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Abstract 

As part of the development of a concept for creating “smart” adaptive anticorrosive polymer 

coatings, the kinetics of electrochemical properties of thin- and thick-layer multilayer Zn-filled 

coatings at various temperatures from 23 to 60°C during prolonged exposure for up to 150 days 

in 3% NaCl has been studied. It has been shown that at low temperatures and hence at low 

corrosion rates of the zinc (Zn) filler, it is advisable to increase the thickness of highly filled 

composite coatings with active solid-phase additives in order to reduce porosity and create 

conditions for a restorative increase of the electrical insulating properties of the coating. The 

self-healing process in multilayer coatings can be activated with an increase in temperature. In 

fact, already at 40°C, the impedance modulus begins to grow in the entire frequency range. At 

the same time, an increase in the ohmic component in the high-frequency (HF) region is 

recorded, with a simultaneous drop in capacitance and an increase in the phase angle modulus 

up to 86°, which indicates an increase in the hydrophobicity of the coating material. In parallel, 

activation of protector properties is observed. The results obtained show that optimization of the 

coating design, in particular multilayering, combined with acceleration of coating’s internal 

diffusion and corrosion processes, make it possible to give the coating “smart” properties by 

implementing adaptive impedance modulus growth and blocking defects with a corroding metal 

dispersed filler while significantly extending the period of anticorrosion protection. 
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1. Introduction 

Using the so-called “smart” composite materials is a promising way to reducing the initial 

technological and operational defectiveness of protective coatings (PC) [1]. The objects 

particularly suitable for providing them “smart” properties are composites based on polymer 

materials. This is due both to the high lability (variability) of the physical and chemical 

structure of polymers and the ease of creating bulk-filled and layer-gradient composite 

structures [2–4]. 
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In relation to anti-corrosion coatings, the desired manifestation of “smart” properties is, 

primarily, the effect of adapting the coating to a corrosive environment and compensating 

for its negative impact. Several various mechanisms for imparting “smart” properties to anti-

corrosion coatings are described in literature. It is suggested to use self-releasing nano- and 

microencapsulated corrosion inhibitors [5], active oligomer additives [6–8], including those 

cured by the penetrating environment [9], and solid-phase additives that can block internal 

defects by insoluble corrosion products [10]. 

Moreover, various methods for enhancing the protective capability on exposure to a 

corrosive environment can be combined. It has been shown that an increase in the protective 

ability in chloride-containing media is observed for Zn-filled systems with introduced 

microencapsulated (MC) inhibitors based on phosphonates [11]. 

An alternative possible combined solution is the use of a “smart” primer as part of 

multilayer coatings composed of various materials. For example, for two-layer coatings 

made of a “smart” primer with an active solid-phase additive and an inert enamel top layer, 

the electrical insulating properties on exposure to 3% NaCl can be enhanced by a factor of 

50–100 [12]. 

However, the mechanism for enhancing the protective effect in multilayer and gradient 

polymer coatings is complex, because additional effects can come both from a decrease in 

the through porosity due to bridging of defects and from a change in the composition of the 

corrosive medium diffusing through the upper insulating layer to the “smart” primer. 

In this regard, to study the patterns and mechanism of self-healing, it is expedient first 

to explore systems with a prevailing mechanism, for example, multilayer coatings with 

layers of the same composition. 

The purpose of this work was to study the effect of the layer-by-layer design of coatings 

comprising polymer composites containing solid-phase active metal additives on the 

changes in the electrochemical properties and to estimate the possibility of enhancing the 

insulating properties of such coatings upon exposure to 3% NaCl at various temperatures. 

2. Objects and Methods of the Study 

2.1. Objects of the study 

Zn-filled primers applied on a steel (St3) substrate were used as the objects of the study. The 

primers under study are highly filled systems in which extended clusters of metal particles 

should have been formed. This can be attained using a metal powder content of about 48–

50 vol.%, which corresponds to the Zn powder content in a range of 85–87 wt.%. 

