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Abstract: An important aspect regarding the sustainability of steel structures is to ensure the structure is protected from corrosion. A number of surface coatings are available 
that play an important role in protecting these structures. An important part of the management of these structures is reliable and regular inspection along with methods for 
early detection of corrosion processes. In this paper, a development and application of sensors for monitoring the steel coating degradation and corrosion damage to steel 
substrate are presented. An encapsulated corrosion kit with integrated EIS sensors and ER probes was developed. To test its efficiency, steel probes were coated with 
selected coatings in the laboratory and their performance was assessed under various aggressive atmospheres, including; salt, industrial and humid atmosphere. 
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1 INTRODUCTION 

Many of the bridges and viaducts on the Slovenian rail 
network are more than 150 years old. Whilst early 
structures were built of stone and masonry, the 
requirements for longer spans and increased ride quality 
led to the common use of steel structures [1].  

When unprotected, metals corrode while exposed to 
the atmosphere, with the rate of corrosion depending upon 
the type of metal, form of construction and physical and 
chemical composition of atmosphere. In general, corrosion 
rates increase as the temperature and humidity rise. The 
most problematic are areas with cyclic wetting and drying 
periods (night/morning condensation, drying over the day) 
and areas prone to prolonged condensation, for example 
structure in shaded areas. In addition, the presence of 
aggressive ions such are Cl– (commonly found near 
motorways) and SO4

2− (encountered in industrial areas) 
also accelerate corrosion processes, especially those of 
localized nature. The release of iron dust because of wear 
between rail brake-pads and discs [2, 3] results in a 
significant danger for corrosion of metal objects situated 
along the railway tracks. To mitigate these adverse effects 
the corrosion protection measures are applied, typically 
through the application of galvanic coatings and/or organic 
coatings using different types of paints [4]. Such 
anticorrosion protection does not provide protection over 
the entire service life, but usually for a period of 15 to 20 
years. After that time, protective coatings should be 
renewed. 

The rate of corrosion for protective coatings is in 
general predictable and well-understood. However, in 
certain circumstances, for example in crevices, corrosion 
can often initiate much earlier than is usually expected. 
Because such locations are difficult to access, even when 
regular visual inspections are performed, corrosion can be 
very widespread before it is noticed, leading to, in some 
cases safety critical conditions, and in others, repairs that 
could be significantly less costly if the problem had been 
noticed earlier.  

One solution to this problem is to undertake more 
comprehensive inspections with the increased frequency. 
The issue here is that trained and skilled inspectors are 
high-value asset for the infrastructure owner, in addition 

increased time on the track results in higher risks of 
incidents involving inspectors and delays to traffic.   

Modern railway systems tend to employ various 
monitoring techniques generally termed as structural 
health monitoring [5]. Various principles of detection are 
being used such as acoustics [6], IR thermography [7, 8], 
eddy currents [9] and various other, mainly MEMS-
technology based sensors where the wireless integration 
provides a complete framework [10-13]. Corrosion hazard 
represents only one, often underestimated, topic of 
structural health monitoring [14] and is often implemented 
in reinforced concrete structures [15-17]. While 
transducers for many quantities like temperature, strain, 
acceleration etc. are relatively mature, the transducers for 
detection and/or measurement of corrosion activity have 
seen their advancement and application only recently [18]. 
Out of several methods that provide information on 
corrosion rate only few can be applied for standalone, field 
use. So-called corrosion sensors that enable remote 
monitoring can be broadly divided into two groups 
depending on the technique they apply [19]. The first group 
employs various electrochemical methods, while the 
second group relies on the measurement of other physical 
quantities that can be related to the corrosion. Since the 
corrosion is a complex process and appears in various 
forms, a suitable sensor must be selected for each system, 
be it corrosion in the pipelines, corrosion of the 
reinforcement steel, corrosion of rail head surface or some 
other. In the current study, the long-term corrosion of 
substrate under the organic coating due to the coating 
degradation is investigated. Whilst many of the methods 
are suitable for laboratory use, the reliability of systems in 
harsh environments like railway networks is less certain. 

