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Abstract

Local electrochemical impedance mapping was us@u/&stigate delamination phenomena
at the steel/epoxy-vinyl primer interface. The dafzation occurred from an artificial defect
(cutter scribing) and from ageing in a salt spriagraber. The samples were taken from the
salt spray chamber after 20, 30 and 50 days ofsxpo To observe delamination after
ageing, the corrosion product layers were remowea tathodic polarization at -1.5 V/SCE
for 4 h. A non-aged reference sample was testeddimparison. Mapping was performed at
5 kHz. Initiation and propagation of the delamiaativere clearly observed. The delaminated
surface areas measured by visual observationsthéieemoval of the coating were lower
than those determined by local electrochemical tapee mapping. The delamination

mechanisms were discussed with reference to literatata.
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1. Introduction

Organic coatings are widely used to prevent coorosi metallic structures because
they can easily be applied at a reasonable castgéinerally accepted that the coating
efficiency is dependent on the intrinsic propertéshe organic film (barrier properties), on
the substrate/coating interface in terms of adleseon the inhibitive or sacrificial pigments

included in the primer and on the degree of enwvirent aggressiveness.

In marine corrosion, one of the main objective®isicrease the durability of organic
coatings to fifteen years and more. Thus, the lamgie forecast of organic coatings and the
characterisation of the ageing state in servicestitoiee key technological goals. Moreover,
for environmental and human health consideratitiiessdevelopment of low toxicity paints
(water-based paints) has become a priority. Asn@torrelation has been established
between the resistance in service and resultsraatan laboratories, which could allow,
coating durability to be reliably predicted. As attar of fact, for these new systems, there is
a lack of feedback on their behaviour in actual &seed with this challenge, the strategy

developed in different industries is the same:

(i) to perform correlation studies between accédetageing and natural ageing of a whole

range of paint systems;

(i) to develop fundamental research on the stmestwf polymers and on the mechanisms of
ageing of the organic films by using techniqueshsag electrochemical impedance
spectroscopy (EIS), scanning vibrating electrodarnigque (SVET), scanning Kelvin probe
(SKP), Fourier transform infrared (FTIR) spectrgsgadifferential scanning calorimetry
(DSC) or dynamic mechanical analysis (DMA) to meaghe glass transition temperature,

adherence testing, etc.



Starting from these considerations, a study wa®peed on a large scale to develop an
accelerated procedure of ageing to obtain a gomuason of the paint durability in a natural
environment. In parallel, our intention was to abtaetter knowledge of the degradation
mechanisms as a function of exposure time. Theeptegork constitutes part of this
extensive project to study the correlation betwegtural or artificial ageing of paints. The
aim of the study is to characterise the processasvied in the degradation of an organic
coating from artificial defects and to assess ttierg of delamination underneath the coating
by a non-conventional method: local electrochemitg@edance spectroscopy (LEIS). During
the last decade, it has been demonstrated thatisE$owerful tool to investigate localised
corrosion on bare metal surfaces and on coateysdlld, [2], [3], [4], [5], [6], [7], [8], [9]

and J10] In a first step, the samples were characterigezbhventional EIS.

2. Experimental

2.1. Samples

substrate consisted of carbon steel sheets (15D »* 2 mm). The coating was an
epoxy-vinyl primer with calcium ferrite, iron oxidend talc as pigments. It was applied on
degreased and sand-blasted steel as defined iB38D 1. Liquid paint was applied by air
spraying and, after drying, the coating was ab@utr8 thick. The corrosive medium was a
NacCl solution in contact with air, quiescent andmtbient temperature. The concentration for
the conventional impedance measurements was 0xd\ha concentration was 0.001 M for
the local impedance measurements. The local impedareasurements were carried out in a

low conductivity medium (9.4 x I®S cm™) to optimise resolution.

2.2. Ageing procedure

Two types of artificial defects were used for thedy (Fig. ). The first one was done
manually with a cutting knife. The defect had ah&sed profile. The second one was
performed with a scribing machine using a drilldfi2 mm diameter. Only the results
obtained with cutter scribing were reported herg@réliminary study [11teported the results

obtained for the two types of scribing.

