J Solid State Electrochem (2006) 10: 700-707
DOI 10.1007/s10008-006-0114-2

ORIGINAL PAPER

Eimutis Juzelitinas - Yu Pei Ma - John P. Wikswo

Magnetometric corrosion sensing under hydrodynamic conditions

Received: 30 May 2005 / Accepted: 9 November 2005 / Published online: 5 May 2006

© Springer-Verlag 2006

Abstract SQUID (Superconducting QUantum Interfer-
ence Device) magnetometer operating in liquid helium
with a special resolution of ca. 1 mm was used to study the
magnetic fields produced by corrosion reactions under
electrolyte flow conditions. Macroscopic magnetic field
images were obtained on AA 2024 samples corroding in
naturally aerated and oxygen-saturated NaCl solutions and
0.1 M NaOH. The fields originated from the macroscopic
surface currents (ionic and electronic), which appear due to
corrosion potential differences that resulted from differ-
ences in electrolyte flow characteristics (velocity, direction,
and turbulence). The measurements demonstrated SQUID
capability of remote corrosion sensing across the integrated
media consisting of gaseous and solid dielectrics, metal,
and electrolyte. The results have shown the potential of
magnetometry for practical corrosion detection in the
restricted locations (“hidden” corrosion) where solution
flow is applied.

Introduction

Significant efforts have been undertaken during the last two
decades to introduce the SQUID (Superconducting QUan-
tum Interference Device) magnetometry into corrosion
science and engineering [1-22]. These efforts were direct-
ed to a challenging goal—development of a new technique,
which would be capable of corrosion characterization
noninvasively and remotely across dielectric medium.
Nevertheless, the field remains to be at an early stage from
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both fundamental and practical points of view. There are
very few studies aimed to demonstrate a relationship
between the corrosion rate (j.) and the corresponding
magnetic activity (B), if any, and no quantitative expres-
sions between these parameters are known [12, 14, 17]. It
is, therefore, not surprising that, so far, there is no a well-
established magnetometric technique for practical char-
acterization of corrosion defects.

The main difficulty in the basic magnetometric corro-
sion studies is the limited spatial resolution of the applied
techniques (roughly 1 mm or greater), which is not
sufficient to detect the magnetic activity of a single
corrosion pit (with the size in the order of micrometers or
even less). Due to statistically distributed corrosion pits
and randomly orientated surface currents, the corroding
surface could be magnetically silent on a macroscopic
scale. Some progress suggests a SQUID microscope with
improved spatial resolution, which was originally devel-
oped to measure biomagnetic and paleomagnetic fields
[23]. The authors used submillimeter pickup coils from a
low-temperature superconducting niobium wire coupled
to the input circuit of a SQUID and achieved a spatial
resolution of 250 um with a magnetic field sensitivity of
850 fT/Hz .

Another limitation lies in necessity to exclude natural or
man-made magnetic noise, i.e., to perform the measure-
ments in the specially shielded environment. To overcome
this problem, attempts have been undertaken recently to
apply the fluxgate gradiometer with two magnetic sensors
[24].

Corrosion under hydrodynamic conditions is attractive
for magnetometric investigations because in this case,
generation of large-scale magnetic fields could be
expected. An electrolyte stream due to variation in flow
characteristics may cause appearance of the macroscopic
domains with different corrosion potentials. The electro-
motive force between these domains may cause generation
of associated electronic and ionic currents with a detectable
magnetic component. The intrinsic magnetic activity of the
liquid stream could be much less than that produced by
corrosion process [22].



Fig. 1 The experimental setup
of the magnetic imaging system
under electrolyte flow condi-
tions. The system consists of
three-axis differential SQUID
magnetometer with SQUID
electronics, magnetic and rf
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In this study, hydrodynamically induced magnetic fields
on an AA 2024 sample in NaOH and NaCl solutions were
studied by SQUID magnetometry. Our goal was to
demonstrate a capability of magnetometry to detect the
corrosion activity remotely and across the multiphase
system consisting of dielectrics (air and plastic) and
electronic (metal) and ionic (electrolytes) conductors. The
attempts were addressed to design the system, which
simulated, to a certain extent, subjects of practical
importance, for instance, subsurface corrosion in pipelines
and aircraft structures.

