl solution (Figures 2 and 3), multilayer thick coating
in sulfuric acid (Figures 4 and 5), Zn-filled primer coating (Figures 6 and 7), and a composite
coating (Figures 8—10) are presented below.
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Figure 2. Impedance hodographs (Im|Z|=f(Re|Z|)) of water-borne R-5095 epoxy coating

applied directly on a steel substrate after exposure to 3% NaCl at 25°C for: (1) 30 days;
(2) 200 days.
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Figure 3. (a) Frequency dependence of impedance module |Z| and (b) loss angle 6 of water-

borne R-5095 epoxy coating applied on a steel substrate after exposure to 3% NaCl at 25°C
for (1) 30 days; (2) 200 days.
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Figure 4. High-frequency (10* to 5-102 Hz) branch (a and region 1 in b) and (b) full (10* to
1072 Hz) impedance hodograph (Im|Z|=f(Re|Z|)) of a three-lay er epoxy coating applied
directly on a steel substrate after exposure to 30% H2SO4 at 20°C for 962 h. The coating
thickness is 612 pum [54].
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Figure 5. Frequency dependence of the tangent of dielectric loss angle & for a three-layer
epoxy coating applied directly on a steel substrate after exposure to 30% H2SO4 at 20°C for
962 h. The coating thickness is 612 um [54].
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Figure 6. Impedance hodographs (Im|Z|=f(Re|Z|)) of an organic solvent-borne Zn-protector
M-01 primer applied on a steel substrate after exposure to 3% NaCl at 25°C for (1) 30 days;
(2) 100 days.
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Figure 7. Frequency dependence of (a) impedance module |Z| and (b) loss angle & of an
organic solvent-borne Zn-protector M-01 primer applied on a steel substrate after exposure to
3% NaCl at 25°C for (1) 30 days; (2) 100 days.
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Figure 8. Hodographs (Im|Z|=f(Re|Z|)) of a system of (water-based M-017B primer and
water-based R-5095 epoxy coating) applied on a steel substrate after exposure to 3% NaCl at
25°C for (1) 30 days; (2) 200 days.
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Figure 9. Frequency dependence of (a) impedance module |Z| and (b) loss angle & of a system
of (water-based M-017B primer and water-based R-5095 epoxy coating) applied on a steel
substrate after exposure to 3% NaCl at 25°C for (1) 30 days; (2) 200 days.
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Figure 10. Frequency dependence of (a) impedance module |Z| and (b) loss angle & of a
system of M-017B primer + R-5095 coating on a steel substrate after exposure to 3% NaCl for
200 days and an example of their calculation with breakdown of the calculated curves into
components: (1) experiment; (2) integral calculated curves according to the Voigt circuit
(Figure 18); (3) high-frequency component; (4) medium-frequency component; (5) low-
frequency component.

One can see that the most informative data presentation is determined both by the
properties of a system in its initial state and the character and range of variation of parameters
in case of penetration of corrosive media, owing to which it is unreasonable to choose any
single variant. This is especially important for high-ohmic systems where impedance
changes by several orders of magnitude in the measured frequency range.

2.3. Approaches to the choice of equivalent circuits

It is now generally accepted that polymer coatings should be considered as locally
nonuniform systems not only in the initial state, but also after penetration of aqueous
solutions of electrolytes, with consideration for the fact that they host several charge
transport and accumulation processes simultaneously.

The simulation is based on the approach using equivalent circuits (ECs) with elements
representing electric equivalents of structural elements of coatings and processes. Obviously,
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the design and choice of ECs are primarily based on the physical relevancy of ECs and the
possibility to describe all the kinetic stages. In the first approximation, some simplified
description based on an equivalent circuit is used, and later it is elaborated with account for
the data on the kinetics and additional information on the charge transport and accumulation.

All other conditions being equal, if the approximation accuracy is comparable, a
simpler equivalent circuit with a smaller number of elements is preferred [33].

