Reprinted with permission from Review of Scientific Insturments, Vol.70(12) 1999 pp 4640-4651 (c) 1999 American Institute of Physics

This article may be downloaded for personal use only. Any other use requires prior permission of the author and the American Institute of Physics

REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 70, NUMBER 12 DECEMBER 1999

A superconducting quantum interference device magnetometer system
for quantitative analysis and imaging of hidden corrosion activity
in aircraft aluminum structures

A. Abedi and J. J. Fellenstein
Department of Physics and Astronomy, Vanderbilt University, Nashville, Tennessee 37235

A. J. Lucas
NCI Information Systems, Inc., Suite 505, 131 Russell Parkway, Warner Robins, Georgia 31088

J. P. Wikswo, Jr.
Department of Physics and Astronomy, Vanderbilt University, Nashville, Tennessee 37235

(Received 31 March 1999; accepted for publication 12 Septembern 1999

We have designed and built a magnetic imaging system for quantitative analysis of the rate of
ongoing hidden corrosion of aircraft aluminum alloys in planar structures such as intact aircraft lap
joints. The system utilizes a superconducting quantum interference d8@aelD) magnetometer

that measures the magnetic field associated with corrosion currents. It consists of a three-axis
(vecton SQUID differential magnetometer, magnetic, and rf shielding, a computer contseljed

stage, sample registration, and positioning mechanisms, and data acquisition and analysis software.
The system is capable of scanning planar samples with dimensions of up to 28 cm square, with a
spatial resolution of 2 mm, and a sensitivity of 0.3 pT#4tat 10 H2. In this article we report the

design and technical issues related to this system, outline important data acquisition techniques and
criteria for accurate measurements of the rate of corrosion, especially for weakly corroding samples,
and present preliminary measurements. 1899 American Institute of Physics.
[S0034-674809)04312-9

I. INTRODUCTION vironments without the need for time-consuming field-test
coupons or unrealistic accelerated tests. The ability of
The detection of ongoing hidden corrosion and measuresQuIDs to rapidly scan large areas with high sensitivity
ment of its rate are extremely important to military and com-makes them ideal for many magnetic imaging applicatfons.
mer_cial aircre_lft for both safety a_nd ec;onomic reasons. With  previous qualitative studies have shown that SQUID
the increase in the number of aging aircraft, for example, the,gnetometers have the sensitivity to detect noninvasively
risk of structural weakening and failure due to undetecteqy o 1,aqnetic field associated with corrosion currents in vari-
corrosion-related damage is increasing. Addressing potentl%lus metal-acid and metal-salt environmentsThese studies

_safety concerns requires UOt only the measurement_ of exls%ere done using strong corrosive solutions to produce high
ing corrosion damage, typically through nondestructive test-

: _“rates of corrosion and focused primarily on geometries
ing (NDT), but also measurement of the rates of ongoing , . : e L

. . hich were intended to maximize the magnetic field gener-
corrosion and how these rates are affected by environmenta

factors. Although standard electrochemical instruments anﬁ]e:j by tCr? rrosion an:d dt(t)hs'mp“fyb!ﬁ mtfe trE retatlon]; SN e\(JeIE
techniques are well suited for studying corrosion on the ex- eless, they presented the possibility of the use of SQUIDs

posed surface of samples, they are of little use for crevice 0flor noninvasive studies of hidden corrosion. Other studies

hidden corrosion, where the corrosion activity is governed by'2ve demonstrated the possibility of the use of SQUIDs for

the restricted nature of the inaccessible chemical envirorcYclic voltametry? and for evaluation of electrochemical re-

ment surrounding the corroding surfaces. Since an invasivaCtivity of materials, such as 304 stainless stehe first _
examination would alter the chemical environment and affecBQUID magnetometer specifically designed for corrosion
the rate and distribution of corrosion in such situations, suStudies was constructed by Quantum Magne(&an Diego,
perconducting quantum interference dei8®UID) magne- CA) with a spatial resolution of the order of 1 mm and sen-
tometers provide a powerful technique for nondestructivesitivity of 3 pT/Hz% (at 1 H2.” The system was operated in
quantitative analysis of corrosion rates and for studying thé nonshielded laboratory environment and was equipped
spatiotemporal variations of corrosion activity. Furthermore With @ nonmagnetic stage and computer control. A unique
SQUID magnetometers can detect hidden corrosion from itéeature of this system was that the detection coil array was
onset, long before there has been sufficient material loss @riented at 45° with respect to the dewar axis, and the dewar
deposition of corrosion products to allow its detection bywas mounted at a 45° angle upon a cradle. A 180° rotation of
other noninvasive techniques. The unrivaled sensitivity othe dewar about its axis would change the coil axis from
SQUID magnetometers promises the possibility for quantitavertical to horizontal, allowing for measurement of either of
tive analysis of corrosion at realistic rates and in typical entwo orthogonal field components. With the coil axis in the
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FIG. 1. The magnetic imaging system consists of a three-@éstoy

SQUID differential magnetometer, magnetic and rf shielding, a computerF|G. 2. The first-order differential vector magnetometer used in this system

controlledx-y stage, sample registration and positioning system, and datatilizes 2-mm-diameter pickup coils dra 3 cmbaseline. Thez (vertica)

acquisition and analysis capability. coils form an axial gradiometer, while theandy (horizonta) coils form a
planar gradiometer. The minimum coil-to-room temperature distance is 2

horizontal position, the sample could be oriented so that itd"™
corroding surface was vertical, thereby preventing IorObIem§ample at user-defined intervals and produces a series of

from bubble accumulation associated with high corrosion,, - 4o cional raster images of components of magnetic

rates. , . . i
) ) . . field above the corroding sample. Each scan provides an im-
Since the background field and environmental noise g ’ p

d to be the limiting f for SOUID - ~~age of the spatial distribution of the magnetic field within the
were reporte. to be t. € .|m|t|ng _actors or SQ 1D COITOSION 6 required to complete a raster scan. Appropriate analysis
studies’ the first qualitative studies at Vanderbilt were con-

techniques are then used to quantify the rate of hidden cor-

er:ptEd “S't”?ﬁf"g‘ hlhg'h;]resoluthn. mﬁgn detomete(zjr fand magnet‘%sion, and to examine the spatiotemporal characteristics of
shield systent;” which was originally designed Tor measur- o 5ssociated currents. The following sections discuss the

ing the magnetic fields from isolated biological tissue, SUChdetaiIs of the svstem desian and components
as the heart, and for the nondestructive evaluaidiDE) of y 9 P '

materials. These studies focused on detection and imaging éf SQUID magnetometer

magnetic fields due to corrosion of aircraft aluminum The custom-built vector SQUID magnetomet&on-
10-13

