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Introduction

A growing use of SQUIDs is in the detection of defects, such as cracks, inclusions, or holes,
in a variety of materials and structures. Ideally, the material tested for such defects should not
be destroyed by the detection process, hence the term nondestructive testing (NDT), or
nondestructive evaluation (NDE). SQUIDs have been used for nondestructive evaluation of
various materials since the 1980s. Among the first experiments on SQUID NDE were the
remote detection of surface breaking cracks in ferromagnetic steel by Bain er al. [1], plastic
deformation in magnetic steels by Evanson et al. [2], Barkhausen jumps in iron samples by
Weinstock et al. [3] and the location of metal pipelines by Weinstock et al. [4]. Capobianco
et al. [5] carried out eddy-current-testing experiments at the National Bureau of Standards. In
other work, Bellingham ez al. [6] studied electrolytic corrosion processes in non-voltaic cells,
and Hibbs et al. [7] measured corrosion currents with a SQUID array. Wunderlich et al. [8]
studied the field gradient distribution of hardened steel cylinders with a HTS SQUID to detect
mechanical stress in such cylinders. Weinstock et al. [9] tested NbTi/Cu wires for defects
using an HTS dc SQUID. A field which has been widely explored is nondestructive testing of
aircraft parts using eddy current techniques, for example, by Wikswo [10], Hohmann ef al.
[11], Kreutzbruck et al. [12], Ruosi et al. [13], and Tavrin ef al. [14]. Finally, prestressed
concrete bridge structures have been tested by Krause et al. [15] making dc measurements of
the remanent magnetization of the steel reinforcement with a portable HTS SQUID.

We will discuss in this Chapter the basic principles of nondestructive evaluation using
SQUIDs in static and in alternating magnetic fields. For each field, we will present a brief
review of work done, and then discuss one example in more detail, to familiarize the reader
with the topic. For further work, we refer the reader to the references listed at the end of this
Chapter, and to Volume II of the SQUID handbook [16].

NDE in static magnetic fields

The first experiments on SQUID NDE used static magnetic fields to enhance changes in the
magnetic field produced by defects in the material under test. The basic testing configuration
is outlined in Fig. 1. A permanent magnet produces a large static field, which will polarize
the sample. The sample then is passed below the SQUID; any change in the magnetic
susceptibility of the sample will produce a change in the magnetic field measured by the
SQUID. The information thus gained by this experiment is about a variation in the
susceptibility of the sample. Defects, which have a susceptibility different from that of the
surrounding material can be detected, provided that the change in magnetic field produced by
the variation in susceptibility is larger than the noise of the SQUID, and any environmental
noise. As static fields have to be detected, and environmental magnetic noise has a large 1/f
component, the testing has usually to be done in a magnetically shielded environment. If the
samples under test are small, a small mu-metal box will be sufficient to suppress
environmental noise.



Donaldson et al. [1,2] were the first to use this approach to detect flaws in ferric steel plates.
They were able to find small slots in such plates with distances between the slot and SQUID
of up to 10 cm. In other work, Wikswo et al. [17] could detect flaws and voids even in
nonmagnetic materials, such as plexiglass. Tavrin et al. [14] detected magnetic inclusions in
turbine discs made from nonmagnetic alloys, using a HTS SQUID with a sensitivity of about
130 fT/Hz". They could reliably detect defects with masses m ~ 1mg in a depth of up to 70
mm; at a depth of 4 mm, even defects with m ~ 10 pg could be found. Finally, Bonavolonta
et al. [18] detected mechanical fatigue in structural steel using a SQUID.

A number of groups [19-25] applied this technique to the detection of ferromagnetic
inclusions in various materials. For example, Tanaka et al. [19, 20, 23-25] describe a system
which is used to detect magnetic contaminants in (canned) food products and active-material
coated foils for Li-ion batteries. Examples of these contaminants in both, metallic foils as well
as food, are small metal chips from raw materials or the processing machinery. The current
requirements for commercial applications, such as Li-ion batteries, are to find metallic
particles that have a diameter greater than 50 um. However, particles smaller than about 100
pm cannot be detected by X-ray imaging, which is commonly used as the inspection method.
For this reason, Tanaka et al. developed a highly sensitive detection system for small
contaminant particles based on a high-temperature-superconductor (HTS) SQUID. They use a
planar gradiometer and a horizontal magnetization of the sample prior to measurement.