The simplest equivalent circuit (EC) [34] is a three-element circuit (Figure 11). Such an
EC is suitable for describing inert thin-layer low-defect coatings on an inert substrate [35].

CPEc

Rs
™
Re

Figure 11. The simplest equivalent circuit for the simulation of the impedance of an inert
coating on an inert substrate.

One can see that the circuit includes the active resistances of the solution (Rs) and of
the coating (Rc) and a frequency-dependent CPE element, with its impedance described by
the equation:

Z(CPE)=Y,;*(jo)™

where Yy is the CPE constant; n is the CPE parameter; o is the frequency (rad-s™?); and j is
the imaginary unit (j2=-1).

Depending on the value of parameter n, the CPE element can describe the active
resistance (Z(CPE)=R, n=0), capacitance (Z(CPE)=C, n=1), inductance (Z(CPE)=L,
n=-1), or Warburg impedance (n=0.5).

For a capacitive CPE element, constant Y, is related to capacitance as follows [36, 37]:

Cc :Yo ((Dm)n_1

where C. is the coating capacitance and oy, is the angular frequency (o =2xf=2x/T [rad/s])
at which the imaginary component has a maximum on the semicircle in Nyquist coordinates.
The above three-element circuit with a CPE element and one relaxation process can
take into account the local nonuniformity of the coating, but it does not describe coatings
with defects and pores nor the stage of subfilm corrosion development.
For typical paint coatings with defects and subfilm corrosion in the pore zone, Mansfeld
suggested [27] a circuit with two characteristic time constants (relaxation times):

Rs CPEcoat
L

Figure 12. Mansfeld equivalent circuit for a coating with defects.
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It should be pointed out that though the above circuit (Figure 12) is used most
frequently, it is not the only circuit that can be used for the description of coatings with two
characteristic relaxation times. In particular, the following equivalent circuit is suggested
(Figure 13) [38]:

Rs CPE1
VAVa >
R

R2 CPE2

—

Figure 13. A possible equivalent circuit for simulation of coating impedance with two
relaxation times.

There is another approach to the choice of an equivalent circuit for composite polymer
coatings, which is justified in terms of physical chemistry.

It is based on the fact that there are local zones (filler and polymer base) with different
conductivity in polymer composites with a dispersed filler (the most common situation for
protective coatings). Such systems can be described using the serial VVoigt model [39].

Rs Rl R2

Figure 14. The Voigt equivalent circuit for a filled polymer composite containing zones with
different conductivity.

Obviously, the Voigt circuit can be used for layered nonuniform composites, including
protective coatings [54].

An additional argument supporting the use of the Voigt circuit is its tolerance to the
quality of experimental EIS data.

It is known that Kramers—Kronig (KK) relationships can basically be used for the
evaluation of the correctness of experimental data on dielectric permeability within the
classical electrodynamics [40]. Accordingly, the real component can be calculated by
integration of the frequency dependence of the imaginary component and vice versa.
Moreover, such integration must be performed in the entire frequency range from zero to
infinity. However, as experimental measurements of impedance in this range are not
performed, KK analysis is carried out in practice by simulation of spectral data using a
model. For this reason, simple equivalent circuits with serially connected Voigt elements are
preferable (Figure 14). For example, when a serial circuit with Voigt elements (R||CPE)n is
used, a finite number of elements is sufficient; ideally, it can be equal to the number of linear
regions in the Bode diagram (|Z|(f)). Such a model is KK-valid according to the analysis in
[41].
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A more complicated equivalent circuit can be used for composites with a mixed
layered-bulk structure, e.g., a filler polymer composite on a corrosion-active substrate or for
coatings with protector and active additives [33, 42—-44].

However, it should be taken into account that the assignment of elements in complex
equivalent circuits to particular processes in coatings becomes unobvious due to their mutual
interference.

