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Abstract: Highly sensitive resistometric sensors were applied for the real-time corrosion monitoring
of carbon steel protected with a polyolefin coating with and without an inhibitor under static and
dynamic atmospheric and immersion conditions. The results were compared with conventional
electrochemical impedance spectroscopy (EIS) data. An increase in the coating thickness from 20 µm
to 50 µm and an addition of 1wt.% tannic acid significantly improved the coating corrosion stability.
Based on the real-time corrosion data, the drying stage of atmospheric exposure in a chloride-rich
environment was found to be the most critical. The highest corrosion rate was detected at 50% relative
humidity when the electrolyte corrosiveness in coating defects reached the maximum. Resistometric
sensors have the potential to become an interesting alternative for evaluating coating performance
and degradation mechanisms in both laboratory and industrial applications.

Keywords: organic coatings; real-time corrosion monitoring; resistometric technique; electrochemical
impedance spectroscopy; carbon steel

1. Introduction

The corrosion of metallic materials has huge economic, environmental and cultural
impacts. The financial losses associated with corrosion damage are estimated to be around
3–4% of global gross domestic product (GDP) [1–3]. In addition to the economic costs and
technological delays, corrosion can lead to sudden industrial and transport failures that
may cause environmental catastrophes and hazards that endanger health and lives [3–5].
Approaches to the effective corrosion prevention and management can be divided into
several broad categories including the alteration of the environment by changing some
of its physical or chemical properties, the selection of the material resistant to corrosion
under the given conditions, the proper design of the metallic structures, electrochemical
corrosion protection and the application of protective coatings [6]. Among these, the
application of organic coatings is the most used way to protect metallic structures from
the corrosive environment [7,8]. They provide a barrier layer that physically separates the
bare metal from corrosive environments [7,9,10]. Even very good coating systems contain
inhomogeneities such as pores, pinholes, cracks, air bubbles and other defects that create
preferential pathways for the uptake of moisture, oxygen and corrosive species [3,9,11].
Over time, these species can reach the bare metal and initiate corrosion [9]. Therefore,
in addition to the barrier effect, the coating must be able to inhibit the corrosion process
when the physical barrier is disrupted, thereby increasing its protectiveness and service
life [7,11,12]. This can be achieved by adding corrosion inhibition pigments into the coating
system [3,7]. The protective mechanisms of the most common corrosion inhibitors include
the passivation of the substrate, formation of a protective layer of insoluble metal complexes,
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blocking of active corrosion sites, physical hindrance of the electrolyte diffusion pathways
or formation of complexes with corrosive species, such as chloride ions [3,10,12]. Sacrificial
protection is achieved by the preferential corrosion of a more electrochemically active metal
present in the coating system in the form of pigment or flakes in electrical contact with
the substrate [3]. The general requirements for effective anti-corrosion coatings include
the combination of properties such as a good barrier effect, the presence of an additive
that inhibits the corrosion process, good adhesion to the substrate, and compatibility with
additional layers such as topcoats [7]. The other specific requirements depend on the
operating environment and the duration of exposure [3].

The service conditions to which the coated materials may be exposed can be divided
into three main categories: immersion (including exposure to fresh water, sea water, soil and
specific electrolytes), splash zone and atmosphere [3]. The corrosivity of the environments
to which the coated structures may be exposed is classified in the standard ISO 12944-2 [13].
Unlike the first group, which is characterized by relatively stable conditions, atmospheric
and splash zone exposures involve locally alternating conditions of wetting and drying,
heating, precipitation, condensation and UV irradiation. Of these, wetting and drying
cycles (night/morning condensation, daytime drying) and prolonged condensation are
known to be particularly corrosive [14,15]. Atmospheric corrosivity can vary significantly
depending on climate, pollution levels and distance from the sea [3]. For example, industrial
environments are characterized by high contents of solid particles, increased levels of
sulphur dioxide and acid rain, while marine atmospheres are characterized by the high
deposition of chloride ions [3]. Therefore, the corrosive environmental effects can vary
significantly, and different environments must be considered separately in terms of their
corrosiveness towards the coated structures.

Approaches to evaluating the protective effectiveness of coatings can be divided into
three main groups: (i) the evaluation of the corrosion performance of coated structures in
service; (ii) standard accelerated corrosion testing; and (iii) conventional and advanced
laboratory analysis [11].

The corrosion performance evaluation of industrial coating systems in service is
usually realized by visual inspection. It requires considerable manpower, may induce
a safety risk, and is often required on structures that are difficult to assess. In addition,
the results of the inspection are subjective and depend on the skill and experience of the
inspector, and corrosion processes initiated under the coating may be overlooked [16].
Among alternative non-destructive techniques, ultrasonic inspection is the most widely
used [17]. It is sensitive and accurate but requires extensive knowledge to operate the
instrument and the presence of the operator on the site [17]. Both described approaches are
periodic inspections, which means that the degradation of the structure may occur between
inspection events [16].