The principle of detecting magnetic contaminants with their system is shown in Fig. 2. A
permanent magnet horizontally magnetizes the metallic contaminants and the test object itself.
The sheet material, or food, to be tested is passed through a ring-shaped permanent magnet
with a flux density of 1.3 T. The remanent magnetic flux from a possible metallic
contaminant in the sheet is then detected by a number of SQUID gradiometers as the sheet
passes below these sensors. Sheets with a maximum width of 100 mm can be tested with a
maximum speed of 100 m/min. The detection unit including the shield and the cryostat is
mechanically well isolated from the magnet and the driving components, in order to protect
them from mechanical vibrations. The dimensions (length x width x height) of the entire
system are 2200 mm x 700 mm X 1380 mm. For food contaminant detection, the requirement
for the detection size is greater than 0.5 mm in diameter. A major Japanese dairy company
introduced and equipped a high Tc SQUIDs detection system [19, 25] in 2005; this system is
still in use every day in the factory

The liquid nitrogen (LN>) cryostat used for maintaining the temperature of the eight SQUID
gradiometers at 77 K is custom designed. The outer jacket of the cryostat is fabricated from

aluminum alloy, and the LN tank is made from copper. The total volume of LNz is 1.1 7/,
which is sufficient for 14-h operation without refilling. In order to achieve a small standoff-
distance between the SQUIDs and the sample under test, the SQUIDs are placed inside the
insulation vacuum of the dewar, rather than immersed in the LN>. To thermally anchor the
SQUIDs to the LN bath, they are mounted to eight sapphire rods protruding through the
bottom of the LN> container into the insulation vacuum. In this configuration, the sample
under test can be placed as close as 1-2 mm to the SQUIDs [26]. The dewar containing the
SQUIDs is placed inside a small magnetic shield to suppress external magnetic fields. This
shield measures 630 mm x 480 mm x 704 mm, and is made from 2-mm thick mu-metal. The
measured shielding factors (SF) of the magnetically shielded box for each direction at 1 Hz
are SFx = 50,000, SFy = 33,000, and SF, = 25,000. These factors are sufficient for operation
in a typical laboratory or industrial environment.



The white noise level of the SQUID gradiometers employed is 20-30 pdo/Hz'* at 100 Hz.
These values are 10 upo/Hz'? higher than the values measured when the SQUIDs are
immersed in LN> because of the relatively high temperature of the sapphire rods (T > 77K).
The base-line lengths of the gradiometers are 3 mm. Three SQUID loops are directly
connected to a differential pickup loop consisting of rectangular pickup loops (3 mm x 8§ mm
for each loop). For data post-processing, the signal is passed through a high-pass filter with a
cutoff frequency of 0.5 Hz, and a second-order low-pass filter with a cutoff frequency of 100
Hz.

Small iron (S50C) balls with a diameter of 35-82 um are used to characterize the system. The
balls are first magnetized by the permanent magnet, and their remanent field is measured with
the SQUID gradiometers. Real-time traces of the gradiometer output and the peak-to-peak
values as a function of the ball diameter are shown in Fig. 3 (left). Even the smallest balls
produce a typical gradiometric signature with a high signal-to-noise ratio. The peak-to-peak
values roughly scale with the cube of the diameter, specifically D*® (see Fig. 3, right), which
Tanaka et al. believe can be attributed to the anisotropy of the magnetization of the balls.

