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ABSTRACT

The ability of the zinc layer in coil-coated cladding to protect the underlying metal substrate
exposed to the environment through a sub-centimetre circular defect was established by using the
scanning vibrating electrode technique (SVET). The onset of electrochemical corrosion is observed
through the development of local anodes and cathodes in the defective system, with the formation of
soluble zinc species. The dissolution process is maintained until a sufficiently high concentration is
attained by the metal ions, and their subsequent precipitation inside the holiday blocks the defect as
to hinder further corrosion. A self healing effect was thus observed. The role of zinc salts was

confirmed by SEM and EDX observations.

Key words: Defective organic coating, Self-healing effect, Local current density, Scanning vibrating

electrode technique, Coil-coated steel.



1. INTRODUCTION

Coil-coated cladding is a widely used roofing and siding material. It is typically organically-
coated galvanised steel, with additional protection provided by an organic coating and top coat.
Importantly, the primer contains corrosion inhibitor pigments, whose effectiveness rely on their
removal from the primer coating into a corrosion solution and transport to the bare surfaces. Profile
and panel manufacturers roll-form the coil-coated strip-steel and guillotine it into shorter lengths for
installation. The cutting operation produces bare (uncoated) edges of steel and zinc which are
directly exposed to the atmosphere. Subsequent galvanic corrosion of the steel (cathode) and zinc
(anode) occurs at the cut-edge and results in the recession of the zinc coating and consequent loss of
the interface between the organic coating and the cut-edge [1-3]. This eventually leads to unsightly
peelback of the organic coating and the development of red rust on the steel at the cut-edge [1,2]. In
addition, mechanical damage to the coating may often take place either during transportation or
construction, typically from foot traffic on roofs, incorrect fixing and joining practice, and careless
installation.

The mechanisms of the corrosion processes that take place in the vicinity of defects are not
yet completely known. Conventional electrochemical techniques, including electrochemical
impedance spectroscopy (EIS), are integral methods and thus lack spatial resolution, which is a
major drawback specially in the case of defective coated metals. Therefore, localized electrochemical
techniques with spatial resolution in the micro and submicrometric ranges are becoming increasingly
used in the corrosion laboratory for the study of these systems. At present, interesting new
information concerning the electrochemical and degradation processes at defective coated metals is
being obtained with the scanning vibrating electrode technique (SVET) [4-19], the scanning Kelvin-
probe (SKP) [20-30], localized electrochemical impedance spectroscopy (LEIS) [12,13,31-38], and
scanning electrochemical microscopy [39-49].

In this paper we present the results of an investigation specially directed to explore the
applicability of the scanning vibrating electrode technique (SVET) to the electrochemical processes
related to galvanic corrosion and self-healing originating from a defect in an organic coating on a
metal. Experimental observations were conducted on coil-coated architectural cladding which
consists of mild steel covered by a metallic layer of a Zn alloy and then coated with a polyester resin.
A holiday was created in the coating to reach the underlying steel substrate, and subsequently
immersed in 3% NaCl solution. The ability of the zinc layer to protect the defect through its
dissolution and eventual blockage of the defect by precipitation of corrosion products could be thus

investigated.



2. EXPERIMENTAL

Experiments were carried out on a coil-coating steel. It consisted of a steel sheet 400 um
thick, covered with a zinc-containing metallic layer of 20 um thickness, a pre-treatment consisting of
chromate and the paint. The composition of the intermediate zinc-based metallic coating was Zn-5%
Al alloy (Galfan, Zn-5Al). The paint system consisted of a 5 um polyester primer containing
strontium chromate as inhibitor, which was also covered with a 20 um polyester topcoat containing
titanium dioxide as filler. Samples of 50 mm x 50 mm were cut from the coil-coated steel panels
with a guillotine.

A 1.0 mm diameter conical holiday was produced in the polyester coating by means of a drill
such that the underlying carbon steel surface was exposed. Exposure of the galvanized intermediate
layer to the electrolyte also occurred at the conical lateral sides of the holiday. Figure 1 shows
schematically the drilling of the coated specimen. A photograph of the resulting surface performed
with an optical microscope is shown in figure 2.

