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Abstract

The aim of the study was to exemplify the benefits of using electrochemical impedance
spectroscopy (EIS) for quantification of coating quality during accelerated corrosion testing. The
study included an innovative application of the commercial flexible gel electrodes in a two-
electrode setup for following the impedance of the two high-durability offshore coating systems
exposed to 1440 h of neutral salt spray (NSS) according to EN I1SO 9227. The results were
compared to those of the EIS measurements during 8000 h long exposure to a liquid electrolyte in
a press-on cell according to the established EN 1SO 16773 method. Complementary methods of
differential scanning calorimetry, Fourier transform infrared spectroscopy and thermogravimetric
analysis have been used for surface, interface and depth profiling of coating characteristics that
were commented with respect to the EIS results.

EIS has been found to give sound quantitative results for coating impedance and a good estimation
of long term coating behaviour within the first 100 h of accelerated exposure. It can be considered

a promising tool for the early detection of coating damage during weathering tests.

Keywords: durability of coatings; EIS; salt spray chamber; organic coatings degradation
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1. Introduction

At present, epoxy and polyurethane coatings are the predominant types of coatings used in the
offshore industry. Since offshore construction coatings face outdoor exposure continuously
throughout their service life, which includes high relative humidity, rain, a saline corrosive
atmosphere and high UV radiation, their lifetime is shortened. The expected lifetime for an offshore
construction is 20 years or more and high-performance coatings are required for this application to
avoid excessive and expensive maintenance operations and the loss of revenue.* An anticorrosive
coating system usually consists of multiple layers of different coatings with different properties
and purpose. A typical anticorrosive system for highly corrosive marine environments usually
consists of a primer, one or several intermediate coats, and a top coat. The function of the primer
is to protect the substrate from corrosion and to ensure good adhesion to the substrate. The function
of the intermediate coat is to build up the thickness of the coating system and impede the transport
of aggressive species to the substrate surface. The topcoat is exposed to the external environment
and must provide the surface with the required colour and gloss. The overall system is characterized
by high electrical resistance and low capacitance which may quickly and easily be quantitatively
measured, especially, after the development of advanced EIS instruments having: pA current
measurement range, high input impedance up to 1 TQ, variable gain amplifiers, variable filters
input front-ends and a floating ground. 23

Over the last few decades, electrochemical methods have found widespread use for
characterization of anticorrosive coatings and have been commonly employed to assess the
performance and durability of anticorrosive coatings in the laboratory.* By making periodic EIS
measurements during the exposure to the corrosive environment, the level of coating damage can
be estimated. EIS is a non-destructive measurement that may be used to track the condition of a
coated metal sample as it changes.® Equivalent circuit models using passive electrical engineering
and physics circuit elements have commonly been used to help interpret EIS studies of coating
systems. Data analysis procedures need to use non-linear, complex least squares fitting algorithm
program of these equivalent electrical circuits (EEC) models to the EIS data.® EEC is commonly
used to interpret EIS studies of coating systems, but in some cases, calculated data from EEC
models are not completely comparable with experimental data, moreover finding an exact matched

model is quite difficult. The performance of the coating is evaluated according to the magnitude of
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the parameters in the equivalent circuit and their changes with exposure time.”2° Other approaches
such as minimum phase angle and its frequency, frequency breakpoint, the impedance at low
frequency, the changing rate of impedance and phase angle at high frequencies have been used by
some researchers to avoid these problems.*! It is accepted among researchers that the initial step in
the degradation process is the loss of dielectric properties of the polymer resulting from water
ingress into the coating film. The relation between the initial and final coating capacitance may be
an appropriate parameter by which to rank coating lifetime.!> Also, low frequency coating
resistance is taken as an indicator of coating quality.”® Excellent coatings have resistance values
108 - 10'2 Qcm? and poor corrosion protection properties are exhibited when resistance intensity
drops below 10° Qcm2.™® The appearance of coating defects is observed when coating impedance
value falls below 10° Qcm?* Impedance greater or equal to 10° Q corresponds to excellent
protecting properties of coatings which provide almost purely capacitive behaviour over long
exposure periods.*®