Since such a highly filled system should maintain its technological properties during 

application, the conventional solution is to introduce volatile organic solvents, which also 

facilitates the penetration of the primer into the pores and defects on the surface of the metal 

being protected. The drawback of introducing volatile substances into the composition of a 

highly filled composite is the increase in the technological porosity of the coating film. 
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However, this circumstance can be used to obtain model coatings with enhanced 

technological porosity from commercially available materials. 

Using this method, both thin coatings (about 30 μm thick) and multilayer coatings with 

a thickness of 100 μm were obtained. Thick-layer coatings were produced by sequentially 

applying four layers with intermediate drying of each layer. METAСOR-01 (M-01) 

industrial primer according to TU 2312-003-11490792-99 was used. 

2.2. Methods used in the study and equivalent circuits selection 

The variation in the electrochemical properties of coatings on a steel (St3) substrate were 

studied for up to 150 days in 3% NaCl solution at temperatures ranging from 23 to 60°C. 

A combined electrochemical method was applied in the study: the method of 

electrochemical impedance spectroscopy (EIS) [13–16] combined with the potentiometry 

method. The area of the working electrode (coated sample) was 6.2 cm2. 

As it is known, the EIS method makes is possible to comprehensively estimate the 

electrochemical properties of substrate/coating systems, based of which equivalent circuit 

(EC) can be suggested, including those for adaptive coatings [12, 15]. 

Impedance studies were carried out using a FRA-2 analyzer produced by the Institute 

of Physical Chemistry and Electrochemistry of the Russian Academy of Sciences (IPCE 

RAS) according to the ISO method recommended for polymer coatings [17] in the frequency 

range of 25 kHz–0.25 Hz). The area of the auxiliary platinum electrode was 16.9 cm2, 

which is sufficient for the study; this conclusion is confirmed by the fact that its decrease did 

not affect the measurement results. 

The potential of the coated substrates was measured directly in the cell to determine the 

impedance relative to the silver chloride electrode connected to the cell through a salt bridge. 

All the potentials are reported relative to the standard hydrogen electrode. 

The EIS spectra obtained were processed using the DCS (Dummy Circuit Solver) 

program by selecting the optimal equivalent circuit (EC). To this end, calculations were 

carried out for several mandatory circuits presented in Table 1. 

Table 1. Equivalent circuits for describing the electrochemical properties of galvanic primers on a steel 

substrate exposed to 3% NaCl. 

EC description Circuit 

Mansfeld EC [18] for coatings with through 

porosity 

 

Voigt EC for low-porosity two-phase and/or 

two-layer composites [15] 
 

Voigt–Randles EC [19] for composites with 

sealed or non-through pores 
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The Nyquist plots of the systems studied are flattened arcs whose curvature varies 

slightly as the frequency changes (Figures 1, 5, 7, and 10). Due to the evolution of the 

behavior of galvanic primers, a single equivalent circuit is insufficient to simulate 

experimental EIS data for coatings over the entire exposure time. These equivalent circuits 

were selected as they contained the minimum number of elements and at the same time 

provided an adequate fitting of the experimental impedance spectra over the entire frequency 

range. 

These circuits involve a constant-phase element (CPE) to account for the non-ideal 

nature of capacitive elements. The impedance of this element is described by Equation 1 

which depends on two parameters: modulus Q0 and phase factor n [20]: 

 1
CPE 0 ( ω) nZ Q j   (1) 

where ω is the cyclic frequency and j is the complex unit. 

For n = 1, the CPE element operates as an ideal capacitor. At n = 0.5, the CPE element 

operates as a Warburg diffusion element, while at n < 0.5, the resistive properties of the CPE 

element are enhanced. 

These equivalent circuits are formed by connecting groups of R/CPE elements, each of 

which has its own time constant and can be considered as a characteristic of a certain 

structural element of the coating that is noticeably different from the neighboring phases or 

sub-layers. The existence of a few time constants (or characteristic resonant frequencies) is 

clearly visible in the Bode phase plots (Figures 3, 6, 9, and 12). 