One of commonly used methods for studying coating 
degradation is the electrochemical impedance 
spectroscopy (EIS). EIS is a non-destructive 
electrochemical technique that can provide a range of 
information on the condition of coatings [20-22] including; 
the polarization resistance of the coated metal, the 
capacitive behaviour of organic coatings, water uptake into 
the coating etc. In a corrosive media, this method can 
provide information on polarization resistance, Rp of a 
certain material in a particular environment (steel in 
concrete, stainless steel in a strong acid, TiAlV alloy in 
simulated body fluid etc.). The impedance spectrum at the 
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potential of the open circuit potential or at potential of 
choice is collected by measuring impedances at several 
different frequencies. The impedance data can be presented 
in different forms, with Nyquist and Bode plot being the 
most commonly used form of graphical representation. The 
impedance data can be interpreted based on equivalent 
electrical circuits using fitting programs. Equivalent 
circuits represent the physical properties of the metal and 
its coating in the system. Different properties can be 
deduced from the EIS results such as the effective 
thickness of the film and the total overall polarization 
resistances (Rp) after different immersion times thus 
showing the extent of corrosion degradation of the coating 
and steel substrate. EIS offers broad information on the 
coating quality, however it requires two additional 
electrodes and dedicated electronics and is therefore 
mostly limited to the laboratory use. Several attempts have 
been to adapt it for the field use [23, 24] and also to 
decrease the cost of the electronics [25]. 

Electrical resistance (ER) probes were originally 
developed for monitoring corrosion of reinforcement steel 
in concrete structures. It was shown [26] that this is a 
reliable method for measuring the cumulative corrosion 
damage of steel in concrete. It enabled a good assessment 
of the average general corrosion rate that occurred over 
defined time intervals. However, the response of these 
probes to localized corrosion types and transient events 
was limited. ER probes have been applied also for 
measurement of atmospheric corrosion [27] and corrosion 
in neutral solutions while examining the protection by 
corrosion inhibitor or cathodic protection [28].  According 
to our literature survey this study is the first one 
investigating the application of ER probes for assessment 
of corrosion under the coating and correspondingly its 
degradation. ER probes are based on physical response to 
corrosion, and therefore they are not directly susceptible to 
variations of electrochemical parameters and changes in 
the electrolyte. The main advantage of this method in 
comparison to the conventional electrochemical sensor 
approach is that it does not need an electrolyte present for 
operation. However, this method cannot detect early stage 
of coating degradation, but only initiation and propagation 
of corrosion on the substrate. 

Within the European Commission FP7 SMARTRAIL 
project [29] a corrosion kit that combines EIS and ER 
sensors for monitoring of corrosion degradation of coating 
was developed. The design of the kit, its operation and also 
results of measurements in the laboratory are presented in 
this paper. 

2 EXPERIMENT (DESCRIPTION OF CORROSION KIT) 

The corrosion kit was specially designed for the 
measurement of the corrosion properties of coatings and 
corrosion on the steel substrate covered by a protective 
coating. This corrosion kit, Fig. 1, combines two different 
measurement systems; electrochemical impedance 
spectroscopy (EIS) and electrical resistance probes (ER). 
For each technique a special sensor is required with both 
methods enabling non-destructive measurement of 
different corrosion properties and processes. For the 
validation phase, three different types of coating were used. 
A primary coating (with a thickness of 80 µm), a primary 

plus intermediate coating (220 µm total thickness) and 
primary, intermediate and top coating together in one 
system (280µm total thickness) (Figs. 1 and 2). 

Figure 1 Schematic representation of the corrosion kit 

The primer is a two-part high-build epoxy paint 
containing zinc phosphate, its commercial name is Epolor 
Special B. The intermediate coating is a two-part, high-
build, high solids, modified epoxy paint with low level of 
solvents. It exhibits good penetration properties and is 
commercially available as Epolor HB. The top coating was 
a two-part, high-build polyurethane paint with the 
commercial name Bukolit Emajl HB B. All three paints are 
produced by Helios, Slovenia.  The paints used for the 
primer and intermediate layers have good mechanical, 
thermal and water (incl. salt water) resistance and also 
good resistance against caustics and organic solvents. They 
have medium resistance against acids and poor resistance 
against UV light. The applied top coating displays 
excellence in all the above mentioned properties, with the 
exception of its resistance against acids which is classified 
as medium. The selection of coatings is in agreement with 
the compatibility list provided by the producer in data 
sheets. 