Accelerated corrosion tests include the traditional neutral salt spray test (NSST), in
which 5% sodium chloride solution is sprayed on samples at an elevated temperature,
and cyclic tests, which consist of alternating phases of electrolyte application, drying and
wetting, and eventually also UV irradiation and temperature gradients [3,11,18]. Sample
preparation and the evaluation of results usually follow the standard procedures defined
in regulations, e.g., the EN ISO 4628 series standards [19].

Conventional electrochemical techniques are used to evaluate the performance and
durability of anti-corrosion coatings in the laboratory [3]. These techniques are based on
the electrochemical nature of the corrosion process and evaluate the electrical properties of
the metal/coating/solution system [3,20]. Their advantage is their ability to provide infor-
mation on coating degradation before it can be visually observed [3,11]. The most widely
used electrochemical impedance spectroscopy (EIS) method was first applied to study
anti-corrosion coatings by Takenouti et al. in 1972 [11]. EIS is a non-destructive technique
applied for the evaluation of the barrier and protective properties of coatings, the effec-
tiveness of corrosion inhibitors, water uptake, the presence of defects, interface reactivity
and coating adhesion [11,12,14,21,22]. A low-amplitude AC voltage is applied at an open
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circuit potential or at a potential of choice, and the AC response recorded as impedance
spectra at a range of frequencies using a conventional three-electrode electrochemical cell.
The working electrode is a sample under investigation, the reference one can be, e.g., a
saturated calomel electrode (SCE), and the counter electrode is made of an inert material
such as a platinum wire or a carbon rod [14,23,24]. Impedance data are usually presented
as Nyquist and Bode plots [23,25]. The interpretation of the data is based on equivalent
electrical circuits combining resistors and capacitors, and some specific elements include the
constant phase element (CPE) and Warburg impedance, which represent electrochemical
processes taking place in the system [11,14,24,26]. Consequently, changes in the values of
the individual components indicate the behaviour and performance of a coating system [3].
EIS is a powerful tool due to its high sensitivity and ability to provide a complete view of
the mechanisms and kinetics of coating degradation and metal corrosion [27,28]. Still, it
has several limitations, including complex data interpretation, which requires experience
and detailed knowledge of the system under investigation [26]. Also, the application of
EIS data to predict coating lifetime remains a challenge [3]. Amirudin and Thierry [26]
and Margarit-Mattos [27], thus, pointed out the need to use independent complementary
techniques for the validation and correct interpretation of EIS data.

To study local processes occurring around defects, inhibiting and self-healing mech-
anisms, advanced spatially resolved electrochemical tools are used [7]. These include
scanning electrochemical microscopy (SECM) [11,20], the scanning vibrating electrode
technique (SVET) [11,12,20], the scanning ion selective electrode technique (SIET) [12,20],
localized electrochemical impedance spectroscopy (LEIS) [11,20] and the scanning Kelvin
probe (SKP) [3,11,20,22].

The described laboratory techniques provide valuable information on the coating
protection efficiency and degradation mechanisms. However, a significant gap exists be-
tween the evaluation of coating performance under real operating conditions, accelerated
corrosion tests and laboratory studies. This is largely due to the fact that the laboratory
techniques, with the exception of SKP, require the presence of a conductive electrolyte to
establish an electrical connection between the electrodes [4,11]. As a result, the measure-
ments are usually performed in immersion, and their application in dynamic atmospheric
conditions is limited [4,29]. EIS has, thus, been adapted for atmospheric corrosion studies,
as shown in a review by Xia et al. [28]. For field monitoring, the measurement is usually
performed at one or two frequencies instead of scanning a wide range of frequencies to
simplify the instrumentation, shorten the measurement time and allow the fast screening of
a large number of samples and painted structures [28,30]. An electrical connection between
electrodes is achieved by using an external electrolyte, such as a conductive gel, a wet
cloth, or a soaked filter paper. The disadvantage of this approach is that the choice of
the measurement frequency can affect the result, while the introduction of an external
electrolyte changes the environment and accelerates corrosion [28]. Consequently, there is
a need to develop a system for the real-time evaluation of coating performance that can be
used in atmospheric accelerated corrosion tests simulating the real operating conditions or
directly implemented in service [29].