alloys: o _ ductus Instrumentation and Systems Division, San Diego,
The system we describe in this article was designed spesp now Tristan Technologies, Incwas designed to pro-
cifical!y for high.-resolution, Iong-tgrm, noninvasive, 'and vide high field sensitivity300 fT/HZ/2 at 10 H2, with spa-
quantitative spatiotemporal analysis of the rate of hiddenjy| resolution of approximately 2 mm for corrosion studies.
corrosion in aircraft aluminum alloys in planar structuresy; js 5 three-axis, first-order differential magnetometer sys-
such as aircraft lap joints. Since our primary goal was %em: each axis uses a pair of 2-mm-diameter pickup coils
study actual or simulated lap joints, we designed the SysteMeparated verticallyyba 3 cmbaseline. As shown in Fig. 2,
for these realistic sample geometries, rather than those optire z-component(vertical axig pickup coils form an axial
mized to produce a large magnetic field. Within this CoN-gradiometer configuration, whereas theand y-component
straint, we would also be able to examine any other pla”a{horizontal axep pickup coils form planar gradiometet4.
corrosion geometries. As with our earlier system, we chosgq SQUID is controlled by a flux-locked loofFLL),
to include a magnetic shield so that we could detect corroy,qnted adjacent to the magnetic shield, and the SQUID
sion in realistic and, in particular, weakly corrosive environ- ., qiroller (iIMAG), which provides for the tuning of the
ments. Long-term magnetic studies of ongoing corrosion 'eSQUID, SQUID reset, trapped flux removiddy heating the
quire accurate and repeatable sample positioning; hence, t UIDs, dc offset, low and high pass filtering, and ampli-
sample registration and positioning mechanism was designgtation. Furthermore, these functions can be controlled by
with this in mind. This mechanism also allows for parallel, oyiernal GPIB commands. The minimum operational dis-

long-term study and imaging of multiple samples. In thisiynce petween the pickup coil and room temperature is 2
article, we report the design and technical issues related tQ,,

this system and submit a representative sample of prelimi- Although a Dewar design(described aboyeseemed at-

nary data. tractive, it has the disadvantage that the increased complexity
of the dewar and the need for a larger magnetic shield dra-
Il. MAGNETIC IMAGING SYSTEM matically increases the cost of the system. Therefore, since

As shown in Fig. 1, the magnetic imaging system con-Our system was designed mostly to deal with small corrosion
sists of a vector SQUID magnetometer, magnetic and rfates, where the bubble problem is not significant, our con-
shielding, a computer controlledy stage, sample registra- ventional des_lgn for the Dewar allowed for more efficient
tion and positioning mechanisms, and data acquisition aniS€ Of the shielded volume and reduced the cost of the sys-
analysis software. All the scanning and data acquisition palem Py a significant factor.
rameters are controlled through the computer software th
we developed. Planar samplégp to 28<28X2 cm) are
scanned under the magnetometer by the sample scanning and The sample scanning system, illustrated in Fig. 3, was
registration system. The system is automated to scan th#esigned to provide repeatable scans with positioning accu-

aé. Sample scanning and registration system
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FIG. 3. The sample scanning and registration system consists of a computer-
controlledx-y stage, which scans the sample over the scanning table via a
rigid track. The system was designed to allow for repeated removal and
repositioning of multiple samples with positioning and scanning accuracy of
better than 0.1 mm(1) track, (2) sample holder(3) scanning table(4)
support rods(5) z stage,(6) x-y stage,(7) stepper motor(8) stage tower,

(9) pulley system.

Carriage

R . Track Slot
racy of better than 0.1 mm, and to minimize the noise due to rackslo

the stage motors and electronics. Furthermore, for paralleEIG. 4. The kinematic design of the sample-holder plate allows for accurate
Iong-term study of multiple samples, the kinematic design O11'epositioning of the se}mples with respect to the scan_ning system. A carriage

e runs along the scanning track and has three matching threaded holes used
the system allows for removal and repositioning of sample%r mounting the sample-holder plate. The beveled screw A is tightened
to their original location under the magnetometer with easeirst, then the beveled screw B, and finally the nonbeveled screw C.

and accuracy. The details of the scanning system are dis-

cussed below. stage is at the home position. The track serves as the plat-
1. Computer-controlled stage for_m upon which the sample holder slides in and out_ of the
. ) . shield via a pulley, drum, and kevlar cord mechanism. A
The main component of the scanning system is an opefeision laboratory jackModel 281, Newport Corp., Irvine,
framex-y stage(Model 318122AT, Daedal Division, Parker ¢y on top of the stage provides vertical height adjustment

Hannifin Corp., Harrison City, PAwith 46 cm of travel in 5 jeveling of the track with respect to the scanning table.
each horizontal direction, driven by two stepper motors

(S57102MO, Daedal Each stepper motor is connected to a
microstepping drive amplifie(Zeta Drive, Daedal con-
trolled by a computer controlled indexékT6400, Daedal The design of the sample holders varies in complexity
Each axis of the stage is equipped with magnetic proximitydepending on sample size, shape, and the desired environ-
switches that set the end-of-travel limits of the stage, andnent(i.e., temperature, humiditfor each corroding sample,
define the home position; because of the shield and the disut all sample holders have a standard kinematic mounting
tance between the SQUID and the stage, the magnetic fieflate by which they attached to the track. As seen in Fig. 4,
of these switches is below system noise. The home positiorihe plate has a beveled hole, a beveled slot, and an oversized
which is the reference point from which all distances arehole that match threaded holes in the carriage that slides
measured, is always approached from the positive end-oflong the track; two beveled screws, A and B, and one with-
travel limits with a preset velocity and acceleration, to ensureout a bevel, C, hold the plate to the carriage in a kinematic

3. Sample holder and kinematic design

the reproducibility of scans to better than 0.1 mm. manner.
As long as the samplg are fixed rigidly to the sample
2. Sample scanning track holder, the sample holder can be removed from the carriage,

and at a later time, easily repositioned to its original location.