Fig. 1. Schematic representation of the two aréfidefects: (a) cutter scribing and (b)
machine scribing.
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Ageing was performed in a salt spray chamber frdntiwvthe samples were removed after

20, 30 and 50 days of exposure. A non-aged refersample was tested for comparison.

2.3. Surface appearance

Visual sample observations showed, independentligeofime of exposure to the salt
spray, the existence of two different layers: atepolayer, brown, rusty and poorly adherent
which is generally described as a mixture of irgdrbxides [12]and an inner layer, black
and strongly adherent identified as a conductiggriaf magnetite [12]The thickness of the
layers increased with the exposure time. You dtL8l. studying the corrosion of pure iron in
an aerated 0.5 M NaCl solution showed, by in sitatpgraphs, the presence of the same
corrosion product layers which were also modifidtew the immersion time increased.
Bousselmi et al. [144nd [15]have studied by electrochemical impedance specpysthe
time-dependent modifications of the surface layensied on a carbon steel exposed to
natural water with high salt contents. Severaldayeere identified: the two layers previously
described and an additional green rust layer (Fté(I1) hydroxysulfates) at the metal
interface which was formed due to a high contersutfphate ions in the aggressive medium.
Frateur et al. [16have studied the cast iron/drinking water systgrmipedance and

photographic observations. Qualitatively, the saoreosion products were observed.

After exposure to the salt spray chamber, the dlabd the local impedance responses were
representative of the presence of corrosion predubich covered the scratch and a large
zone around the defect. Thus, the corrosion predueisked the delamination. For

conventional impedance, the samples were testédthetcorrosion product layers. For



localised impedance, the corrosion products wareved by cathodic polarisation at
-1.5 V/SCE for 4 h to observe delamination. It wasumed that the duration of the cathodic
polarisation was short enough to avoid further iogadelamination, which was then only due

to the exposure to the salt spray.

2.4. Electrochemical measurements

For the classical EIS measurements, a three-etkrtrell was used: the working
electrode with an exposed area of 24 cansaturated calomel reference electrode (SCEpand
platinum auxiliary electrode. Electrochemical impede measurements were performed
using a Solartron 1287 electrochemical interfaakaSolartron 1250 frequency response
analyser in a frequency range of 65 kHz to a fewzmiith eight points per decade using
10 mV peak-to-peak sinusoidal potential.

Localised electrochemical impedance spectroscopyS).was carried out with a Solartron
1275. This method used a five-electrode configarafFig. 9. LEIS measurements were
made from the ratio of the applied AC voltage ® libcal AC current density. The applied
voltage A\Vappied Was the potential difference between the worldlegtrode and the

reference electrode. The local AC current dengiy) was calculated using Ohm'’s law

Fioca
flegal = AV tca MK (1)
d
wherex is the conductivity of the electrolyte addhe distance between the two probes
positioned on and in a conical plastic holder: pregrudes from the tip of the cone and the

other is a ring placed around the cone 3 mm fraertifh



Fig. 2. Schematic epresentation of the LEIS apparat
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The local impedancéqc, is calculated by the relationship
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For local electrochemical impedance mapping (LEIVi& probe was stepped across a
designated area of the sample. In the present tteesanalysed part was an area of
32 000 x 24 00@m, above the active zone. The step size wagiB0ih theX andY
directions. Admittance was plotted rather than idgrese to improve the spatial resolution of
the mapping [11]Two excitation frequencies were chosen: 5 kHz Hhéliz. The value of
5 kHz was chosen to take into account the orgavatieg. The value of 10 Hz was chosen as
a trade-off between quick scanning and the fadtttieacontribution of localised corrosion to
the overall impedance is generally found in the-foeguency range. Here, only the plots at

5 kHz were reported because delamination was misii@ev at this frequency.

With the experimental set-up used, only the norroabtponent of the current was measured
and the area analysed was not accurately knownekenyit was estimated to be about

1 mnt [17].

