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The controversial statements about the solution conductivity changes occurring above the pits
appeared on corroded Al alloy surface were verified. Original local conductometric measuring
technique was employed together with SVET to evaluate the solution conductivity influence on the
SVET results, completely dependent on the solution conductivity (IRsowuion Ohmic drop). Bare and
chromated AA 7075-T6 aerospace aluminum alloy specimens were employed in 5 % NaCl solutions
for the conductometric/SVET measurements. Artificial “pits” (Pt spots) with known dimensions were
used for the SVET measuring instrument calibration. Solution conductivity variations of about 4.8 %
above the non-chromated specimens’ surfaces were registered at a distance of 30 um 5 minutes after
the specimens’ immersion, against less than 1% changes above the chromated specimens at same
conditions. A special noise reduction technique was applied allowing distinguishing of the small
changes of the SVET signal caused by the conductivity influence.
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1. INTRODUCTION

Localized measuring techniques such as Scanning Vibrating Electrode Technique (SVET) [1-3]
and Scanning Reference Electrode Technique (SRET) [4, 5] are powerful tools for pitting corrosion
studies. SVET, being a further improvement of SRET provides higher sensitivity due to the conversion
of the measured potential gradient into AC signal achieved by probe vibrating. The lock-in amplifier
application allows recovering of the very low SVET signals from the extremely noisy environment at
more than 60 dB signal to noise ratio (S/N). As a result, amplitudes as low as 5 uV are able to be
measured by SVET allowing distinguishing of very small corroded zones, while the minimal potential
gradients measurable by SRET are reported to be about 200 puV [6, 7].
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The localized techniques allow the determination of the ionic currents distribution flowing
between the anodic and the cathodic zones of the corroded surface through the solution, and the
corrosion rate determination as well [8]. The ionic currents are evaluated by measurement of the
potential gradients appearing as ohmic drops: U = IR resulting from the currents flowing through the
test solution. Since U depends on the solution resistance R = 1/ ¢ (where ¢ is the solution conductivity)
the local solution conductivity appears to be an important parameter determining the SVET results.
Oltra [9] stated that the ohmic drop existence stabilizes the localized corrosion processes becoming
part of the electrochemical polarization of the system in terms of electrochemical Kinetics.

The local conductivity may differ from the bulk one because of: i) the metal dissolution caused
by the corrosion process; ii) insoluble corrosion products formation with the participation of ions from
the nearest metal surface environment as stated by Vuillemin et al. [10] reporting dynamic local
changes in surface composition due to precipitation of dissolved species.

The localized corrosion processes can be characterized more completely employing
simultaneously several independent local measuring techniques [9]. Ogle et al. [11] reported a
combination of local pH and current density measurements applied to galvanized steel cut edge
corrosion studies. Park and Bohni [12] combined pH measurement with polarization curves
registration applied to local corrosion sites containing MnS inclusions. Vuillemin et al. [10] reported a
combination of SVET, AFM and SAM (Scanning Auger Microscopy) applied to pitting corrosion of a
MnS inclusion on 316L stainless steel, employing aggressive solution injection (NaCl, H,SO,4 or HCI).

As established by Oltra [9], significant changes in solution chemistry may occur very close to
the corroded surface, so that the conductivity may be unknown and some of the currents can be
controlled by diffusion as well because of the decreased ion concentrations.

On the other hand, Deshpande [13] stated that the local solution conductivity variations are
marginal (less than 0.4%) confirming that there was no difference between the bulk conductivity and
those close to the galvanic couple. Probably both controversial statements can be true but related to
different conditions such as corroded alloy and test solution composition, protection coatings existence
and composition etc. No data were published till now proving or denying some of the mentioned
controversial statements.

The objectives of the present work is real time local conductivity monitoring of the NaCl test
solution above the corroded bare and chromated AA 7075 T6 aluminum alloy in 5% NaCl test
solution, at a distance of 30 um from artificial pits simultaneously with SVET measurements to
evaluate the conductivity changes influence on the SVET results.

2. EXPERIMENTAL

2.1. Artificial microcells (pits) preparation

An artificial microcell imitating anodic and cathodic pits zones was elaborated and used for the
SVET instrument calibration. It consisted of two Pt wires 0.1 mm in diameter placed in acrylic resin
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support at a distance of 25 um between them, connected to a homemade low current galvanostat. The
acrylic cylinder was polished using finally 1 um alumina to appear two Pt spots on it.