Since the stage has ferromagnetlc_ COmEonents an? t;ﬂjis feature allows for parallel and long-term scanning of
stepper motors generate magnetic noise, they were plac ultiple samples, each mounted on their own sample holder.
outside of the magnetic shield, approximately 1.5 m from the

magnetometer, and their control electronics were shielded in )

a separate Faraday cage. As shown in Fig. 3, a 15%kin 4 Scanning table

cm nonmagnetic and nonconductive trdtkavoid inductive The scanning table, which provides a smooth, low-
coupling of powerline fields into the shigldvas fabricated friction surface upon which track and sample holder slide, is
of 1.3-cm-thick G-10 fiberglass epoxy. The track is attachedh 85-cm-diameter nonmagnetic disk made of 1.3-cm-thick
at one end to the stage tower assembly, while the other end G-10, reinforced underneath for rigidity, and with a 6-mm-
free to slide upon the glass surface of the scanning tablthick piece of plate glass on top. The table is held inside the
(described latgrbeneath the magnetometer. The rigid trackmagnetic shield by three 2.5-cm-diameter aluminum rods,
translates the force of the stage to the sample holder andghich pass through the bottom of the shield and transfer the
scans the sample under the magnetometer. A self-positioningeight of the table to its support structure under the shield.
latching mechanism alongside the track was designed to locBpecial care has been made to avoid physical contact be-
the sample holder at a specified location near the end of thisveen the magnetic shield and the scanning system to pre-
track during scans. This location was selected to center theent stage-induced vibrations of the shield. Another preci-
sample holder with respect to the magnetometer when thsion laboratory jack(Model 281, Newpoit allows for
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FIG. 6. The SQUID is supported in the center of the shield by a framework

of G-10 and aluminum. The kinematic design of the frame simplifies the

adjustment of rotation and tilt of the pickup coils with respect to the scan-

ning coordinate system. The shield is mechanically isolated from the scan-
ning system to prevent contact-induced vibrations.

FIG. 5. The schematic diagram of the custom-built magnetic shield. Thepf the magnetometefi.e., less than 10’ T), hence the dc

shield consists of thre(_a concentric Amymetal® cylinders. The space beéhielding factor measured after de-Gaussing was more than
tween the cylinders is filled with packaging pellets and sandbags to reduc

shield vibrations(1) magnetic shield{2) liquid-cryogen-fill port with cap; 36 dB.

(3) observation port with capi4) sample infout port(5) electronic cable The SQUID is supported in the center of the shield by a

port; (6) scanning-table-leg ports7) shield support frame(8) vibration framework of G-10 and aluminum that provides for kine-

isolation pads. matic positioning of the Dewar, as well as adjustment of
) ) S ) rotation and tilt to simplify alignment of the SQUID coils

movement of the scanning table in theirection and is used  ith the scanning coordinate system. Figure 6 illustrates how

for fine adjustments of the Dewar-to-sample distance. Threg,q SQUID magnetometer, magnetic shield, and the sample

adjustable legs steady the support structure after the hengEanning system are integrated in the magnetic imaging sys-
has been set. tem.

C. Magnetic shield 1. Vibration isolation

As shown in Fig. 5, the custom-built magnetic shield

\ ) ’ i Mechanical vibrations of the shield produce time-
consists of three concentric cylinders made of high PErMeyarving magnetic fields, which can be sensed by the magne-
ability Amumetal® (Amuneal Manufacturing Corp., Phila-

i ! X tometer and may severely affect the quality of data, espe-
delphia, PA. The outer cylinder has a diameter of 106 ¢M 5y \when measuring weak magnetic fields such as those
and a height of 127 cm. Each cylinder is separated from thgqqqciated with corrosion currents. Hence, the shield was

next by a 5-cm-gap defined by aluminum bar or ring spacersyechanically isolated from the sample-scanning system to
which is filled with styrofoam packaging pellets and sand-peyent contact-induced vibrations. To reduce the coupling
bags to reduce the amplitude of the natural modes of vibrag, gr6yng vibrations, the shield base was supported at six
fuon qf the shield. The Sh'(_ald hgs access portg, _for samplgijes with damping pads. At each site, a vertical stack of six,
insertion/removal, observation, liquid cryogen filling, scan-45w7%0 6 cm vibration isolation paddsolation Technolo-
ning table legs, and cabling; the observation and CryogeBies, NY), separated by 1.2-mm-thick aluminum sheets, pro-
filing ports have removable, three-layer shielded coversyigeq the desired damping factor. The scanning stage rests

Three large lids on top of the shield provide full access t0 ity four 6x6%0.6 cm Vibex pads sandwiched between the
interior. The shield assembly weighs approximately 500 kG401 and 6-mm-thick aluminum plates.

and is supported by a custom-built wooden structure, which
allows the use of forklift or floor jacks to move the shield.

The shielding factors reported by the manufacturer Weré”' DATA ACQUISITION
51 dB for dc, and 70 dB for atmeasured at 30 HzThe All stepper motor and data acquisition parameters are
shield was de-Gaussed in our laboratory by 27 turns of 1Zontrolled through software that we wrote using LabVIEW®
gauge wire that entered the shield from the observation poifNational Instruments™, Austin, TXand Motion Toolbox®
and exited from the sample insertion/removal port and carCompumotor Division, Parker Hannifin Corp., Rohnert
ried a peak current of 63 A at 60 Hz. The magnitude ofPark, CA. The system is capable of data acquisition in four
magnetic field measured inside the shield with fluxgate magdifferent modes. The continuous and the stop-and-go raster
netometer, after de-Gaussing, was below the detection limgcan modes produce surface images. The stationary time-
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base mode allows for temporal data acquisition from a speTABLE I. Variables used for the analysis of spatial and temporal sampling.
cific location above the sample, and the raster time-base
mode allows for repetitive data acquisition along a specific
scan line. The effects of high-frequency noise are reduced v Speed of stage - (mm/g
through oversampling and averaging by the data acquisition md ODec'mat"l’.” fafcmr (g!mens!on:esb
software. Low- and high-pass filtering, gain, dc baseline, and 0 versampling factor (dimensionlegs
other SQUID parameters are set through the SQUID control¥emporal

Variable Name Units

ler. e Magnetometer low-pass cutoff frequency (s %)
fu Nyquist temporal sampling frequency  (points/s
o fa Actual temporal sampling frequency (points/s
A. Data acquisition modes
Spatial
1. Stop-and-go raster scan mode Kic Image low-pass cutoff spatial frequency (mm™?%)
Ky Nyquist spatial sampling frequency  (points/mm)
In the stop-and-go raster scan mode, the user selects the kg Desired spatial sampling frequency  (points/mm)
maximum and minimum travel limits, and the step size for Ka Actual spatial sampling frequency (point{/rlnnj
each scan axis; the software selects the specified grid points KXo Object cutoff spatial frequency (mm™)
Kme Magnetometer cutoff spatial frequency  (mm™)

within this area. The scanning system positions the sample
under the magnetometer at the specified grid points, waits for
an operator-specified time prior to data acquisition for any
vibrational transients to die down, and acquires the specifie
number of samples at the desired rate. The average of these The raster time-base mode is similar to the continuous
samples is then recorded. This approach has the advantage'8fter scan mode with the exception that the sample is re-
ease in programming, but the greater disadvantages of sloReatably scanned along theaxis at a fixedy coordinate. At
speed, agitation of corrosive solutions due to numeroud€ end of each scan line, data acquisition is delayed for a

acceleration/deceleration periods, and increased cumulatiwSer-specified period of time before repeating the same scan.
positioning error, and hence is seldom used. This mode is especially useful for tracking rapid changes in

the field over a particular region of the sample.