Experimental

The experimental setup used (Fig. 1) was described in
detail previously [17, 21, 22]. A high-resolution SQUID
facility at Vanderbilt University was used. The SQUID
magnetometer operating in liquid helium (Tristan Tech-
nologies) had a three-axis vector gradiometer system with a
noise-cancelling reference SQUID. For each axis, a first-
order differential gradiometer uses a pair of pickup coils (&
3 mm) separated vertically by a 30-mm baseline. The
minimum operational distance between the z pickup coil
and the dewar outside (room temperature) is 2.5 mm. The
SQUID is controlled by a modified QD 5000 (Quantum

Fig. 2 The electrolyte flow cell
with the AA 2024 sample in-
AA 2024

H

Design) electronics that provided external feedback on four
channels. A magnetic shield with dimensions of
Imx1.7mx2m consisted of two layers of Amumetal and
two layers of aluminum, which provides the environment
for the SQUID not higher than 12 fT/Hz '>. A non-
magnetic, high-speed x—y scanning stage driven by two
stepper motors was placed outside the magnetic shield. It
provided repeatable scans with positioning accuracy less
than 0.1 mm.

Figures 2 and 3 show the design of corrosion cells and
the AA 2024 samples. The cells were sandwiched from a
plexiglas cell body, a rubber seal, and a plexiglas cover
with an AA 2024 alloy sample underneath the cover or
inside the cell. In some experiments, the plastic cover was
replaced by an AA 2024 one, which represented the
corroding sample and directly contacted the solution. The
sample and the electrolyte compartment were of analogous
shape. The width of the cell channels was 6, 10, and
20 mm, while the sample had the analogous dimensions of
2.5,7, and 16 mm.

The corrosion cell was assembled using eight plastic
screws. The assembled corrosion cell was connected to
solution tubing and fixed on the x—y stage in the magnetic
shield (always in the same position). The maximum
distance between the SQUID dewar and the sample
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Fig. 3 The corrosion cell design with AA 2024 sample underneath
the cover used in the SQUID magnetometry experiments

(2 mm), the AA 2024 and plastic covers (1.5 and 0.8 mm),
the rubber seal (0.8 mm), and the solution (7 mm).

The samples were prepared from a commercial 1.5 mm
thick AA 2024 aluminum alloy plate (McMaster Carr). In
some experiments, to prevent electronic current flow along
the sample, the latter was cut into 11 single sections of
different size and geometry (sample configuration is shown
in association with magnetic images).

The surface treatment before each experiment included
sandpapering (grade 320 and 600), cleaning with filter
paper, rinsing with acetone, drying under ambient condi-
tions, washing with distilled water, and drying again.

The experiments were conducted at room temperature
(20+£2°C). The solutions were prepared from distilled water
and analytical class purity reagents.

The SQUID data were processed using a program, which
makes it possible to subtract one scanning data from
another. For instance, to show electrolyte flow effect, the

Fig. 4 Magnetic field image (B,
component) obtained for the U-
shaped sectional sample in
naturally aerated 3.5% NaCl
solution under no-flow condi-
tions. The cell design is shown
in Fig. 3 and sample location is
depicted below the magnetic
image. Spatially integrated
magnetic activity 1s

SIMA=28 nT mm®

scanning data under no flow conditions were subtracted
from those obtained under electrolyte flow.

The total magnetic activity of the scanned area was
estimated by the spatially integrated magnetic activity
(SIMA, nT mm?) [13],

ZZ

SIMA (1, At) =

x,,y,, ty., At)}AxAy , (D

where Ax and Ay represent the distance between two
consecutive pixels in the corresponding scan direction. The
SIMA calculation takes the summations over all the pixels
in the magnetic image, i.e., this value is proportional to the
net magnetic activity of the sample during the surface
scanning time.

Results and discussions

Figures 4, 5, 6, and 7 show the magnetic images (B.
component) obtained over the U-shaped sectional sample
under no flow conditions (Figs. 4 and 5) and when different
electrolyte flow velocities were applied (Figs. 6 and 7). The
monolithic sample, which is shown in Fig. 2, was cut into
single sections to prevent a current flow along the sample,
which may appear due to different geometry and,
consequently, different corrosion potentials of the end
parts of the sample [17].

As depicted in the figures, the entire system under study
comprised 11 single sections of different size and
geometry, which were separated by 1 mm insulating
gaps. The system exhibited in quiet solutlons with
relatively low magnetic activity SIMA.=28 nT mm?. The
patterns also did not indicate any distinctive magnetic field
distribution, which could be associated with configuration

Y (mm)

X (mm)



Fig. 5 Magnetic field image (B,
component) obtained for the
U-shaped sectional sample in
oxygen-saturated 3.5% NaCl
solution under no-flow condi-
tions. The cell design is shown
in Fig. 3 and sample location is
depicted below the magnetic
image. Spatially integrated
magnetic activity is

SIMA=28 nT mm’

of the single sections, entire system, or electrolyte
channels. The magnetic activity did not respond to
substantial increase in corrosivity of the environment, as
evident from the equal activities determined in both
naturally aerated and oxygen saturated solutions (Figs. 4
and 5). The corrosion rate of aluminum alloy in aerated
solution was determined by the quartz crystal microbalance
technique to be about five times lower compared to that in
oxygenated solution [17].