3. Results of the Study 

Presented below (Figures 1–3, Table 2) are EIS results for thin layers of Zn-filled M-01 

primer applied to the conventionally recommended thickness of 30–40 μm. 

 
Figure 1. Nyquist plots. Impedance of thin (30 µm) Zn-filled M-01 primer on a steel substrate 

for characteristic times of exposure to 3% NaCl at 23°C: 1 – 30 minutes; 2 – 3 days; 

3 – 48 days; 4 – 100 days. The measurement temperature is 23°C. 
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Figure 2. Bode plots. Impedance modulus |Z| of thin (30 µm) Zn-filled M-01 primer on a steel 

substrate for characteristic time periods of exposure to 3% NaCl at 23°C: 1 – 30 minutes; 

2 – 3 days; 3 – 48 days; 4 – 100 days. The measurement temperature is 23°C. 

 
Figure 3. Bode plots. Phase angle for thin (30 µm) Zn-filled M-01 primer on a steel substrate 

for characteristic times of exposure to 3% NaCl at 23°C: 1 – 30 minutes; 2 – 3 days; 

3 – 48 days; 4 – 100 days. The measurement temperature is 23°C. 

Table 2. Variation of the impedance modulus |Z | of thin (30 µm) Zn-filled primer M-01 at various 

frequencies and the potential of the steel substrate (St3) under it during exposure to 3% NaCl at 23°C. The 

measurement temperature is 23°C. 

Duration, 

days 

|Z |, Ω, at frequencies: 
Potential (SHE), mV 

10 kHz 100 Hz 1 Hz 

30 min 5.6·102 9.1·103 2.6·104 –21 

3 0.2·102 0.5·102 3.4·102 –482 

30 0.5·102 4.0·102 2.3·103 –373 

48 1.5·102 1.5·103 6.6·103 –370 

65 2.0·102 2.1·103 9.1·103 –355 
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Duration, 

days 

|Z |, Ω, at frequencies: 
Potential (SHE), mV 

10 kHz 100 Hz 1 Hz 

100 2.7·102 2.0·103 9.2·103 –390 

132 2.9·102 2.3·103 8.1·103 –380 

150 3.2·102 2.6·103 7.5·103 –365 

The data obtained for thin coatings show the following: 

1. During the initial period of exposure (3 days), a sharp (up to 50–180 fold) 

decrease in the impedance modulus is observed in the entire frequency range 

(Figure 2), which indicates that intense impregnation of the coating with the 

electrolyte solution occurs. Faraday processes in the low-frequency (LF) region 

intensify sharply, and a decrease in the potential of the steel substrate by 460 mV 

is observed. 

2. On continued exposure in the corrosive environment for 30–65 days, the total 

resistance of the system is partially restored, as shown by the increase in both the 

impedance modulus and the phase angle modulus (Figure 3), which tend to the 

initial values. It should be noted that everywhere below, for simplicity, instead of 

the full term “phase angle modulus”, we use the terms generally accepted for 

capacitive elements: “increase or decrease in phase angle” (without taking into 

account the “minus” sign). The processes occurring in the coating indicate some 

corrosion inhibition, which follows from the decrease in the phase angle in the 

low-frequency region and an increase in the substrate potential by 100 mV. 

3. At the final stage of testing (100–150 days), the impedance modulus slightly 

increases in the high-frequency (HF) and mid-frequency (MF) ranges (from 

10 kHz to 10 Hz), while in the low-frequency region a steady trend to a decrease 

in the phase angle, which is accompanied by multidirectional changes in the 

substrate potential, are observed. 

Thus, during exposure of a thin Zn-filled coating in the chloride-containing solution, 

even at a low temperature (23°C), the impedance of the St3 coating/substrate system varies 

with time in a complex way. The above analysis shows that this is due to the superposition 

of impregnation, diffusion of the corrosive environment, and the development of the 

corrosion of the filler or substrate. Apparently, at different stages of the process this situation 

should manifest itself in an evolution of the digital models of the electrochemical properties 

of coatings. 