. Raster time-base mode

2. Continuous raster scan mode . )
B. Spatial and temporal sampling

In the continuous raster scan mode, data are acquired as

the sample is scanned under the magnetometer at a constantt In Ir?aglrl% that utilizes sp;)atlal fscar)nllar:g OIhS?L#D f?ag'
speed along the fast axis of the scanning system. To min{]S'OMEIETS, there are a number of varables that afiect image

mize backlash and vibrations, and to allow room for accel_resolution. There are tradeoffs between spatial and temporal

eration of the stage to the desired speed, the scan line startd

mm outside the scan area. The acceleration of the motor i't% iabl W i | th ) | di
controlled by the software to ensure that the sample will ese varables. We will analyze these in only one dimen-

reach the desired scanning speed within the first 2.5 mm Q§ion; the results are directly applicable to two-dimensional

travel. To provide a consistent starting point for data acqui—'mages' The relevant variables are listed in Table |.

sition, the motor indexer confirms that for each scan line the;  spatial domain
desired constant speed has been achieved, and then triggers we will ider the obiect that . ina to b
the data acquisition as the initial sampling location is € will consider the object that we are imaging to be a

reached. To ensure accurate spatiotemporal sampling, datgurce of magnetic field, for example a distribution of cur-

acquisition is carried under hardware control, using the ATYENt or magnetization. The image we obtain is a map of the

MIO onboard timing circuitry, rather than the main CPU magnetic field me_asured by the magnetometer. The _object,
clock of the computer. To minimize any hysteresis in theo(x)' has a spatial frequency spectrumkJ(for spatial

positioning of the sample due to friction between the glasgrequenciﬁs Ior\]/ver t_han thef objec_t cugfkfreq_uerkgy. we

surface of the scanning table and the Teflon feet of the caPSSUme that there Is no information ocs 1€+,

riage, and to minimize the associated vibrations, data are 0(k)~0, for k>k.. D

acquired only as the sample is pulled undgr the magnetom(?f—the cutoff is not sharpa 3 dBpoint can specifk,. and the

ter rather than pushed. After each scan line, the sample is . L .
; . other cutoff frequencies used in this analysis.

then moved one step along the perpendicylaaxis and

. . . For our measurements, the SQUID magnetometer is
pushed back to the startingcoordinate. The process is re- . . .
) . some distance from the object. Because of the finite size of
peated until the desired scan area has been covered.

the sensor and the attenuation of magnetic field with distance
from the object, the magnetometer acts as a spatial low-pass
3. Stationary time-base mode filter.®>~*® Thus we can only obtain information for spatial

In this mode, the desired location of the sample is posi_frequenues onver than the magnetometer cutoff.frequency,
. L kKnc. The spatial response of the magnetometer is given by
tioned under the magnetometer and data acquisition is corﬁ(k) where we assume that
ducted for the user-defined duration, sampling (afe to 6 '

kHz for each SQUID channgland decimation factor. h(k)~0, for k>Kkpye. (2

%solution, and scanning speed. To obtain the best image, it
important to understand the relationship and limitations of
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FIG. 7. Imaging in the spatial frequency domaig) the frequency spectrum of an object. The minimum object spatial freqUempo\é is limited by the
physical dimensions of the obje&X,ac. The size and distribution of the smallest features within the object,,, determines the shape and value of the
maximum object cutoff frequencym%c; (b) the frequency response of magnetometer. The minimum magnetometer spatial cutoff freqHﬁrpccjs
determined by the dimensions of the scan area. The maximum magnetometer spatial cutoff frkgﬁg,ggis/set primarily by the larger of the pickup coll

diameter or liftoff(i.e., the magnetometer spatial resolujigie) The resulting image frequency spectrifR) is the product of the object and magnetometer
spectra.

Quite often, the magnetometer spatial cutoff frequency is3. Space and time

lower than the object cutoff frequency, or For a scan at velocity, the Nyquist spatial frequency,

Kine<Koc. 3) ky, is the Nyquist temporal frequency divided by scanning

velocity
The image) (x), is the sampled magnetic field obtained
ky=27fy/V. )

by the scanned magnetometer. In the spatial frequency do-
main, the image (k) is given by The actual spatial sampling frequengy,, is the actual tem-
(k)= h(K)0(K). 7 poral sampling frequency divided by the stage speed

ko=2mf,/v. 9

The spatial cutoff frequency of the imade,, determined by _ _ )

both ke andkc, as shown in Fig. 7, provides a convenient !f Ka IS greater than the desired spatial frequerigy, the

measure of the highest spatial resolution achievable with th&txtra samples can be eliminated by decimating the signal.

magnetometer. The spatial sampling used to record the inf2N€ Way to do this is to average groups of points, thereby

age must obey the Nyquist theorem, in that reducing the number of samples in the image. The number of
’ points to be averaged is simply
Kn= 2K~ 2K e (5) ko /kq=Ng, (10)

which defines the decimation factor. If the temporal noise in
the signal is incoherent, the signal-to-noise ratio will be im-
In cases where the magnetometer is scanned at a coproved by a factor of/Ny4. Note that if the scanning velocity
stant velocity relative to the object, the spatial frequenciess set too high for a chosen sampling frequenty, and
are manifest at the time of recording as temporal frequenciegutoff frequency f ., it is possible for the resulting spatial
The challenge is to understand how to relate the temporalampling frequency to violate the Nyquist limit in space. It is
and spatial frequencies and to avoid aliasing of either imag@énportant to confirm that
or noise at the time of recording.
For simple magnetometers, it is reasonable to assume Ka=2Kme- (1D
that the temporal cutoff frequency,, is the highest tempo- Table Il shows an example of the settings used for the above
ral frequency of information that could be present while re-variables in a typical scan.
cording the image, as determined by the antialiasing filter on  In imaging of samples where the magnetic field changes
the data acquisition system or the magnetometer. According time, the goal is to optimize not only the spatial resolution,
to the Nyquist theorem, to prevent data aliasing, at least twéut also the temporal resolution of the scanned image. The
samples must be made per cycle at the cutoff frequency. Theffective temporal resolution provided by sequential images
Nyquist temporal frequencyf,y, is the minimum sampling depends on the time it takes to scan the entire image; and
frequency set by the Nyquist limit, i.e., hence, increasing the speed of the scan improves its temporal
resolution. However, for a given spatial resolution, the in-
fn=2f . ®  crease in speed of the stage results in an increase in the
In practice the actual temporal sampling frequenty, is required s:?\mpling frequency. Since the dfe\ta acquisition'card
larger thanf, by the oversampling factdX,, or has a maximum analog—t'o-dlgltal conversion rate, there is an
upper limit to the scanning frequency, and hence the scan-
fa=Nofy. (7)  ning speed. At this regime, a further increase in speed may

2. Temporal domain
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TABLE Il. Example of the settings used for a typical SQUID scan.