Some authors suggest introducing additional elements, including a Warburg element
for coatings with protector additives [45], particularly at large exposure times [46].

Mathematical simulation of an increase in the coating thickness (at constant porosity
and defectivity) shows that the thicker the coating, the less pronounced the faradaic process
of substrate corrosion in Bode diagrams and hodographs [27]. Further studies of thicker
multilayer coatings demonstrated the necessity of additional consideration of a decrease in
the through porosity owing to the closure of defects.

With account for the above, some examples of ECs are shown below for some typical
systems whose EIS data are shown above (Figures 2—10).

Rs Re Rl

CPEc CPE«dl
NN
r s

Figure 15. Equivalent circuit for the calculation of an inert R-5095 epoxy coating applied
directly on a steel substrate after exposure to 3% NaCl for 200 days.

Rs CPEcoat
L

Figure 16. Equivalent circuit for the calculation of a Zn-filled M-01 epoxy primer coat on a
steel substrate after exposure to 3% NaCl for 100 days.
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Figure 17. Equivalent circuit for the calculation of an inert three-layer epoxy coating applied
directly on a steel substrate after exposure to 30% H2SO4 at 20°C for 962 h.
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Figure 18. Equivalent circuit for the calculation of the system of Zn-filled M-017B epoxy
primer coat+inert R-5095 epoxy coating on a steel substrate after exposure to 3% NaCl for
200 days.

2.4. Calculation of the physicochemical parameters of coatings

The existing theoretical concepts allow estimating the principal physicochemical parameters
of protective coatings based on a given equivalent circuit [47].

This work discusses the possibility of assessing the defect parameters in the coating
bulk and also on the surface of both the coating and the metal being protected. Such estimates
can be performed based on both the capacitance and resistance of the coating and the
boundary layer.

2.4.1. Integral sorption of a corrosive medium

It is known that corrosive aqueous media can be sorbed by polymer composites both by the
mechanism of molecular dissolution in the polymer base and by cluster formation in pores
of various nature and size. As applied to anticorrosive coatings, one should take into account
that in the case of exposure to corrosive media, partially soluble products of subfilm
corrosion favoring formation of osmotic cells can also serve as sorption centers.

The theoretical basis for the calculation of sorption characteristics relies on the
relationship between electric capacitance (C.) of the polymer coating and variation in the
dielectric constant of the coating material (¢) owing to the penetration of the corrosive
medium:

where g,=8.85-10"12 F/m is the dielectric constant of vacuum; A is the working electrode
surface area; and h is the coating thickness.

A sorption-related increase in dielectric permeability ¢ of polymers has been shown
experimentally not only for water [48] but also for electrolyte solutions [49].

The mass sorption of water by coatings can be calculated by the empirical Brasher—
Kingsbury relationship based on data on the variation of electric capacitance [50, 51]:

log ((C:;]
o=—- -~ (1)

logey, o
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where @ is the mass sorption, %; C; is the coating capacitance in the case of full saturation;
Co is the initial coating capacitance at t=0; and €4,0 is the dielectric constant of water (~80

at t=20°C).

The correctness of this method is supported by the fact that the time point when a
coating is saturated with water coincides with the time of reaching a saturation by both the
coating capacitance and resistance [52].

As a potentially complicating factor in using the data on capacitance variation, one
should point out that the spatial inhomogeneity of water sorption can result in a deviation
from pure capacitance [53].

Figure 19 below shows the impedance hodographs for a thin-layer (h=100 um) inert
R-5095 epoxy coating applied directly on steel and platinum, which is the simplest protective
coating model. Table 1 demonstrates changes in high-frequency (HF) capacitance and the
calculated values of integral sorption of an aqueous solution of the electrolyte by the coating
material.
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Figure 19. Impedance hodographs of R-5095 coating applied directly on different substrates
after exposure to 3% NaCl: (1) 30 days on steel; (2) 200 days on steel; (3) 30 days on
platinum; (4) 200 days on platinum.