Another artificial cell was prepared by the same way but replacing one of the Pt wires by AA
7075 T6 one, 0.1 mm in diameter serving as anode zone connected to the galvanostat. The aluminum
alloy wire was prepared by rolling of 5 mm thick bar down to 1 mm followed by slow mechanical
extension down to about 0.1 mm at increased temperature achieved by electric current passing through
the extended wire.

2.2. Specimens Preparation

Bare AA 7075 T6 specimens measured 1x1 cm were capsulated in acrylic resin and then
polished with abrasive sand paper up to #1500 and finally by 1 um alumina. The half of the capsulated
specimens were chromated applying industrial alodining process yielding coatings composition:
Cr(OH),HCrO,4 and Cr,03.1.2H,0 (48 to 80 %); Al,O3, AlF3;, AIOF, AIOOH (15 to 30%).

The pits occurrence on the bare and chromated specimens’ surface was provoked by immersion
into the testing electrolyte followed by SVET/conductivity measurements. For comparison specimens
kept in saline chamber according to the ASTM 117 condition were employed as well.

2.3. Testing Electrolyte

A relatively high salt concentration 5% (0.86mol dm™) of NaCl solutions with a conductivity of
7.01 Sm™ at 20°C was chosen to obtain a sufficiently high signal for the local conductivity avoiding
the influence of the conductometric electrodes (probe tips) small size. Deionized water produced by
Milli Q reverse osmosis installation (Millipore, USA) was employed for the testing solutions
preparation.

2.4. SVET - Conductometric Equipment

Homemade equipment was employed for the simultaneous SVET and conductivity
measurements with the application of two vibrating probes setup. One of the probes was connected to
the amplifier input applied for both, SVET potential gradient (IRsoution 0hmic drop) and conductivity
measurements as well.

Pulses of AC sine wave voltage with frequency of 60 Hz, duration of 33.3 ms (two periods of
60 Hz) and amplitude of 100 mV p-p was applied to the second probe at the end of every step of the
surface scan performed by precise X-Y linear stages. Voltage driven lens focusing mechanism
commonly used in the CD/DVD computer drives was employed for Z direction conductometry/SVET
combined probe positioning within +/-1.5 mm and for its vibration with amplitude of 10 um at a
distance of 30 um from the specimen controlled by a microscope.



Int. J. Electrochem. Sci., Vol. 6, 2011 2749

A NI USB 6009 Data Acquisition System coupled with especially developed NI Lab View 8.0
based software were used for SVET and conductivity signals data acquisition and for the X-Y stage
driving with a step of 0.5 um.

2.4. SVET noise suppression technique

The noise spectrum analysis of the SVET signal showed that the main noise frequency is the
power line one F = 60 Hz (or 50 Hz). For its suppression the specific approach developed by the
authors earlier [14] was applied. For this purpose the frequency of the SVET tip vibration was chosen
to be F/2 (obtained by dividing the power line frequency by 2) allowing the entire cycle of the tip
movement (neutral — down — neutral — up - neutral) to happen within two full power line periods.
Digital integration of the SVET signal was applied for every of these two periods and finally, the two
integral products were subtracted yielding the SVET measurement value. Since the noise coming from
the power line is the same for every one of the two integration periods (coinciding completely with the
SVET tip movement cycle) the integral products subtraction eliminates completely the power line
noise reducing also the white (rose) noise level. Thus, a total noise suppression of 61 dB (about 1000
times) was achieved without lock-in amplifier application.

3. RESULTS AND DISCUSSION

3.1. SVET equipment calibration

The voltage gradient (IRsowtion Ohmic drop) measured by SVET can be converted into ion
current density applying the following equation proposed by Ogle et al. [12]:

j =0 (AE/A) 1)

where: j is the current density; o is the specific conductivity of the electrolyte solution; AE is
the potential gradient across the vibration amplitude; A is the vibration amplitude.