The coatings industry also applies spectroscopic and thermal analysis methods that allow the
assessment of coating characteristics before and after their exposure to a wide variety of service
conditions. Fourier transform infrared (FTIR) spectroscopy is of non-destructive nature and it is
used for the rapid detection of ageing processes and the wear of material and coatings, as well as
for determining the interaction between substrate and coatings. This technique is used to provide
the information of chemical structure characteristics of the coatings on metals.® With this method,
the performance of coating systems can be estimated in a short test period.” The most important
of these techniques include attenuated total reflectance (ATR). In this technique, the sample is
placed in contact with the surface of an IR radiation absorbing material with a high refraction index
(ATR crystal) and can be considered a surface analysis. A part of the radiation beam penetrates the
sample and one part is reflected from the upper layers of coatings.*® A significant limitation of this
technique is that it needs excellent contact between the sample and the ATR crystal since deficient
contacts drastically decrease the signal-to-noise relation and consequently the quality of the IR
spectra obtained. This method has a significant disadvantage in the case of heterogeneous surfaces,
as it happens with many coatings. Also, weakly transparent and highly pigmented coatings are
hardly analysed by this technique.*®?° In the study of corrosion protection of polymer coatings, in-

situ AFM measurement enables direct and real time monitoring of the change of surface layer.?
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To obtain the information about the chemical and physical modification of the whole coating
volume, the measurement of the glass transition temperature (Tg) using differential scanning
calorimetry (DSC) can be useful.’® Below Tg, the polymer chains of amorphous polymers are
frozen into place by structural and kinetic effects to yield a rigid glassy state that drastically affects
the mechanical, electrical, and transport properties of the polymers. Above Tg, the polymer goes
into a rubbery state with an increase in molecular mobility and free volume. The transport
properties of polymer-based coatings undergo a sharp increase at Tg, including the diffusion of
permeants and coating conductivity. The last two specific transport properties are of much interest
in the studies of the corrosion protective properties of organic coatings and their durability under
conditions of use. The ingress of corrosive species must occur through the coating and along the
metal/coating interface.?? Modifying chemical bonds causes changes in the polymer matrix Tg
value during long-term exposure to poor atmospheric conditions.*® TGA is used for determining
thermal and oxidative stability of materials as well as for compositional analysis of different
materials and it is an excellent complement to the DSC method.?®

EIS is a very sensitive method that can generate quantitative data that relates to barrier
properties of a coating on a metal substrate and can indicate changes in the coating long before any
visible damage commences.>?* Contrarily, a currently employed method to assess offshore coating
quality relies on long-term cyclic exposure in a climatic chamber until visible signs of coating
degradation appear. Moreover, the 2017 edition of EN ISO 12944-6 standard redefines coating
durability classes and suggests the application of cyclic accelerated corrosion tests for C4 of high
and very high durability and C5 coating systems of high and very high durability. Due to the long
duration of 4200 h and a high cost of such tests, it is of great technical importance to investigate
quantification of the coating quality by EIS with the prospects of early detection of coating
degradation during accelerated testing as well as during exposure to service conditions.

In the present study, two coating systems consisting of zinc epoxy primer and two epoxy coats
one with, and the other without the polyurethane topcoat, have been investigated. The focus of the
investigation was on early detection of coating degradation during exposure to neutral salt spray
(NSS) done according to the EN 1SO 9227 standard and corresponding to the requirement for C5
and CX categories as defined by ISO 12944-6. EIS has been measured periodically during the NSS
test by shortly stopping the exposure to salt mist and performing measurements with the flexible

gel electrodes which enabled capturing of the momentary coating state.>*2°27 For comparison,
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measurements have also been done by EIS according to EN ISO 16773 standard and by FTIR, DSC
and TGA methods.