Three identical kits were prepared and exposed to the 
three artificial atmospheres – one in a salt spray chamber 
(exposure according to the standard EN ISO 9227), one to 
a humid chamber (EN ISO 6270) and one was placed into 
an industrial – SO2 chamber (EN ISO 3231).  

Figure 2 Photo of corrosion kit after application of the coatings and before the 
start of laboratory exposures. 

In the laboratory the measurements of the EIS and ER 
probes, contained in the corrosion kit, were carried out 
periodically for up to 283 days in total.  

2.1 Electrochemical Impedance (EIS) 

In order to obtain measurements using this method it 
was necessary to temporarily remove the corrosion kit from 
the chamber where it was exposed. Before each 
measurement, the corrosion sensors (working electrode) 
were immersed for 1 hour into the testing solution of 0.1M 
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NaCl (in the case of kits exposed into salt spray chamber) 
or 0.1M NaHCO3 solution (kits exposed into humid or 
industrial chamber) to achieve steady state conditions in 
the electrolyte. Impedance spectra were obtained within 
the frequency range 100 kHz - 10 mHz while the amplitude 
of the excitation signal was 20 mV RMS. All 
measurements were performed by using calomel electrode 
(E = 0.245 V vs. standard hydrogen electrode) as a 
reference. 

2.2 Electrical Resistance Probes (ER) 

Electrical resistance (ER) probes were constructed 
from 4 resistors made with the printed circuit board etching 
technique (PCB) using a 240 µm thick carbon steel plate. 
The width of the long electrical leads serving as the 
resistors is about 0.5 mm. The nominal steel surface area 
of one sensor element is 3.85 cm2. These resistors were 
placed as a Wheatstone bridge, Fig. 3.  Two of the resistors 
formed the reference and protected against corrosion with 
another semi-transparent glass-fibre resin plate and glued 
with the transparent epoxy resin. The other two were 
unprotected and coated only with the coating to be 
investigated. Since these two resistor elements were 
exposed to corrosion, the nominal surface area of the 
corroding section was 7.7 cm2.  

Figure 3 Scheme of Wheatstone bridge in an electrical resistance (ER) sensor. 
R denotes reference resistors, while Rx denotes resistors that change due to the 

corrosion process. 

3 MONITORING RESULTS AND DISCUSSION 
3.1 Results of Visual Examinations during and after 

Exposures in Environmental Chambers 

The most aggressive atmosphere to which the 
measurement kits were exposed was the industrial (SO2) 
atmosphere, followed by the salt spray and the humid 
atmosphere. The measurement kits were exposed in the 
chambers for 289 days (6936 hours) in total. The results of 
visual examination revealing the first signs of corrosion on 
different coatings and in different atmospheres (chambers) 
are presented in Tab. 1. 

From Tab. 1, it can be observed that for the salt spray 
chamber, corrosion was detected for the primary coating 
and primary + intermediate coating and no corrosion was 
measured for the primary, intermediate and top coating 
case. For the industrial atmosphere, only the primary 
coating developed corrosion during the experiment. For the 
humid atmosphere, none of the coatings developed visible 
corrosion during the test period. 

Table 1 Exposure time when the first signs of corrosion under coating were 
visually observed 

Coating system / 
Atmosphere 

Salt spray 
chamber 

Humid 
chamber 

Industrial (SO2) 
chamber 

Primary coating after 27 h no corrosion 
detected 

after 25 cycles = 
600 h 

Primary + 
intermediate coating after 2136 h no corrosion

detected 
no corrosion 

detected 
Primary + 

intermediate + 
top coating 

no corrosion 
detected 

no corrosion 
detected 

no corrosion 
detected 

Table 2 The development of corrosion versus time on samples with primary coatings in the salt spray chamber 
27 h 75 h 456 h 2856 h 

Table 3 The development of corrosion versus time on samples exposed in the industrial chamber 
600 h 864 h 1704 h 2184 h 
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Deterioration of the primary coating was evident in the 
two harshest environmental chambers (i.e. the salt spray 
and industrial chamber) and more evident on EIS sensors 
than on ER sensors. Namely, EIS sensors differ 
significantly from ER sensors in construction, and 
consequently also on adhesion of organic coating. In our 
opinion, this is the most important reason for different 
corrosion appearance under the coating. 

In Tabs. 2 and 3 images of the development of 
corrosion with time of exposure for the primary coating on 
samples exposed in the salt spray and industrial chamber 
are shown. 

