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Conductivity Tomography for Non-Destructive
Evaluation Using Pulsed Eddy Current With
HTS SQUID Magnetometer

Hans-Joachim Krause, Grigory I. Panaitov, and Yi Zhang

Abstract—n standard eddy current nondestructive evaluation, Conventional PEC techniques use induction coil sensors
the depth of investigation is restricted to a limited range around which measure the derivative of the magnetic field, dé3/ot.
the skin depth of the chosen excitation frequency. We developed g fig|d derivative decays much faster and, therefore, reaches

a pulsed eddy current NDE technique which allows simultaneous . . . .
analysis of the sample at all depths. The advantage of SQUID the noise level much earlier than the transient of ihéield

magnetometers over induction coil sensors is that the field does not itS€lf. This means that, compared to a coil, a magnetometer
decay as rapidly as its time derivative, allowing for a broader range sensor potentially can record the transient data at later times.
of investigated depths. Using rectangular excitation pulse trains, It has been demonstrated that PEC testing using a Super-
eddy currents are induced in the samples. The generated magnetic conducting Quantum Interference Device (SQUID) is feasible
response field is recorded in off-time between the transmitter [5]. However, a lock-in technique which is used in single fre-

pulses by an HTS SQUID magnetometer. The early time data of dd S d . he si |
the transient signal corresponds to the upper layers of the sample, quency eddy current testing in order to improve the signal-to-

while the late time data deliver information from deep layers. The Noise (S/N) ratio [6], cannot be applied in pulsed eddy current.
transient responses are averaged over a number of alternating High-performance pulsed eddy current testing requires a data

excitation pulses in order to enhance the signal-to-noise ratio acquisition technique with an effective cancellation of the en-
and to eliminate drift. Scan measurements of different aluminum ironmental noise and of low frequency, quasiconstant, signal

samples are presented. From the measured data, a 3D apparent , . :
conductivity image of the sample is calculated by applying a drift. Recently, we have conducted PEC experiments for NDE of

technique known from geophysical data interpretation. From this Metals with a High Temperature Superconductor (HTS) SQUID
tomographic conductivity image of the sample, the position and in conjunction with a commercial LAPTEMGeoinstruments,
depth of flaws in the material is readily determined. Ltd.) data acquisition unit [7]. We demonstrated that, in the case
of absolute coil excitation, the recorded PEC data may be in-
verted, using the formula for the impulse response of a homo-
geneous half-space [8], to obtain quasitomographic images of
. INTRODUCTION the so-called apparent conductivity of the medium [9].

DDY currenttesting is one of the most common techniques !N this paper, we present new experiments and extended fea-
for Non-Destructive Evaluation (NDE) of metallic mate{ures of the tomographic analysis of SQUID PEC data, espe-
rials [1], [2]. Usually, eddy currents are induced at a single egially the application to the case of differential excitation.
citation frequency. Consequently, the response signal only con-
tains information from depths down to about the standard pen- Il. EXPERIMENTAL

etration depthy = 1/v/mopf, with f denoting the frequency  The measurement principle is as follows: a square wave
ando andy the electrical conductivity and permeability of theexcitation current of alternating polarity with intermediate
material, respectively. It is difficult to obtain selective informacyrrent-off-times is fed to an excitation coil located above the
tion on structures at a given examination depth by analyzigmple under test. Directly above the excitation coil, a SQUID
the phase information of the response signal [3]. Using a pulsgfgnetometer measures the magnetic field above the sample.
eddy current (PEC) technique, this difficulty may be overcomgne experimental setup is shown schematically in Fig. 1.
[4]. o _ The samples consisted of stacked aluminum plates with 1.5
The excitation pulse can be considered as a large numggH thickness. Two types of cracks, a long one and a small crack
of single sinusoidal tests at various frequencies, each corge10 mm length, were used to investigate the transient signal of
sponding to a different standard penetration depth. When aRe flaw at different depths.
alyzing a single pulse response, one can get information froman HTS radio-frequency (rf) SQUID with a coplanar res-
shallow layers (high frequency signal components) and froghator [10] in a liquid nitrogen bath cryostat is positioned as
deep layers (low frequency components) simultaneously.  close as possible to the coil and the sample. The SQUID is in-
ductively coupled to a readout electronics with microprocessor-
Manuscript received August 5, 2002. This work was supported in part by te@Ntrolled automatic adjustment of the working point. The slew
German BMBF under Grant 13N7429/0. rate of the magnetometer is high enoygé2 mT / 9 to follow
The authors are with the Institute of Thin Films and Interface iati itati ]
Research Center Jiulich GmbH, 52425 Jilich, Germany (e—mzir:]eAvery sharp- \/Iacr;attlons Of.thtef' eXCIt?:[tIERS'eI'IIcEjI.\/l dt
h.-j.krause@fzjuelich.de). commercial data acquisition uni was used to
Digital Object Identifier 10.1109/TASC.2003.813688 supply the excitation current and to synchronously record the
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Fig. 2. Normalized magnetic field response as a function of time after
current-off, calculated using (1) for absolute coil excitation, (2) for wire
Fig. 1. Setup of the pulsed eddy current transient measurements usingxaitation of a homogeneous half-space, and (3) for absolute coil excitation of
SQUID sensor. The LAPTEM transmitter generates a square wave excitatiosheet. Parameters of the calculations: conductivity 20 MS/m, coil radius
current. During the excitation off time, the transient magnetic field responseds= 1 cm, lateral displacement from wige= 1 cm, plate thicknes¢ = 1 cm,
measured by the SQUID and stacked in the receiver. offsetzo = 1 cm. The late-time decay exponent is indicated.