Several attempts have been made to adapt the existing techniques of atmospheric
corrosion monitoring for the evaluation of coating systems. Deng et al. measured the
corrosion rate of steel under polymeric and Al-Zn coatings using fiber-optic corrosion
sensors embedded under the coatings [17]. They used fiber Bragg grating sensors, which
reflect a specific wavelength of incoming light that meets the Bragg conditions and transmit
all the others. The Bragg wavelength is defined by the refractive index of the fiber and
a grating pitch, and its shift can be caused by temperature variations or external tension.
The formation of voluminous corrosion products on the metallic surface under the coating
causes an increase in strain and a change in the detected wavelength, from which the
corrosion rate can be calculated. The authors performed the experiment via immersion in a
3.5% NaCl solution, but the measurement can, in principle, be conducted in atmospheric
conditions [4]. Alamin et al. [31,32] and Sunny et al. [33] investigated the corrosion of coated
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steel using the low-frequency radio frequency identification (LF RFID) technique. Their
setup consisted of a reader and a tag, the former activating the latter with an electromagnetic
signal and reading the signal transmitted back. When the tag is placed near a metallic
structure, its resonant frequency is shifted. An eddy current is generated, creating a
secondary magnetic field that is opposite to the primary one generated by the reader.
Since the electromagnetic properties (conductivity and permeability) of the material vary
as corrosion products form on the surface, the corrosion’s extent can be determined by
measuring these properties. Using this principle, the authors tested six coated and uncoated
steel panels after different periods of atmospheric exposure and obtained a relative order
of their corrosion degradation [31–33]. Daneshian et al. used CorRES carbon steel sensors
coated with 300 µm epoxy coatings with a scribe to measure the free corrosion current using
the linear polarization resistance (LPR) technique together with environmental parameters
at an outdoor costal corrosion station in Norway for one year and analyzed the effect of the
particular climatic parameters on the corrosion response [34]. The data were then used as
an input to predict atmospheric corrosion of marine structures using a time series machine
learning framework [35]. However, only corrosion in the scribe was measured, and the
coating performance was not evaluated in the study. Recently, Tatsuoka presented a coated
atmospheric corrosion monitor (ACM) [36]. The sensor consisted of two different metal
electrodes, one acting as a cathode and the other as an anode [4]. At high relative humidity
(RH), a thin layer of electrolyte formed on the surface, providing an electrical connection
between the electrodes, and a galvanic current was generated. The value of the galvanic
current has been reported to have a good correlation with the corrosion rate of the anodic
metal [4].

The described methods provide only an indirect assessment of the corrosion response
of a coated metal. Furthermore, only ACM and CorRES sensors are commercially avail-
able, while the application of fiber-optic and RFID sensors remains at the calibration and
laboratory testing stage and is limited to model materials [29].

The resistometric technique of real-time atmospheric corrosion monitoring is an in-
teresting alternative to the described approaches. The technique has been successfully
used for the atmospheric corrosion monitoring of carbon steel, zinc, aluminium, copper
and lead in laboratory studies [37–43], accelerated corrosion tests [29,44–48], cultural her-
itage institutions [49–53], vehicles [54,55] and the monitoring of corrosion under thermal
insulation [56]. The measurement is based on recording the electrical resistance of a thin
metal track applied on a non-conductive substrate and exposed to a corrosive environment.
Electrical resistance R depends on the resistivity ρ characteristic for the given material and
the geometric parameters of the track (thickness t, length l and width w) [29]:

R = ρ
l

w × t
(1)

For a metal track of given resistivity and length, the evolution of electrical resistance
over time directly reflects the cross-sectional loss of the material caused by corrosion and
can, therefore, be easily interpreted in terms of the actual corrosion rate. As the technique
is not electrochemical in nature, no electrolyte is required and the measurement can be
carried out continuously even in a dry atmosphere.

Together with the geometrical parameters of the track, the electrical resistance depends
on the temperature according to Equation [57]:

RT = (1 + α∆T)Rinit, (2)

where RT is the resistance of the metal track at a given temperature T, Rinit is its initial
resistance, ∆T is the difference between the initial and given temperatures and α is the
temperature coefficient of the material. To eliminate the temperature effect on the electrical
resistance, one part of the sensor (sensing track) is exposed to the corrosive environment
and its resistance is affected by both temperature variations and material loss caused by
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corrosion, while another (reference) track is protected during exposure, and its resistance
changes only due to temperature variations.

The actual corrosion depth (CD) of the actively corroding sensing track can then be
calculated according to Equation (3):

CD = tinit

( Rre f ,init

Rsens,init
−

Rre f

Rsens

)
, (3)

where tinit is the initial thickness of the metal track, Rref,init and Rsens,init are the initial
reference and sensing track resistances, and Rref and Rsens are the actual reference and
sensing track resistances [29,44,56]. The actual corrosion rate (CR) of the sensing track can
be calculated as a derivative of CD over time.

The main advantage of the resistometric method is the ability to monitor the corrosive
effect of the environment on the exposed sample in real time with a continuous and
quantitative assessment of the corrosion rate [37]. Sensors can be manufactured from a wide
range of pure metals and alloys, including bare and stainless steel, zinc, aluminium, copper,
silver and lead. The sensitivity of the sensor increases with decreasing thickness, while the
greater thickness ensures its longer lifetime. Therefore, depending on the environmental
corrosiveness, a compromise between sensor lifetime and sensitivity can be achieved by
selecting an optimal sensor thickness.

