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What i1s a SQUID magnetometer?
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SQUIDS for
Naval NDE and DE

http://Junmuseum.mus.pa.us/kraken.htm
http://www.angelfire.com/anime3/kraken/



John Wikswo
Presentation Notes
Probably no legendary sea monster was as horrifying as the Kraken. According to stories this huge, many armed, creature could reach as high as the top of a sailing ship's main mast. Kraken's would attack a ship, wrap their arms around the hull and capsize it. The crew would drown or be eaten by the monster. What's amazing about the Kraken stories is that, of all the sea monster tales we have, we have the best evidence that these are real. 
Early stories about Kraken, from Norway in the twelfth century, refer to a creature the size of an island. Even in 1752, when the Bishop of Bergen, Erik Ludvigsen Pontoppidan, wrote his The Natural History of Norway he described the Kraken as a "floating island" one and a half miles across. He also noted: "It seems these are the creatures's arms, and, it is said, if they were to lay hold of the largest man-of-war, they would pull it down to the bottom." Later Kraken stories bring the creature down to a smaller, but still monstrous, size. 
 The Kraken of legend is probably what we know today as the giant squid. While a colossal octopus might also fit the description, the squid is thought to be much more aggressive and more likely to come to the surface where it might be seen by man. Though giant squids are considerably less then a mile and a half across, they are large enough to wrestle with a sperm whale. On at least three occasions in the 1930's they attacked a ship. While the squids got the worst of these encounters when they slid into the ship's propellers, the fact that they attacked at all shows that it is possible for these creatures to mistake a vessel for a whale. 
What if a large squid, say a hundred feet long and weighing two or three tons, attacked a small sailing ship? (Remember many early vessels, even those that crossed the Atlantic, measured much less than one hundred feet in length) It might well have been able to turn it over. 
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This airplane is supposed to fly when it is older than anyone
in this room....

g =)

(30

http://sill-www.army.mil/Graphics/aircraft/Page0002.html kc1351.]
acificcorp.com/emeraldevents/airshow/images/aircraft/pages/kc135-1_jpg.htm kc135_good.jpg




Electromagnetics Lahoratory
Vanderbilt Universit;

Aging Aircraft
Corrosion
Measurements
Using SQUIDs

John Wikswo, Afshin Abedi, Grant Skennerton,
Yu Pel Ma, Delin LI

Department of Physics and Astronomy
Vanderbilt University !



http://www.tenhand.com/squid/krakenl.jpghttp://www.tenhand.com/squid/golden.|pg




Electromagnetics Lahoratory

Vanderbilt University

SQUID Corrosion Project

How do you quantify hidden corrosion?

* NDI — detects corrosion damage and missing metal
— Measurable material loss may take months

e Mass Loss — detects metal loss by weighing

— Well-suited for determining the average rate over intervals as
short as several weeks

— Cannot be used on old lap joints or exfoliation/IGA

e Potentiometric measurements
— Limited to exposed surfaces
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Practical Corrosion Questions

What Is the instantaneous rate of hidden corrosion?
How does It depend upon?

e Humidity

* Environment (salt, etc.)

 Corrosion abatement technology

e Maintenance

e Metallurgy

SQUIDs can help answer these questions.
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Why use a SQUID magnetometer?

e There are no established techniques that can measure the rate
of hidden corrosion

 There is little knowledge of how corrosion rates are affected
by environment, structural condition, flight history, or
maintenance procedures

o Standard electrochemical techniques cannot study the
Instantaneous rate or distribution of hidden or exfoliation
corrosion.

e SQUIDs are ideally suited to map the distribution of hidden
corrosion ACTIVITY in an aircraft lap joint or wing plank

« Caution: The mechanisms by which corrosion activity
produces the observed magnetic fields are not fully
understood 12




How do you guantify hidden corrosion?
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How do you quantify hidden corrosion?