The corrosion test cells were then created by adhering a PMMA-built circular cell (9=3.5
cm), in which a 10 mm x 10 mm opening was produced in the bottom, to the polyester surface of the
coil-coated steel sample, such that the artificial holiday was in the centre. Adhesion was achieved by
the sparing use of silicone sealant (Silastic 732 RTV). The corrosion test medium was 3 wt-% NaCl
aqueous solution. The electrolyte covered the specimen under investigation by ca. 3 mm. All
experiments were performed at ambient temperature in the naturally aerated cell. No polarization
was applied to the samples, which were at their corresponding open circuit potential.

The local current density was determined with a SVET device from Applicable Electronics
(USA), by scanning the vibrating electrode over the specimen at a height of 30 pm. This device
causes the vibrating probe to simultaneously oscillate in two directions, namely perpendicular to the
surface (Z-axis) and another parallel to the surface. In this study, the probe was set to oscillate in the
X-axis, that is, in the same direction the probe position moved along the line scans. The electrode
was set to vibrate at 203 Hz in the Z direction and at 512 Hz in the X direction. A video camera
connected to an optical microscope was introduced in the system to follow the movement of the
vibrating electrode over the sample during operation. The vibrating probe was a thin Pt needle
covered with paryléne® and leaving the metal exposed only at the needle's tip, on which a platinum

black sphere of ca. 20 um in diameter was deposited.



3. RESULTS AND DISCUSSION

Testing of the samples with SVET technique was carried out on the coated surfaces with an
artificial defect immediately following their immersion in the test solution. The development of
electrochemical activity in and around the holiday could be monitored by recording the current
densities flowing in the solution. In this study, line scans passing approximately over the diameter of
the holiday were carried out by shifting the vibrating probe at constant height over the sample. The
movement of the probe was performed in 800 steps in the X-axis, and the step distance between
collections was 2 um, thus the total travel distance covered in each line scan amounted 1.6 mm along
the X direction.

A typical plot for the global current measured at the probe is shown in figure 3A. From this
figure, it can be seen that finite current densities were measured when the microelectrode passed over
the hole. This figure displays the vectors that result from the combination of Z and X contributions to
the probe current. The position of the end of the vector can be observed to describe varying angles in
relation to the Z-axis (i.e., the vertical axis in this figure) as the probe is shifted from left to right to
perform a line scan over the holiday. In all cases, current density vectors account for the release of
ionic species from the reactive surface exposed to the electrolyte inside the holiday, though they can
effectively correspond to either cations (namely soluble metal species) when the vibrating probe
passes over an anodic region, or to anions (i.e. hydroxyl ions as the end product for oxygen
electroreduction) when the tip scans a cathodic region instead. The different sign of the charge
carried by anions and cations can be distinguished in the figure by considering the direction of the Z-
component of the current density vectors, which would be directed towards and outwards the active
surface, respectively. The sign convention employed implies that positive current density values will
correspond to a flow of cations leaving the corroding surface, whereas the negative values to a flow
of anions departing from the sample. On the other hand, regardless the sign of the current vectors
along the Z-axis, the position of their ends can be found to either turn to the left or to the right in the
image, respectively opposing or following the scan direction during the measurement. Therefore, the
X-component of the vectors describes how fast the ionic fluxes leaving the surface divert from the
vertical direction to advance laterally in the electrolyte phase over the intact coating. This is the
reason that a purely vertical vector facing upwards in the plot could be observed only when the
vibrating probe was located exactly where the maximum anodic activity occurs. Though the exposed
zinc is located in a circle surrounding the steel at the center of the holiday, anodic activity was only
observed at the left side of the scan line. This result did not come as a surprise because it is well
known that the distribution of anodic sites over zinc samples exposed to a chloride-containing

electrolyte often starts at quite reduced areas from the onset of pitting [13,50]. On the other hand, the

4



cathodic activity is observed at the right side of the scan line depicted in figure 3A, and it is
distributed over all the exposed steel surface, which is the usual observation for Zn-Fe galvanic
coupling in chloride environments for both the uncoated metals when electrically connected [50],
and at cut edges in coated galvanized steel [13].