Resistometric sensors have so far been used mainly for monitoring bare metal surfaces,
but a few attempts have also been made to use them to monitor coated materials. In
contrast to the electrochemical methods described above, the technique does not evaluate
the deterioration of the coating but the resulting corrosion of the metal substrate [16], which
is the parameter of interest for engineers and asset owners [16].

Diler et al. [29] exposed zinc galvanized and organic coated steel sensors with and
without surface defects in the Volvo STD423-0014 accelerated corrosion test to study the
corrosion kinetics and compare the results with bare steel and zinc. For the organic coated
sensors with a model defect, the effect of the defect geometry on the sensor response was
observed and had to be recalculated and compensated for. For a coated sensor without
artificial defects, the measurement allowed for the accurate determination of the onset of
substrate corrosion, i.e., the coating failure. The authors concluded that the technique has
the potential to be used in practice and reduce the number of visual inspections in the field
and during accelerated corrosion tests [29]. Zajec et al. [14,16] used resistometric and EIS
sensors to monitor the corrosion of carbon steel under coatings of different thicknesses in
a salt spray test and in chambers with increased humidity and SO2 supply. The authors
reported a high sensitivity of EIS for detecting coating degradation at very early stages,
whereas the resistometric probes could only detect the initiation and propagation of the
underlying metal corrosion. On the other hand, the authors considered that the thickness
reduction obtained from the resistometric sensors was, in principle, more reliable for
assessing substrate corrosion under the coating, since the measured electrical resistance
was in a simple relationship with the corrosion depth and no additional modeling was
required. In addition, the resistometric sensors did not require immersion in the electrolyte,
thus avoiding the ambiguities of electrolyte chemistry and immersion time. They therefore
recommended using the resistometric sensors for field applications rather than the EIS
probes. Švadlena and Stoulil [37] used copper and carbon steel sensors to compare two
acrylate copolymers in terms of their ability to protect historic metallic materials. They
sensitized the steel sensor surface by contaminating it with a chloride solution before
applying the coating and calculated the diffusion coefficient of water in the coating from
the time at which water molecules penetrated the coating and caused the corrosion rate to
increase. Copper sensors were used to compare the coatings’ protective properties against
specific air pollutants at elevated humidity.

The aim of the present study was to apply a state-of-the-art wireless real-time corrosion
monitoring system for testing the performance of an organic coating under static and
dynamic atmospheric conditions and in immersion, as well as to compare the results with
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the conventional EIS technique. This study demonstrates the applicability of resistometric
sensors under three different types of environmental conditions, provides a correlation
between climatic data and the coating performance in the real time and assesses the
advantages and potential critical points of using resistometric sensors for the monitoring
of corrosion under organic coatings. A polyolefin coating was selected for this study
because of its previously reported good mechanical properties, low oxygen permeability,
good adhesion to steel and high efficiency against electrolyte uptake when immersed in a
chloride solution [58,59]. The coating was also modified with an inhibitor to obtain coatings
with identical thicknesses and different protective abilities [21,58,59].

2. Materials and Methods
2.1. Resistometric Sensors and Monitoring System

The experiments were carried out using the CorrSen monitoring system (produced by
Gema Ltd., Unhošt’, Czech Republic), which consists of wireless loggers with resistometric
sensors, data collectors, and an online interface for data evaluation and presentation.
Sensitive carbon steel sensors with initial thicknesses of 25 µm were used. Carbon steel
was chosen for the current study as the most widely used structural material. The sensor
consists of four metal tracks, one reference and three sensing, as shown in Figure 1. By using
three sensing tracks simultaneously, the reproducibility of the measurement was increased.
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Figure 1. Coated resistometric sensor Fe—25 µm.

First, the contacts of the sensor were temporarily masked with tape. The reference track
was covered with Araldite Rapid two-component epoxy adhesive (Huntsman Advanced
Materials, Basel, Switzerland) to protect it from corrosion. Then, the coating was applied
to the three measuring tracks following the procedure described in the following section.
Once the coating had cured, the tape was removed from the contacts. Sensors prepared
for atmospheric tests were inserted into loggers and the contacts were sealed with epoxy
adhesive to prevent corrosion. Sensors for immersion exposures were soldered to 2 m long
cables, and the connections were covered with epoxy adhesive.