3. Results and discussion




Global and local impedance results are presentedfbethe coating in NaCl electrolyte.

3.1. Conventional impedance

Fig. 3shows the conventional impedance diagram obtdmeithe coating in the
absence of defects. This diagram is typical ofatex system. It can be recalled that the
impedance spectrum was divided into two differearts the high frequency part (HF)
represents the properties of the coating and trequency part (LF) the reaction occurring
at the bottom of the pores of the coating [18]the very LF range (<150 mHz), the points are
more scattered (not reported in the figure) dudéchigh impedance of the system. It can be
assumed that the second time constant is alsoserpegive of the diffusion process of
oxygen through the coating. From the first looj, film capacitance was estimated to be
about 0.2 nF cif. This value agrees well with the order of magrétémt the capacitance of a
film whose thickness is about &@n. A high impedance value measured in the LF range
(1.2 x 16 Q cn?f) indicates satisfactory protection.

Fig. 3. Conventional impedance diagram obtainedHercoating without defect after 24 h of

immersion in 0.1 M NacCl solution.

6x10
-5x10° 4
-4x10"
-3x10" 4 \ « "

™ / -

-2x10" -
"

. - 200 mHz
A0 o

0 ‘ T T T T T T T T T T T
0.0 20x10" 4.0x10° 6.0x10" 8.0x10" 1.0x10" 1.2x10"
Real part / 02 cm?

Imaginary part / & em’

Then, global impedance spectra were recorded écdlated systems with the
artificial defect and for different ageing timestire salt spray chamber (0, 20, 30 and

50 days). The results are reported in Figide area of unprotected steel was sufficiently to



render the diagrams essentially representativieeoptocesses occurring in the defect. As a
consequence, the units in the figure aribecause the real surface area investigated is not
accurately known. For the reference (without expesu the salt spray chamber), a single

capacitive loop is observed. The diagram charagsiihe corrosion of bare metal.

Fig. 4. Conventional impedance diagrams obtainethi® epoxy-vinyl primer with an
artificial defect (cutter scribe mark) after diféert durations of exposure in the salt spray
chamber: () O daym( 20 days, &) 30 days, {) 50 days.
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When the time of exposure to the salt spray ineathe corrosion spread out and the
corrosion products sealed the scribe mark. Therailmg were strongly modified. They can be
described by two or three loops depending on tippsxre time. The first one, in the high
frequency range, has a semi-circle shape, althalighe points cannot be obtained due to the
frequency domain used for the measurements. Ghetotv apparent value of the associated
capacitance, the HF loop might reflect the respafsedielectric layer. The black layer of
corrosion products (magnetite) cannot be distirrgedsirom the metal by electrical

measurements due to its good electric conducti¥iy, [15] and_[16]and thus, the HF

impedance response must be that of the brown, laxgty where diffusion controls the
corrosion rate. All the global impedance diagraneserobtained in a 0.1 M NacCl solution,

the HF resistance corresponds to the electrolgistemceR., which is the same,



independently of the ageing time. The HF part efithpedance diagrams after 20, 30 and
50 days of exposure to the salt spray chamber iited by a simple equivalent circuit
composed of: the electrolyte resistarfeg which is fixed and measured with respect to the
reference sample, in series with the film resistaRg in parallel with the film capacitance,

Ci. The capacitances were replaced by constant ghesents (CPE) to take into account the

non-ideal behaviour of the interface [19]

The CPEis given by

Zope = QisinQ 'm?s

]
Ofjw)*
a(CPE exponent) is related to the angle of rotatioa purely capacitive line on the complex
plane plotsa is generally close to 1.

The film capacitance can be calculated by usinddhewing equation [2Q]

Cr = O(R:Y + R;H™ 1™ € is expressed in Farads

The values of the parameters are reported in Thbtecan be seen th& increased
andC; decreased when the exposure time increased. dhibeexplained by the thickening
of the corrosion product layer. However, it cambged thaw differs depending on the
exposure time. This is correlated with the sigaificvariation of the capacitance which
decreased by a factor of 140 when the exposureitioneased from 20 to 50 days. After
50 days of exposure the decrease of the capacitamcke explained by the modification of

the dielectric properties of the corrosion products
Table 1.