Since o and A are constants, this equation can be presented simpler as: j = K AE assuming the
temperature to be constant (since o is temperature dependent). Thus, the aim of the SVET calibration is
the experimental determination of the coefficient K. The acrylic cell with two artificial “pits” - Pt disc
electrodes imitating the anodic and cathodic pits zones described above was employed for this purpose.
Known constant currents | in the range from 0.2 to 10 pA were imposed between them from a
galvanostat able to maintain small currents and the Pt micro-disc anode was scanned by the SVET
vibrating probe at a constant distance of 30 pum. The maximal potential gradient AE, measured at the
center of the Pt disc was plotted against the imposed constant current I, shown in Fig. 1 having plot
characteristics: b[0] = 1.831; b[1] =57.297 and r 2=0.998
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Figure 1. SVET signal calibration plot obtained in 5% NaCl test solution and artificial pit
employment.

Taking into account the Pt electrode surface of 7.85 10 m? and converting the applied constant
current in current density, the coefficient K calculated as slope of the curve was found to be 1.274 10°
AV 'm?

3.3. Conductometric equipment calibration

NaCl water solutions with known concentrations from 10 to 60 g L™ (1 to 6 %) were employed
for calibration plot building in coordinates: conductivity AC current — NaCl solution concentration
presented in Fig. 2 having the following characteristics: b[0 ]=-1.086; b[1] = 3.151; r 2= 0.988.

The concentration can be easily converted in conductivity measured in (S m™) by replacing the
concentration values with the corresponding conductivity ones measured by a commercial
conductometer or taken from a table. In this paper however all the measured conductivity data are
presented using their corresponding concentrations in accordance to Figure 2.

When the conductivity measurements were carried out at a temperature different from the
calibration one, temperature compensation was made applying the following equation:

ot = otcal[ 1 + a(t-tea)] )

where: oy is the solution conductivity at temperature t; oy IS the solution conductivity at the
temperature of the calibration; a = 2%/°C for NaCl solutions.
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Figure 2. Conductivity calibration plot, obtained by microprobes electrodes in 5% NaCl test solution.

3.2. Precise pit’s size determination by AFM application

Pits, having equivalent diameters about 100 um similar to the diameters of the artificial ones
were employed in the real specimens experiment, and also because of the technical difficulties in
preparation of smaller artificial ones. The pit sizes were determined by the application of optical
microscope and AFM as well. A partial pit’s AFM image is shown in Fig. 3.

Figure 3. Partial AFM image of a pit (black zone) on a chromated (yellow zone) AA 7075 T6 alloy
surface.
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3.4. Bare specimens testing: simultaneous ion current density and conductivity measurement

The bare metals exhibited dynamic zones of anodic activity, reflecting sites of localized
corrosion when immersed in test NaCl solution. The pits appeared almost immediately, causing
significant currents flowing registered during the first SVET scans followed by rapid diminution due to
metal passivation on a time scale of tens of minutes. Family of SVET profiles registered by multiple
one dimension scan (X axe only, keeping Y = 0) of same pit area every 5 minutes during 20 minutes
are shown in Fig. 4. The anodic current decrease with the time can be explained with the passivation,
while the cathodic sites are affected by corrosion products precipitation provoking the same result.

The conductivity profile registered simultaneously with the SVET after the specimen
immersion is shown in Fig. 5. Maximal deviation of 4.8% was observed at 30 pm above the anodic
zones 5 minutes after the specimens’ immersion probably due to the metal dissolution, while above the
cathodic zones no conductivity change occurred. Obviously, the precipitation appeared above the
cathodic site is not capable to decrease the local solution concentration at the interface with the metal
since the Na-aluminates are soluble.
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Figure 4. SVET current density/X coordinate plot above the pit located on bare AA 7075 surface.

Curves from a to d were registered: 5; 10; 15 and 20 minutes respectively after the specimen’s
immersion into 5% NaCl test solution.
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In general, a precipitation strongly depending on the solution and the corroded metal
composition can appear provoked by the pH augmentation due to the following cathodic reaction:

0, + 2H,0 + 4¢” = 40H" 2]
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Figure 5. Local conductivity/X coordinate plot above the pit characterized by SVET in Fig. 4. Curves
from a to d: 5; 10; 15 and 20 minutes respectively after the specimen’s immersion into 5%
NaCl test solution.

The values obtained for the maximal local conductivity variations above the bare metal surface
of 4.8% are much higher than those (0.4%), reported by Deshpande [13]. On the other hand
“significant changes in solution chemistry” stated by Oltra [9] was not registered. The observed
conductivity increase faded to its initial (bulk) value due to the surface passivation becaming almost
undistinguishable from the noise 15 minutes after the immersion.