Additionally, it must be noticed that a ghost needle is also seen in figure 3A, which is
displayed in the upper part of the photograph. It is originated by a mirror that was placed behind the
cell to allow a more accurate positioning of the SVET probe from the electrode surface. In this ghost
image, the SVET vibration is not seen, and thus a sharp needle is depicted. It is also worth to notice
that the needle was located perpendicular to the scan-direction to monitor the X-axis component.

The vertical component of the current density values (i.e., along Z-axis) measured during the
line scan depicted in figure 3A could be plotted both as vectors (the corresponding graph is depicted
in figure 3B superimposed above the optical image of the defect), and quantitatively as a function of
displacement as displayed in figure 4. From the inspection of the latter graph, it can be observed that
non-zero currents were measured when the vibrating electrode passed above the circular defect, and
that both positive and negative values were measured along a line scan. But it was also observed
from figure 4 that neither the maximum of the positive current peak nor the point at which the zero
current was measured occurred at the geometrical centre of the defect. Though the positive current
peak lies around 100 um to the left of the holiday’s centre, the zero current point was found at ca. 45
um to the right side. Furthermore, the observed shift was found to be independent of the scan
direction, as discovered by immediately recording a second line scan after reversal of the scan
direction (also given in figure 4). Thus, a geometrical calibration of the system was required prior to
relating the measured currents to specific locations over the scanned sample.

Calibration of the system was performed by imposing a —60 nA current to the system from a
second Pt needle which acted as a point current source because only the metal at the needle's tip was
exposed. The vibrating probe was located 50 um above the current source, and the local current
density was subsequently measured. Figure 5 displays both the theoretical local current density for
the Z-direction and the experimental data as recorded during this experiment. It is clearly observed
that a shift of 44.5 um existed between the current signal measured at the microelectrode and the
theoretical value based on the image recorded by the video-microscope. Thus, it was concluded that
the 45 pm shift found in figure 4 was exclusively an instrumental artefact, and the zero current value
for j(Z)oc actually occurred at the centre of the drilled hole.

The time course of the corrosion processes at the defect was then followed by recording the

local current during consecutive line scans whereas the sample was immersed in the test solution.



The measured line scans over the holiday for various exposures are depicted in figures 6 and 7,
which correspond to the situations when the electrode was vibrating parallel (X-axis) and
perpendicular (Z-axis) to the scan direction, respectively, whereas the corresponding scalar products
of the two current densities are shown in figure 8. The current density was about five times greater in
the Z direction than in the X direction. That is, the ionic current flowing perpendicular to the surface
is significantly bigger than that flowing parallel to it. The holiday can thus be regarded as a source of
metal ions that diffuse in the electrolyte mainly departing from the surface when measured with the
probe vibrating at a constant height of 30 um relative to the surrounding coated surface, whereas this
ionic flux widens over the coating at a smaller rate. Furthermore, the anodic activity is located at
about 100 um from the centre of the holiday (cf. figure 8).

As time elapsed, a continuous increase of the current measured over the defect was found
during the earlier hours of immersion. Electrochemical activity developed within the uncoated area
as a result of the establishment of a galvanic cell inside the holiday. Figure 9 depicts the time
variation of the peak current density for the graphs presented in figure 8. Since no experiments could
be carried out during the night, there is a major time-lapse between data collections. However, the
time course of the current density could be tentatively estimated in this figure by interpolation. Thus,
a marked decrease of the local current density could be expected after six hours exposure.

It was also observed that the peak position in the total current density plots shifted with time.
The shift of peak position observed from the components related to the vibration in both Z and X
directions is thus plotted in figure 10 respective to the centre of the holiday. This figure illustrates
clearly that the peak position shifted towards the left with time. From the value of the maximum
current density observed in figure, which is less than 1 mA cm, and by applying the Faraday law, it
could be estimated that less than 1.5 um of the Zn coating was dissolved within one hour. Compared
with the thickness of zinc coating, equal to 20 pum, this shift of the current peak is not due to the
exhausting of the zinc layer, but rather to the formation of zinc corrosion products that decrease the
reactivity of the electrode surface.