Parameters of the HF part of the impedance diagmesented in Fig. 4

Exposure time (days) R. () | R (Q) | « C (uF)

0 80 - - -
20 80 2186 | 0.66| 0.21
30 80 2400 | 0.79 0.012

50 80 3356 | 0.89 0.0015



In the low-frequency range, a linear part is obsdmwhich can be attributed to oxygen
diffusion through the corrosion product layers. Tingh frequency part of the diffusion
impedance has an angle of about 20-25° with respéke real axis (25° for 30 days and 20°
for 30 and 50 days). The same types of diagram p&sented by Mattos and co-workers
[21] for blistered samples after 10 years natural ageind by van der Weijde et al. [2@) a
coated panel with a blocked defect (100). The flat appearance of the diagram could be
attributed to the corrosion products which generatenore confined environment. In the case
of a cast iron electrode, Frateur et al. [h&ye modelled the flattened impedance spectra by
the use of de Levie’s porous electrode theory./Atedays of exposure, a third time constant
appeared in the medium frequency range. In relatitimthe significant decrease of the film
capacitance, this behaviour would be linked torttoalification of the properties of the

corrosion products in the scratch after long exposnithe salt spray.

Looking at_Fig. 4it can be seen, from the global diagrams, thiatnbt possible to
analyse the delamination process to determinedtardnated area. This result corroborates
the conclusions presented by van der Weijde ¢22].for EIS measurements on an artificial
blister in organic coatings. They have shown thatdorrosion products in the defect
dominate the impedance characteristics, thus maskirer contributions. In addition, they
mentioned that the impedance of the corrosion prodithigh. This was also confirmed by
our local impedance mapping. To observe delaminaiiavill be necessary to remove the
corrosion products by a cathodic polarization. Asrapt was made to measure the global
impedance after the removal of the corrosion prothyers to characterise the delamination.
It was not possible to obtain the diagram in theealoe of corrosion products because, for
short immersion times, the system was not statjoaad when the stationary state was
reached, corrosion products had already formekldrstratch. Thus, local impedance

spectroscopy was used.

3.2. Localised electrochemical impedance mapping BIM)

Fig. S5presents LEI maps obtained for the coating withattificial defect (cutter
scribe mark) after different durations of ageinghe salt spray chamber. For 20 days of
exposure, a step is clearly observed on the edtfeeafcribe, which increased with the ageing
time. For 50 days of exposure, the step is no longserved but baseline admittance is
higher. This indicates that the studied zone idarge enough to visualise the step. Thus,

delamination is significant. The delaminated swfaceas measured by LEIM, and by visual



observation were compared. For the visual obsemstithe coating was removed after the
electrochemical tests. Fig.pdesents, as an example, a photograph of the saafipl 30 days
of exposure and after the removal of the coatige delaminated zones measured by visual

observation and by LEIM are shown by dotted limethe figure. It can be seen that corrosion

products are present around the scratch. Numelt®tsrb are also visualised near the

corrosion products. The delaminated area measyrgsbal observation corresponds to the
zone covered by the corrosion products and théehdislt can be noticed that some blisters

were observed far from the scratch (Filg) But no corrosion products were observed beneath
these blisters.

Fig. 5. LEIM carried out at 5 kHz: (a) before expuasin the salt spray chamber and
after different durations of exposure to the saiaig: (b) 20 days, (c) 30 days and (d) 50 days.
Cutter scribe mark.
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Fig. 6. Photograph of the scratched area after vahad the coating (30 days of exposure).

The dotted lines correspond to the delaminatechsearareas estimated from visual
observation and from LEIM.
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The presence of corrosion products correspondg)eohEIM, to low admittance
values (high impedance values). Around the corroproducts, and particularly after 30 and
50 days of exposure in the salt spray chambet, Bl presented high admittance values
(low impedance). It can be assumed that the lovealapce values correspond to loss of
adherence of the organic coating. Thus, the dela@iharea measured by LEIM corresponds
to the limit of the high admittance values. It d@nseen that the delaminated surface area

measured by LEIM is significantly higher than tbaserved by visual examination.