3.5. Chromated specimens testing: simultaneous ion current density and conductivity measurements

Specimens chromated by industrial alodining process application including 60 s chromatizing
stage were employed. Although the mechanisms of the inhibition of the Al alloys corrosion by
chromate conversion coatings remains still unclear, it is assumed that Cr®" inhibits the cathodic
reactions (primarily oxygen reduction) on the alloy active sites [15, 16] blocking thus the consumption
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of the electrons generated from the metal oxidation step at the anodic sites. Several redox reactions
may occur such as: direct oxidation of the metal substrates provoked by the oxidizing power of CrO,*
or Cr®*; Cr®" reduction to Cr** with composite oxide/hydroxide adherent films formation having a
general composition: xAl,03/yCr,03 or XAl(OH)3s/yCr(OH)s, where x and y are variable depending on
conditions [17]. On the other hand the negative charge of CrO4* and Cr,O;* facilitates Cr®* migration
to anodic sites where passivation processes may occur. As a result the chromate coatings provide
regenerating properties protecting mainly the damaged areas by pits sealing as stated by Adrian and
Bittner [18]. The potentiodynamic Tafel plots presented in Fig. 6 registered for a single pit 5 and 20
minutes respectively after the specimen immersion into the NaCl test solution showed time dependant
anodic current diminition proving the pit sealing. The anodic current diminution within 15 minutes was
found to be about 6 times and the pitting potential remains almost unchanged during the pit sealing.
After the pits sealing, negligible corrosion activity and hence local solution conductivity changes could
be expected above the sealed pit’s zone.
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Figure 6. Fig. 6. Tafel plots of a pit on chromated (60 s) AA 7075-T6 aluminum alloy. The curves a
and b were registered 5 and 20 minutes after the specimen’s immersion into 5% NaCl test
solution.

The SVET measurements showed decreased maximal anodic current amplitudes compared
with the bare samples results. Family of SVET plots are presented in Fig. 7 measured during 20
minutes after specimen’s immersion in 5 minutes intervals. The pit appearing was initiated by
scratching the chromated surface in order to obtain comparable conditions with bare samples.
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Figure 7. SVET current density/X coordinate plots above a pit on chromated AA 7075 T6 alloy.
Curves from a to d were registered: 5; 10; 15 and 20 minutes respectively after the specimen’s
immersion into 5% NaCl test solution.
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Figure 8. Maximal current density/time profiles comparison of bare and chromated specimens in 5%
NaCl test solution. Data derived from the Figures 4 and 7.



Int. J. Electrochem. Sci., Vol. 6, 2011 2756

The maximal ion current density measured by SVET 5 minutes after the chromated specimen
immersion into the test solution were found to be about two times lower compared with the bare
specimens, while 15 minutes later the difference was already about 10 times, as seen from Fig. 8,
where the current density/time profile for chromated AA 7075 specimens is presented. The diminished
corrosion activity in this case is due obviously to the self regenerating properties of the chromate
coatings.

The local conductivity results above the chromated AA 7075 specimen’s are also affected by
the pits sealing which prevents significant solution conductivity variations. The local conductivity
plots measured 5 and 10 minutes after the specimen’s immersion are shown in Fig. 9. After the 10th
minute from the specimen’s immersion (see curves ¢ and d in Fig. 9) the test solution conductivity
variations are already too small, not distinguishable from the noise.
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Figure 9. Local conductivity/X coordinate plot above the pit characterized by SVET presented in Fig.
4. Curves from a to d: 5; 10; 15 and 20 minutes respectively after the specimen’s immersion
into 5% NacCl test solution.

4. CONCLUSIONS

The controversial statements of about the local conductivity variations of test solution during
the corrosion process and their influence on the SVET results were verified combining the SVET with
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local conductivity measurements. A special noise suppression technique was applied allowing to detect
small SVET signal changes due to the local test solution conductivity variations.

It was found that the maximal conductivity changes are less than 1% occuring above the
chromated AA 7075-T6 specimens, 5 minutes after the specimen’s immersion, measured at a distance
of 30 um from the corroded metal surface. The conductivity changes above the bare AA 7075-T6
specimens however are considerably higher: 4.8% maximal value measured at the same conditions.

The obtained results lead to the conclusion that the conductivity changes depend on the type of
the corroded metal surface and its conditions (coated or bare), explaining thus the controversial
statements mentioned above.
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