2.2. Coating Preparation

The commercial aqueous acid modified polyolefin dispersion CANVERATM 1110
(produced by Dow Chemicals, Midland, MI, USA) was used as the protective coating
in this study. The coating was applied to the sensing tracks to achieve two dry coating
thicknesses of 20 and 50 µm. Dip and bar coating processes reported in the literature were
tested [21,58,59]. The obtained coatings were heterogeneous and the reproducibility was
poor, probably due to the complex surface of the sensor (combination of metallic tracks
and polymer substrate). Therefore, a different coating preparation method was proposed.
First, the liquid dispersion was mixed with ethanol at a 2:1 mass ratio and homogenized
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using a magnetic stirrer in order to dilute the dispersion for easier application. Then, the
amount of the dispersion–ethanol mixture Vmixture,wet that needed to be applied to obtain
the required thickness of the dry coating tcoating,dry was calculated based on the knowledge
of the sensor area, the density of the mixture and dry coating and the mass reduction in the
coating during drying. The density of the mixture ρmixture,wet and cured coating ρcoating,dry

were measured to be 1.06 g cm−3 and 0.97 g cm−3, respectively. The mass reduction ∆m in
the mixture after curing was 0.645 of the initial weight. The area to be covered with the
coating S was measured for each sensor individually. The volume of the dispersion–ethanol
mixture required to achieve the final dry coating thickness was then calculated according
to Equation (4).

Vmixture,wet =
1.5·S·tcoating,dry·ρcoating,dry

(1 − ∆m)·ρmixture,wet
(4)

Index 1.5 sources from the dilution ratio of the dispersion–ethanol mixture.
The calculated volume of the wet mixture to be applied on the sensor was divided

by 2 or 3 for a final coating thickness of 20 or 50 µm, respectively. The surfaces of the
sensors were cleaned with ethanol prior to coating application. The calculated portion of
the mixture was applied to the sensor surface using a micropipette and evenly distributed
over the surface. The sensor was then placed in an oven at 175 ◦C for 15 min, then the oven
was switched off and the sensor was allowed to cool slowly to avoid cracking. Polyolefin
melted at 160 ◦C, which helped the curing process through cross-linking. At 175 ◦C, the
white suspension became completely transparent and formed strong contact with the
substrate [58]. The remaining amount of the mixture was then applied to the surface in one
or two parts and the curing process was repeated. This procedure led to formation of a
more homogeneous coating layer, avoiding bubble formation during solvent evaporation.

In addition to the pure polyolefin dispersion, a coating with an inhibitor was tested.
Tannic acid was chosen as a non-toxic, environmentally friendly polyphenolic inhibitor,
which formed complexes with the metallic substrate, creating an additional anti-corrosive
thin film on the surface [9,60]. The dry tannic acid powder (produced by Sigma Aldrich,
Saint Louis, MO, USA) was preconditioned in an oven at 50 ◦C for 2 h and then added to
the dispersion–ethanol mixture at an amount of 1 wt.% with respect to the wet polyolefin
dispersion (i.e., 0.66 wt.% of the wet dispersion–ethanol mixture). The modified dispersion
was applied to the sensors using the procedure described above at a 20 µm dry thickness.

The resulting coating thickness was verified after curing using the Leica DMS 300
(Leica, Wetzlar, Germany) optical microscope on the cross-section. The final thicknesses of
the coatings were 54 ± 5 µm and 21 ± 3 µm, respectively.

Along with the coated sensors, a bare sensor was exposed in each test for comparison.

2.3. Accelerated Corrosion Tests

Three accelerated corrosion tests were carried out to evaluate the protective abilities of
the coatings under both atmospheric and immersion conditions. In all tests, the electrical
resistance of the sensors was measured with the CorrSen loggers at a 2 min interval. During
the atmospheric tests, the temperature and RH were recorded by the loggers simultaneously.
All the tests were conducted at a laboratory temperature of 24 ± 3 ◦C. The maximum
exposure duration was 2 months. If a sensor corroded completely, the measurement was
terminated earlier.

The static atmospheric corrosion test was carried out at constant condensation to
simulate the conditions of standard tests for the evaluation of coating resistance to humid
atmospheres and to compare it with results of cyclic exposures described below. The sensors
with loggers were placed in a plastic box together with beakers filled with demineralized
water, as shown in Figure 2. The box was then hermetically sealed. The RH inside the box
showed a gradual increase to 99–100%.
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Figure 2. Sensors during the static atmospheric test.

In the cyclic atmospheric corrosion test, the sensors were subjected to alternating
phases of chloride deposition, wetting and drying. The test was designed to allow the
sensors to experience dynamic humidity transitions, and it could be carried out manually
during working days without any need for special equipment. The weekly cycle of the test
is shown schematically in Figure 3.
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At the beginning of each daily cycle, the sensors were left in the laboratory for two
hours to simulate the dry phase. The RH measured in the laboratory during the two months
was 53% ± 11%. Then, a 0.05 M (0.3 wt.%) NaCl solution at the natural pH was applied to
the sensors by spraying, and the loggers were placed for 2 h in a box with beakers filled
with saturated KNO3 solution (Figure 4) to keep the RH at 77%. This phase was considered
the wet phase, since the RH was kept above the deliquescence RH for NaCl of 75% [44,61].
Wetting was also confirmed visually, as the sensor surface was covered with electrolyte
droplets. After 2 h, the sensors were removed from the box and left in the laboratory
for another 3 h, simulating the second dry phase. Finally, the sensors were returned to
the box and left in the wet atmosphere overnight (16 h). The wet phase continued over
the weekends.
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Figure 4. The sensors during the cyclic atmospheric test; the beginning of the wet phase after spraying
with NaCl solution.