As shown previously, the basic elements of a generalized equivalent circuit can include 

a model of a porous coating with through defects (Mansfeld EC, Table 1), a model of a 2-

phase composite layer (Voigt EC, Table 1), and a model of non-through porosity coating 

(modified Voigt model, the second element of which is supplemented with a Warburg 
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diffusion element (Voigt–Randles EC, Table 1)). In our opinion, these models for porous 

and multiphase composite coatings interacting with a corrosive environment are not only 

justified in physicochemical sense, but, as calculations have shown, also provide the smallest 

error in approximation of experimental EIS data and electrochemically substantiated values 

of EC elements. 

The calculation results for the best and alternative circuits are presented below 

(Table 3). 

Table 3. Parameters of the HF region of the EC for an M-01 primer layer 30 μm thick on a steel (St3) 

substrate after exposure to 3% NaCl for 150 days, as calculated using various circuits. 

Duration, 

days 
EC 

R1, 

kΩ·cm2 

CPE Q0, 

S·sn·cm–2 
CPE n 

Approximation 

error, % 

30 min Mansfeld EC 44.5 0.10 0.72 3.3 

3 
Voigt–Randles EC 0.1 14.03 0.67 0.8 

Mansfeld EC 0.2 3.71 0.53 2.1 

48 Voigt–Randles EC 6.8 12.10 0.57 1.1 

100 
Mansfeld EC 13.3 0.31 0.69 1.7 

Voigt EC 11.0 0.34 0.70 1.6 

150 
Mansfeld EC 21.4 0.44 0.64 2.4 

Voigt EC 18.7 0.50 0.64 2.5 

The set of the results obtained enables us to draw the following conclusions on the 

kinetics of the properties of the thin-layer coatings (about 30 μm) under consideration when 

exposed to 3% NaCl: 

1. In the initial period of exposure of a thin Zn-filled coating, a sharp decrease in the 

impedance modulus is observed. 

2. At all stages of the process of exposure of a thin Zn-filled coating in a chloride-

containing solution at 23°C, it can be described based on EC variants for coating with 

through and non-through pores, although at long exposure times (more than 100 days) 

the difference in electrochemical parameters according to the Mansfeld and Voigt 

ECs are insignificant. 

3. The galvanic effect of the primer under study is only realized in the initial period of 

exposure, because at times longer than 30 days the potential of the St3 substrate 

becomes more positive than the corrosion potential of unprotected St3 and Fe in 3% 

NaCl (–430 mV [21]). 

However, it is noteworthy that despite the low protective properties of the thin-layer 

coating, at a certain stage of exposure to 3% NaCl, the effect of partial restoration of its 
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electrical insulating properties is observed. This factor suggests that this material may have 

a potential for making coatings with an adaptation effect. 

Data for long-term exposure in 3% NaCl at the same temperature (23°C) of a thick-

layer coating M-01 applied in several layers with a total thickness of about 100 μm are 

presented below (Figures 4–6 and Table 4). 

 
Figure 4. Nyquist plots. Impedance of thick (100 µm) Zn-filled M-01 primer on a steel 

substrate for characteristic time periods of exposure to 3% NaCl at 23°C: 1 – 1 day; 

2 – 9 days; 3 – 42 days; 4 – 100 days. The measurement temperature is 23°C. 

 
Figure 5. Bode plots. Impedance modulus |Z| of thick (100 µm) Zn-filled M-01 primer on a 

steel substrate for characteristic time periods of exposure to 3% NaCl at 23°C: 1 – 1 day; 

2 – 9 days; 3 – 42 days; 4 – 100 days. The measurement temperature is 23°C. 
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Figure 6. Bode plots. Phase angle for thick (100 µm) Zn-filled M-01 primer on a steel 

substrate for characteristic time periods of exposure to 3% NaCl at 23°C: 1 – 1 day; 

2 – 9 days; 3 – 42 days; 4 – 100 days. The measurement temperature is 23°C. 