The line scan showed clearly the cathodic zone in the right and the anodic zone at the left of
the artificial defect. This effect is more clearly illustrated by considering the complete current density
maps measured over the holiday. Figure 11 shows the contour curve and the 3-D representation of
the current density distribution when the probe was vibrated in the Z-direction above the drilled hole
as measured after the previously-described sequence of experiments was completed (i.e, 20 hours
after the specimen was immersed in the test electrolyte). The electrode half-reactions are greatly

localized as it could be expected from the previous line-scan experiments. At the centre of the hole,



the current density flowing in the Z direction is almost zero, whereas the anodic area is located about
140 pum (without taking account of the experimental artefact of the probe position) to the left from
the centre of the drilled hole as illustrated in Figure 9. On the other hand, the cathodic peak is located
about 200 um from the centre of the hole.

The reported distribution originates from the drilling procedure used to produce the defect in
the coating. The base steel matrix was reached at the bottom of the hole, whereas the zinc-containing
galvanized layer was left exposed at the conical-shaped border sides of the defect, as depicted in
figure 1. The anodic peak is likely due to the anodic dissolution of zinc:

Zn > Zn* +2¢
This zinc cation will form zinc hydroxy-chloride species, Zns(OH)sCl2 and Zn(OH)2 [51,52], which
are less soluble and precipitate around it. This process is the main effect of self healing effect of the
zinc coated steel. The cathodic reaction taking place at the right in the defect area is likely to be the
reduction of dissolved oxygen naturally occurring in the aerated electrolyte.

At longer exposure times a major decrease of the electrochemical activity in the defect is then
observed. This originates from the precipitation of corrosion products within the holiday, which
effectively block the sites where the cathodic half-cell reaction was observed to occur. In this way,
the corrosion rate is significantly diminished, and the onset of a self-healing process is found. Figure
12 presents the SEM picture and the EDX-distribution of some elements around the drilled hole. The
concentrations of chlorine and zinc are high at the centre where the steel was exposed. The formation
of the zinc — chloride salt is therefore verified. Aluminum is enriched around the steel exposed area.
This element will be transformed in alumina and remained around it. Chromium, used for the surface
pre-treatment before application of the organic coating is also detected by EDX analyses, and a
possible additional effect towards self-healing of the defective coating due to the action of chromate
ions could not be discarded at this stage.

From the foregoing, it has been demonstrated that valuable information concerning the
corrosion processes at defective coated samples could be extracted by using the scanning vibrating
electrode technique over a sample that is not flat provided the vibrating probe is scanned at a close
distance from the surface. In order to establish the operating height for the experiments, a number of
considerations needed special attention. Firstly, the scanning probe is submitted to mechanical
movement, thus care must be taken that the tip will not touch the sample during operation. Next,
some additional distance must be provided that convective effects imposed to the electrolyte by the
vibrating probe would not disturb the current distributions near the surface. In this way, considering

the sizes of both the platinum black sphere and the amplitude of vibration along the Z-axis, a height



of 30 pum over the intact coating surrounding the holiday was adopted throughout. Under these
conditions, the maximum distance between the tip and the sample would be established at the centre
of the holiday, over the steel matrix, amounting to about 75 um, a value considerably smaller than
the typical distances employed to scan flat surfaces in previous investigations with the SVET [13].

Another feature to be highlighted from this work is that high resolution measurements were
conducted for a sample that was not flat. That is, the defect was operated through the coating to
expose the underlying metal layers without sleeving the sample in a holder at both coated sides,
which is the typical procedure employed in previous investigations at cut edges [7,9,10,13]. With
sleeved samples, the coating surface is not directly exposed to the test environment apart from the
cut edge, nor the olymer matrix can swell as result of the corrosion reaction leading to delamination.
Additionally, no volume is left for an aggressive electrolyte to be developed in direct contact to the
bare exposed metal when the sample is flat, though it is well known that many localized corrosion
processes, including blistering, have been observed to strongly depend on the composition of the
restricted environment directly resulting from either one or both corrosion half-cell reactions. All
these limitations have been overcome by drilling a hole directly through the coating for a sample
facing upwards to the electrolyte, and by employing the proposed configuration further insights on
delamination and self-healing processes should be gained in the near future.