* NDI — detects corrosion damage and missing metal
— Measurable material loss may take months

e Mass Loss — detects metal loss by weighing

— Well-suited for determining the average rate over intervals as
short as several weeks

— Cannot be used on old lap joints or exfoliation/IGA

Potentiometric measurements
— Limited to exposed surfaces

SQUIDs — detects magnetic field of corrosion currents
— Can detect instantaneous corrosion
— Difficult to obtain absolute calibration 1
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SQUID Corrosion Measurements: 1990-1995
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Dewar
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Solution 7

Active Corrosion
(7075 aluminum alloy in 3.5% NaCl + 50 ppm Cu’" solution)

no solution (before) 25 minutes 64 minutes

276 minutes

1403 minutes 2786 minutes solution (after)

Magnetic field demsity(nT)

Magnetic field demsity(nT)

7075 in 3.5% NaCl + 50 ppm Cu™

600
Time(min)

2024 in 3.5% NaCl + 50 ppm Cu™

600 1000 1200
Time(min)
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Dgptesedad  SQUID Sensitivity for Weak or Deep
orrosion Projec Corrosion
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SQUIDs can detect corrosion of SQUIDs can detect corrosion of
aluminum in 1 ppm NacCl aluminum through 1 cm of metal or air

Detection of Hidden Corrosion of Aircraft Aluminum Alloys by Magnetometry Using a

Superconducting Quantum Interference Device,” D. Li, Y.P. Ma, W.F. Flanagan, B.D. Lichter,
and J.P. Wikswo, Jr., Corrosion, 53(2): 93-98 (1997).
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Conclusions from AFOSR-URI studies

o SQUIDs are suited for the periodic, non-destructive
analysis of corrosion test specimens where the
corrosion activity is not directly accessible to a
potentiostat, e.g., corrosion that is hidden under a thick
coating or one or more layers of metal.

o SQUIDs may be the only technigue to detect these
hidden currents non-destructively and instantaneously.

* The external magnetic field does not reflect all of
the internal corrosion activity, I.e., there are field
cancellation effects.

17
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SQUID Corrosion
Measurements
In the Laboratory

e This is a laboratory
technique for determining
the rates of hidden corrosion
under different conditions.

e Thisis NOT an NDI tool!

|t is highly unlikely that this
technigue can be applied to
Intact aircraft on the flight
line!

http://seawifs.qgsfc.nasa.qov/OCEAN PLANET/SQUID/clyde hosing mantle.jpg
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SQUID-Specific Questions

How do the SQUID data correlate with the
Instantaneous rate of corrosion?

How do the SQUID data correlate with total
mass 10ss?

How do the SQUID images correlate with
corrosion damage images?

20



How do the SQUID data correlate with the
Instantaneous rate of corrosion?

Start with the spatially-integrated magnetic
activity (SIMA)

(\

X . | = sImMA

XY

SIMA(t) = > | B (x,y,t) | AX AY



Ideally, SIMA is proportional to the instantaneous
corrosion activity, I.e. corrosion rate




How do the SQUID data correlate with mass loss?

Use the temporally-summed spatially-integrated
magnetic activity (TSSIMA)

TSSIMA = 3, SIMA(t) At

Time
TSSIMA correlates well with mass loss, but with a
geometry-dependent calibration factor
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Old Lap Joints
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Corrosion Rates in Old Lap Joints

Protocol 3 exposure sequence

Step 1. Humid Air (98% RH)
Step 2: Distilled Water

Step 3: 0.01 M Chloride
Step 4: 0.1 M Chloride

» Bake-out before each step

e Degauss after each bake-out
o Each step is repeated three times for all specimens

26
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SQUID Images

Step 1: Humid Air (98% RH)

Step 2: Distilled Water

Step 3: 0.01 M Chloride

Step 4: 0.1 M Chloride
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Summed Magnetic Activity Versus Time
for Old Aircraft Lap Joints

— Humid Air

— Distilled Water
0.01 M ClI

— 0.1 MClI

Time (hours)

Varied activity
depending upon
lap joint,
corrosive solution,
and time

Reproducible dry
background
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Presentation Notes
The absolute value of the magnetic field  activity in each image can be summed and plotted as a function of time for each sample in the study and for each environmental corrosion condition (upper  panel).  The area under each curve gives a measure of the total corrosion current flowing within the sample, so that the area under this curve is proportional to the amount of metal lost through corrosion during the experiment. In the lower panel, we show the average value of the corrosion activity for each of the four samples in the study for exposure to humid air (left), distilled water (middle), and 0.01 M NaCl (right).  Because the joints are removed from aging aircraft and baked in a vacuum oven prior to measurement, the distilled water activates the chemicals and corrosion byproducts that have accumulated in the joint.  These data show that the corrosion activity in the joints studied is slightly less than what was generated when 0.01 M NaCl was added to the same lap joints.
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Lap Joint SIMA vs Environment

-+ Humid air - Distilled water = 0.01-M chloride

No significant difference between
distilled water and 0.01-M chloride

Significant
increase in
maghnetic
activity
when
quiescent,
existing
corrosion is
re-initiated
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pot-Welded Compared with Riveted:
Cumulative activity map