A short verification test was carried out to confirm the observations from the cyclic
atmospheric test and to evaluate the effect of the chloride concentration. Two sensors with
50 µm coatings without the inhibitor were exposed to the same climatic cycle. One sensor
was sprayed with 1.5 wt.% NaCl solution, i.e., 5-fold more concentrated, while the second
sensor was sprayed with demineralized water.

The immersion test was introduced to compare the coating performance in atmo-
spheric and immersion conditions and to compare results obtained by the resistometric
and EIS techniques. The sensors on the cables were placed in beakers with 0.3 wt.% NaCl
solution, as illustrated in Figure 5. The amount of the solution was adjusted to ensure
that the sensing parts of the sensors were submerged, while the contacts were above the
solution level to avoid extensive corrosion. Demineralized water was periodically added to
the beakers to keep the volume of the solution constant.
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2.4. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) was used as a conventional technique
to compare and validate the resistometric measurements. A Gamry Reference REF 600
potentiostat (Gamry Instruments, Warminster, PA, USA) was used in the conventional
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three-electrode cell configuration inside a Faraday cage (Figure 6). A saturated calomel
electrode (SCE; model HI5412, Hanna Instruments, Woonsocket, RI, USA) was used as the
reference electrode, a platinum coil as the counter electrode, and the coated sensor as the
working electrode. The contacts of the sensor’s sensing tracks were electrically connected
with conductive adhesive prior to the experiment to measure the impedance across all three
sensing tracks, with a total area of 3.36 cm2. The electrodes were immersed in a 0.3 wt.%
NaCl solution. Demineralized water was periodically added to the beaker to maintain a
constant volume of the solution. Impedance spectra were collected at open circuit potential
under a 10 mV (rms) sinusoidal perturbation in a frequency range from 100 kHz to 50 mHz.
The EIS measurements were performed on the 50 µm-coated sensor and the bare sensor.
The 50 µm coating was chosen to demonstrate the sensitivity of the technique on the coating
system with the best expected protective ability.
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3. Results
3.1. Static Atmospheric Corrosion Test

The bare steel sensor, not protected by the coating, was activated on the first day of
exposure when the humidity reached 93% RH after sealing the box. After the initial activa-
tion, the sensor corroded gradually throughout the exposure at a rate of 39 ± 12 nm·day−1

(average for the three sensing tracks).
The sensors protected by the 50 µm coating and the 20 µm coating with tannic acid

detected no corrosion during the 2-month exposure, and no visible corrosion damage was
observed on the measuring tracks.

Figure 8 shows the corrosion depth evolution for the sensor covered with the 20 µm
coating without inhibitor. The blue curve shows the RH, which gradually increased
after sealing the box and stabilized at 100% RH after one week of exposure. Two of
the three sensing tracks detected a thickness loss due to corrosion. Sensing track 3 was
activated during the third day of exposure when the RH exceeded 94%, as indicated by the
yellow arrow in the graph, and had been corroding gradually since then at approximately
0.4 nm·day−1. Sensing track 2 was activated on the seventh day of exposure after the RH
exceeded 97%, as indicated by the grey arrow in the graph. In contrast to the gradually
corroding track 3, two periods of rapid increase in the corrosion depth (i.e., higher corrosion
rate) can be distinguished. They can be linked to the localization of corrosion, which
inherently affects the electrical resistance measurement [4]. The corrosion rate reached a
maximum of 4.8 nm·day−1 between days 16 and 17. No activation was detected by sensing
track 1. The difference between the three sensing tracks can be explained by the random
distribution of defects inevitably present in any organic coating.
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Figure 8. The corrosion depth measured on the sensor with the 20 µm coating without an inhibitor
during the first 20 days of the static atmospheric corrosion test; arrows indicate corrosion activation
of sensing tracks 3 and 2.

3.2. Cyclic Atmospheric Corrosion Test

Corrosion activation was detected by all sensors from the beginning of the exposure.
Figure 9 shows the real-time corrosion rate measured by the coated sensors during the
first four days. Since the corrosion rates recorded by the three tracks were always similar,
average data are shown for better clarity. The RH record proves that the actual RH differed
from that planned (see Figure 3). This was due to the slow kinetics of the humidity
stabilization in the box after each opening. Nevertheless, the intended wet–dry cycling
was achieved. All sensors detected cyclic increases and decreases in the corrosion rate
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corresponding to the dynamic humidity changes. During the first two days of exposure,
the corrosion rate was rather similar for the three sensors protected with different coating
systems. A clear increase in the corrosion rate of the sensor with the 20 µm coating without
an inhibitor was observed during the third day of exposure, with the difference becoming
even more significant during the fourth day, as indicated by the purple rectangles.
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Figure 9. The corrosion rates of the coated sensors during the first 4 days of the cyclic atmospheric
corrosion test: red dashed lines indicate the NaCl application; purple rectangles indicate an increase
in the corrosion rate recorded by the sensor protected with the 20 µm coating without an inhibitor
during the wet phases on the third and fourth days of exposure.