2. Experimental

2.1 Material and preparation

Carbon steel sheets with dimensions of (100 x 150 x 10 mm) were used as a metallic substrate. The
samples were sand-blasted to Sa 2.5 (according to EN ISO 8501-1) and the surface was cleaned
from visible oil and dirt. Two coating system denoted as System A and System B have been applied
to the carbon steel panels by the air spraying technique. Specification of the selected coating
systems is shown in Table 1. The minimum number of layers and the nominal film thickness of
each coating is determined according to the type of coating materials, the corrosivity category and
the required durability. System A corresponded to the System No. C5.7, for corrosivity category
C5, with a lifetime of 15 to 25 years and a nominal dry film thickness (NDFT) > 260 um according
to ISO 12944-5. System B corresponded to the System No. C5.8, for the extreme corrosivity
category CX (Offshore) with a lifetime of range more than 25 years and an NDFT > 320 um. The

coatings consisted of two components, a resin and a hardener component.

Table 1. Specifications for the investigated commercial coating systems

Coating Number  Coating type Cumulative Base Solid(s) %
system of layers thickness (um) polymer by weight
System A 2 Basecoat 270 Zinc rich 50
Intermediate coat Epoxy
SystemB 3 Basecoat 460 Zinc rich 36
Intermediate coat Epoxy
Topcoat Polyurethane

2.2. Instrumentation

2.2.1. Electrochemical impedance spectroscopy (EIS) measurements
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EIS measurements started two months after the application of the coating which allowed
for proper drying. EIS measurements were carried out at the open circuit potential (OCP) with a
DC potential amplitude of 10 mV in the frequency range of 10* Hz to 10 Hz. The coated steel
panels were put into a Faraday cage which eliminated external electromagnetic noise during the
EIS testing. The three-electrode cell constructed according to EN 1SO 16773 consists of an inert
cylinder, which is attached to the coating surface and filled with electrolyte. A stainless-steel mesh
serves as the counter electrode (CE) and the metal substrate is the working electrode (WE). The
counter electrode has a circular hole in the middle where the calomel reference electrode (SCE) is
protruding.?® A two gel-electrode system consists of a pair low-cost, commercial polymeric gel
electrodes placed in parallel at the surface of the metal.?>3! One electrode is connected to the
working electrode input of the potentiostat and the other to the reference and counter electrode
input. Schematic setup of the measurement cells is shown in Figure 1. Details of the Recorr CQC
customized instrumental setup that has been developed in our laboratory were presented
previously.®? Calibration of the setup has been done according to EN 1SO 16773-3, on a high-
impedance dummy cell mimicking the coating. The EIS data is analysed based on the low
frequency impedance at 0.1 Hz and the shape of the Bode plot curves. The performance of the
coating is evaluated according to the magnitude of impedance and its change with the exposure

time.33:89

Reference clectrode - Counter electrode

-J
om0 P e

L Metal |

Figure 1. a) a three-electrode cell constructed according to EN ISO 16733 and b) a two-electrode

setup.®?
For the three-electrode system the exposed coated sample area was 28,27 cm? and for the

two-electrode system, the area was 32 cm?. Coating degradation was induced in two ways: by

exposure to liquid 3,5% sodium chloride (NaCl) at room temperature (21°C) for 8000 h in a test
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conducted according to EN 1SO 16772 and by exposure to NSS of 5 % NaCl at 35°C according to
EN I1SO 9227 for 1440 h. In both cases measurements were carried out in time intervals that enabled

capturing of the significant changes in the extent of coating degradation.