+*

Y

Riveted Specimen Spot-welded Specimen

Can identify internal structure apparently associated
with spot welds compared with that of rivets
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Summed Magnetic Activity Versus Time
for Old Riveted Lap Joints
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Presentation Notes
The absolute value of the magnetic field  activity in each image can be summed and plotted as a function of time for each sample in the study and for each environmental corrosion condition (upper  panel).  The area under each curve gives a measure of the total corrosion current flowing within the sample, so that the area under this curve is proportional to the amount of metal lost through corrosion during the experiment. In the lower panel, we show the average value of the corrosion activity for each of the four samples in the study for exposure to humid air (left), distilled water (middle), and 0.01 M NaCl (right).  Because the joints are removed from aging aircraft and baked in a vacuum oven prior to measurement, the distilled water activates the chemicals and corrosion byproducts that have accumulated in the joint.  These data show that the corrosion activity in the joints studied is slightly less than what was generated when 0.01 M NaCl was added to the same lap joints.
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Summed Magnetic Activity Versus
Time for Old Spot-Welded Lap Joints

A SM18-SP02 Spot-welded
A SM18-SP07 Spot-welded
A SM18-SP03 Spot-welded
A SM18-SP04 Spot-welded

Distilled water

!

0.01MCI

 Distilled H,O
activates the
chemistry within the
lap joint

e 0.01 M chloride

shows lower activity
than distilled water

e Low activity in 98%
relative humidity air
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Presentation Notes
The absolute value of the magnetic field  activity in each image can be summed and plotted as a function of time for each sample in the study and for each environmental corrosion condition (upper  panel).  The area under each curve gives a measure of the total corrosion current flowing within the sample, so that the area under this curve is proportional to the amount of metal lost through corrosion during the experiment. In the lower panel, we show the average value of the corrosion activity for each of the four samples in the study for exposure to humid air (left), distilled water (middle), and 0.01 M NaCl (right).  Because the joints are removed from aging aircraft and baked in a vacuum oven prior to measurement, the distilled water activates the chemicals and corrosion byproducts that have accumulated in the joint.  These data show that the corrosion activity in the joints studied is slightly less than what was generated when 0.01 M NaCl was added to the same lap joints.
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Spot-Welded Compared With Riveted:
Ratio of TSSIMA

« Ifanoldlap jointis
hyd rated Wlth @ Spot-welded average
distilled water, the ® Riveted average {\ 11% decrease 27% decrease
chemicals already in (not significanty — | (1Ot SionHean)
the lap joints may be
more important in the
short term than what
Is added externally.

e There may not be a
strong dependence
upon the
concentration of
externally-applied Humid air Distilled water 0.01 M CI
chloride.
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Old Lap Joint Conclusions

e SQUIDs can make useful measurements of
Instantaneous electrochemical activity in lap joints that
are not possible with any other technique.

e These data are reproducible phenomenological
representations of corrosion activity.

e \We can assess the effects of moisture and NaCl on old
riveted and spot-welded lap joints.

* There may not be a strong dependence upon the
concentration of externally-applied chloride.

. Kelly 1, SQUID 1
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Is the magnetic signal proportional
to corrosion?
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Characterization Studies
Afshin Abedi and John Wikswo

Examine the relationship between magnetic
fields and the underlying corrosion activity

e Controlled uniform corrosion

— 7075-T6 aluminum disks with mylar and epoxy
NENE

— NaOH for uniform corrosion
— Control corrosion area and pH

36



Galvanic cell with current loop

A SQUID as a Scanning, Zero-

Resistance Ammeter
Afshin Abedi and John Wikswo
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Plan View and TSMA Image
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Presentation Notes
SQUID imaging of galvanic corrosion activity of copper and aluminum.  (a) The schematic of the set-up for non-invasive measurements of galvanic corrosion current with the SQUID magnetometer.  The strips of copper and aluminum were electrically connected by a copper wire as shown in the diagram.  The electronic current path (flowing through the copper wire) includes an 8-mm diameter loop, which allows the magnetometer to serve as a zero resistance ammeter.  (b) TSMA for this experiment, clearly showing the magnetically active regions, including the circular loop in the upper center of the image.  (c) Time evolution of variations in the galvanic current, calculated from the measured magnetic activity above the center of the loop.  (d) The plot of SIMA versus time for this experiment, clearly showing a time-course of activity similar to that of the net corrosion current flowing in the loop.  (e) The plot of magnetic activity versus corrosion current for the galvanic cell.
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Galvanic Corrosion and a SQUID as a
Scanning, Zero-Resistance Ammeter