transient magnetic field response from the sample (bandwidtl 190 F————— '
>40 kHz). This unit, designed for geophysical exploration
using the Transient Electro-Magnetics (TEM) technique,
performs stacking of several alternating measurements syr_ 44 L
chronously to the power line frequency. Thus, power line's

interference and low-frequency drift are efficiently suppressed 2 [ exp. theor. #sheels thickness

Two types of excitation coils were used: an absolute coil, in-* o4 1.5 mm
ducing circular currents in the sample, and a differential coil, TE . 2 30mm
which creates D-shaped currents in opposite directions. The a(§ P 3 45mm
vantage of a differential colil is that the excitation field in the = v 4 B.Omm
middle of the coil is minimum, and the sensor device, being itk ° 5§ 7.5mm
placed at its center, does not require a large dynamic range, & Lo ,5 .9'0 mm
lowing stronger excitation currents. 0.4

It is known that for very short excitation pulses, a so-called Time [ms]

‘run-on’ effect h_as to be taken into account. '_A‘S eddy Currentslﬂi-b. 3. Magnetic field response to a pulsed excitation with an absolute coil,
the sample are induced not only by pulse switch-off ramp but la¢asured on stacks of aluminum plates of different thickness (symbols). For
the switch-on ramp as well, the field run-on and run-off inducg@mparison, the lines were calculated using (3).

eddy currents in opposite directions. If the pulse length is too

short, these two signals may compensate each other. Recentlfinally, the expression for the impulse response of an ideal
we showed that, under appropriate conditions, the 'run-on’ efheet (thicknessd, conductivitys) to absolute coil excitation is
fect may even lead to a sign reversal of the transient signal [1given by [12]

The pulse period therefore was chosen to be 20 ms. 3/2

Tpo a® + 2%
Ill. SIGNAL ANALYSIS TECHNIQUE 2= 5 5
N : 2a a? + (zo + (2d02)_1>
From geophysical literature [8], we obtained the formula for
the impulse response of a homogeneous half-space upon pulsethe characteristic depth for a response at tintiee so-called
excitation with an absolute coil lying on the surface. The verticaiffusion depth [8], [12] is similar to the expression for the skin

magnetic field (perpendicular to the half-space) at a tirater  depth, (4), witht = 1/ f. For different geometries, Fig. 2 depicts
switching off a currenf in the loop is given by: the decay with time, calculated using (1)—(3).

B, = % [(29%2 — 3) erf(fa) + gﬁa exp (—92&2)} 1) b= \ 7rut00' )

with o denoting the electrical conductivity of the half-space,
a the coil radius, and = /oo /4t. In case of a differential
excitation, the geometry at the center is best represented by AheStack of Flawless Plates, Absolute Excitation

®3)

IV. MEASUREMENTS ANDTOMOGRAPHICANALYSIS

expression for a single wire excitation [8], yielding a field Using absolute coil excitation, stacksb®, . . . 6 aluminum
T 1 9 9 plates (1.5 mm thickness each) were examined with the SQUID
B: = 2y [1 + 6292 (exp (=6%7) —1) @) pEC. Fig. 3 shows the measured magnetic field responses.
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Fig. 6. Tomographic B-scan-image of the apparent electrical conductivity as a
function of position and depth, for a sample of 4 stacked aluminum plates, with
a crack in the second layer. White lines indicate contours of the sheets (dotted)

Fig. 4. Apparent conductivity of the sample, as derived using (3) from theand the crack (solid).

measurement data depicted in Fig. 3.
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Fig. 5. Thicknesd of the sample, as derived using (3) from the measurement
data depicted in Fig. 3. The inversion data is valid only if the derived thickness

is smaller than the diffusion depth for a given response time (dash).

The measured data were inverted by inserting the measured
values in (1) and solving for the apparent conductivity, see
Fig. 4. In conjunction with (4), the time scale is converted to
a spatial scale, the diffusion depth. Note that for short times,
the apparent conductivity approaches the real conductivity of
22 MS/m, independently measured by a calibrated meter. Steep
decays of the apparent conductivity appear at valuésotidse

to the total thickness of the stacks, respectively.

When assuming that the conductivity is constant, (3) can al-

ternately be solved for the thickness, see Fig. 5.

B. Stack of Plates With a Flaw, Absolute Excitation
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Using absolute coil excitation, a stack of 4 aluminum plates P, R o &

(1.5 mm thickness each), with a large flaw (plate cut across) in

* {mmy 0 -40

one of the layers, was examined with the SQUID PEC systemly. 7. Tomographic C-scan-images for different response times,
All measured data and tomographic B-scan images of the @p~esponding to different diffusion depths.
parent conductivity derived by inversion of (1) are found in [7].

As an example, Fig. 6 depicts the apparent conductivity imaggthe fourth layer, was examined with SQUID PEC. The PEC

of the stack with the flaw in the second layer.C.

C. Stack of Plates With a Flaw, Differential Excitation

measurements were recorded at every point of a 5xmmm
grid above the stacke(= +35 mm,y = +45 mm). Using (1),
we corrected the data for time decay. For each different response

Using differential (double-D) coil excitation, a stack of 4 alutime, corresponding to a different diffusion depth, we obtained
minum plates (total thickness 6 mm), with a 10 mm long crackdistinct quasitomographic C-scan image, see Fig. 7. These im-
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ages may be interpreted as horizontal cuts of the sample at fif- NDE inspectors as it simplifies the evaluation of their mea-
ferent depths. Similarly, B-scans have also been derived.  surements.
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