Thus, the data obtained show that the system with
respect to corrosion is magnetically silent. As the alumi-
num alloys corrode according to the so-called pitting
mechanism, it may be concluded that pitting corrosion on a
macroscopic scale (in our case millimeter or greater) is
magnetically silent. The reason of this could be statistical

Fig. 6 Magnetic field image (B,
component) obtained for the
U-shaped sectional sample in
oxygen-saturated 3.5% NaCl
solution under electrolyte flow
1 mls'. The cell design

is shown in Fig. 3 and sample
location is depicted below

the magnetic image.

SIMA=46 nT mm
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distribution of the pits and randomly oriented surface
currents (which cancel each other if they flow in opposite
directions). It seems, therefore, that reports in the literature
on detection of magnetic activity of pitting corrosion
should be taken with some care [10, 11].

An increase in total magnetic activity with a character-
istic spatial distribution of the magnetic field is evident
when electrolyte flow is applied (Figs. 6 and 7). The
activity zones are localized around the places of electrolyte
inlet and outlet and especially around the corners, i.e.,
where solution turbulences are possible.

Another demonstration of hydrodynamically induced
magnetic fields is given in Fig. 8. The data were obtained
using the cell configuration and the monolithic U-shaped
sample, which are shown in Fig. 2. It has been shown

g g
s A A
(7RSS S

T2tr s taSeens, ‘:f

X (mm)



704

Fig. 7 Magnetic field image (B,
component) obtained for the
U-shaped sectional sample in
oxygen-saturated 3.5% NaCl
solution under electrolyte flow
velocity 8 ml s™'. The cell
design is shown in Fig. 3 and
sample location is depicted
below the magnetic image.
SIMA=129 nT mm’

previously that this sample exhibits a characteristic mag-
netic activity under no-flow conditions due to corrosion
potential difference at the end parts of the sample [17]. To
identify the flow effect, the magnetic flux image (x, y, and z
components) first was obtained under flow conditions and
then when solution flow was stopped. When processing,
the data obtained in quiet solution were subtracted from
those under flow conditions.

The data in Fig. 8 imply hydrodynamical generation of
electronic current along the sample. The current is
confirmed by the experiment in which an external current
(/) passed through the sample with an electron flow
direction from the narrow side to the wide one (Fig. 9). It is

Fig. 8 Magnetic field images
(X, y, and z components) ob-
tained for a monolithic U-
shaped AA 2024 sample in
naturally aerated 3.5% NaCl
solution at net flow velocity

7 ml s~'. The scanning data
obtained under no-flow condi-
tions were subtracted from those
obtained under flow conditions.
The cell design and sample
configuration is depicted in
Fig. 2. Sample dimensions are
givezn in Fig. 3. SIMA=166 nT
mm
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obvious that the dc images show resemblance to those
obtained for the corroding sample (Fig. 8), with the main
difference that the applied electron current flows to the end
of the sample, whereas the corrosion current diminishes
closer to the ends. It follows from the dc and SIMA values
that the experimental s¥stem is characterized by the ratio
dj/dB,=1.4x10"" AnT ' mm 2. According to this ratio, the
hydrodynamically induced current in Fig. 8 is as high as
j=23 uA. However, the electronic current in metal may be
somewhat reduced by an ionic current in the solution, as
discussed below. Nevertheless, the current value obtained
is valuable for rough characterization of the process.




Fig. 9 Magnetic field images
(X, y, and z components) ob-
tained when dc (0.6 mA) was
passed through the sample

(Fig. 2 and as depicted below
the image). The connecting wire
contacts were glued to the ends
of the sample using silver paint.
Current polarity corresponded to
electron flow from the narrow
side of the sample to the broad
one. SIMA=4,278 nT mm’
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The origin of j lies in the electromotive force, which
emerges due to the corrosion potential (E..,) gradient
along the sample. It is commonly known that £, depends
upon various factors, which may affect the rate of both the
anodic and cathodic partial reactions of corrosion process.
In our case, corrosion potential on different sides of the
sample is different primarily because of different transport
conditions of the oxidizing agent and products of the
corrosion reaction. A solution stream with three different
flow velocities and directions was applied in our experi-
ment, and the flow velocities in different channels were in
inverse proportion to their width (6, 10, and 20 mm). In
addition, solution turbulences around the corners may
contribute to the transport as well. According to the formal
electrochemical kinetics, it is reasonable to expect that
increase in electrolyte flow velocity will result in a positive
shift of corrosion potential (acceleration of the partial
cathodic reaction of corrosion process). Thus, the anodic
reaction of the corrosion process
2Al + 3H,0 — AlLO3; + 6H™ + 6¢ )
will be promoted on the narrow side of the sample, while
the cathodic reaction

O, +2H,0 +4e — 40H 3)

will predominate on the broad side. Accordingly, the
narrow side will act as an anode and the broad side as a
cathode. The electrons produced in reaction found in Eq. 2
will move from the narrow side to the broad one, where
they will be accepted by reaction found in Eq. 3.