1 Magnetometer low-pass filter set at 500 Hz fne=500s?t
2 Nyquist temporal sampling frequency is 1 kHzg. (6)] fn=1000 points/s
3 Oversample by a factor of 2 Np=2
4 Actual temporal sampling frequency set to 2 kH. (9)] fo=2000 points/s
5 Stage speed is set at 30 mm/s v=30 mm/s
6 Nyquist spatial sampling frequency is 33.3 points/iiy. (6)] ky=33.3 points/mm
7 Actual spatial frequency is 66.7 points/mm ko= 66.7 points/mm
8 For a pickup coil with a radius of 1 mm positioned less than Kme=3.8mm™1
1 mm from the sample, the cutoff frequency is 3.8 i
9 Confirm that the actual spatial frequency is at least twice the k,>7.7 points/mm
coil cutoff spatial frequencyEg. (11)]
10 From knowledge of the sample and the SQUID, the desired kq=2 points/mm
spatial frequency is set at 2 points/mm
11 The decimation factor is 33 Ng=33

®Reference 19.

result in spatial undersampling and loss of spatial resolutionwas at the reference poirfBecause the nonmagnetic sample
Furthermore, increasinfy, requires either a reduction of the is scanned while the SQUID is held stationary, any gradients
oversampling and decimation factors or a wider magnetomen the magnetic field within the shield do not affect the im-
ter bandwidth, which reduces the signal-to-noise ratio. Conages) The magnetometer output at the end of such a scan can
sequently there are tradeoffs between spatial and temportiien be subtracted from all data points elsewhere along the
resolution and signal-to-noise ratio, and for each system onscan, thereby correcting for drift in the environmental mag-
should optimize the above factors to achieve the desired spaetic field and the magnetometer output. This process is the

tiotemporal resolution and sensitivity. spatial equivalent of the classical technique of using tempo-
ral chopping in a dc-coupled measurement. As we will see
C. System stability and long-term studies later ir_1 this section, the implementation of thlis approach With
scanning SQUID magnetometers presents its own set of dif-
1. Factors affecting signal stability ficulties.

Corrosion of aluminum can be a slow process: in typical ~ If the sample were perfectly nonmagnetic and isother-
40 year service lifetime, a military aircraft may lose throughmal, the corrosion activity would be the only source of mag-
corrosion 10% of the thickness of a 1.2 mm thick fuselagenetic field, and the measurement of the time dependence of
skin, and that only in selected areas. The electrochemicdlorrosion over the course of days or weeks would be
dissolution of 10Qum of aluminum over 40 years produces a Straightforward: the instantaneous magnetic field would be
total current of approximately 150 nA/émThe magnetic determined solely by the instantaneous corrosion activity.
field from such corrosion activity could be as large as 7 pT atiowever, even nonferrous materials such as aluminum air-
the surface of the metal, but may be orders of magnitudéraft components can exhibit remnant magnetization from
smaller due to corrosion currents flowing over very smallferromagnetic contamination or inclusions that are orders of
spatial scales that do not contribute significantly to the magmagnitude larger than the magnetic field due to corrosion. As
netic field outside the sampfaihile scanning SQUID mag- long as the remanent magnetic field is stable in time, and any
netometers are capable of imaging these weak fields, thengoing corrosion activity can be temporarily haltéor ex-
weakness of the magnetic field from slow corrosion and thémple, starting with a dry sample or by dehydrating an old,
fact that the field strength varies only slowly with time pre- wet one through vacuum bakinghe fields due to remanent
sents particular challenges, particularly because of the inmagnetization can be measured independently to provide a
crease of both SQUID and environmental noise with decreageference image that can be subtracted from subsequent im-
ing frequency. ages that are recorded when corrosion is occurring. Subtrac-

Because the experimenter cannot readily modulate th#on of images recorded days or weeks apart places new con-
level of activity of the corrosion process, common lock-in straints on system stability. If the remanent magnetization is
amplifier techniques cannot be used to upconvert the verpot stable in time, for example, because of thermal relaxation
low frequency corrosion activity into a narrow bandwidth at or corrosion of the magnetized material, it may be difficult to
higher frequencies, where the effects of SQUID and environéelineate these field sources from corrosion. The obvious
mental noise are less significant. Because the sample can belutions are to avoid ferromagnetic contamination of the
scanned relative to the SQUID, the next obvious techniqusamples and to use ac demagnetization in a low ambient
for eliminating the effects of these two noise sources is tanagnetic field to minimize the remanent magnetization.
have each scan extend sufficiently far beyond the sample that Given the weakness of the corrosion magnetic field, the
the magnetometer is no longer affected by the sample. ABQUID must be operated either in a high sensitivity mode,
that distant reference point, ideally the sole contributions ta.e., with a high gain within the flux-locked loop, or with a
the magnetometer output are the magnetic field within théiigh gain after the flux-locked loop. The presence of dc off-
shield and any offset, e.g., drift, that has appeared on theets from instrument drift, the environmental field, or rema-
magnetometer output since the last time the magnetomet@ent magnetization in the sample can limit the total gain that
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can be used. If the magnetometer and the data acquisitismaller than the limit set by the high-pass filter, in fact, for
system are both dc coupled, then any substantial drifts andll scanning speeds within the above-mentioned range, ac-
offsets will require a large dynamic range in both the flux-coupled data acquisition results in no significant loss of data
locked loop and the analog-to-digital convert@DC). Since  and allows the system to operate with a larger analog gain
the corrosion signals can be small relative to the drifts andhan would otherwise be possible. The major disadvantage of
offsets, a 16-bit or higher resolution ADC may be required tothis approach is that it does not remove drift at the input of
avoid the addition of quantization noise to the corrosion sigthe SQUID so that occasionally the SQUID will exceed the

nal. dynamic range of the flux-locked loop and will automatically
reset. The resulting jump in the output will be high-pass
2. Removal of drift and offset filtered and will produce a long tail with an exponential time

a. Electronic offset subtractiorAt the beginning or end constant equal to that of the high-pass filter. This transient

of each scan, it is possible to remove offsets on the SQUILFa" then be remove_d by signal _processing with only minqr
output prior to a high gain amplifier and the ADC by using aloss of da’Fa. A po_ssmle alternative would be to cquplg this
sample-and-hold circuit at the inverting input of a differen- Process with a digital reset of the SQUID at the beginning of
tial amplifier. We constructed an offset reset controller®ach scan.