2.2.2. Fourier transform-infrared spectroscopy (FTIR) measurements

Chemical changes were measured with attenuated Total Reflection - Fourier Transform
Infrared (ATR - FTIR) spectroscopy method before and after exposure of the samples to external
conditions. PerkinEImer spectrometer Spectrum One, USA connected to a computer program
interface for capturing the sample spectrum has been used. The sample was placed in contact with
a crystal of ATR, absorptive of the near infra-red radiation (IV) and of high refractive index, where
part of the radiation penetrated in the sample and part was reflected.?’ The spectrum ranged from
400 to 4000 cm™ and each spectrum was an average of ten scans with a resolution of 4 cm™. This
technique is highly sensitive to surface properties and conditions. High sensitivity to changes at the
surface is particularly good for characterization of coating degradation due to weather conditions.
The preferred format for presenting spectral data is transmittance format, which is the default
output of most instruments and allows the best dynamic range for both weak and intense bands.3*
After scanning samples with the ATR - FTIR method, we prepared pellets of each coating systems
and subjected them to FTIR measurements. The detector on ATR -FTIR has a limitation of the
measurement range from 4000 to 650 cm™ and part of the spectrum between 650 and 200 cm™ is
lost. Measurements of the pellets were therefore also done in a spectral range from 4000 to 350
cm™. 3 mg of scraped powder from the surface of each coated sample was mixed into 350 mg of
spectroscopically pure KBr. The mixture was milled in agate mortar until we obtained a fine and
very homogeneous mixture. Samples with KBr were then hydraulically pressed into a 13 mm
stainless steel mold. The preparation of pellets was in accordance with the standard ASTM
E1252:2007.%

2.2.3. Thermogravimetric analysis (TGA) measurements

Thermal stability of each coating system was investigated using Q500 (TA instruments)

with auto sampler controlled by TA Universal Analysis software. The films were applied on a
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plastic foil with an applicator in range 0.16 - 0.25 mm and dried at room temperature for 72 h. The
experiments were performed in nitrogen atmosphere (flow of 40 — 60 ml min') at a heating rate of
10 °C min over the temperature range of 1000 °C.

2.2.4. Differential scanning calorimetry (DSC)

DSC is a thermal analysis technique commonly used to determine parameters such as glass
transition temperatures (Tg), melting points (mg) and heat capacities of materials.® T4 of samples
was measured by DSC before and after exposure to the salt spray chamber. The measurements
were carried out on Mettler Toledo DSC 823 controller at a scan rate of 20 °C min™ over the
temperature range from 0 to 90°C in two heating cycles under a nitrogen atmosphere with a
constant flow of 60 mL min. All samples (10 mg + 3 mg) were weighed and sealed in a hermetic

aluminium pan with lids. The measurement was conducted according to the EN 1SO 11357.

3. Results and discussion
3.1. EIS Results

Measurements of impedance obtained by the two flexible electrodes setup are shown in Figure
2 for systems A and B. Bode plots of the intact coating show its excellent protective action, i.e. the
low-frequency impedance greater than 1.0 x 1011 Q. Measurements of impedance obtained by the
three electrodes setup in a cell filled with 3.5% NaCl are shown in Figure 3. The initial
measurements were done after 2.5 h of exposure and the measured Bode curves show the low-
frequency impedance value is already below 1.0 x 10'° Q, which is significantly lower than the
impedance of the intact coating.

Low-frequency impedance read at 0.1 Hz and normalized by the electrode area is shown as a
function of exposure time for coating systems A and B in Figure 3, for the NSS and 3.5% NaCl
tests. It is evident that the low-frequency impedance value in all cases drops sharply during the first
100 h of exposure. For system A, in both tests, the final impedance falls to the values around 10’
Q cm?, although initially being by almost an order of magnitude lower for the NSS test. This would
imply that more severe corrosive conditions are attained during the NSS test than during immersion

in 3.5 % NaCl when it comes to epoxy coating. Deflorian et al. compared the results obtained by
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EIS and salt spray, have visually observed that the samples were nearly intact after more than three
months of immersion but had many blisters on the coating after only a few weeks of salt spray
exposure.®

System A is made up of zinc rich basecoat and an epoxy topcoat applied at a thickness of 270
um. Hence, the drop in low-frequency impedance is larger for system A than for the System B that
has an extra layer of polyurethane and a total thickness of 460 pm.