Table 1. Variation in the electric capacitance and estimation of mass sorption by ROKOR-5095 inert epoxy
coating applied on steel and platinum substrates after exposure to 3% NaCl for 200 days at 25°C.

Substrate
Parameter
Platinum St3
Initial coating capacitance, F 4.08-107°° 4.09-10°°
Coating capacitance after 200 days of sorption, F 6.86-107° 7.80-107°°
Mass sorption, wt.% (calculated by Equation (1)) 11.8 14.7

Mass sorption, wt. % (weight gain method) 115 115
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As one can see from the presented results (Table 1), the calculated sorption value on a
corrosion-inert Pt substrate (11.8%) almost coincides with the sorption of free films
determined using the weight method (11.5%). It is noteworthy that the sorption on a
corroding steel substrate is somewhat higher (15%).

This fact allows one to conclude that the method enables obtaining rather accurate
estimates of the sorption of the medium by the coating film and, moreover, evaluating the
effect of the metal substrate type due to additional sorption presumably on osmotically active
substrate corrosion products.

Thus, this nondestructive method can be used for estimation of the integral sorption of
thin-layer industrial polymer coatings both due to molecular solubility in the polymer base
and due to formation of clusters and phase inclusions in pores.

2.4.2. Estimation of the defectivity of paint coatings

For anticorrosion protective coatings, it is crucially important to estimate the bulk defectivity
in the form of through pores and especially adhesion-corrosion defects.

Such defects can be estimated from EIS data based on the analysis of equivalent circuits
with elements simulating the corresponding defects.

In the case of highly porous coatings in the Mansfeld model (Figure 12), film resistance
Reoat IS Mainly determined by the phase transfer in the pores. The overall resistance of through
pores (Ryo) can be represented as:

_ R _ph

R
S S

where p is the specific pore resistance; h is the coating thickness; S is the overall pore surface
area.
One can see that the resistance of transfer across the pores drops with a decrease in the
specific resistance of the pore electrolyte and with an increase in overall porosity.
Assuming [27] that the local subfilm corrosion process starts and predominantly
develops directly under pores, one can obtain the relationship between the variation in the
resistance and capacitance of the subfilm corrosion zone.
Resistance variation in the zone of the start of corrosion damage under a pore can be
represented as:
0 0
Rai _Ra or Ay i (2)
| RdI

where Ry is the polarization resistance of a section of the coating/metal boundary where the
peeling/corrosion process has started; R) is the polarization resistance in case of complete

coating peeling (Aq=1); Aq is the current area of the peeling or corrosion zone.
For the corresponding change in the capacitance of the corroding area, we have:
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Cai=CaAu (3)

where Cyq is the capacitance of the corrosion zone; CJ) is the double layer capacitance on a

substrate with complete peeling (Aq=1).

Combining expressions for resistance (2) and capacitance (3) in the zone near the pore,
we obtain:

K
R,=— 4
o (4)
The concepts considered above were tested with experimental EIS data for thin-layer
inert epoxy coating ROKOR-5095 applied without a primer onto metallic steel and platinum
substrates after exposure to 3% NaCl (Figure 19).
The calculated active layer resistance and capacitance parameters are presented below
(Figures 20, 21), and the correlation in the coordinates of Equation (4) is shown in Figure 22.
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Figure 20. Kinetic dependences of coating resistance R¢ on steel (1) and on platinum (2) and
electric double layer resistance Rq on steel (3) for R-5095 epoxy coating.
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Figure 21. Dependences of kinetic capacitances Cc of the coating on steel (1) and on platinum
(2) and electric double layer capacitance Cq on steel (3) for R-5095 epoxy coating.
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Figure 22. Dependence of resistance on the inverse capacitance of the faradaic low-frequency
(LF) process for R-5095 coating applied on a steel substrate in the course of treatment in 3%
NaCl.