(ORC) which contained a sample-and-hold circuit with a suf- ~_ While filtering is an affective solution to the drift and
ficiently low drift capacitor to hold a reference voltage with- 92in Pproblems, the Ac-coupled magnetic field waveforms

out significant drift for the length of time required to com- B’ (t) differ from the true, dc-coupled magnetic fied{t) by
plete a typical scan line. The scanning software was modified €M proportional to the integral of the observeczils|gnal
to position the sample under the magnetometer at a particul&Vided by the effective time constantof the systerff”
reference point on each scan line, away from the corrosion

site, and to trigger the ORC to store the reference voltage B(t):B'(t)‘Fl/Tf B'(t')dt’. (13
prior to the start of data acquisition for each scan line. The . .

sample was then scanned under the magnetometer in tH&1® time constant of the system was experimentally mea-
usual stop-and-go fashion and the SQUID output was suksured to be 0.580.04 s. Equatioi13) can, for our measure-
tracted electronically from the reference voltage stored in thén€Nts, be converted to a discrete summation over the spatial-
ORC. This procedure was repeated until the desired area h&&MPling positions; :

been scanned. This technique can reduce the offset in a AX

software-controlled manner, restricted by changes in offsets B(Xi)=B'"(X;) + FE B'(xi), (14)
during a single scan. For our measurements, we found that a i

drifting offset limited the use of the ORC to relatively small wherex;=iAx, for i=1,2,...ip., andiy,, corresponds to
scan areas and short-term studies. Because the ORC hadtle total number of sampling sites along thexis and we

be placed before the high-gain amplifier, it contributed noiséhave replacedt with Ax/v.

to the low-level signals from weak corrosion. This expression reveals the velocity dependence of the

b. Offset removal by filteringA lower noise and techni- observed signals. We can use Et) to recover the original
cally simpler solution for removing drifts and offsets prior to signal up to an additive constant that is equivalent to an
high-resolution digitization was to ac couple the SQUID out-arbitrary dc offset. Figure 8 demonstrates how the above
put to the ADC by means of high-pass filter in the SQUID transformation recovers the original sigria(x) from the
controller (3 dB at 0.3 H2z. While corrosion is a quasi-dc observed signaB’(t), measured at five different scanning
process, our scanning approach and our restricted samp#peeds, above a 2-cm-diameter loop of wire carrying 0.25
size allow us to filter out the very lowest frequencies. mA of current.

In the continuous raster scan mode, the spatial frequen- Since the conversion of the observed signal to the actual
cies in the magnetic field distribution are manifest as tempomagnetic field includes a line-by-line spatial integration of
ral frequencies scaled by the speed of the scan. A tempora&iach raster scan, the scan area should be selected large
high-pass filter applied to the SQUID output attenuates alenough to contain essentially all of the magnetic field of the
temporal frequencies below the high-pass cutoff frequencgorroding region. Since the dc baseline for each scan line is
(fhe=0.3Hz). To convert this value to spatial frequency, indetermined by the value of the first data point in that line,
units of mm %, we divided by the scanning speedmea-  Vvariations in this value between lines will change the dc level
sured in mm/s for that line; if the variation is large enough, there will be a

line-by-line dc shift, which could either be a true contribu-

Kno=27Tpc/V. 12 ion from the sampl d i

ple or due to system drift. Although most
The scanning speeds used by the system range from 10 to 8 these shifts can be removed from the image by postpro-
mm/s. As a worst case scenario, for the minimum scanningessing, the appropriate preventative technique, carried on at
speed of 10 mm/s, the application of the 0.3 Hz temporathe time of the scan, is to enlarge the scan area to include
high-pass filter only attenuates spatial frequencies lower thaample margins around the corroding area where the magnetic
0.02 mmL. This spatial frequency suggests that, for thisfield does not contain large lateréine-to-line) gradients.
speed, the high-pass filter will attenuate spatial data correfhis reduces the possibility of artifacts and minimizes the
sponding to source separations of order of 33 mm and abovéme required for postprocessing computations. A refinement
In practice, the source separations for our samples are mudf this approach is to make one or more scans along the line
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FIG. 8. Converting the ac-coupled magnetic field wavefoBh&) to the true, dc-coupled, wavefornB{x). (a) The output of the magnetometer in the ac
mode,B’(x), for five different scanning speeds. The source of magnetic field is a 2-cm-diameter coil carrying a dc current of @)5Tié\correction term

for each speedi.e., the term containing the summation in Ef4). (c) The comparison of the recovered magnetic fi@dx) in Eq. (14)], with the actual

output of magnetometer in the dc modewer curve. In the above data, the actual magnetic field is recovered, with the exception of the dc baseline, to better
than 3%.

of reference positions or even around the entire perimeter aftage and its motors away from the magnetometer. Also, we
the scanned area to determine the field distribution arounteduced the remaining high frequency contribution from mo-
the edges, and to use these values, rather than an assunteddrive electronics by low-pass filtering of the magnetome-
zero field at the reference points, as the constraint in théer output prior to data acquisition.
restoration.

C. rf shield

IV. NOISE SOURCES AND REDUCTION Since our SQUID system did not include an integral

Typically, magnetic fields due to corrosion are no |argercryogenic rf shield, it proved to be sensitive to rf radiation.
than a nano-Tesla, so that the system noise can be an ek0 minimize this problem, SQUID flux-locked loop elec-
tremely important limiting factor in measurements of weakly tronics, and the control electronics were placed in a pair of
corroding samples. We previously discussed how the propetluminum rf shields connected by rigid copper pipe. Power
selection of sampling rate and both analog and digital filterfor the SQUID controller was provided by rf feedthroughs.
ing are required to optimize the signal-to-noise ratio of thelhe entire rf shielding assembly was grounded via a low-
images. Even more important is to address system noigé€sistance conductive path to the main ground. The electrical
from ground loops and electromagnetic interference from déables between the FLL and the IMAG were threaded

to rf. The major sources of noise for our system are describetirough toroidal filter coregPart No. 5977003801, Fairwrite
below. Products Corp., Wallkill, NY.