Yet another nondestructive evaluation scheme using static magnetic fields is the so-called
Magnetic Flux Leakage (MFL) technique [27]. This scheme is well suited for the inspection
of prestressed steel tendons in concrete beams or bridge decks [27-29]. Tendon ruptures may
occur when water penetrates the duct due to inadequate grouting. Hydrogen-induced
corrosion of the steel tendons may then be initiated, which will eventually cause cracks of
single strands and could finally lead to a collapse of the entire structure. The basic principle
of MFL is as follows. Tendons hidden in the concrete are magnetized by a static magnetic
field applied from outside the concrete by means of a yoke magnet. The tendon can be
considered as a high-permeability magnetic field guide. Ruptures or reductions of its cross-
section produce a resulting magnetic leakage flux as they act as local disturbances in the flux
guide. The ensuing magnetic stray field is then recorded. To this end, a probe containing the
magnetization device (yoke magnet) and the magnetic field sensors is moved along the
direction of the prestressed tendon on the concrete surface (see Fig. 4).

Krause et al. [15, 30] employed this technique to evaluate tendons inside highway bridges.
They used four high-7. dc SQUID magnetometers with ramp junctions optimized for high-
field performance [31] to detect the magnetic stray field in the center of the yoke. The
magnetic field was recorded while the exciting field was applied (active stray field
measurement) and again after the magnet had been switched off (remanent field
measurement). They could show that a single cracked rebar can be found in post-tensioned
members, even though the magnetic signature of the crack is attenuated significantly by the
shielding effect of the surrounding flawless tendons and the duct around the strands. Fig. 5
shows a result of a SQUID measurement on a German highway bridge. At each location, nine
scans of 260 cm length were conducted at different premagnetization states. Before each
measurement scan, the SQUID sensors were heated just above the critical temperature of the
superconducting film in order to eliminate trapped magnetic flux. Details on the signal
analysis procedure were given in Ref. [29]. Fig. 5 shows the correlation coefficient and the
crack signal amplitude of the evaluated stray field and remanent field scans at a selected
location of the bridge. The indication at x = 82 + 5 cm, gave a correlation coefficient and a
rupture signal amplitude well above the threshold. Opening the bridge deck confirmed that
two of the eight rebar wires were cracked at this location.

Eddy current testing



Eddy current testing is a well-established procedure to test electrically-conducting objects for
defects. In this procedure, one produces an ac-magnetic field, which in turn induces eddy
currents in the sample under test. If the object has homogeneous conductivity, i.e., no defects
are present, the local eddy current density will be homogeneous as well. Defects will locally
change the conductivity and thus lead to a distortion of the eddy current flow in the vicinity of
the defect (see Fig. 6, left).

Defects can obviously be localized by measuring the local eddy current density. As a direct
measurement of the eddy currents is difficult, one rather measures the magnetic field
produced by the eddy currents directly above the sample. In a conventional eddy current test
set, the magnetic field produced by the eddy currents (sometimes called the secondary field to
distinguish it from the primary field, which is used to induce the eddy currents) is measured
with an induction coil (shown in Fig. 6 left). The penetration depth (skin depth) & of eddy
currents in the sample is a function of the conductivity of the object, its permeability and the
frequency of the eddy currents. The skin depth § = (woppo) /%, where o is the eddy current
frequency, o the conductivity of the object, u the magnetic permeability and po = 4nx107
H/m the magnetic permeability of vacuum. Electrically well conducting materials, such as
copper (6 = 6.25x10” A/Vm), thus require the excitation of eddy currents with much lower
frequency than, for example, indium-tin oxide (ITO, 6 ~ 1x10°> A/Vm), to produce a
substantial eddy current flow in a certain depth inside the material.

In the case of conventional eddy current testing, the sensitivity for finding defects scales as
1/, as the field sensitivity of an induction coil is proportional to . The typical field noise of
an induction coil used as field sensor in conventional eddy current equipment is about 1
nT/\Hz at eddy current frequencies of about 100 kHz, or about 1 pT/\/Hz at 100 Hz.
Surprisingly enough, even the rather poor sensitivity at low frequencies is sufficient to find
defects. However, some applications require a much higher field sensitivity, especially at low
excitation frequencies. For example, certain aircraft parts, such as layered stacks of
aluminum sheets or aircraft wheels, are made from relatively thick aluminum. In order to
achieve sufficient eddy current density deep inside these materials, a relatively low eddy
current frequency must be used (e.g., 400 Hz for a flaw in aluminum in a 15-mm depth). The
high field sensitivity of SQUIDs at low frequencies makes it ideally suited for the evaluation
of such relatively thick conductive objects.