o Spatially-integrated magnetic activity (SIMA)
correlates well with the current that is required

to produce the observed magnetic field in the
small coil
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John Wikswo
Presentation Notes
SQUID imaging of galvanic corrosion activity of copper and aluminum.  (a) The schematic of the set-up for non-invasive measurements of galvanic corrosion current with the SQUID magnetometer.  The strips of copper and aluminum were electrically connected by a copper wire as shown in the diagram.  The electronic current path (flowing through the copper wire) includes an 8-mm diameter loop, which allows the magnetometer to serve as a zero resistance ammeter.  (b) TSMA for this experiment, clearly showing the magnetically active regions, including the circular loop in the upper center of the image.  (c) Time evolution of variations in the galvanic current, calculated from the measured magnetic activity above the center of the loop.  (d) The plot of SIMA versus time for this experiment, clearly showing a time-course of activity similar to that of the net corrosion current flowing in the loop.  (e) The plot of magnetic activity versus corrosion current for the galvanic cell.



And how do the magnetic signals
scale with corroding area and pH?
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Uniform B ocenic
- Dewar
Corrosion
Setup

Poly. Mesh
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Afshin Abedi
an d Corrosive Solution
John Wikswo
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Uniform
Corrosion
Setup

e 7075-T6
aluminum disks

e NaOH for
uniform
corrosion

e Control of
COrrosion area
and pH
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Presentation Notes
Cross-sectional view of the exposure chamber:
The experiment was set up in such a way so that only the circular region in the middle of the top surface of the aluminum sample was exposed to the corrosive solution.
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Corrosion versus Corroding Area
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Presentation Notes
Summary of the area test experiment. a) Mass loss as a function of the diameter of the corroding area. As expected, the mass loss data clearly scales with the square of the corroding diameter (black), and not with diameter of the corroding area (red). b)  The data in a) plotted as a function of exposed area, showing that the mass loss is proportional to the exposed area of the corroding sample. c)  The average cumulative magnetic activity (TSSIMA/hr) shows a linear relation with the corroding area. We observe a factor of two spread in this data, which is slightly more than the spread in the mass loss data. d)  The overall TSSIMA versus mass loss for 39 samples, suggesting that magnetic activity increases with mass loss.
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Presentation Notes
Summary of the pH test experiment. a)  Mass loss as a function of NaOH concentration. As expected the data shows a linear relation between the mass-loss rate and the concentration of NaOH. b)  The average magnetic activity (TSSIMA/hr) versus NaOH concentration. c) The graph of TSSIMA versus mass loss for 35 samples undergoing the pH test experiment. d)  The same graph as shown in “c”, except that the slop of the graph for uniformly corroding samples (shown with the blue line) is clearly different than the samples undergoing non-uniform corrosion (shown with red line).




Uniform vs Heterogeneous Corrosion

http://www.tenhand.com/squid/squid5.gif




@mwm Hidden, Inhomogeneous Corrosion
0.01M NaOH

Cryogenic
Dewar
&

SRUID

Conmosive
Solution

Chamber L. ————%_

™~

Polyurethane ]
Wic k



John Wikswo
Presentation Notes
Two techniques for exposing samples to corrosive solutions.  (a) Experimental setup for non-invasive magnetic measurements of hidden corrosion activity.  The bottom face and edges of a planar aluminum sample are exposed to the corrosive solution via a highly absorbent polyurethane wick.  The associated magnetic field is measured through the thickness of the metal (i.e., from the non-corroding side).  (b) The corroded surface of a typical aluminum sample exposed to 0.01M NaOH via the wick method.
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John Wikswo
Presentation Notes
Graph of TSSIMA versus mass-loss for the wick experiments.  The slope of the graph corresponds to the average calibration factor between the corrosion and magnetic activity of the sample for the above experiments.
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Presentation Notes
Two techniques for exposing samples to corrosive solutions (c) A schematic diagram for the uniform-corrosion experiment.  In this method, the top surface of planar aluminum samples is exposed to the corrosive solution by a chamber equipped with a re-circulating mechanism that allows for continuous and uniform exposure of the sample to the corrosive solution.  (d) The corroded surface of a typical sample exposed to 0.1M NaOH via the uniform corrosion method.  The outer edge and the end-grain were sealed from exposure to the corrosive solution by a mylar-epoxy technique (described later) and hence are not corroded.
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Presentation Notes
TSSIMA versus mass-loss calibration curves for both the wick and uniform-corrosion experiments.  The slope of the calibration curve for uniform corrosion experiments is less than that of wick experiments.  Two outliers for the uniform-corrosion experiments are observed with coordinates (188 mg, 114 mT.mm2.hr) and (438 mm, 156 mT.mm2.hr).