In Tab. 4 photos of the development of corrosion with 
time on samples with primary and intermediate coatings 
exposed in the salt spray chamber are shown. No corrosion 

was observed on any of exposed coated sensors in humid 
chamber.  

Table 4 Corrosion development with time for samples with primary and 
intermediate coatings exposed in the salt spray chamber 

2136 h 2856 h 

Figure 4 Results of EIS measurement of primary coating in salt spray chamber at different exposure times 

3.2 Results of EIS Measurement 

The EIS sensors enable the user to monitor changes of 
the coating properties as the change of the impedance 
response versus time. Reductions in impedance are 
indicative of degradation in the coating. In addition, the 
difference in performance of the different protective 
systems can be compared by absolute impedance values 
obtained under the same conditions. 

In Figure 4, the impedance responses for primary 
coatings tested in the salt spray chamber are presented. The 
measurements enable the condition of the coating to be 
tracked versus time. The impedance is plotted on the 
Nyquist diagrams (Fig. 4a) and on Bode plots (Fig. 4b and 
4c). From both plots it can be observed that the primary 
coating decayed with time, as observed by lowering 
impedance response in Nyquist diagram and by lowering 
the impedance magnitude at lower measured frequency in 
Bode plots, similar observations can be found in Tab. 5 
where the values of polarization resistances, gained from 
the fitting of the spectra, are presented. Also, in Tab. 5, the 
slow decay of intermediate and top coating is observed. 

Similar results of measurements were observed during 
the exposure of sensors in industrial chamber. 

Fig. 5 shows the state of the coatings after exposure in 
salt spray chamber for nine months. The impedance 
response is the lowest for the primary coating and the 
highest for the system primary + intermediate coating.  

The polarization resistance values, Rp after nine 
months of exposure in the salt spray chamber were: 
0.00262 MΩ/cm2 for primary, 5.734 MΩ/cm2 for 
intermediate and 1.74 MΩ/cm2 for the top coating. The 
values of polarization resistance show the corrosion 
resistivity properties. The lower the value is, the higher the 
corrosion experienced [30]. Impedance results for sensors 
with different protections in the salt spray chamber after 
exposure for nine months show that basic protection with 
primary coating failed, whereas the intermediate and top 
coatings show relatively good anticorrosion properties as 
observed from the impedance response in Nyquist diagram 
(Fig. 5a) and from total impedance at lowest measured 
frequency in the Bode diagrams (Fig. 5b and 5c). 
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Figure 5 Results of EIS measurements in salt spray chamber after 289 days (6936 h) of exposure (approx. 9 months) 

 
Impedance measurements thus allow the "corrosion 

state" of the coatings which in general and as expected 
slowly decay with time, to be monitored. The slowest 
decay rate is observed for the intermediate coating in the 
salt spray chamber and the most rapid decay is observed 
for the primary coating (Tab. 5). The reason that the top 
coating performed somewhat inferior in comparison to the 
intermediate coating could be due to minor problems in 
quality controlled related to the application of the   top 
coating. 

 
Table 5 Polarization resistance values for different coatings from salt spray 

chamber at different exposure times 
MΩ cm2 Initial 240 h 600 h 3384 h 6936 h 

Primary coating 1620 2.23 0.063 0.0056 0.0026 
Intermediate 3280 75.1 34.4 13.5 5.73 
Top coating 31510 26.9 19.5 5.56 1.74 
 
Scully [30] demonstrated that, in the case of lowest 

observed frequency, absolute impedance can be correlated 
to the polarization resistance, Rp, of the observed alloy in a 
conductive solution. Fig. 6 presents corrosion rate CR, in 
μm/year, calculated by using Faraday’s law [31] by the 
following formula: 
 

corr3 27 ,
j WCR .
d n

=                                                                            (1) 

 
where jcorr is the corrosion current density in µA/cm2, d the 
density in g/cm3, W the atomic weight (dimensionless) and 
n the number of electrons required to oxidize an atom. For 
steel, the density and atomic weights are d = 7.87 g/cm3 
and 55.8, respectively and n = 2.  

The corrosion current density, jcorr, in A cm–2 was 
calculated from the Stern-Geary equation [32] 
 

corr
p

,Bj
R A

=
⋅

                                                                           (2) 

 

where B is the Stern-Geary coefficient in V, Rp polarization 
resistance in Ω and A is surface of exposed metal in cm2 
(2.75 cm2). Corrosion current density is calculated using 
the Rp values first (in Ω) and a B-value of 26 mV [19]. 