Eig. 7reports the variation of the delaminated surfaea aneasured by visual
observations and by LEIM after different durati@fi€xposure in the salt spray chamber. The
delaminated area increases as the exposure timeages. Although the surface areas are
higher when they are measured by LEIM (betweera@dL2.5 times higher), the variation is
quite similar. It must be emphasised that the esrothe surface areas measured by LEIM is
low because the spatial resolution of the probimesed around 1 mfnis low by
comparison to the measured delaminated areas (ri@ Thus, the measurements were
obtained with good accuracy. In Fig.LEIM clearly reveals weak zones with poor adheesn
to the metal substrate around the corrosion praeditatan be concluded that LEIM allowed

the delamination process to be observed and qightif

Fig. 7. Delaminated surface area as a functioxpbsure time to the salt spray

estimated from: (¢) visual observations after real@f the coating,x) LEIM.
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For the systems studied, the delamination mechacésnbe described by reference to
the works of Funke [23He described blistering of paint films and filifo corrosion and
concluded that (i) the corrosion products and tloegss of their transformation with time
influence the electrochemical corrosion procesaith around the defect and (i) the role of
oxygen is determinant in the mechanism of delananaOxygen is consumed by the
oxidation of the primary corrosion products anid iho longer available for the local
corrosion cells to operate at the steel surfacedthn Therefore, these areas are polarized
anodically and in turn give rise to the formatidrcathodic areas in the neighborhood. This
explains the formation of blisters at various |lémas in the coated system. The presence of
blisters is also explained by the low film thickeew/hich allows water penetration, by an
osmotic process. More recent papers describingpdattielamination or anodic undermining
confirmed these mechanisms [24]

A schema of the delamination mechanism is presentEd). 8which accounts well
for the results presented_in Fig. 5

(i) The corrosion products are formed at the sbratad spread out around it. According to
Barton et al. [25]in the presence of chloride, fairly soluble feisahloride hydrate or
hydroxy chlorides are formed (rusty layer). Theasf@rmation of these corrosion products to
yield insoluble oxides, e.g. F&s, by hydrolysis and oxidation (black layer) leadste



release of chloride anions which can again pasdteipn producing soluble primary corrosion

products, thus enhancing the action of the locabsoon elements autocatalytically.

(ii) The region located under the corrosion produmcomes anodic whereas the region under
the coating becomes cathodic. Oxygen, which difukeough the coating, can then be

reduced to OH Locally, the pH is significantly increased andadeination propagates.

(iif) The anodic zones advance due to the formatiocorrosion products, increasing the area

of oxygen reduction and thus propagating delamonatinder the coating.

Fig. 8. Schematic view of a section through a Slnowing the delamination process in the

presence of a scribe mark.
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According to Funke [23]the basic principle of blister development isaj&/the
different availability of oxygen at various locat®in the coated system, and is subject to

change during exposure due to the formation ofoston products.



4. Conclusions

LEIS was used to investigate delamination at thel&irganic coating interface.
Initiation and propagation of delamination wereachg observed on industrial samples. This
point is important because localised measuremeeatssaally performed on small samples
specially prepared for the particular techniquedu§er example, Scanning Kelving probe
force microscopy developed by Rohwerder et al. {@&tudy delamination, needs ultrathin
polymer film and specially prepared defects. LERealed the presence of the corrosion
products beside the scratches (low admittancepalaninated areas around (high
admittance). The propagation of delamination nbke@ is in agreement with different
studies reported in the literature. The developreétte corrosion products in the scratch and

diffusion of oxygen through the coating play impat roles.

In the future, it will be necessary to obtain mimf@rmation from local impedance
spectra and also to establish the correlation lesivlee results obtained with conventional

impedance and localised impedance.
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