Just how sensitive are SQUIDS?
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the Instantaneous Penetration Rate
of Hidden Corrosion

Robert G. Kelly, Grant Skennerton
Afshin Abedi, John P. Wikswo
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e /6MM X /6
mm 2024-T3
lap joint, N=6
* Weigh
 Hi-lock
fasteners

e 0.1 M NaOH
 Disassemble
e Clean

* Reweight

y = 0.8445x - 0.9564
R? = 0.7506

10
Mass Loss (mgQ)
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John Wikswo
Presentation Notes
TSSIMA versus mass loss for three sets of simulated lap joint specimens exposed to 0.1-M NaOH for different lengths of time.  Each set consists of 2 identical lap joint samples simultaneously exposed to the same solution.  Shown is the regression analysis of the four- and six-days exposure mass loss data (solid triangles) relative to the calculated noise bands (dotted lines).  The exposures of the three sets were 48, 96, and 144 hours.  The slope of the line is 0.84 µT·mm2·hr·mg-1. 
	We designed simulated lap joint specimens to mimic the geometry of aircraft lap joint specimens as closely as possible: a 76 millimeter by 76 millimeter lap area that was held together by nine equally spaced fasteners.  We selected aluminum alloy 2024-T3 as the material, and removable Hi-Lok® fasteners to clamp the simulated lap joints.  We used an additional backing layer of aluminum alloy to allow the Hi-Lok® fasteners to be tightened to the required torque without distorting or removing metal from the aluminum alloy sheets. Add schematic diagram to make this clear to audience.
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SQUID magnetometers can detect ..

e mass loss rates as low as 0.8 mg/cm?-y

 uniform penetration rate of 0.12 mils per
year

e 3.5 x 10 mils per day (3 um/yr or 9
nm/day).

. Kelly 2, SQUID 2
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Preliminary Tests of SQUID Detection of
Exfoliation Corrosion

http://www.tenhand.com/squid/spacesquid.jpg
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Preliminary Tests of SQUID Detection of

Exfoliation Corrosion

Yu Pel Ma, John Wikswo
o Sample

— Horizontal stabilizer carry through box stiffener
— Aircraft MDS - KC-135
— Material: 7075-T6 Forging

 Protocol
— SQUID above flat side (side not shown)
— Scan In air for baseline recording
— Submerge distilled water and scan for one week
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Horizontal Stabilizer Carry Through Box
Stiffener with Square Registration Coll

AL ARG |
: ~=t Visible on Surface
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Close-Ups of Exfoliation Damage
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Ultrasound and Temporally Summed Magnetic Activity
(TSMA) After One Week of Exposure

a: m—-wag 13

/
e
S
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Conclusions — Box Stiffener Exfoliation

o SQUIDs can readily detect exfoliation
corrosion in 7075 forgings

e Deb Peeler chopped up our sample... ; (
 Needed
— Simpler geometry

— Correlations of SQUID with NDE and
metallography

59



Electromagnetics Lahoratory
Vanderbilt Universit;

SQUID Corrosion Project

SQUID Imaging of
Exfoliation and
Intergranular Corrosion

John P. Wikswo and Yu Pei Ma
Vanderbilt University
Kevin Cooper, Luna Innovations, Inc.,
James Suzel, S&K Technologies
Robert Kelly, University of Virginia
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Luna/S&K/VVU Protocol E1

» Samples: Kaiser 0.350 7075-T6 (lot 274371) 4”
wide by 10” long, grain lengthwise.

e Holes” three 3/8” holes approximately 1/8” deep
and 2 apart.

o Coated twice everywhere except sides of holes
with XP-2000 sealant; 0.040-0.050 bare aluminum
on hole sides

e Holes filled with ANCIT solution
 Anticipate 1-3 mm of penetration in 48-96 hours.
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Sample VEX001
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SQUID Images During
Exfoliation Corrosion

Development

Corrosion activity
visible within 5
hours of exposure
and reach maximum
about 7.5 hours