For system B, in both tests, the final impedance falls to values around 10'° Q cm?, although
initially being by about half an order of magnitude higher for the NSS test. This would imply that
more severe corrosive conditions are attained during the 3.5 % NaCl immersion test than during
the NSS test when it comes to polyurethane coating. This is in concordance with the well-known,
superior performance of epoxy coatings over the polyurethane coatings under immersion
conditions.*

The oscillatory behaviour of impedance during the EIS tests has been observed previously and
might be explained by pore blockage by corrosion products and the random formation of
macroscopic perforations in the coating.®” Although the authors refer to the observed oscillations
as a drawback of the EIS method and its failure to give reproducible results, it should be noted that
the result in fact shows the ability of EIS to authentically reflect the true state of the coating. The
oscillatory effect is more pronounced for the lower quality coating and for the NSS exposure.
Nevertheless, the average impedance of each system can readily be deduced from the plots and
rating of the coating quality can be done with reasonable confidence. According to the literature
criteria based on the impedance at 0.1 Hz,*® system B may be rated as excellent and system A as
fair.

Besides the quantitative rating of the coating quality, much can also be deduced from the shape
of the Bode plots.*® Fitting of the results to equivalent circuits is not considered in the present study
because: (i) fitting is unreliable or even impossible for data recorded down to the frequency of only
1072 Hz, that is usually set in order to quicken the measurements and (ii) fitting is questionable if
done by the laboratory personal unacquainted with EIS. To simplify conclusions and explicate the
potential for widespread use of the suggested method, the shape of the Bode curves is explained.

It is widely accepted that the EIS spectrum of an efficient protective coating can be presented
by a simple model of capacitance in a parallel to a resistance.*° High-frequency impedance response

for the intact coating is a straight line with the unit negative slope and the phase angle close to -
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90°, as seen from Figure 2 a) and Figure 3 a). Such a dependency is characteristic of almost pure
capacitive behaviour. It is well known that, during exposure to an electrolyte, the coating first
shows deviation from the capacitive behaviour.** An increase of the phase angle slope from -1 to
higher values in the high-frequency region signifies frequency dispersion that requires the
substitution of pure capacitance for the CPE element in the coating equivalent circuit. CPE
probably reflects water ingress within the polymer matrix causing a variety of RC combinations in
parallel forming a distributed equivalent circuit.*2

Corrosion initiation at the substrate causes a second time constant appearance at frequencies
below 1 Hz.*® The low frequency response depends on the rate of the charge transfer reaction at the
base of polymer defects and below the delaminated coating. The nested low-frequency equivalent
circuit is comprised of a double layer capacitance and a polarization resistance. When diffusion
effects in the coating pores are present, the Warburg element is added in series with the charge
transfer resistance.

In the case of system A, the two time constant are clearly visible even for the 100 h of exposure
to NSS. In the case of system B, a mild indication of the low-frequency time constant that almost
completely overlaps with the high-frequency one is observed. Narrowing of the capacitive region,
depression of the phase angle and deflection of the impedance slope from -1 are more pronounced
for the system A.

For the 3.5% NaCl immersion tests, system A shows poorly resolved low-frequency time
constant only for the longest time of exposure confirming the previously mentioned good protective
properties of the epoxy coating under immersion conditions. System B again shows overlapping
time constants but retains higher phase angle values than in the NSS experiment.

Photographs of both systems prior to exposure and after the NSS and 3,5% NaCl tests are
shown in Figure 5. No apparent coating defects are visible. System B shows mild browning of the
surface colour after the NSS test that may indicate substrate corrosion and corresponds to the
pronounced low-frequency time constant observed for this coating. A conclusion about the
comparable protective ability of the coatings might be drawn from the visual assessment of the
coated specimen after the NSS and 3.5% NacCl tests. It is now obvious why the coating tests for
high and very high durability coating systems given in the new edition of the EN ISO 12944-6