Figure 10 shows a detail of the recorded data for the coated and bare sensors during
the first 36 h of exposure. It illustrates the dynamics of the corrosion rate during particular
test phases.

As shown in Figure 10a, all coated sensors were activated already by the first appli-
cation of the chloride solution. The corrosion rate increased throughout the wet phase
and then reached the maximum during the subsequent drying phase, when the humidity
decreased to 50% RH. During the following wet and dry phases, the corrosion rate de-
creased and remained low until the next activation with chlorides. Similar dynamics can
be observed for the bare sensor (Figure 10b), with a peak in the corrosion rate during the
dry phase being particularly evident after the second NaCl deposition. The corrosion rates
of the bare sensor were three orders of magnitude higher than those of the coated sensors,
and the sensor completely corroded during the first week of exposure.

An additional experiment with sensors protected with 50 µm coatings and sprayed
with demineralized water and 0.3 and 1.5 wt.% NaCl that aimed to illustrate the effect of
chloride concentration showed similar corrosion activation dynamics for the sensor sprayed
with 1.5 wt.% NaCl. The maximum corrosion rate detected during the drying phase was
2 nm hour−1, which is 3 to 5 times higher than that of the same type of sensor sprayed
with 0.3 wt.% NaCl. At the same time, no activation was detected during the drying of the
sensor sprayed with demineralized water. Obviously, the chloride concentration played a
key role in the observed coating degradation and steel substrate activation.
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3.3. Immersion Test

The bare sensor was activated immediately after immersion. It corroded gradually at
841 ± 85 nm·day−1. The sensors protected with the 50 µm coating and the 20 µm coating
with tannic acid detected no corrosion during two months of exposure.

The corrosion depth measurement and visual appearance of the sensor with the 20 µm
coating without an inhibitor is shown in Figure 11. As shown in Figure 11a, the corrosion of
all three sensing tracks activated after 2 days of immersion. Then, a further increase in the
corrosion rate could be observed between days 18 and 23. It could be attributed to coating
delamination caused by the formation of corrosion products under the coating. The sensor
was significantly corroded after two months of immersion (Figure 11b). Both a dark and
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rather uniform film and orange localized spots of corrosion products could be observed
under the coating.
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3.4. Comparison of Coating Performance

Table 1 summarizes the corrosion depth measured on the sensors after 2 weeks of
exposure. The 2-week exposure was chosen for the comparison because some of the sensors
completely corroded or stopped measuring correctly due to the insufficient protection of
the reference track after this period. In the immersion and cyclic atmospheric test, the
20 µm coating was not sufficient to protect the metallic substrate. The same trend was
observed in the static atmospheric test, although the activation occurred later and the
results obtained from the three sensing tracks showed a large deviation. The application of
the thicker coating or the inhibitor addition significantly improved the protective ability.
For the bare metal, both static and cyclic atmospheric tests proved to be very corrosive, and
the sensors corroded completely in less than 2 weeks. The corrosion rate in immersion was
lower, probably due to limited oxygen access in the non-stirred bulk solution.

Table 1. Corrosion depths of resistometric sensors recorded after 2 weeks of exposure.

Exposure Conditions Coating Corrosion Depth [nm]

Static atmospheric test

50 µm 2 ± 1
20 µm 2 ± 2

20 µm + inhibitor <DL
Bare surface >12,500 1

Immersion

50 µm <DL
20 µm 260 ± 66

20 µm + inhibitor <DL
Bare surface 10,970 ± 1534

Cyclic atmospheric test

50 µm <1
20 µm 16 ± 1

20 µm + inhibitor <1
Bare surface >12,500 1

DL: Detection limit of the technique; 1 the sensor corroded in less than 2 weeks.
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3.5. Electrochemical Impedance Spectroscopy

The graphs in Figures 12 and 13 represent the Bode plots of the impedance mod-
ulus Z and phase angle measured on the sensor with the 50 µm coating and the bare
sensor, respectively.
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The bare sensor showed a resistive plateau at high frequencies and a gradual decrease
in overall impedance throughout the immersion period. The gradual accumulation of
corrosion products over the sensor surface, as seen in the immersion test, reduced the
exposed area and attenuated the impedance drop over time. The maximum impedance
values |Z| recorded at low frequencies are below 100 Ohm cm2, indicating a quite high
corrosion activity for the sensors, in good agreement with the previous results. The coated
sensor showed a completely distinct behaviour. At high frequencies, a well-defined time
constant was observed, as expected, evidencing the presence of the protective coating. With
time, its resistance dropped slightly, but the phase angle remained quite stable, evidencing
that the coating remained protective. At low frequencies, the overall impedance values
were above 1 MOhm cm2 in the early stages, and these high impedance values, accounting
for a well-protected surface, decayed slowly over the first week of immersion, revealing
electrolyte uptake and activation of the bare metal. The more pronounced decay after
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approximately one week accounts for the development of corrosion activity and its gradual
process underneath the coating.