There are several ways to induce electric currents in the sample to be tested. A dc or ac
current can simply be induced by connecting the sample with two wires to a power supply.
This so-called direct current injection has several disadvantages: wires have to be attached to
the sample, which —depending on the shape of the sample— might be difficult. It might also
be difficult to determine the actual current distribution, and the obtainable current density
might be low in case of a large-area sample. The signals, which potential defects might
produce, will be only small for low current densities.

In contrast to direct injection of dc or ac currents into the sample, the induction of eddy
currents by an external coil (usually called excitation coil) generates a spatially well-confined
current distribution. As no electrical connections to the sample are required, eddy current
NDE is more practical to use than direct current injection. Also, by choosing an appropriate
coil geometry, the current density at potential defects can be made much higher. However,
the choice of the optimum measurement parameters, such as the excitation frequency, is more
critical. Furthermore, calculation of the current distribution in the sample from the measured
field distribution tends to be more difficult than in the case of direct current injection. As



usually users of NDE systems are not much interested in the current flow in the sample, but
rather want to find defects, this is not a big disadvantage.

In order to minimize the excitation field at the location of the SQUID, a gradiometric
excitation coil (a so-called double-D coil, see, e.g., [11-13]) can be used. By carefully moving
this coil below the SQUID to find its optimum position, the cross talk between excitation coil
and SQUID can be kept lower than 0.1%. Alternatively, the magnetic field of a circular
excitation coil can be compensated electronically at the location of the SQUID by passing part
of the excitation current in the modulation coil used for flux locking the SQUID. By carefully
adjusting the amplitude and phase of the compensation current, the excitation field at the
SQUID can be reduced by a factor of up to 1000. An even higher compensation factor is, in
principle, possible, but drift then requires a frequent readjustment of amplitude and phase of
the compensation current. As the obtainable signal-to-noise ratio is directly proportional to
the amplitude of the excitation field, the latter should be as large as possible. Field
amplitudes of mT should be aimed at.

A number of groups have studied eddy-current testing procedures with a (in most cases HTS)
SQUID [see, e.g. 10-13]. The main interest here was in testing aircraft parts. Besides
conventionally used aluminum and titanium alloys, carbon-fibre reinforced plastics were
investigated, e.g., by Ruosi et al. [32], Graham et al. [33], and Bonavolonta et al. [34, 35].
Such polymers have become increasingly popular in aircrafts because of their high specific
stiffness and high specific strength.

Welzel et al. [36] studied a LTS SQUID-based eddy-current NDE system to test flat niobium
sheets used to make superconducting resonators for particle accelerators. Such niobium
sheets (usually of size 300 x 300 mm?) have to be tested for small inclusions of foreign
materials, such as tantalum, as these deteriorate the quality factor of the superconducting
resonator made from such sheets. The requirements here are the detection of tantalum
inclusions having a volume of as small as 10712 m? in a short time; the time needed to test a
30x30 cm? sheet should not be longer than a few minutes, to be able to test a large number of
sheets in an acceptable time. We discuss this system in some detail, as it gives a good
example of a highly-sensitive SQUID eddy-current NDE system.

Fig. 6 (right) shows the principle of eddy current testing of a niobium sheet. A circular coil,
usually with a diameter of a few mm, generates eddy currents in the niobium sheet.
Inhomogeneities, such as cracks or inclusions of materials having a conductivity different
from that of niobium, lead to a distortion of the eddy current flow, and thus to a change in the
eddy current field, which is detected by scanning the sheet with a niobium SQUID. As a high
spatial resolution is usually required, a circular excitation coil with diameter ~ 2 mm was used
instead of the usual double-D coil; the excitation field at the SQUID was reduced by
electronic compensation. In this example, the excitation field was of up to 1 mT peak-to-
peak; the required excitation current was about 2 A peak-to-peak. Dissipation in the
excitation coil raised its temperature to about 60°C in this case. Finally, the SQUID was
cooled in a low-noise fiberglass helium dewar for biomagnetic measurements, permitting a
small stand-off distance between SQUID and sample of about 6 mm.

