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A non-destructive evaluation system based on high-Tc de-SQUID (superconducting quantum interference device)

incorporating a gradient field excitation has been built. By using this system a 1mm-diameter hole at a depth of 2mm

inside an aluminium plate at room temperature can be easily detected and imaged in an unshielded environment. The

relation between the spatial resolution, or the smallest detectable flaw size, and experimental parameters is briefly

analysed in terms of a simple metal ring model. The result shows that the spatial resolution depends strongly on the

sensor-sample separation as well as on some other parameters, such as signal-to-noise ratio of excitation, excitation

frequency and material conductivity.
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1. Introduction

Non-destructive electromagnetic testing (NDET)
based on probing electrical conductivity and/or mag-
netic permeability of materials with magnetic or elec-
tric sensors is one of the most common techniques
in material evaluations. The most frequently used
conventional magnetic field sensors in NDET, such
as Hall probes and magnetoresistors, are still in use
and improvement.[!l Such sensors have a higher re-
producibility in fabrication of the single sensor and

are easier to scale up to form robust sensor arrays.

Recently, superconducting quantum interference
devices (SQUIDs) as magnetic field sensors for NDET
have revealed their advantages in very high field sen-
sitivity, wide bandwidth, broad dynamic range and
excellent linearity.2~4! Especially, it has been recog-
nized that their extremely high sensitivity makes them

very suitable for the detection of deep flaws.[>~7]
Now SQUID based eddy current NDET tech-

niques are commonly used for the detection of hid-

den defects in nonmagnetic metallic materials. In

this technique an excitation coil generates a relatively
small alternating magnetic field. This field induces
eddy currents in the sample being tested. The currents
are deviated by any local flaws and local shape varia-
tion within a small scanning area of the sample. The
resulting field distortions due to the current deviation
are then detected by the SQUID sensors. Obviously,
with a small excitation, the evaluation is completely

non-invasive.

Typical field excitations for the SQUID based
NDET are absolute excitation or differential excita-
tion generated by single or double-D shaped coils
respectively.!®9 Different coil geometries result in dif-
ferent eddy current distributions, as well as corre-
sponding flaw responses. Generally, the sensitivity
of NDET depends largely on the excitation—detection

schemes.

In this paper, we report a high-T. dc-SQUID
based NDET system incorporating a gradient field ex-
citation and some results of detecting flaws in non-

magnetic conductive plates by using this system. A
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hole as small as 1mm in diameter and 2mm deep in-
side an aluminium plate at room temperature can be
easily detected and imaged with a spatial resolution
of 200um in unshielded environment. In addition, the
spatial resolution for shallow flaw detections, which
are useful for plate shaped samples, is analysed and

discussed with a simple model.
2.Experimental setup

Our SQUID based NDET system consists of a sin-
gle channel high-T. SQUID magnetometer, a liquid ni-
trogen Dewar, a sample stage and a control unit. This
system together with the specially developed sensor
electronics allows the detection of magnetic impuri-
ties or the measurement of eddy current field.

A YBCO dc-SQUID is mounted in vacuum on the
end of a cold finger fixed at the inner wall bottom of
the Dewar, which is filled with liquid nitrogen (77K)
to cool the SQUID sensor. The sensor faces a thin flat
sapphire window on the outer wall of the Dewar and
is thermally isolated from it by a vacuum space in a
distance of less than 1mm. [10]

A plate-shaped sample is placed outside the win-
dow on a movable stage with a scanning area up to
50mm x 50mm and a positioning accuracy reaching the
pm range.

To contribute as little as possible to the sample—
sensor distance, it is essential that on the one hand the
window must be as thin as possible and on the other
hand that it also must be relatively small in diameter,
in order to limit the concavely bending of the window
under atmosphere pressure. By using a window with a
thickness of 80um and a diameter of 7Tmm, a sample—
sensor distance of less than 2mm can be obtained in
our measurements.

We use a double-D shaped coil adhered to the
bottom of the sample to generate an alternating dif-
ferential excitation. The plane of the coil is parallel to
that of the SQUID. The horizontal position of the coil
is well adjusted to balance the excitation flux and thus
eliminates the direct signal detected by the sensor.