standard suggest gradual transfer from the NSS test to the considerably longer and more expensive
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295  cyclic exposure tests that would probably inflict visible difference among the coating systems
296 intended for heavy-duty service conditions.
a) 1e+12 b) 1e+12
1e+11 b NSS TEST - SYSTEMA 1e+11 b NSS TEST - SYSTEM B
—0—0h —0—0h
C te+1o} %00 G fe+10y Lo
2 tes | il B tes9 |
3 3
é 1e+8 | g 1e+8 |
g 1e+7 | g 1e+7
% 1e+6 k B tet6 |
Q. Q.
£ 1e+5 E 1e+5 |
1e+4 E 1e+4 |
1e+3 L . L . i : 1e+3 : . 4 L L L
0.001 0.01 0.1 1 10 100 1000 10000 0.001 0.01 0.1 1 10 100 1000 10000
Frequency / Hz Frequency / Hz
C) 100 d) 100
NSS TEST - SYSTEM A
80F —o0—o0h b
—e— 100 h
—v— 1000 h
= —A— 1440 h o eof
o 60f <@
2 2
© @ 70r
@ W )
& 40 poxtxl @
c = NSS TEST - SYSTEM B
o o 6of
—0—0h
—e— 100 h
20 sl —v— 1000 h
—A— 1440 h
0 ; L . A - : 40 L . 5 . .
0.001 0.01 0.1 1 10 100 1000 10000 0.001 0.01 0.1 1 10 100 1000 10000
297 Frequency / Hz Frequency / Hz
298  Figure 2. Bode plots of a) and c) system A samples and b) and d) of system B samples exposed to
299  NSS according to EN ISO 9227 and measured by flexible electrodes in a two-electrode setup.
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Figure 3. Bode plots of a) and c) system A samples and b) and d) of system B samples exposed to
3.5 % in a three-electrode cell constructed according to EN 1SO 16733.
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Figure 4. Low-frequency impedance read at 0.1 Hz as a function of exposure time for coating
systems A and B during exposure to 3,5 % NaCl in the EN ISO 16773 test to NSS during the EN

1SO 9227 test.
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Figure 5. Photographs of specimens coating systems A and B before exposure, after exposure

NSS and after exposure 3,5 wt% NaCl solution.
3.2. Characterization of coating system by FTIR

Figures 6 and 7 show the spectra for system A and B, respectively, before and after exposure
to NSS and 3.5% NacCl tests. Spectra were obtained in two ways, by the ATR FTIR method and
from KBr pellets containing scraped powder form the sample surface. It can be concluded that the
spectrum shown in Figure 6 corresponds to epoxy resin bisphenol A with specific peaks at 827 cm”

1-1245 cmt; 1509 cm™.* The spectra in Figure 7 correspond to polyurethane resin.*
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Figure 6. Spectra for system A before and after exposure to NSS and 3.5% NacCl tests obtained a)
by the ATR FTIR method and b) from KBr pellets containing the scraped powder form the sample

surface.

No clear conclusion about the difference in the state of the coatings before and after
exposure can be deduced from the fingerprint region in Figures 6 and 7. The locations, the width
and the intensity of the peaks of the investigated organic coatings do not change significantly after
exposure which demonstrates a lack of degradation. No peaks corresponding to corrosion products
are observed. New absorption peaks did not appear, except in the case of the system B exposed to
3.5% NaCl which shows a new peak at 2345 cm™ corresponding to CO2.%

It has been observed that when chemical bonds in the polyurethane coating are fractured
under UV irradiation free radicals are generated, releasing CO2.* Since the sample has not been
exposed to UV irradiation, the appearance of CO: is probably due to the reaction of unreacted
isocyanate with the water from the salt cabinet. The fact that CO: is observed only in the scraped
powder indicates its residence within the polymer matrix.

S. Rashtchi et al. state that the spectral region between 3400 cm™ and 3700 cm™ is the best

indicator of the moisture presence.*® KBr pellets’ peak at 3440 cm™ as well as the less resolved
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peaks between 1634 and 1639 cm™ for both coating systems, denote the presence of water and
indicate (-OH) stretching and scissors vibrations of the bonded water molecules, respectively.
Higher absorption of moisture may be seen in the case of KBr pellets than in the case of ATR
method because KBr easily absorbs water. Contrarily, ATR-FTIR measurements indicate a small
amount of water in all the samples. It should be noted that after the NSS and 3.5% NaCl
experiments the samples were left for 3 months at room temperature and humidity, which allowed

them to dry.*’
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Figure 7. Spectra for system B before and after exposure to NSS and 3.5% NaCl tests obtained a)
by the ATR FTIR method and b) from KBr pellets containing the scraped powder form the

sample surface.