The optimum excitation frequency is given by the skin depth in the material under test and the
expected depth of the inclusions. In a superconducting resonator, rf currents will only flow at
the surface of the resonator, so in principle one would only need to find defects in a depth of a
few um. However, during fabrication of the resonator, up to 0.5 mm of niobium are etched
away from the surface, so that even defects in this depth might lead to a reduction in the



obtainable resonator quality factor. In order to maximize the eddy-current density in a 0.5
mm thick layer at the surface of the sheet, an excitation frequency of about 40 kHz would be
required. Although the excitation field at the location of the SQUID is minimized by the
compensation coil, a dynamic range of about 20 to 50 flux quanta is still needed at this
frequency to prevent unlocking of the flux-locked loop by scanning across the edges of the
sheet. The slew rate required of the flux-locked loop then is about 4 to 10 ®¢/us, which can
easily obtained with a conventional ac flux-modulated flux-locked loop with a modulation
frequency of 4 MHz; a dynamic range of about 15 flux quanta at 100 kHz is possible.

Welzel et al. [36] used a niobium dc SQUID in a magnetometer configuration with a field-to-
flux transfer coefficient of 35 nT/®y; its flux noise was about 1.5 u(Do/\/Hz, and the field
sensitivity was about 50 fT. /NHz. Much higher field sensitivities are possible of course, but
since the thermal noise of the (room temperature) sample limits the useful sensitivity, it is
wiser to make the inductance of the SQUID relatively small to achieve a low flux noise. A
low inductance in turn leads to a relatively small effective area of the SQUID, which
increases the dynamic range and thus the slew rate of the system. Because of the high
excitation frequency of > 10 kHz and using lock-in detection, the system could be operated
unshielded. With this system, Welzel et al. were able to detect all relevant defects in high-
purity niobium sheets in an acceptable time with a high signal-to-noise ratio.

Fig. 7, left, shows a typical example of an eddy-current scan of such a sheet using a SQUID.
A typical value for the change in the eddy current field induced by a 100-um diameter Ta
inclusion in a depth of 0.5 mm was about 30 pT. Although it seems possible to detect this
field with a conventional magnetic field sensor, such as a flux gate, the then intolerably long
measuring time would make the use of such a sensor impractical. For example, a flux gate
with a rms field noise of 10 pT/YHz could detect a Ta inclusion with a signal-to-noise ratio
SNR = 1 in an integration time of 1 s. Assuming the area covered by the flux gate is 1 mm?, it
would take 300 x 300 s to scan a 30 x 30 cm? wide niobium sheet. Not only is this measuring
time intolerably long, also an SNR ~ 1 is insufficient to discriminate between noise and real
defects. The desired SNR for relevant defects is > 30.

A drawback of eddy-current testing is the so-called 'lift-off effect'. Here, a variation in the
stand-off distance between excitation coil and sample leads to a change in the eddy current
density in the sample, and thus to a change in the eddy current field detected by the SQUID.
Already small variations in the stand-off distance of the order of 10 pm produce field changes
larger than the response from a Ta inclusion in the example described above. Pressing the
excitation coil firmly onto the sample during scanning can reduce the lift-off effect caused by
roughness of the sample. Nevertheless, when scanning the surface of the sample using a high
excitation frequency (100 kHz), the lift-off effect is still noticeable. Spatial high-pass
filtering [36] can reduce artefacts caused by the lift-off effect in this case.

To conclude, the above-described SQUID system was able to detect all relevant defects in
niobium sheets with sufficient signal-to-noise ratio. Compared to a conventional system, the
measured signal-to-noise ratio was better by a factor of up to 100, see also Fig. 7 (right). The
scanning time of about 15 minutes required for a 30x30 cm? sheet was limited by the travel
speed of the translation stage used; the high sensitivity of the system should allow for a
shorter (say, 5 min.) scanning time without a noticeable loss in the signal-to-noise ratio.