A. Ground loops D. SQUID jumps

Careful attention was paid to ground loops which would  pggibly because of the lack of a rf shield, or as a result

otherwise result from the interconnection of a large numbebf the design of the Conductus SQUID sensors, the SQUIDs
of dlffgrgnt electronic instruments. To remove this prOblem'occasionaIIy exhibited excess noise or flux jumps in all chan-
the building earth ground was connected to the SQUID elechels, mostly triggered either by theaxis channel itself, or

tronics and the Faraday cage that enclosed them, and henge hqise preferentially detected by that channel. For many
to the data acquisition card via the cable shield. The Car‘gtudies, we utilize only thez-axis channel and achieve
thereby provides the ground to the computer chassis. Sincﬁ‘reater system stability.

both the motor electronicévia the motor controller capd

and the computer monitdvia the VGA cable, were con- V. ADDITIONAL ISSUES

nected to the computer, the computer and monitor were pow-

ered through an isolation transformétancor, GIS-500 A. Heaters

and the motor control electroni¢dT6400, and zeta drives Due to high humidity in the lab, and the 5 liter per day
were powered through another isolation transforf@&®n- il off of the Dewar with the closely spaced tail, we en-
cor, GIS-1000. countered condensation on the connectors between the
SQUID sensors and the flux-locked loop. This problem was
B. Stepper motor electronics noise solved by installing 3d, coaxial resistance heaters on each

Stepper motors and their drive amplifiers generated Subc_onnector, connected to a 10 V dc-power supfitewlett
PP PIters g Packard, E610A

stantial electromagnetic noise which required significant at-
tention to shielding and elimination of ground loops; newer o . ] ]

designs of motors and amplifiers, or dc motors, may reducg: System calibration, tilt/rotation adjustment, and
this problem. We addressed this problem by placing th&entering
motor-control electronics in a metal chassis, by routing the We devised a sample holder equipped with coils and
motor cables through braided shields, and by locating thevires for calibration, rotation, tilt adjustment, and centering
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c) for the subsequent alignment of the coil axes with the scan-
ning coordinates. The orientation of the symmetry axis of the
images ofx andy components of magnetic field determines
the rotation angle necessary to align the coil axes with the
scanning coordinates. The difference in magnitude of the
positive and negative peaks in bothandy-coordinate im-
ages provides the information necessary for us to tilt the
FIG. 9. A simple technique for determination of the position, orientation,deWar to align the axis of thepickup coil perpendicular to

and tilt of the SQUID pickup coils with respect to the scanning coordinatesthe surface of the scanning table.
Images(a), (b), and(c) represent the simultaneously measureg, and x

components of the magnetic field above a 2-mm-diameter loop of wireB Aluminum corrosion

carrying a current of 0.5 mA. The axis of symmetry(ly) and(c) suggest ’

that a clockwise rotation of the SQUID Dewar by 21 degrees is necessary for  The bottom surfacefca 7 cm diameter. 1.2 mm thick

alignment of thex- andy-component coil axes. The difference in the mag- . .
nitude of the positive and negative peaks in boetandy-coordinate images disk of 7075-T6 aluminum was exposed to a 0.5 M NaOH

provides the necessary information for adjustment of the dewar tilt to alignSolution at room temperature for a period of 33 h. The im-
the axis of thez-pickup coil to be perpendicular the surface of the scanningages shown in Fig. 10 present the change inztbemponent

table. of the magnetic field above the corroding sample for the first
18 h of this experiment. All data are subtracted from the first

of the SQUID magnetometer with respect to the scanningdry sampl¢ image. Clearly, the change in magnetic field is

coordinates. We used two wires forming a cross hair, centocalized to the area of the sample and displays complex

tered about the sample holder, to determine the relative paspatial and temporal structures at spatial scales of several

sition of the pickup coils with respect to scanning coordi-millimeters or larger.

nates. A 2-cm-diameter loop, also centered about the sample

holder, allowed us to determine the orientation of f@nd  C. Detection of slow corrosion

y-pickup coils with respect to scanning coordinates and to

level the pickup coils with respect to the scanning table. We

used two 30 cm long, straight wire segments for calibratiorplate’ with dimensions olf 7>575X1'.2 mm, I\(N a? exposlec: it
of the magnetometer by comparing the measured image épom temperature to a slow-corrosion cocktail typical of that

the magnetic field due to a known current flowing through ound in old aircraft lap joints? Figure 11 represents the
each wire with its predicted value. photograph of the corroded surface of the plate and the cu-

mulative magnetic activity of the sample recorded over 190 h
of exposure. This experiment demonstrates that the system is
VI. PRELIMINARY DATA sufficiently sensitive to detect corrosion activity at nonaccel-
A. Alignment of the pickup-coil axes with the erated, realistic, corrosion rates.

scanning system

The bottom (hidden surface of a 2024-T3 aluminum

Figure 9 shows the simultaneously measured compo\-/“' DISCUSSION

nents of the magnetic field above a 2-cm-diameter loop of The SQUID magnetometer system reported in this ar-
wire carrying a current of 0.5 mA. The image was obtainedticle was designed for noninvasive measurements of the rate

Dry 4 hours 6 hours 8 hours

FIG. 10. Spatiotemporal variation in magnetic field of an aluminum sample undergoing hidden corrosion. The bottom sarfacenadianeter, 1.2 mm

thick, disk of 7075-T6 aluminum was exposed to a 0.5 M NaOH solution for 33 h. The above images present the charmgeimpeent of the magnetic

field due to electrochemical corrosion for the first 18 h of the experiment. The magnetic activity is localized to the area of the sample and extgRits comp
spatial and temporal structure.
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samples, such as ones with large ferromagnetic fasteners, for
which it may be difficult to separate the corrosion signal
from that due to other sources. However, at present it seems
unlikely that this technique can be extended to measurements
of corrosion signals in intact aircraft on the flight corrosion
line. Even so, there is ample research that can be conducted
with a laboratory SQUID instrument that is not possible with
any other measurement technique.

