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An investigation is presented on the use of the scanning vibrating electrode technique (SVET) in non-
aqueous media, namely pure ethanol and ethanol saturated with NaCl. The SVET was able to measure the
ionic currents flowing in the liquid phase between anodes and cathodes in electrochemical systems such
as platinum disk electrodes connected to a battery, a zinc-iron galvanic couple, painted galvanised steel

with artificial defects and alumina coated cast aluminium alloy. The results show the applicability of the
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1. Introduction

The Scanning Vibrating Electrode Technique (SVET) is used in
corrosion research since the early 1980s after the work of Hugh
Isaacs [1-4]. It has been applied to characterise many corrosion
systems of localized nature as, for example, galvanic corrosion [5-
8], pitting corrosion [9-12], crevice corrosion [13], stress corrosion
cracking [14], microbiologically influenced corrosion [15], inor-
ganic coatings [6,16,17], organic coatings [18-21], corrosion
inhibitors [22-24], and conducting polymers [25,26]. Another
field where the SVET is used, and in fact where it was developed, is
biology and the life sciences, where it is known as vibrating probe
and is applied in areas like electrophysiology [27-31], morpho-
genesis [32-34], cellular differentiation [35], tissue regeneration
and would healing [29,36-38].

In all cases, the medium, either corrosion environment or
biological fluid, is of aqueous nature but this is not a requisite. Since
SVET measures the electrical field in solution associated to the
electrical current flowing therein, it should work in any liquid
crossed by a current. Notwithstanding, no references can be found
with SVET measurements in non-aqueous medium. This paper
describes a series of experiments performed in organic medium to
analyse the SVET operation in such conditions.
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2. Experimental
2.1. Non-aqueous media

The testing media were either pure ethanol (99.99%, Fisher
Chemical) with a theoretical conductivity of 1.4 x 107°Scm™~! [39]
or pure ethanol saturated with NaCl (p.a. grade reagent, >99,8%,
Sigma-Aldrich) with a conductivity of 2.4 x1074Scm™! (23.5°C)
measured with Inlab 731 conductivity probe connected to
SevenMulti Meter from Mettler Toledo. The reported solubility
of NaCl in pure ethanol is 0.55 g/Kgsowent [40]. Ethanol was the
chosen solvent because it is easily available, relatively safe and has
a moderate evaporation rate. It is polar and protic, like water,
which seems advisable for first trials.

2.2. Materials and samples

Four different samples were analysed in this work. The first
comprised two platinum wires of 1 mm diameter embedded in
epoxy resin (EpoKwick, Buehler, USA) and electrically connected to
a battery, as shown in Fig. 1a). The second sample was similar to the
first except that 1 mm pure iron and 1 mm pure zinc wires (99.99+
%, Goodfellow, UK) were used in place of the platinum wires. The
surfaces of the embedded metallic wires were abraded to 1200 grit
finish with SiC paper, washed in distilled water followed by pure
ethanol. A third sample consisted of 1 x 1 cm? piece of coil-coated
steel. The steel sheet was 800 pwm thick with 7.5 pm layer of
electrodeposited zinc and 20 wm thick epoxy paint pigmented
with TiO,. Nine small defects were manually produced with a
needle. The sample was glued to an epoxy holder with an
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Fig.1. SVET measurements over Pt electrodes connected to a battery in pure ethanol (k = 1.4 x 10~2Scm~',[39]); a) test cell consisting of two platinum disks of 1 mm diameter
embedded in epoxy resin and connected to 1.5V battery; b) position of SVET maps measured above the 2 platinum disks in the plane parallel to the surface (XY) and a plane
normal to the surface (XZ); ¢)-f) current density maps measured in the two planes depicting the x and z current density components measured by each SVET vibration; g)-h)

2D vectors of the same current density shown in c)-f).

embedded wire which allowed electrical connection from the
back. The edges were protected with epoxy cement and further
isolated with varnish (Lacomit, Agar Scientific, UK). The forth
sample was a piece of LM24 cast aluminium alloy (AlSi8Cu3Fe)

coated with 100 wm thick layer of alumina (Al,03) deposited by
plasma spraying. The sample was glued to an epoxy holder with
electrical connection and the edges were isolated with a mixture of
beeswax and colophony in a proportion 3:1 by weight. Adhesive
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tape around the epoxy embeds and holders served as solution
reservoir.