We use a directly coupled YBCO thin film dc-
SQUID sensor with a loop inductance of 60 pH and
a washer area of 400pm X 400pum comparable to the
range of sample—sensor distance. The background flux
noise level is about 1.3 x 1073 &;/Hz'/? at 10Hz,

which is more than one order of magnitude larger than

the intrinsic flux noise. The SQUID sensor is con-
nected to room temperature flux locked loop (FLL)
electronics via a matching circuit at liquid nitrogen
temperature. A magnetic field signal due to eddy cur-
rent deviation detected by the SQUID sensor is mag-
nified by the FLL and then processed via a narrow
band lock-in readout unit with a central frequency of
710Hz and bandwidth of 7Hz.

When the test sample is uniform within the ex-
citation area, the eddy current is symmetrical and its
magnetic field anti-symmetrical with respect to the
central plane of the sensor—excitation complex. In this
case we have no response signal except noise. When
a flaw in the test sample is scanned in or out of the
excitation area, the symmetry of the field distribution
is broken. The asymmetrical magnetic field was gen-

erated and may be detected.
3.Results

Firstly, in order to calibrate the magnetic field
and the sample—sensor distance of the instrument be-
fore testing, we imaged the magnetic field distribution
generated by a current dipole. Figure 1(a) shows the
scheme for calibration. The dipole with a strength of
I-dl = 2puA m is placed in parallel with the SQUID
plane on the sample stage and its field distribution
of z-component in the measuring plane is recorded by
scanning the sample stage in z- and y-directions. Fig-
ure 1(b) shows the measured field distribution map
in two-dimensional (2D) form consisting of 6400 data
points, which cover an area of 9.6mmx9.6mm. The
dwelling time of data taking for each point is 200ms.
The map has two poles as expected, a maximum and a
minimum, corresponding to the field of £ B***. Thus,
the distance A between the two poles is also given.
From dipole field expression, the z-component of the

maximum field is
BT — oI - dl/3+/3m A%, (1)

and the distance between the dipole (sample) and sen-

sor can be simply written as
4= ANVE, 2)

where pg is the vacuum permeability, I - dl is the
strength of the current dipole. From A=2mm, we

obtain BJ***=38nT and d=1.4mm.
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with a current dipole below the measuring plane at

(a) Schematic for magnetic field calibration

a distance of d. When the dipole scans in z- and
y-directions on the sample stage, the SQUID in the
measuring plane records the magnetic field produced
by the dipole. (b) The 2D-form distribution map of
z-component of the magnetic field measured in the
SQUID plane. It consists of 80 x 80 data points. The
distance between adjacent two points in each direction
is 120pum and the whole map covers 9.6mm x9.6mm.
The right side bar marks the magnetic field scale in

arbitrary units.

The operation of the instrument has been demon-
strated by testing a pile of three 2mm thick aluminium
plates fixed in parallel with the SQUID plane. There
is a 0.8mm wide slot in the middle plate of the triple
plate pile.

A planar double-D shaped coil is mounted at the
bottom of the plates. An excitation current with a
magnitude up to 10mA is applied to the coil to gen-
erate a planar magnetic field gradient.

The penetration depth of the excitation field, or
the skin depth

d=+/2/pow (3)

restricts the depth under the surface of the tested ma-
terial in which flaws may be found, where p is per-
meability and ¢ conductivity of the material, and w is
the frequency of the excitation wave. We use a narrow
band lock-in detection with a sinusoidal excitation at
a frequency of 710Hz, which leads to a skin depth of
3mm for aluminium. Figure 2 shows the 2D in-phase
data of detected field in the z-direction and its inte-
gration along the excitation field gradient. A peak of
the integrated curve gives the position of the slot.
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Fig.2. (a) The magnetic field data detected for a slot

with a width of 0.8mm and (b) its integration along

the excitation field gradient. The diameter of the ex-

citation coil is 10mm. The position of the slot centre

indicated by an arrow is at the peak in the integration
curve.

In another test there is a hole lmm in diameter
in the middle plate, all other testing parameters are
the same as above. Figures 3(a) and 3(b) are the re-
sulting field distribution and its integral, respectively,
showing an image of the hole with a spatial resolution

of about 0.2mm.
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Fig.3. (a) The field distribution due to a 1lmm-

diameter hole at a depth of 2mm inside an aluminium
plate and its integration signals along the z-axis in (b)
2D and (c) 3D forms. The diameter of the excitation
double-D shaped coil is 6mm. Each map consists of
50 x 50 points with 180um per step, which covers a
scanning area of 9mm X 9mm. The right side bar in
(a) and (b) marks the magnetic field scale in arbitrary

units.