Finally, an interesting outcome of our experiments is that both the spatial resolution and the
operating distance employed for SVET is comparable with those already achieved by employing
scanning electrochemical microscopy (SECM) for the same experimental system [41]. This will
allow the same samples to be investigated with both techniques and combined data to be gathered on

the electrochemical system.

4. CONCLUSIONS

This work has demonstrated the usefulness of the scanning vibrating electrode technique in
characterizing in situ the electrochemical activity in the proximity of a sub-centimeter defect
(holiday) through a polymeric coating applied on coil cladding steel during immersion in aqueous
chloride solution. The applicability of the scanning vibrating electrode technique (SVET) to the
study of the electrochemical processes related to galvanic corrosion and self-healing occurring in a
defect were explored. The spatial and electrochemical resolutions of the technique were found to be
very adequate to the study of the proposed corrosion system when the vibrating tip was scanned at a

constant height of 30 um.



Testing of the samples with the SVET technique was carried out on the coated surfaces with
an artificial defect immediately following their immersion in the test solution. The development of
electrochemical activity in and around the holiday could be monitored by recording the current
densities flowing in the solution when the vibrating electrode was rastered over it. The signals
recorded by scanning the specimen allowed the detection of the anodic and cathodic reaction sites to
be performed, as well as to deduce the electrochemical reactions involved.

The current signals recorded by SVET were observed to greatly vary as time elapsed, and two
different behaviours can be deduced from our data. Initially, the total current densities measured over
the holiday show a steady increase with time following immersion of the specimen in the test
environment, which resulted in the electrochemical activation of the defect as a result of the direct
exposure of the underlying metal substrate to the electrolytic solution. Secondly, at times long
enough, a major decrease in the current densities flowing from the holiday were observed as a self-
healing process occurred from the precipitation of zinc-containing salts. The sacrificial effect of zinc

for steel protection is effective for a circular defect in the polymeric paint with dia. 0.5 mm.
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Figure 1: Schematics of the defect operated in the coating system.

Figure 2: Optical image of defect operated in the coil-coated steel specimen with a drill.
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(A) (B)
Figure 3: Line scan showing the electrochemical activity over the holiday as observed from (A) the
measurement of the global current density j(tot)ioc, and (B) the corresponding vertical component of
the current j(2)ioc, for a sample immersed during 140 min in 3 wt% NaCl aqueous solution.
Measurements at each point are displayed as vectors.

8

w
3

N
3

Current density, j(2),,. / PA cm™®
=
3

8

2000 500 400 200 0 200 400 600 800
Displacement / pm
Figure 4: Effect of scan direction on the output signal for the vertical component of the current
J(@)1oc. Arrows indicate the scan direction for each line scan.
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Figure 6: Variations in the local current measured above the holiday when the probe vibrates in the X
direction, j(X)ioc, for various exposure times.
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Figure 7: Variations in the local current measured above the holiday when the probe vibrates in the Z
direction, j(Z)ioc, for various exposure times.
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Figure 8: Variations in the total current, j(tot)ioc, measured above the holiday. Anodic activity is
positive and cathodic activity is negative.
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Figure 10: Time course for the shift in the position of the anodic peak observed for the parallel (X-
axis) and (Z-axis) components of the ionic current density plots determined by SVET.
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Figure 11: 3D representation of the Z component of the current density for the coil-coated sample
with a circular defect after 20 h exposure to 3 wt% NaCl aqueous solution.
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(e)
Figure 12: SEM micrograph (a) and EDX element-distribution maps (b-f) displaying the corrosion

products precipitated within the circular hole operated in the coil-coated sample. The analysed
elements are indicated in the corresponding graphs.
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