3.3. Characterization of coating system by DSC and TGA

Glass transition temperature for coating systems A and B before and after exposure to NSS
in the EN 1SO 9227 test and to 3,5 % NaCl in the EN 1SO 16773 test is presented in Figure 8. Two
glass transition temperatures denoted as Tgni and Tgio have been measured for all the coatings
indicating a biphasic system that could be related to the homogeneity of water distribution in the

polymer.*8
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For system A no significant change before and after exposure could be observed. The
difference in Ty prior and after exposure barely exceeds the measurements uncertainty of DSC that
may be taken as equal to 3 °C. DSC experiments were done on the same samples as FTIR.
Apparently, after the 3 months drying period, the final state of the System A samples closely
resembled the initial state showing that no irreversible changes have occurred within the polymer.#’

In the case of System B, a slight negative change is observed for Tgni after the 3.5% NaCl
test along with a moderate increase of all the other T4. The increase in Tq value may be explained
by the water ingress into the polymer network and secondary cross-linking through formation of
multiple hydrogen bonds between water and polymer.*°

Tgio IS probably related to the water residing in the polymer free volume initially and after
exposure and subsequent drying.*® The difference in T4 between the phases of about 20 °C is
consistent with this assumption.?>>® According to Del Grosso the water in the intact coating can be
detected with TGA at 110 °C.>! TGA curves of the intact epoxy and polyurethane coatings are
shown in Figure 8 b. A weight losses of 1.62% for epoxy and 1.30%, for polyurethane,

corresponding to the water content were recorded when temperature reached 1100 °C.
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Figure 8. a) glass transition temperatures for coating systems A and B before and after exposure to
NSS in the EN ISO 9227 test and to 3,5 % NaCl in the EN ISO 16773 test and b) TGA curves of
intact epoxy and polyurethane coatings.
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Full degradation occurred beyond 900°C leaving the residues of various weight loss
percentages at the end of the TGA curve presented in Table 2. These are in good agreement with
the declared percentage of solids by weight for the two coatings. TGA experiments showed two
stages of weight loss for epoxy and three stages for polyurethane. An abrupt weight loss in coating

systems was observed at high temperatures from approximately 300 to 500°C.

Table 2. Residual weight loss percentage of coating systems by thermogravimetric analysis

Coating system Residue at 900 °C
System A 50,11
System B 34,29

4. Conclusions

It has been demonstrated by this investigation that the EIS method gives a possibility of
quantification of coating degradation and estimation of its long-term performance from the first
100 h of exposure to NSS in the EN ISO 9227 test and to the 3.5% NaCl in EN ISO 16773 test.
Contrarily, prolongation of the tests to 1440 h in the case of NSS exposure and to 8000 h in the
case of 3.5 % NaCl exposure has produced no visible degradation signs on the coatings.

FTIR, DSC and TGA results preferentially gave information about the water absorbed
within the coating that resides within the polymer free volume and within the polymer network. It
has been shown that the coating polymer structure could almost completely reversibly return to the
initial state after the experiments. Irreversible changes related to the degradation of barrier
properties of the coatings, such as those related to the corrosion at the bottom of the coating pores
and under delaminated coating are only detectible by EIS.

Finally, both, quantitation of the coating behaviour during long-term accelerated
weathering exposures by the impedance modulus at 0.1 Hz and the analysis of the shape of the
Bode plots can give early information about the coating quality. Widespread use of this method
could reveal patterns common to the frequently used high-performance coatings, strengthen the
conclusions of this study and considerably shorten the time and cost of coating quality assurance.
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