Time-dependence of
corrosion differs
from hole to hole
over short time
Intervals (Frame
#12 vs #15, and #66
VS #69)

#6, 3.82 HR

#15,9.00 HR

#40, 26.45 HR

#78, 49.86 HR

#11,6.70 HR

#20, 11.87 HR

#66, 42.96 HR

-

#89, 60.39 HR

#12,7.27 HR

#31, 20.07 HR

#69, 44.69 HR

#127, 85 HR
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Exfoliation Solution

 ANCIT Solution:
— 4 M NaCl
— 0.6 M KNO3
— 0.022 M AICI3 (as AICI3 - 6H20)
— natural pH ~ 3 to 3.3

e ASTM G34-90, in Annual Book of ASTM
Standards - Metal Test Methods and Analytical
Procedures, VVol. 03.02 Wear and Erosion; Metal
Corrosion, ASTM, Philadelphia, PA, 119-124
(1990).
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TSMA for
three holes
(VEX001)

TSMA - THREE HOLES

Holes after exposing
to solution
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TSMA - THREE HOLES

TSMA for
three holes
(VEXO001)

TSMA - 2NDHOLE

Holes after exposing
to solution



Electromagnetics Lahoratory
Vanderbilt University

SQUID Corrosion Project

SIMA for
three holes
(VEXO001)

e 35 minutes/data
point

e Maximum signals
after 7-8 hours

e Arrows indicate
time of adding
solution to the
holes
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Protocol E1 Conclusions

 SQUID can see corrosion in well sample, with
clear time-dependence over 96 hours

 TSMA Images of individual hole iIs consistent
with the corrosion activity

* The evaporation of solution in holes cause crystal
accumulate around and inside the holes which
may block the reaction.

 NDE of damage does not show intergranular
corrosion.

. Kelly 2, SQUID 3
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VU Protocol E2 - Edge Test

Epoxy
and
Mylar
coating

Exposed
Edge

Flow
channels
for
solution
changes

Sample: 4.8 mm thick Al 7075-T6 ANCIT e
aluminum, 69.5 x 69.5 mm solution sample
Coated everywhere with epoxy and plastic |_"¢9'°" chamber
film except 1/3 of one edge
Uncoated edge is exposed to ANCIT
solution for 96 hours o3
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Exfoliation Solution

 ANCIT Solution:
— 4 M NaCl
— 0.6 M KNO3
— 0.022 M AICI3 (as AICI3 - 6H20)
— natural pH ~ 3 to 3.3

e ASTM G34-90, in Annual Book of ASTM
Standards - Metal Test Methods and Analytical
Procedures, VVol. 03.02 Wear and Erosion; Metal
Corrosion, ASTM, Philadelphia, PA, 119-124
(1990).
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I. Intiating - eight hours after introducing solution

SIMA-edge2

O
=]

SIMA (nT.mm.nmm)

A |
40 50
Time (hour)

(1) 3.28 hour (#7) (2) 4.55 hour (#10) (3) 6.23 hour (#14) (4) 7.93 hour (#18)

Al plate Ex:ljosed edge

Upward arrows with (numbers) indicate times of each magnetic image



II. Developing --- changing polarity

SIMA-edge2

=

=
—

SIMA (nT.mm.mm)

40 50

Time (hour)

(5) 10.04 hour (#23) (6) 10.88 hour (#25) (7) 18.74 hour (#43) (8) 20.43 hour #47)

= e S s R T ) S

—%

W

Al plate ngposed edge  Changing polarity Before adding solution After adding solution

Upward arrows with (numbers) indicate times of each magnetic image




III & IV. Adding new solution accelerates corrosion

SIMA-edge2

SIMA (nT.mm.mm)

a0 |42

an a3) (14)
as)

40 50
Time (hour)

(10) 39.01 hour (#91) (11) 43.65 hour (#102) (12) 44.90 hour (#104)

» | ' 3
B |

Before addjjlg'solilrid'n After addjﬁg solution

(14) 64.32 hour (#150) (15) 71.08 hour (#166) (16) 72.46 hour (#168)

Al plate 'Ex.i')oséd édge " S Before addjjlg'solilrid'n After addjﬂg solution

Upward arrows with (numbers) indicate times of each magnetic image
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I\/Ilcroscoplc Photo

74



Electromagnetics Lahoratory
Vanderbilt University

SQUID Corrosion Project

Metallographic Examination

Arrow indicates direction of observation for
The exposed edge (non-masked) was the S-T plane. metallography samples.