The results of testing the thin inert coatings show that:

1. There is a certain relationship between the resistance and inverse capacitance of the
faradaic LF process. However, this relationship is more complicated than that
predicted by the Mansfeld—Titz model and is non-linear in the whole time range.

2. The available experimental data (Figure 20 and Figure 21) do not allow confirming
the above initial statement that the local corrosion subfilm process develops under
pores, and the dependence between Ry and 1/Cy predicted by the above model is not
confirmed either.

3. Experimental data allow distinguishing two time ranges, each of which can be
described by a linear dependence, but such lines do not pass through the coordinate
system’s origin:

K
R, =—=—-+const
dl Cdl
The observed discrepancies between the experimental data and the discussed model
representations of kinetic dependences are apparently related to the presence of additional
mechanisms of subfilm corrosion development for thin-film coatings.
In view of this, one should expect that, as opposed to thin-film coatings, the mechanism
of subfilm corrosion development for multilayer thick protective coatings can be more
unambiguous.

2.5. Subfilm corrosion for thick multilayer protective coatings

The model of subfilm corrosion under thick and multilayer protective coatings with
negligible through porosity [54] allows relating the changes in integral resistance Ry to the
characteristics of the subfilm corrosion process (Figure 23).
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Within the model of such coatings, one can distinguish two types of areas of the subfilm
corrosion process development, namely, areas with the initial structure that preserves
adhesion to the substrate and areas of local development of the subfilm corrosion process.

Ra1, Ohm

\\\

0 a0 K, %

Figure 23. Correlation of the transition layer resistance (Rai) after exposure in water with the
fraction of corrosion damage for a three-layer epoxy coating on a steel substrate. The coating
thickness is 450+50 pm.

It is assumed that the resistance Ry of areas with subfilm corrosion is lower than that
of adhered areas owing to the partial solubility of corrosion products. Therefore, the integral
resistance of the studied coating surface must also change when the ratio between the
adhered areas and areas with subfilm corrosion is varied. Then:

1 s s X( K j 5
Rd|(1_K) Pinit ~ Pcorr 1-K

where K is the fraction of corroded surface, S is the coating (cell) surface area, pini is the
initial specific resistance of the adhered transition layer, and pcorr is the specific resistance of
the transition layer in the areas with subfilm corrosion.

As follows from (5), a correlation must be observed between the value of integral
resistance Rq and the corrosion damage area (fraction of the corroded surface) that
corresponds to a straight line in reduced coordinates, in agreement with the experimental
results for a multilayer coating (Figure 24).

Calculation of the values of specific resistances of the transition layer for the initial
coating and subfilm corrosion sites yields the values of 3:10%° and 1-10° Ohm-cm,
respectively, which agrees with the initial assumption on the lower resistance of areas with
subfilm corrosion.
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Figure 24. Dependence of reduced inverse transition layer resistance Rqi after exposure in
water on the relative fraction of subfilm corrosion damage of the steel substrate for a three-
layer epoxy coating in the coordinates of equation (5). The coating thickness is 450 + 50 pm.

The model considered can be used as a base for estimating subfilm corrosion from
parallel results of EIS studies of coatings under industrial and laboratory conditions. The
method of local electrochemical impedance spectroscopy (LEIS) for localization of subfilm
corrosion and zones of coating peeling could be a useful addition for using EIS for such
testing [55, 56].

3. Conclusion

Thus, the analysis of the application of various electrochemical and electrophysical methods
of nondestructive testing of protective polymer coatings in various corrosive media made in
this article allows us to single out the electrochemical impedance (EIS) technique.

This method is promising not only for calculating the basic physicochemical
characteristics of coatings in corrosive media, but also for nondestructive testing of their
defective structure and the extent of subfilm corrosion, even directly at industrial sites. It
appears that the results of this work can be useful for devices for nondestructive EIS analysis
of the efficiency of operating protective coatings that are currently being developed.
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