Finally, Kreutzbruck et al. [37] performed eddy-current measurements with a HTS SQUID on
aircraft parts to compare their SQUID NDE system with a commercial eddy-current NDE
system (Elotest B1, Rohmann GmbH Frankenthal, Germany), which uses induction coils as



field sensors. An induction coil without a ferrite core (PLA-44) was used in this test. The test
sample was an aluminum plate with an artificial crack 40mm long, 0.15mm wide and 1.2mm
deep, which was covered by another 13mm-thick aluminum plate. The crack was not
detectable with the conventional system when a detection bandwidth of 30 Hz was used.

Only in a bandwidth of 2 Hz could the crack be detected; the signal-to-noise ratio was still
smaller than 3. With a HTS SQUID system, however, the crack could be detected with a
signal-to-noise ratio of about 300 in a much larger bandwidth of 50 Hz.

Nondestructive evaluation using SQUID microscopes

The high spatial as well as the high field sensitivity make SQUID microscopes (see Chapter
9.3.5 by John Kirtley in this volume) ideal for nondestructive evaluation of certain types of
materials, circuits or devices. For example, local defects, such as scratches and dents, as well
as fatigue and mechanical stress can generate a remanent magnetization in certain stainless
steels [38, 39]. This remanent magnetization can easily be detected with a SQUID [39, 40].
Gruhl et al. [41] examined the surface of several 1mm-thick stainless steel slabs with artificial
scratches and dents. Figure 8 (upper right) shows a photograph of a stainless steel sample
with various surface damages: six indentations caused by hammer strikes with various power,
and several shallow scratches. The corresponding magnetic field distribution measured with a
scanning SQUID microscope is shown in Fig. 8 (lower right). The stainless steel sample was
not magnetized prior to the measurement, but was measured unshielded in the earth’s
magnetic field. It is found that the remanent magnetization is proportional to the strength of
the mechanical stress: one can recognize the correlation between the strength with which the
indentations were created and the magnetic field amplitude above the indentations. Although
it is possible to measure such samples with conventional sensors by magnetizing the damaged
stainless steel slabs, one will then lose the information about the force which with the defects
were created. Similar finds were reported by Bonavolonta et al. [42].

SQUID microscopes have also been employed for the nondestructive evaluation of
semiconducting circuits and photovoltaic cells. Several methods have been investigated to
this end. Fleet et al. [43] tested microelectronic chips with a HTS SQUID microscope by
measuring the magnetic field produced by electric current flowing in the circuits. They could
identify shorts between pins of a packaged circuit and were able to locate the short to within +
35 um.

Dechert et al. [44] measured the current density in photovoltaic cells to detect internal shorts
in their p-n-junction. An open-circuited photovoltaic cell was illuminated and the magnetic
field above the cell was recorded. In the absence of internal shorts, no static magnetic field is
produced by the cell. Detecting local fields enabled the authors to precisely locate shorts in
the cell junction.

Beyer et al. [45] illuminated semiconducting wafers with a focused laser beam and measured
the magnetic field of the net photocurrents induced in the sample with a niobium SQUID.
They were able to detect changes in the doping of semiconducting wafers as well as
electrically active defects, such as grain boundaries. They could also localize artefacts in
photovoltaic devices. X.Y. Kong et al. [46] and Y. Nakatani et al. [47] performed similar
measurements using high-temperature superconductor SQUIDs.

Gruhl et al. [41] also performed measurements on aircraft fuselage samples with their LTS
SQUID microscope using the eddy current NDE method. They examined multilayer