 

 
Figure 6 Corrosion rates (in logarithmic scale) obtained from EIS measurements 

on sensors covered by three types of coatings in salt spray (blue lines), humid 
(red lines) and industrial chamber (green lines) 

 
From the results, presented in Fig. 6, it can be observed 

that corrosion rate increased largely on primary coatings. It 
is the greatest for the primary coating, exposed to salt and 
industrial chamber, but smaller for the primary coating 
exposed to humidity chamber. 

Intermediate coatings show the highest corrosion rate 
in humidity chamber and smaller corrosion rate in salt and 
industrial chambers.  Similar observations were found for 
the top coatings. The overall corrosion rate is smaller than 
for primary coating, but the corrosion rate is the highest in 
humidity chamber, following with salt spray and industrial 
chamber. 
 
3.3 Results of Measurement on ER probes 

 
Coatings of ER probes were not degraded so severely 

as coating of EIS sensors. Reasons for that are described in 
3.1. Consequently, corrosion of steel substrate of ER 
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probes was not so pronounced as it was the case with steel 
substrate of EIS sensors. Thickness reductions of ER 
sensors are presented in Fig. 7, and the surface images of 
the most destroyed coatings of ER sensors in Tab. 6. Early 
failures of ER sensors, covered by primary and primary + 
intermediate coating which were exposed to industrial 
chamber with addition of aggressive SO4

2−, are a 
consequence of corrosion between glass-fiber resin plate 
and steel substrate of reference resistor of ER sensor (see 
Fig. 8).  

However, from Fig. 7 the reduction of thickness of 
sensor covered by primary coating and the one exposed to 
salt spray chamber can be clearly seen. The reduction of 
the thickness is approximately 10 µm in 9 months. Change 
of the thickness of other sensors was negligible.  

 
 
 
 

 
Figure 7 Measurements of ER sensors thickness reduction in different 

environmental chambers  
 

Table 6 Surface condition of the most destroyed coatings of ER sensors exposed to salt spray chamber for 456, 1056 and 2856 hours 
456 h 1056 h 2856 h 

   
 

 
Figure 8 Corrosion between laminate (yellow) and steel substrate of ER sensor 

exposed to the industrial chamber (after 2280 hours) – left part of the sensor 
 

Corrosion of steel under the coating is a slow process, 
since the protective coating must first collapse; only then 
the corrosion of steel starts. Nevertheless, ER probes 
provide relevant and accurate method for detection of the 
initiation as well as propagation of corrosion under coating 
on steel surfaces. The use of this method is particularly 
well suited to inaccessible places and locations which are 
the weakest from the point of view of corrosion (for 
example dead angles, crevices, etc.). 
 
4 CONCLUSION 

 
Measurement kit with sensors for monitoring of 

electrochemical impedance and corrosion rate by ER 
probes was constructed in order to enable on-site 
monitoring of corrosion degradation of steel under 
coatings. Several exposures simulating different real 

environments were carried out in laboratory to study 
reliability of such monitoring. On the other hand, these 
studies were used also to recognize disadvantages of such 
system. 

From the laboratory exposure the following 
conclusions can be drawn: 
• EIS as a monitoring technique is efficient tool to 

monitor protection ability of the system under 
investigation.  

• However, conventional measurement of EIS on 
constructed corrosion kit is not possible without using 
of electrolyte and conventional reference electrode. 

• At the moment, EIS for this corrosion kit can be 
measured only in a configuration as in the laboratory. 

• However, it was shown, that monitoring of corrosion 
rate by ER probes is a very reliable and sensitive 
method which enables early detection of corrosion 
initiation.  

• In addition, ER method is very suitable for monitoring 
of corrosion processes in real environment. Sensors 
can be equipped by data-loggers to aggregate data 
remotely.  
 
In the case of work within SmartRail project, 

unexpected failure of sensors exposed to aggressive 
industrial environment was observed where failure of 
reference part of sensor occurred due to technology of 
protection of this reference part of sensors. The team is 
looking forward to find appropriate solution to avoid this 
type of failures (better materials for sensors production, 
design improvement) in the future and also searching for 
solution to simplify EIS measurements on real objects. 
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