The corrosion process is associated also with generation
of ionic currents, which are due to the release of protons by

T
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Eq. 2 and hydroxyl ions by Eq. 3. Both the electronic and
the ionic currents represent a closed contour, which extends
in metal and solution phases. It means that the electronic
currents in the metal has an opposite direction to that of the
ionic currents in the solution and, therefore, the magnetic
fields induced by electronic currents are oppositely direct-
ed to that induced by the ionic currents. However, both
magnetic fields do not cancel each other because of
different spatial distribution: the ionic currents are
distributed in the large volume of the solution above the
sample, while the electronic currents are localized within a
much thinner sample. Nevertheless, one can expect that the
ionic currents reduce the strength of the observed magnetic
field as compared to that produced by the electronic
currents alone. This should be taken into account when
interpreting the discussed-above current value j=23 pA
calculated for the data in Fig. 8.

The magnetic activity of the solution stream itself in
metal-free cell was studied in detail previously [22].
Although some magnetic activity of the stream was
detected, it was much less than the activity resulted from
metal-solution interaction. The magnetic images of the
solution stream were of randomly distributed character;
they did not indicate the geometry of the flow channels.
The intrinsic magnetic activity was explained by an
interaction between the liquid flow and the walls of the
plexiglas channel, probably, by the streaming potentials
due to the relative motion between a charged surface and
the solution. No indications of magnetic activity of
aluminum corrosion products were found.

The cell design used in Fig. 10 allowed certain
discrimination between the ionic and the electronic
currents. In these measurements, the cell depicted in
Fig. 2 was modified so that no metal sample inside the cell
was used and the plastic cover was replaced by the AA
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Fig. 10 Magnetic field images
(X, y, and z components) ob-
tained using modified cell in
Fig. 2 (only the AA 2024 cover,
no plastic cover and no AA
2024 sample inside the cell).
The electrolyte was 0.1 M
NaOH and flow velocity was
1.5 ml s™". The dotted lines
denote metal/solution interface.
The scanning data obtained
under no-flow conditions were
subtracted from those obtained
under flow conditions.
SIMA=827 nT mm’
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2024 one. The latter also played the role of U-shaped
corroding sample, as the cover directly contacted the
solution channel. Due to corrosion, both electronic and
ionic currents may appear at the metal/solution interface,
whereas only electronic currents on the rest of the surface
are possible. For instance, the electron flow between the
both sides of the U-shaped corroding area is possible due to
the electrochemical potential difference.

The magnetic images in Fig. 10 clearly indicate the
current along the corroding area as evident from the
similarity of the data with those obtained when applying
the external current (Fig. 9). The current is produced by the
electromotive force due to the corrosion potential differ-
ence at the end parts of the U-shaped area and generation of
electronic current associated with the ionic one along the
metal/solution interface. It is difficult to decide as far as it
concerns the fields produced by the electronic currents on
the rest of surface, if any. It is obvious, however, that
induction of the magnetic fields is strongly favored where
the ionic currents are possible.

Conclusions

A U-shaped aluminum alloy (AA 2024) sample, which
comprised 11 single sections of different size and
geometry, did not exhibit a distinctive magnetic activity
during corrosion in a naturally aerated 3.5% NaCl solution.
The total magnetic activity of the sample did not respond to
corrosion enhancement by solution saturation with oxygen.
These data have shown that pitting corrosion might be
magnetically silent on a macroscopic scale (millimeter or
greater) due to statistical distribution of corrosion pits and
randomly oriented surface currents.
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Macroscale magnetic fields were induced hydrodynam-
ically on the sectional sample as well as on the monolithic
one. The highest magnetic activity on the sectional sample
was detected around the places where solution turbulences
were possible. The magnetic field patterns indicated a
current flow along the monolithic sample; the current
configuration was confirmed by experiments with an
external dc.

The hydrodynamic induction of magnetic fields is owing
to the corrosion potential gradients, which in turn are due to
differences in transport conditions of the oxidizing agents
and the corrosion products. The differences cause appear-
ance of associated electronic—ionic currents, which repre-
sent a closed contour extending in both metal and solution
phases. The experiment, in which differentiation between
the electronic and the electronic—ionic currents was
possible, indicated that magnetic field generation by
electronic—ionic currents was prevailing when compared
to electronic currents alone, if any.

The SQUID magnetometer was demonstrated to be
capable of remote sensing of corrosion under hydrody-
namic conditions across the multiphase system “air—
plastic—metal/solution”.
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