Table 4. Variation of the impedance modulus |Z | of thick (100 µm) Zn-filled M-01 primer at various 

frequencies and the potential of steel substrate (St3) under it during exposure to 3% NaCl at 23°C. The 

measurement temperature is 23°C. 

Duration, 

days 

|Z |, Ω, at frequencies: 
Potential (SHE), mV 

10 kHz 100 Hz 1 Hz 

1 1.1·103 1.4·104 4.1·104 –314 

9 1.0·103 1.2·104 3.5·104 –325 

35 1.0·103 1.2·104 2.6·104 –328 

42 9.9·102 1.1·104 2.3·104 –355 

65 9.5·102 9.1·103 1.7·104 –381 

100 9.4·102 8.7·103 1.6·104 –400 

Analysis of experimental data shows that: 

1. Thick-layer PCs exposed at 23°C, in contrast to the thin-layer PCs discussed 

above, exhibit no sharp drop in the impedance modulus at the initial 

(impregnation) stage of exposure to a corrosive environment, but a slow and 

natural decrease in impedance values is observed. 

2. A period (9–35 days) of stabilization of the properties is observed in the HF and 

MF ranges. The shapes of the hodographs and Bode plots also remain stable. 

3. For multilayer PC, no galvanic effect was observed during the entire exposure 

period because the potential of the St3 substrate remains more positive than the 

corrosion potential in 3% NaCl (–430 mV). However, a gradual decrease in the 

substrate potential from –314 to –400 mV occurs during exposure. 
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The calculated values of EC elements for porous and multiphase composite coatings 

interacting with a corrosive environment are presented below (Table 5). 

Table 5. Parameters of the HF region of the EC for 100 μm thick M-01 primer on a steel substrate (St3) 

after exposure to 3% NaCl at 23°C calculated using various ECs. 

Duration, 

days 
EC 

R1, 

kΩ·cm2 

CPE Q0, 

S·sn·cm–2 
CPE n 

Approximation 

error, % 

1 Voigt–Randles EC 74.1 0.10 0.71 2.8 

9 Voigt–Randles EC 49.8 0.14 0.70 2.6 

42 

Voigt–Randles EC 38.6 0.12 0.71 1.9 

Voigt EC 144.2 0.21 0.59 2.8 

Mansfeld EC 10.8 0.03 0.79 1.8 

100 

Voigt–Randles EC 13.8 0.06 0.82 1.5 

Voigt EC 98.0 0.23 0.60 2.8 

Mansfeld EC 11.8 0.02 0.83 1.5 

As follows from the calculation results, the behavior of a thick-layer coating over the 

entire time interval studied is best fit by the Voigt–Randles EC for a coating with non-

through pores. 

Alternative ECs (Mansfeld with through porosity and Voigt with a low-porosity 

coating) yield either a significantly larger approximation error or electrochemically 

unjustified variations in the values of EC elements. 

The kinetics of electrochemical parameters is qualitatively consistent with the results 

of a slow decrease in the impedance modulus and the expected decrease in through porosity 

due to bridging of defects during layer-by-layer application of the coating. 

Compared to thin-layer coatings, a positive factor is the identified trend to the shift of 

the substrate potential to the galvanic protection region. However, the transition to a 

multilayer primer coating exposed in low-temperature mode did not activate the adaptation 

effect. 

In this regard, the following data on the electrochemistry of multilayer coatings at 

elevated exposure temperatures are of interest. 

It could be expected that with an increase in temperature, the processes of mass transfer 

in the composite, corrosion of the powder metal filler, and structural restructuring of the 

polymer matrix would become more active. Data for multilayer coatings exposed at 40°C 

are shown below (Figures 7–9 and Table 6). 
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Figure 7. Nyquist plots. Impedance of thick (100 µm) Zn-filled M-01 primer on a steel 

substrate for characteristic time periods of exposure to 3% NaCl at 40°C: 1 – 3 days; 

2 – 21 days; 3 – 42 days; 4 – 100 days. The measurement temperature is 23°C. 