2.3. SVET measurements

The SVET equipment was manufactured by Applicable Elec-
tronics Inc. (USA) and controlled by the ASET 2.00 program
developed by Sciencewares (USA). The SVET probe was a polymer
insulated Pt-Ir microelectrode with 20 wm diameter platinum
black sphere at the tip. The microelectrode vibrated in two
directions, one parallel (x axis) and another normal (z axis) to the
sample surface, sensing the electric field in the two directions. The
x and z frequencies were 115Hz and 69 Hz, respectively, and the
amplitude of both vibrations was 10 wm. After arriving to a point of
measurement the probe waited 0.2 s and then averaged for 0.2's
before moving to the next point. The measured potential differ-
ences were converted to current densities after a calibration [41].
The calibration is valid for a new solution provided the system is
updated with its conductivity. In this work the probe scanned
100 or 200wm above the surface and maps comprised
20 x 20 points (5minutes acquisition) up to 60 x 60 points
(30minutes). The acquisition time depends on the map size,
number of points, and sampling rules (wait and averaging times in
each point).

To perform the measurements with the first sample, the
platinum electrodes were connected to the poles of a common
1.5V battery. SVET measured in two planes above the electrodes -
Fig. 1b). In the second sample the zinc and iron electrodes were
either left isolated or connected during the SVET measurements.
In samples three and four, a current was made to pass between
the working electrode (the coated sample electrically connected
from the back) and a platinum wire, in a two-electrode
arrangement, with Ivium CompactStat potentiostat (The
Netherlands).

Y / mm
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Z/ mm
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3. Results

This section presents some examples of possible uses of SVET in
non-aqueous media. The first example illustrates the characteri-
sation of a model cell consisting of two platinum disk electrodes in
ethanol connected to a battery. The application to corrosion
science and technology is highlighted by the analysis of iron and
zinc corrosion in ethanol when the two metals are either isolated
or galvanically coupled. A third example shows the application of
the technique to detect defects and pores in coatings applied on
conductive substrates.

3.1. SVET analysis of a model electrochemical cell in ethanol

Fig. 1 shows results of the first experiment designed to check
what SVET measures when two platinum disks are immersed in
pure ethanol and current is made to pass between them. The
electrochemical cell used is represented in Fig. 1a). The objective
was to use a very simple set-up for a clear visualisation and
understanding of the results. SVET maps were acquired in planes
normal and parallel to the Pt disk electrodes as sketched in Fig. 1b).
Since SVET vibrates in two directions it is possible to show the x
and z current density components in each plane. This is presented
in Figs. 1c)-f). Anodic currents are positive (in red) and cathodic
currents negative (in blue). The maps with the z component (z
vibration) show positive currents above the positive electrode and
negative currents above the negative electrode, as expected. The
current regions have symmetrical shapes with the current density
decreasing in solution with the distance to the source. Maps of the
electrical field are similar to those of the current density, just with
a different scale, since the two quantities are directly proportional,
as described by equation (1),

i(X,z) = KE(X,Z) = —KAV/AI'(X,Z) (1)

-30
-40
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-60
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Fig. 2. SVET maps of the x and z current density components in the planes parallel (height=200 pwm) and normal to the surface above Pt electrodes connected to a battery
while immersed in ethanol saturated with NaCl (Cnaci=0.55 g/KEethanol [40], k=3.03 x 10~4Scm ™).
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where i is the current density, E is the electrical field, k is the
medium conductivity (the proportionality factor between i and E)
and AV is the potential difference measured between 2 points
distanced by Ar in the direction of the current component of
interest (x or z). The shapes of the current regions in the SVET maps
also resemble that of a concentration gradient of charged species
decreasing with distance from the source.

The current density is a vectorial quantity and knowing this
helps understand the maps of the x component (x vibration). The
flow of positive charges from left to right or negative charges from
right to left corresponds to positive currents while negative
currents correspond to the flow of positive charges from right to
left and negative charges from left to right. In each electrode, part
of the current goes to the right keeping the signal and part goes to
the opposite direction, changing signal, as depicted in Figs. 1c) and
1 e). The two current components can be presented together in the
form of 2D vectors - Figs. 1g) and 1 h) - giving a better illustration
of the direction and magnitude of the current flux. The current
density is very small, less than 1nAcm™2, due to the very low
conductivity of the solvent, 1.4 x107°Scm™! [39]. This can be
increased by adding charge carriers to solution. Fig. 2 shows results
of the same experiment using ethanol saturated with NaCl
(3.03x1074Scm~!, at 23.5°C). The maps are similar to
Figs. 1 ¢)-f) but with currents about 10° times higher. Possible
electrochemical reactions are the oxidation of ethanol to
acetaldehyde or even to acetic acid [42,43] in the positive
electrode and the reduction of dissolved oxygen in the negative
electrode. The O, concentration in ethanol is 1.94 mM (25 £ 2 °C)
[44], higher than the 0.255 mM in water for the same temperature
[45]. Reduction of ethanol is not likely to occur and reaction of

water absorbed by ethanol from air is not considered because the
time of testing was too short for any significant water absorption.