4. Discussion

In practical applications, it is often to detect the
flaws in plate-shaped sample, which may be approxi-
mately described by shallow flaws with a depth in a
few mm range. In order to briefly estimate the small-
est detectable size of such flaws, we present a simple

model by taking a small metal wire ring instead of

metal plate with a small flaw or hole in it. We assume
a metal wire ring placed in parallel with the SQUID
sensor at a distance d in excitation field B(z,t) in the
z-direction. The radius and the cross section of the
ring and conductivity of the ring material are a, s and

2

o, respectively, with s = ma®. The magnetic flux @

through the ring is
& = B(z,t) - ma®. (4)

Here we simply use the field at the centre of the ring
B(z,t) as the average field in the ring area. In our
model the field B(z,t) is produced by an alternating
current flowing in the double-D shaped coils. We also
assume that the z-axis is placed in line with the field
gradient of the excitation and its zero point is at the
intersection of the sensor-excitation coaxial line and
the ring plane. Obviously, at the origin =0, we have
®=0. In the vicinity of =0, the excitation field is
given by

B(z,t) = byx cos(wt), (5)

where by is the amplitude of the field gradient near
the origin, w is the excitation frequency. Field B(z,t)
is a function of time and the ring coordinate in the
z-axis. When the ring shifts from =0, we have a lin-
ear response of flux @, and according to the Faraday’s

law, the EMF along the circle of the ring is

e =—d®/dt = —wa?dB(t)/dt = ma®zwbg sin(wt).
(6)
Considering the ring resistance R = 27a/(oma?), we

obtain the circular eddy current
I =¢/R = (n/2)a*zowby sin(wt). (N

The z-component of magnetic field B, at the sensor

position induced by the current I can be written as
B, = pola®/2(d? + a?)%/2, (8)
In a < d limit we have
B, = poma’zowbg sin(wt)/4d>. 9)

When the ring is at the coaxial position in the an-
tisymmetric excitation field, there is no circular eddy
current flowing around, and the sensor receives no sig-
nal except noise. When the ring is scanned with a
displacement in the z-direction, the induced field B,
is generated. As soon as the averaged field signal,
B,/ V2, becomes comparable to the noise of the exci-

tation d Bey at the sensor position, the signal can be
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just detected by the SQUID sensor and read out by
the lock-in amplifier. The radius of the ring, a, is sup-
posed to be chosen in such a way that it is equal to the
least displacement, that is £ = a, in which the signal

becomes detectable, that is
a = {4v2d° | [pomwo(by /8 Bex)|}YC. (10)

In this case the radius ¢ may be used as a measure of
spatial resolution. Substituting our experimental pa-
rameters d=1.4mm, w/27r=710Hz, 0=4 x107Q " !m—!
and by/ dBex = 3.4 x 10*mm™! at a bandwidth of
7Hz into Eq.(10), we gain a=0.29mm, which is close
to our experimental result in Fig.3.

Equation (10) shows that the spatial resolution
for shallow flaw detection is related to the sample—
sensor distance d, the excitation frequency w, conduc-
tivity o of the material and the gradient field signal-
to-noise ratio (bg/ 0 Bex), where by is the field gradient
of excitation at the sample position and §d B,y is the
excitation noise at the sensor position. Generally, the
total noise in NDET is dominated by that of the ex-
citation, and it is demanded that the excitation field
gradient is high. In order to achieve a fine spatial
resolution, it is effective to reduce the distance d, in-
cluding window thickness, window bending, and keep

the SQUID sensor and the sample as close as possible

to the window without touching it. In addition, an
exact balance of the gradient excitation is essential.
Increasing the excitation frequency will not help
very much, as it is restricted by the skin depth. In
addition, one can use a narrow band lock-in detection
to improve the signal to noise ratio, but accordingly

one has to take longer time in measurement.
5. Conclusions

Eddy current nondestructive tests on aluminium
multiplate structures have been performed by using a
high-T, SQUID based system in an unshielded envi-
ronment. The flaws in a size of Imm range and as
deep as 2mm can be sensitively detected and imaged
with the help of a gradient field excitation.

For estimating the spatial resolution, or the small-
est detectable size of flaws, we have analysed the ef-
fects of some experimental parameters with a simple
metal ring model. The results obtained from both ex-
periments and model analyses indicate that the spa-
tial resolution better than 300pum can be obtained in
our gradient excitation—sensor and narrow band lock-
in detection schemes.

The expression of the spatial resolution may be
useful for quantitative estimation for the smallest de-
tectable size of shallow flaws in NDET.
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