 
Figure 8. Bode plots. Impedance modulus |Z| of thick (100 µm) Zn-filled M-01 primer on a 

steel substrate for characteristic time periods of exposure to 3% NaCl at 40°C: 1 – 3 days; 

2 – 21 days; 3 – 42 days; 4 – 100 days. The measurement temperature is 23°C. 

 
Figure 9. Bode plots. Phase angle for thick (100 µm) Zn-filled M-01 primer on a steel 

substrate for characteristic time periods of exposure to 3% NaCl at 40°C: 1 – 3 days; 

2 – 21 days; 3 – 42 days; 4 – 100 days. The measurement temperature is 23°C. 
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Table 6. Variation in the impedance modulus |Z | of thick (100 µm) Zn-filled M-01 primer at various 

frequencies and the potential of the steel substrate (St3) under it during exposure to 3% NaCl at 40°C. The 

measurement temperature is 23°C. 

Duration, 

days 

|Z |, Ω, at frequencies: 
Potential (SHE), mV 

10 kHz 100 Hz 1 Hz 

30 min 2.5·103 5.8·104 4.5·105 9 

3 1.3·103 2.4·104 1.1·105 –370 

7 1.0·103 1.3·104 4.9·104 –430 

21 9.1·102 1.2·104 3.7·104 –425 

28 9.2·102 1.2·104 3.8·104 –404 

35 9.5·102 1.4·104 4.1·104 –418 

42 1.0·103 1.5·104 4.7·104 –420 

65 1.2·103 2.0·104 7.0·104 –486 

100 1.0·103 2.1·104 7.7·104 –480 

Analysis of experimental data shows that: 

1. Similarly to exposure at low temperatures, the impedance modulus gradually 

decreases at the initial stage. 

2. However, later, in contrast to the low-temperature exposure of a multilayer 

coating, the total resistance begins to increase over the entire frequency range. 

3. A fundamental point is that against the background of an increase in impedance, 

the galvanic effect of the Zn filler is activated and the substrate potential moves to 

the region below –430 mV. 

The results of calculations of EC parameters in the process of interaction with the 

corrosive environment are presented below (Table 7). 

It should be noted that during the entire test period, hodographs and Bode frequency 

plots are best described by the EC of a coating made of a composite with a small number of 

defects. However, the Voigt two-phase circuit fails to provide a correct description over the 

entire frequency range, both in terms of the approximation error (3.8–6.0 %) and parameter 

values. 

In our opinion, the probable reason for this is that the process at elevated temperatures 

occurs more non-uniformly and the description should be based on Voigt circuits consisting 

of 3 and 4 parallel groups of R/CPE elements that are used to describe multiphase composites 

with layer-by-layer structure. 
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Table 7. Parameters of the HF region of the EC for 100 μm thick M-01 primer on a steel substrate (St3) 

after exposure to 3% NaCl at 40°C calculated using various circuits. 

Duration, 

days 
EC R1, kΩ·cm2 

CPE Q0, 

S·sn·cm–2 
CPE n 

Approximation 

error, % 

3 
4 Voigt 32.2 0.05 0.80 2.2 

Voigt EC 744.0 0.14 0.60 6.0 

21 
3 Voigt 25.2 0.07 0.82 1.8 

Voigt EC 66.2 5.00 1.00 6.0 

42 
3 Voigt 27.7 0.04 0.86 1.9 

Voigt EC 157.2 0.13 0.67 3.8 

100 
4 Voigt 32.9 0.03 0.86 2.2 

Voigt EC 239.1 0.08 0.70 4.5 

Analysis of the approximation data first of all shows that after 28 days, the ohmic 

component in the HF region increases along with a simultaneous drop in capacitance and an 

increase in the phase factor CPE n. The latter two parameters are also known to be criteria 

of a decrease in sorption and enhancement of the hydrophobicity of the coating material. 

These changes allow us to draw the conclusion that, under the conditions under 

consideration, adaptive properties characteristic of “smart” coatings are manifested. This 

conclusion is consistent with the transition to the galvanic protection region (E<–430 mV) 

at long (65 and 100 days) exposures as noted above. 