There is not a significant amount of attack of either of the two specimens. Low magnification visual
observations are suggestive of only slight surface attack of the exposed region (i.e., non-epoxyed area).
Cross-sectional metallographic examination also did not reveal visible attack, despite successive
grinding, polishing and examination. Neither exfoliation nor intergranular corrosion was observed.
Samples were wet polished to 1200 grit.
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TSMA for Al 7075
Current Flow In
Exfoliation Test E27?

Electron + lon
Flow Current
~ ”
\ .

Intergrannular <€

Corrosion
(_l &}5

Aluminum Electrolyte
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Magnetic Activities After Draining

- drain: active exfoliation corrosion deve op

after drain
SIMA - edge2

1. Before draining the corrosion at the side
surface produce a dipolar magnetic signal.

SIMA (nT.mm.mm)

2. 24 hours after draining the corrosion
continues and the signal becomes a monopole.

3. The corrosion develops into the metal, even

60

me (b the cross-sectional metallographic examination
kel RN il S did not reveal visible attack.

I
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Possible Intergranular Corrosion Activity
After Draining

(28) 25.91 hrs after draining isessne

electron flow

Microscopic
electron flow

Aluminun
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Protocol E2 Conclusions

Edge-exposed square sample with square fluid reservoir
— Simple geometry will allow quantitative analysis
— Readily accessible corrosion face for damage characterization
— Epoxy-Mylar coating more effective than red paint
» Mechanically robust
» Blocks corrosion
« Can be removed chemically
Distinct magnetic signature from corrosion
— Field distribution correlates with exposed corrosion edge
— Temporal fluctuations in activity correlate with addition of solution
— Corrosion activity reaches steady state in approximately 24 hours
— ldeal for tracking response to environmental change

Neither exfoliation nor intergranular corrosion was observed
Kelly 2, SQUID 4
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Proposed SQUID Exfoliation E3 Geometry

Electron + lon
Flow Current

N

Intergrannular
Corrosion

Aluminum Electrolyte
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There are, however, some loose ends..

L s -

http://courses.washington.edu/mb351/squid02/dsc02865.jpg
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The measured magnetic fields are one to two orders of magnitude
smaller due to cancellation of fields from small-scale corrosion ircuits.
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THE SIMPLEST MODEL

e A zeroth-order model
of corrosion has a thin
electrochemical layer
between two metallic
sheets, with the
electrochemical
current perpendicular
to the layer
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http://www.tenhand.com/squid/hand.qif
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Simple vector calculus shows...
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MORE REALISTIC MODELS

Three models
for corrosion
currents that
produce
magnetic :
fields

INTER-

GRAMULAR
CORRC '
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A very small demonstration...
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Uniform Corrosion Test, Insulated,
Off-Center Hole, E26-S39
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metal, and are sensitive to when the current Is
deflected by internal conducting boundaries

BExposed Area
Mylar Mask Mylar Mask

Conosive A
Solution

100 120


John Wikswo
Presentation Notes
Offset-hole experiment.  (a) Schematic of the setup (not to scale) for offset-hole experiment (Fig. 2e).  The mylar-epoxy mask was used to limit the exposed region of the sample to the small circular area near the left side of the sample.  Note that the hole near the righ-hand edge of the sample is not in contact with the corrosive solution.  (b) This scanned image shows the distribution of magnetic activity above the sample a few minutes after exposure to the 0.1M NaOH solution.  The intense magnetic activity to the left of the sample correlates with the actual corroding site.  The dipolar magnetic field, highlighted by the white rectangular box, is associated with the electronic currents that flow through the sample and around the hole.  (c) The enlarged view of the dipolar magnetic field located above the hole in the sample.  The range magnetic activity values in (b) and (c) were between -0.15 to 0.11 nT and -0.03 to 0.01 nT, respectively.



Effects of
Geometry on
Magnetic
Signals Due to
Corrosion

http://www.ucpress.edu/books/pages/8342/squid.html Loligo Opalescens.jpg
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Presentation Notes
Loligo opalescens Phylum Mollusca/Class CephalopodaHatchling squid, 4 days old, about 5mm long. From Monterey Bay Aquarium.It is fascinating to observe these litle babies in the laboratory; they jet forward, they jet backward, and their chromotaphores produce starry flashes of yellow, red, and brown over their body 
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Effects of Geometry on Magnetic
Signals Due to Corrosion