3.2. The first hours of corrosion of Fe and Zn in ethanol measured by
SVET

The preceding results confirm that SVET can be used in non-
aqueous medium, namely with organic solvents. An obvious
application is the study of metallic corrosion in this type of
environment. As an example, Fig. 3 presents SVET maps of the
corrosion of iron and zinc in ethanol, pure or saturated with NaCl.
Fig. 3b) shows the SVET map measured 100 um above the two
metals after 12 hours of immersion in pure ethanol. Very small
currents, almost indistinct, were measured in some spots,
identified by arrows in the map. When the two electrodes were
electrically connected - Fig. 3c) — currents were clearly detected,
mainly in the border of the electrodes, positive on zinc and
negative on iron. A galvanic coupling was formed and the reactions
considered to take place are the oxidation of zinc and oxygen
reduction at the iron electrode. The currents measured in pure
ethanol were small, even for the Zn-Fe couple, owing to the very
low conductivity of the medium. The currents increased substan-
tially in NaCl saturated ethanol. Fig. 3e) reveals that both metals
are corroding in ethanol, with anodic and cathodic regions in each
one. Coupling the two metals leads to higher currents, cathodic on
Fe, and mainly anodic on zinc, yet with some cathodic activity as
well.

This shows that zinc and iron corrode in contact with ethanol,
particularly if salts are present. The corrosion rate is very low but
not zero. Other solvents may be corrosive as well and SVET is able

d Ethanol + NACI'™

Fig. 3. SVET maps of the corrosion of pure iron and pure zinc after 12 hours of immersion in ethanol without and with NaCl, isolated or galvanically coupled (probe distance to

surface =100 pwm).
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Fig. 4. a) Painted electrogalvanised steel (7.5 wm zinc layer, 20 wm thick TiO, pigmented epoxy paint) with 9 artificial defects produced with a needle and SVET maps
obtained in a plane 100 wm above the surface during polarization of the sample with -2 A (b)) or +2 pA (c)).

to analyse the distribution of anodic and cathodic regions on
metals of interest and their evolution with time.

3.3. Use of SVET to identify defects and pores in coatings

Corrosion will certainly not take place in many organic solvents,
a fact that can be exploited to use SVET for non-destructive testing
like the analysis of defects and porosity on coatings applied to
metals. There is a great number of techniques to detect and
quantify porosity. The intention here is not to present an
alternative to them, rather to highlight the possibility of using
SVET for the same purpose. Eventually, from time to time, it may be
found helpful in very particular circumstances. One example is
given in Fig. 4 where nine small defects produced with a needle in a
painted electrogalvanised steel sample are easily revealed by SVET
after applying a current of 2 A, either positive or negative. The
external polarization is needed for detection since no signals are
measured when no current passes in the circuit. Obviously the
current should be the minimum possible still giving detectable
signals. Another requisite is that the solvent does not interfere with
the system under measurement, that is, no reactions with
substrate or coating, no swelling and no delamination should
occur. In this example blistering was observed in 2 defects, which
means that ethanol is not a good medium for tests with this paint.
Inorganic coatings are less susceptible to attack by organic
solvents. Fig. 5 shows the analysis of the porosity of a Al,03 coat

a) b)

applied by plasma spray on cast aluminium alloy. The SVET map
was acquired while a current of 2 LA was made to pass through the
coated sample. Since alumina is inert and insulating, the current
can only pass if defects and pores are present, revealing them. The
porosity is evident in Fig. 5 c). This procedure allows counting the
number of pores but the actual size and shape cannot be resolved
by this way.

4. Discussion

This work shows that SVET can be used in non-aqueous
medium. The mapping of the electrochemical activity on a surface
or the measurement at selected points over time can bring new
insights of electrochemical systems in these environments. The
technique can be employed to study the corrosion in organic or
other non-aqueous media. In many cases, corrosion will not occur
or will occur at very slow rates. The medium can then be used to
perform non-destructive measurements. Exemplary tests were
performed to assess the presence of defects or porosity in organic
and inorganic coatings applied on conductive substrates. The
technique can also be used to characterise the current repartition
in solution during electrodeposition, electrosynthesis, or even
studies in physical chemistry of non-aqueous electrolytic sol-
utions. Naturally, the judicious choice of solvent and supporting
electrolyte is of paramount importance for successful and valuable
outcomes of the experiments.

Fig. 5. a) sample of cast aluminium alloy coated with alumina, b) aspect of the coated surface and c) porosity identified as current spots in the SVET map measured when a

2 A current was passing in the circuit.
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5. Conclusions

The use of SVET in non-aqueous media was investigated. This
technique was able to measure the currents flowing in the liquid
phase between platinum disks connected to a battery or during
corrosion of a zinc-iron galvanic couple. It also permitted to locate
defects on a paint film and porosity on an alumina layer applied to
metal substrates. In these first trials ethanol was used due to its
easy availability and non-demanding requirements for the
experimental work.
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