The SQUID magnetometer system we describe should
prove to be a valuable laboratory tool for understanding the
principles underlying the generation of the corrosion mag-
netic field and for developing appropriate models that relates
FIG. 11. Noninvasive detection of slow, hidden corrosi@.Photomicro- ~ the spatiotemporal variations in corrosion magnetic field to
graph of the lower(hidden surface of a 3-in. square sample of 2024-T3 corrosion rate, spatial distribution, and perhaps the type of
i T o e sper e o e e oo pdden corrsion. The preiminary data clearly show corr
Jr?clj':ltc.orroeded alugmir):un(b) The curLTJEJFI)ative magnetic activit?/ of the sapmple &e_x spatiotemporal variations in corrosion magqetlc field,
showing the more active regions in white and the less active ones in darkvhich suggest that a subset of corrosion information can be
gray. measured noninvasively with this instrument. This informa-

tion may be invaluable for better understanding the dynamics
of hidden corrosion in aircraft aluminum alloys with planar Of hidden corrosion, and for developing realistic models that
geometries; however, its use can be extended to all nonma§an predict the long-term behavior and rate of corrosion in
netic metals. The kinematic design and automation capabilioccluded regions.
ties incorporated in the system allows for long-term studies
(monthg, as well as repeatable measurements of the corrcACKNOWLEDGMENTS
sion magnetic field of multiple samples. This feature, . .
couled wlh the magnet an r shielan, makes he sy T 24107 o Ik 1 Ay 2 S
tem ideal for laboratory investigation of hidden corrosion for ) : o .
various metal-solution combinations covering a large Specgomments regarding spatial aliasing. This work was sup-

trum in corrosivity. Furthermore, the system has the sensitivportecj in part by NCI Information Systems, Inc. through Air

ity to detect(in real time the magnetic field due to extremely Force Contract No. F09603-97-D-0550, Task Order 9128-

low corrosion rates typical of aircraft lap joints; at these ratesooz’ and by AFOSR Grant No. F49620-93-0268.

it often takes years before the corrosion-related thickness

loss of the aircraft fuselage can be measured by other non;-J- R. Kirtley and J. P. Wikswo, Jr., Annu. Rev. Mater. 29, 117(1999.

invasive techniques. This provides a unique advantage in uS'éleiirgigmhga’\géLi?ésl\(/lfgf\s/écar’ M. Nisenoff, and P. C. Searson, J.

ing the SQUID magnetometers for hidden corrosion studiess; " gejiingham, M. L. A. MacVicar, and M. Nisenoff, IEEE Trans.
We are in the process of utilizing this instrument in a Magn.23, 477(1987.

pair of studies of corrosion in aircraft aluminum. The first is ;‘g- g- gﬁbbs, Jd ﬂefr?h&m- \?0¢35?E2E4E17T(1992)M 3095196

designed to determine the quantitative relationship between Mis;t,tesétor i and M. ic AI.C:‘Arécvmar, ;E?zsé T;ﬁ a 92(7’ 322'5

corrosion activity and magnetic field, and utilizes samples (1g9;).

with a carefully controlled geomet’?:?* The second in-  7A. D. Hibbs, R. E. Saeger, D. W. Cox, T. H. Aukerman, T. A. Sage, and

volves nondestructive measurements of corrosion in Iapsg- g gﬁzﬂfﬁ;evb SBCi-C'?j:;Wg&C %?(52;1333# Wikswo Advances in

joints removed from aging KC-135 and Boeing-707 _ > A vty . =T

aircraft?® Other applications under consideration include the ﬁlﬁg‘,ﬁ%‘f@ﬁ?‘nﬁdﬁiﬁvb%i 31'9‘%",';",“22‘7’,”’ G- Hoke, G. Stroink, and M.

magnetic measurement of filiform corrosion under paint, ex-°Y. P. Ma and J. P. Wikswo, Jr., Rev. Sci. Instrug2, 2654(1991).

foliation corrosion within thick aircraft wing planks, and the °D- Li, Y. P. Ma, W. F. Flanagan, B. D. Lichter, and J. P. Wikswo, Jr.,

. . . . Proceedings of the Tri-Service Conference on Corrosion Washington, DC,
effectiveness of corrosion preventlon compounds N prevent— (Department of Defense, 1994. 335.

ing hidden corrosion. 1D, Li, Y. P. Ma, W. F. Flanagan, B. D. Lichter, and J. P. Wikswo, Jr., J.
Because properly prepared and treated aircraft do notMin. Metals Mater.47, 36 (1995.

. . . . . 12 H H i
corrode rapidly, the magnetic fields associated with corro- gi;r%s?én?}#%il 3’%’-5'; gg”&ggg B. D. Lichter, and J. P. Wikswo, Jr.,
sion in awcraft_alummum are we'c_lk re!atlve to the 9eomagsp |y, p. Ma, W. F. Flanagan, B. D. Lichter, and J. P. Wikswo, Jr.,
netic field, environmental magnetic noise, the magnetic field corrosion(Houston 53, 93 (1997.
from ferromagnetic fasteners, and the magnetic fields result?W. G. Jenks, S. S. H. Sadeghi, and J. P. Wikswo, Jr., J. Appl. Rys.

; ; ; ; _ 293(1996.

ing, from. thermoelectric pur_rents assoc_:lated Wlth temperalSB' 3. Roth. N. G. Sepulveda, and J. P. Wikswo, Jr.. J. Appl. Fe5<361

ture gradients and galvanic fields associated with contact be-;ggq.

tween dissimilar metals. Each of these other field sources cafy. p. wikswo, Jr., Electroencephalogr. Clin. Neurophy$i8].266(1987.

be controlled in a laboratory environment either through''s. Lan' ?- J. Rot(h, agd J. P. Wikswo, Jr., Electroencephalogr. Clin. Neu-
: C A : rophysiol.76, 73 (1989.

magnet_lc shielding, the use of the Statlon.ary magnetomet_%SQUID Sensors: Fundamentals, Fabrication and Applicatietited by

or gradiometer, or proper sample preparation and degaussing p_ wikswo, Jr. and H. Weinsto¢996.

techniques. There will be, of course, certain types of°B. J. Roth and J. P. Wikswo, Jr., Rev. Sci. Instriét, 2441 (1990.




Rev. Sci. Instrum., Vol. 70, No. 12, December 1999 Hidden corrosion activity 4651

203, P. Wikswo, Jr., J. P. Barach, and J. A. Freeman, Sci208e53 (1980. 841; HCO3/1611; acetate/2; Cl- acetate/0.03/propionate/9; butyrate/16;
213, P. Barach, J. A. Freeman, and J. P. Wikswo, Jr., J. Appl. Biy4532 formate/1.

(1980. ZA. Abedi and J. P. Wikswo, J(unpublishedl

22provided by K. S. Lewis and R. G. Kelly at the University of Virginia. 2*A. Abedi and J. P. Wikswo, Jtunpublishedl
Listed as ion/ppm: Na/870; K/2335; Sr/48; Ca/53.2; Al/1914; Cu/28; Mg/ °R. G. Skennerton, A. Abedi, and J. P. Wikswo, Jr., J. Corr. Sci. Eng.
1333; Mn/159; Zn/10; CI/10; NO2/160; SO4/483; NO3/44; F/9; HPO4/ (submitted for publication