Eimutis Juzeliunas,

John P. Wikswo, and Yu Pel Ma

Institute of Chemistry, Lithuania
Vanderbilt University
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The experimental setup of the magnetic imaging system

for static of electrolyte flow conditions in 2024 Al

magnetic shield
SQUID electronics

gasoutlet
gasinlet | e [ = R
electrolyte vector RF shield -
flow SQUID |
| _computer
N, O, , : ——sample :
X-y o
stage motor control :|:
electronics  ::
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Experimental Set Up
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AA 2024 Sample — — —_/Umm _
under G-10 cover o0 gy & sample A

rubber seal / /

corrosion cell
(plexiglass) o o O
r —

solution solution
outlet inlet
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AA2024 sample in naturally aerated 3.5% NaCl solution
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Four Measurements

Asymmetric sample A (SIMA = 147 nTmm?)

\\
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Sectioned asymmetric sample C
oo{ SIMA = 28 NnTmm?)

Y (mm)

X (mm)

Symmetric sample B (SIMA = 34 nTmm?)
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0.1 mA current through sample A
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Geometry Conclusions

Asymmetric sample A produces a larger magnetic signal
than does symmetric sample B. The ratio is 147/34 (4/1) .

Due to the dish geometry, the magnetic signal is mainly
due to the electron flow inside the AA 2024 sample.

The corrosion reaction causes a potential difference inside
the Al sample associated with the electron flow inside the
sample.

The sectioned sample shows localized current flow which
produces much less magnetic signal

?? Does the corrosion rate depend upon geometry? Mass
loss measurements are required!
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Summing It up...
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psettel  \/\/Nat have we learned?

* \We can image the magnetic fields from hidden
corrosion

e Since we are measuring current, we have an
Instantaneous indication of corrosion activity

 Magnetic fields can detect corrosion currents
assoclated with nA/cm voltage gradients in metals

* \We are very sensitive to metal/insulator edges

e [For a given geometry, the summed magnetic activity
IS proportional to mass loss

e There are cancellation and symmetry effects that
deserve careful attention in experimental design and
data analysis/interpretation
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Future Studies

* Noble metal cathode to drive exfoliation/intergranular corrosion
o Correlate SQUID data with corrosion damage

o Examine factors that affect intergranular corrosion rate
— Solution chemistry
— Corrosion prevention compounds
— Alloy preparation
— Sample thickness and rolling direction
— Temperature

e Examine samples with long-term corrosion
— Signals from deep penetration

— Dependence on deep corrosion rate on external environment and baking
— Spatial correlation between TSMA and extended corrosion damage

e Current imaging instead of TSMA
« Higher spatial resolution SQUID images with SQUID microscope
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Future Studies, Con’t

e Magnetic fields from streaming
currents/potentials

* Dependence of corrosion on oxygen and flow
e Biofilms
o Corrosion Inside copper pipes
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Presentation Notes
If we imagine a simple planar surface with a voltage source, and current flowing through a resistor, we recognize that the law of Biot-Savart is simply a convolution between the current distribution dL and the Green's function describing the geometry of the measurement.
Brad Roth showed that two-dimensional fourier transforms could be used to deconvolute this problem.  As an example, assume that we know the current distribution.  We compute the spatial fourier transform and obtain the current distribution in fourier space.  The Green's function can be thought of as a spatial filter, which can be convolved with the source to give us the fourier transform of the magnetic field.  An inverse fourier transform gives us the magnetic field distribution.  To simulate a measurement we can add noise to this and work our way backwards from the field to the fourier transform of the field through the inverse filter corresponding to the reciprocal of the Green's function, through a windowing function that minimizes the effects of noise, to the fourier transform of the current and finally back to the current distribution itself.
To convert magnetic field maps into current maps, we had to develop the mathematics of magnetic imaging.
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SPATIAL FILTERING
AND CURRENT IMAGING
THEORETICAL APPROACH

Jx(x,y) + Noise (h)
FFT™

ixtky ky) + noise (g

1+ cosLﬁ k<K max |
kmax |

filter 2 |

iﬂgg- :—e-kz 0 k>Kma
v =

filter! ‘
2 ky kz
L "hd k©
b,k ky) + noise (h
LFFT |

| B2(x,y) + Noise (e)

Add Noise —-T
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Presentation Notes
.SLIDE No. 1557	VU TEST
.SLIDE No. 1732  	BLUE VU	

We have tested this algorithm with both model and real data.

[RIGHT]  In false color, we see the magnetic field strong inside the loop, and the current strong around the edges.

Brad Roth showed how this could be done using Fourier image processing techniques.