With a further increase in the temperature of exposure in the corrosive chloride 

environment to 60°C, the processes described above are accelerated (Figures 10–12 and 

Table 8). The impregnation stage passes faster and is accompanied by a strong drop in the 

impedance modulus and further activation of adaptation processes (an increase in ohmic 

resistance by 40% (Table 9) and a greater shift of the substrate potential to the cathodic 

region (to –595 mV)). 

Analysis of experimental data shows that when the temperature is elevated to 60°C: 

1. At the initial stage (up to 7 days), a sharp drop in the impedance modulus is 

observed, followed by a long-term (in the range of 8–42 days) active recovery 

growth over the entire frequency range. 

2. A fundamental point is that both at the stage of the decrease in impedance modulus 

and at the stage of its growth, the galvanic effect of the Zn filler is activated, and 

the substrate potential moves to a region significantly lower than –430 mV. 

The results of calculations of EC parameters in the course of interaction with the 

corrosive environment are presented below (Table 9). 
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Figure 10. Nyquist plots. Impedance of thick (100 µm) Zn-filled M-01 primer on a steel 

substrate for characteristic time periods of exposure to 3% NaCl at 60°C: 1 – 1 day; 

2 – 7 days; 3 – 35 days; 4 – 65 days. The measurement temperature is 23°C. 

 
Figure 11. Bode plots. Impedance modulus |Z| of thick (100 µm) Zn-filled M-01 primer on a 

steel substrate for characteristic time periods of exposure to 3% NaCl at 60°C: 1 – 1 day; 

2 – 7 days; 3 – 35 days; 4 – 65 days. The measurement temperature is 23°C. 

 
Figure 12. Bode plots. Phase angle for thick (100 µm) Zn-filled M-01 primer on a steel 

substrate for characteristic time periods of exposure to 3% NaCl at 60°C: 1 – 1 day; 

2 – 7 days; 3 – 35 days; 4 – 65 days. The measurement temperature is 23°C. 
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Table 8. Variation of the impedance modulus |Z| of thick (100 µm) Zn-filled M-01 primer at various 

frequencies and the potential of the steel substrate (St3) under it during exposure to 3% NaCl at 60°C. The 

measurement temperature is 23°C. 

Duration, 

days 

|Z|, Ω, at frequencies: Ω 
Potential (SHE), mV 

10 kHz 100 Hz 1 Hz 

30 min 1.5·103 2.4·104 1.6·105 –277 

1 1.3·103 1.7·104 5.2·104 –440 

3 4.7·102 2.9·103 1.0·104 –457 

7 1.7·102 7.4·102 4.1·103 –475 

8 2.3·102 1.1·103 4.7·103 –575 

14 5.4·102 4.2·103 1.5·104 –592 

24 7.2·102 7.8·103 2.2·104 –596 

35 1.0·103 1.1·104 3.1·104 –572 

42 1.1·103 1.3·104 3.8·104 –595 

65 2.5·102 5.0·102 3.2·103 –455 

Table 9. Parameters of the HF region of the EC for 100 μm thick M-01 primer on a steel substrate (St3) 

after exposure to 3% NaCl at 60°C calculated using various circuits. 

Duration, 

days 
EC 

R1, 

kΩ·cm2 

CPE Q0, 

S·sn·cm–2 
CPE n 

Approximation 

error, % 

1 
4 Voigt 27.0 0.05 0.82 2.1 

Voigt EC 330.4 0.19 0.57 6.1 

7 Voigt–Randles EC 2.1 3.23 0.53 1.5 

24 3 Voigt 8.9 0.04 0.91 2.4 

35 
3 Voigt 21.9 0.08 0.77 2.0 

Voigt EC 189.1 0.35 0.55 7.6 

42 3 Voigt 38.5 0.11 0.72 2.0 

65 
Voigt–Randles EC 2.6 37.10 0.37 1.4 

Voigt EC 0.6 0.24 1.00 2.3 

Noteworthy is the fact that during the entire test period, the hodographs and Bode plots 

are described by EC for a coating comprising a composite with low defectiveness and a 

coating with closed porosity. 