4. Discussion

The results of both atmospheric and immersion tests show the high protective effi-
ciency of the 50 µm coating and the 20 µm coating with the inhibitor, while the 20 µm
coating without the inhibitor proves to be insufficient to protect the steel substrate from
corrosion. The high efficiency of the 50 µm coating is consistent with the fact that the
degree of protection depends on the coating thickness [3,29]. The improved protection of
the thicker coating is linked to the formation of a thicker barrier between the metal surface
and the corrosive environment, which prolongs the diffusion path for moisture, oxygen
and corrosive ions. The high protective ability of the thinner coating with the inhibitor
proves the previously reported efficiency of tannic acid in protecting steel by forming
insoluble complexes with the metal substrate [9,60]. The corrosion of the reference track
and electrical contacts, also reported by Zajec et al. in ref. [16], highlights the importance of
proper coverage of these critical areas to achieve the corrosion protection greater than that
of the tested coating.

Interesting results were obtained from the resistometric sensors exposed in the cyclic
atmospheric test, where increases in the corrosion rate were repeatedly detected by all
sensors during the drying phase after chloride deposition. Drying has previously been re-
ported to be a particularly important process, leading to the acceleration of the atmospheric
corrosion of bare steel and aluminium [44,45,56]. The following explanation for the effect of
drying has been proposed [44,45,47,56]. When the RH is high, the metal surface is covered
with a thick layer of electrolyte. The concentration of corrosive ions, particularly chlorides,
in the dilute electrolyte is low, and the diffusion path for atmospheric oxygen through the
thick layer is long, limiting its access to the metal surface. As the RH decreases, the water
evaporates and the surface electrolyte layer becomes thinner, the chloride concentration
increases and the access of atmospheric oxygen is facilitated. This creates highly corrosive
conditions and accelerates corrosion. Then, as the drying continues, the electrolyte evap-
orates completely, resulting in the crystallization of chloride salts on the surface and low
down or full inhibition of corrosion.

Considering the inevitable presence of coating defects, which allow the penetration
of a water electrolyte, oxygen and corrosive ions to the metal substrate and induce the
activation of corrosion [3,7,9,11], the corrosion rate evolution recorded by the resistometric
sensors can be explained by the mechanism schematically illustrated in Figure 14. In humid
atmosphere, a thick electrolyte layer forms on the surface and penetrates through defects
to the metal surface (Figure 14a). During drying (Figure 14b), the electrolyte gradually
evaporates from the coated surface, reducing the diffusion path for oxygen transport.
Inside the defect, the evaporation is delayed, which results in the formation of a more
concentrated electrolyte and corrosion acceleration. The key role of the presence of chloride
ions at this stage is illustrated by the results of the verification test, which showed the
accelerating effect of the increased concentration of the applied chloride solution, whereas
no activation was detected by the sensor sprayed with demineralized water. As the drying
continues, the electrolyte in the defect will eventually dry out, and the corrosion process
will be interrupted (Figure 14c).

The EIS results showed that the bare sensor was activated at an early stage of immer-
sion and the corrosion activity developed gradually, in agreement with the resistometric
results. The presence of small defects and pores in the coating made EIS very sensitive to
the early corrosion onset of the coated sensor during immersion. This effect was not as
evident in the resistometric measurement, demonstrating the importance of combining
different test methods to better characterize sensor health.
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5. Conclusions

This study demonstrated the applicability of resistometric sensors for the evaluation
of the protective effect of a polyolefin coating applied at two thicknesses with and without
an inhibitor. The following conclusions can be drawn:

• Resistometric sensors have been shown to have a strong potential for the evaluation
of the protective efficiency of organic coatings in both immersion and atmosphere.
They provide particularly interesting information on the coating performance under
dynamic atmospheric conditions, which better reflect typical operating conditions.

• The corrosion of the steel substrate increased strongly during drying. It can be ex-
plained by the shortening of the oxygen diffusion path and the formation of a highly
concentrated electrolyte in coating defects.

• The protective ability of the coating increased with increasing thickness and the
addition of the inhibitor.

• The potential limitations of using the resistometric technique lie mainly in the need for
the efficient corrosion protection of the sensor reference track and electrical contacts.

The simple and straightforward operating principle and data interpretation, together
with the ability to produce sensors of different thicknesses combining different substrates
and coating systems, will allow for the future use of highly sensitive resistometric sensors
for laboratory testing and thick robust sensors for long-term industrial applications.
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