structures (up to four layers of aluminum sheet) of the fuselage of an Airbus A-300. The
samples investigated with the SQUID microscope had a length of about 500 mm and had four
rivet rows each containing 21 rivets. Figure 8 (bottom left) shows the cross section of the
investigated samples, which consist of three layers of aluminum sheets. The top layer has a
thickness of 1.4—2 mm, the second layer one of only 0.6-0.8 mm and the third layer is 1.8-2.5
mm thick. Due to cyclic stress loading, the defects usually occur in the third layer, and the
fatigue cracks are most likely to develop along the direction of the fastener row. The titanium
rivets had a diameter of 4.8 mm and a distance between each other of 22.5 mm. For eddy
current measurements, a single wire positioned perpendicular to the rivet rows was used to
excite eddy currents in the sample. The wire was positioned below the SQUID such that the
excitation field was minimized at the location of the SQUID. No electronic compensation of
the excitation field at the location of the SQUID was used. The excitation frequency was 2
kHz and the separation between sample and SQUID was 600 pm. Figure 8 (left) shows a line
scan along a rivet row. In order to distinguish possible defect signals from signals caused by
rivets, the magnetic field data were raised to the third power. Then the amplitudes of the
signals generated by cracks are nearly proportional to the crack length. By exciting with a
wire the signal of a flawless rivet shows an increase in magnetic field on one side of the rivet
and a decrease on the other side. This is caused by induced currents, which flow in clockwise
direction on one side and counter-clockwise on the other. A defect induces an additional
current, which leads to an increase or decrease of the z-component of the magnetic field,
depending on the position of the defect. It can be seen from Fig. 8 that the signals produced
by the titanium rivets themselves are small compared to the signals due to cracks. Even a
1.2mm-long crack produces a signal, which is somewhat larger than the signal from a rivet
without defect. Also shown in Fig. 8 (left) is a measurement of the same sample, using a
SQUID inside a conventional cryostat. The stand-off distance between SQUID and sample
here was about 6 mm. As the cracks to be detected are short, and as the distance between the
rivets is relatively short as well, the high spatial resolution provided by the SQUID
microscope is quite helpful when distinguishing possible defects from the signals generated
by the rivets.

Conclusion

A large number of groups investigated the applicability of SQUIDs for nondestructive
evaluation of a great variety of materials, ranging from food to aircrafts. A common find is
that especially for the case of thick, highly conductive, or ferromagnetic materials, as well as
sintered materials, the SQUID based systems show a much higher sensitivity compared to
conventional eddy current, x-ray, or ultrasonic testing. The higher sensitivity and the larger
dynamic range of the SQUID as compared to that of coils, magneto-resistive sensors or flux-
gates, does improve the probability of finding a defect, and, more importantly, offers a
substantial increase in testing speed. We note that a factor of only 2 in increased testing speed
is already commercially very desirable, and justifies the use of a SQUID.
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Figure Captions

Fig.1. Basic principle of nondestructive evaluation of ferromagnetic plates using a magnetic
field sensor, such as a SQUID (see text).

Fig. 2. Principle for detection of contaminants in metallic sheets.

Fig. 3. Left: Change in magnetic field produced by small metallic balls, and right: Magnetic
flux produced by these balls at the SQUID as a function of ball diameter.

Fig. 4. Principle of magnetic detection of ruptures in tendon strands of prestressed concrete
beams.

Fig. 5. Rupture signal amplitudes measured with the stray field and the remanent field
technique on the bridge [29]. The circle marks an indication above threshold.

Fig. 6. Basic principle of eddy current NDE (left), and measurement configuration used to
test niobium sheets with a SQUID (right).

Fig. 7. Left: Two-dimensional distribution of the eddy current field above a 22 cm by 22 cm
size niobium sheet. The excitation field generated by a 3-mm diameter coil was about 0.6 mT
peak-to-peak; the eddy-current frequency was 10 kHz, measurement time was about 15
minutes. Ta inclusions (bright spots) are clearly detected. Right: Same sheet measured with
conventional eddy-current NDE system. Most defects are obscured by noise.; scanning time
and measurement bandwidth same as for SQUID measurement.

Fig. 8. Nondestructive evaluation using a scanning SQUID microscope. Left: eddy current
test of a wing section of an Airbus A-300 showing eddy current field measured with SQUID
microscope (solid line) and SQUID in conventional cryostat (dashed line). Cross section of
sample consisting of three aluminum layers with rivets (gray vertical bars) and cracks
adjacent to rivets (black boxes in lowest aluminum layer) is shown below. Right: optical
image (upper) and magnetic image (lower picture) of stainless steel slap with three
indentations (scanned area is 5 x 5 mm?).
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