It should be noted that at the recovery stage (including the 42-day period), the ohmic 

resistance in the HF region and the active galvanic protection increase actively. However, 



 Int. J. Corros. Scale Inhib., 2024, 13, no. 2, 1337–1354 1352 

  

 

the capacitive and phase factors of CPE elements exhibit high variability. Upon further 

exposure up to 65 days, sharp degeneration of all basic electrochemical parameters is 

observed: a drop in active resistance and phase factor with a simultaneous increase in 

capacitance. An increase in the potential of the St3 substrate is also observed. 

Thus, at an exposure temperature of 60°C, multilayer coatings with increased thickness 

exhibit a significant acceleration of all processes. The impedance kinetics is qualitatively 

similar to the behavior of thin-layer Zn-filled coatings but without electrochemical evidence 

of the presence of through porosity. Under these conditions, a long period of galvanic 

protection is realized. 

4. Conclusions 

The combination of the results obtained allows us to draw the following conclusions 

regarding the kinetics of changes in the electrochemical properties of thin- and thick-layer 

multilayer Zn-filled coatings: 

During the initial period of exposure of a thin (30 μm) Zn-filled coating in 3% NaCl, a 

sharp decrease in the impedance modulus occurs and the protector effect of the Zn filler in 

the coating is realized. At all stages of the process of exposure of a thin Zn-filled coating in 

a chloride-containing solution at 23°C, the system can be described using EC variants for of 

coatings with through and non-through pores. 

Under the same conditions, thick-layer PCs, in contrast to thin-layer PCs discussed 

above, do not exhibit a sharp drop in the impedance modulus at the initial (impregnation) 

stage of exposure to a corrosive environment. For multilayer PC, no galvanic effect is 

observed during the entire exposure period, although a continuous natural decrease in the 

substrate potential from –314 to –400 mV occurs. For multilayer and thick (100 μm) 

coatings at all exposure times, a low-defect coating model, which corresponds to an EC 

comprising two Voigt elements connected in series, is the best model. 

Thus, at low corrosion rates, it is advisable to increase the thickness of highly filled 

composite coatings to some extent using active solid-phase additives to reduce porosity, 

create conditions for a restorative increase in the impedance modulus, and shift the potential 

to more positive values. 

The process of self-healing of protective properties in multilayer coatings can be 

activated by increasing the temperature. In fact, already at 40°C, in contrast to the low-

temperature exposure of a multilayer coating, the impedance modulus begins to increase 

over the entire frequency range. An increase in the ohmic component in the HF region is 

observed with a simultaneous decrease in capacitance and an increase in the phase angle 

modulus to 86°, indicating low sorption of the penetrating aqueous solution by the coating 

and an increase in the hydrophobicity of the coating material. 

A fundamental point is that against the background of an increased impedance modulus, 

the galvanic effect of the Zn filler is activated and the substrate potential moves to the region 

below –430 mV. These changes allow us to draw the conclusion about the manifestation of 
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the required adaptive properties for the implementation of a “smart” protection mechanism 

under the conditions under consideration. 

With a further increase in the temperature of exposure in the corrosive chloride 

environment to 60°C, the processes described above are accelerated, namely the 

impregnation stage accompanied by a strong decrease in the impedance modulus and further 

activation of the adaptation processes (an increase in ohmic resistance by 40% (Table 9) and 

a stronger shift of the substrate potential to the cathodic region (to –595 mV)). 

Thus, the results obtained allow us to conclude that optimization of the coating design, 

in particular multilayering, in combination with acceleration of the basic processes in the 

coating at elevated temperatures, makes it possible to implement the adaptive growth of 

impedance and blocking of defects based on the mechanism of controlled corrosion of the 

dispersed metal filler with simultaneous significant extension of the galvanic protection 

period. 
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