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ABSTRACT This study investigated the frequency properties of an air-cored coil and applied it to
inspect conductivity change. Theoretical analysis and experimental study showed that what we measured
is not the coil’s own resistance and inductance but the equivalent ones which change with frequency.
Case studies on conductivity measurement using a coil probe showed that we can greatly enhance
measurement sensitivity by making the best of the coil’s frequency properties. By utilizing the coil at
frequencies that the coil’s resistance and inductance are ‘frequency-invariant’, we were able to detect
conductivity change with high sensitivity on the basis of ‘same product of conductivity and frequency,
wo (product of angular frequency and conductivity), same impedance’ principle. The study also showed
that we can use the coil’s resonant properties, e.g., resonant frequency, resistance at resonant, to sense
conductivity change, regardless of change on thickness. A slight variation of conductivity could be perceived
by fine frequency adjustment. The results strongly suggest using a coil in accordance with its frequency

characteristics.

INDEX TERMS Conductivity measurement, coil, eddy currents, frequency response, resonance.

I. INTRODUCTION

In most eddy current testing (ECT) studies, the coil used to
induce eddy currents is ideally considered as an inductor of
zero resistance, zero capacitance and constant inductance;
eddy currents in the test object but not in the coil are analyzed
[1]-[10]. Most actual ECT coils, however, are wound up with
resistive copper wires and driven by alternating currents (AC)
[1], [11]. The resistance and inductance of the coil change
with frequency due to the eddy current effects in the windings.
There is also stray capacitance between the windings; the coil
may resonate at its self-resonant frequency (SRF). In con-
ventional ECT, the coil generally operates far below its SRF;
the resistance and inductance are considered to be frequency-
invariant, the capacitance is neglected; a conventional ECT
coil is generally modelled with a resistor and an inductor
connected in series [1], [11].

In recent decades, the applicability of ECT is expand-
ing, together with widening of operating frequency
band. For instance, high frequency ECT has been intro-
duced to inspect composite materials with low electrical
conductivity [12]-[15]; extremely low frequency ECT has
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been applied to detect deeply buried defects [16]-[18]. Along
with the development of high frequency and low frequency
ECT probes, the conventional ECT probe coils are explored
anew to ‘unconventional’ frequency ranges. Nevertheless,
a profound understanding of a probe coil’s frequency char-
acteristics is essential.

Numerous investigations showed that electrical
conductivities of iron and steel materials change in the pro-
cess of degradations, such as creep, thermal aging, residual
stress, and irradiation degradation [19]-[24]. Conductivity
measurement, as a means of material characterization, has
been extensively studied [5]-[8], [20]-[24]. The conductivity
of bulk material is generally measured by applying direct
current (DC) to a cut-off sample [2], [30] with uniform cross
section over a particular length. The conductivity can be
determined by measuring the potential drop and the current
flowing through. This so called four-point method is direct
and effective, however, the destructive ‘cut off” is not accept-
able for field inspection. The nondestructive measurement
based on the ECT principle is an alternative solution [5]-[8],
[20]-[24]. Instead of measuring the conductivity itself, the
ECT method is particularly appropriate for detecting conduc-
tivity change. Nevertheless, the ECT signals are affected by
probe setup, the test object’s structural dimension and etc.
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(a) Lumped element circuit model of a real coil.
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(b) Quantities measured by an LCR meter in series mode.

FIGURE 1. Lumped element circuit model of an air-cored coil and the
signals measured by an LCR meter.

The sensitivity of ECT measurement has yet to be improved.
The objective of ECT conductivity measurement for mate-
rial characterization is to detect conductivity change with
high sensitivity independently of the test object’s structural
dimension. Fulfilling the objective requires an appropriate
ECT probe and proper measurement condition, which in
turn significantly relies on the understanding of the probe’s
frequency properties.

In this study, we investigated an air-cored coil’s frequency
responses theoretically and experimentally, and established
two methods to measure conductivity change in accordance
with the frequency properties. Thereby, the conductivity
change was sensitively detected by using the coil in its
frequency-invariant range; the conductivity change was also
detected regardless of a test object’s thickness using the coil’s
resonant properties. The probe coil’s conductivity measure-
ment ability, e.g., measuring range of conductivity and sensi-
tivity, were also discussed.

Il. FREQUENCY CHARACTERISTICS OF AN AIR-CORED
CoIL

First of all, we theoretically analyzed an air-cored coil’s
frequency characteristics. The assumed N, turn coil’s outer
and inner radii are respectively r,,; and r;,.

A. MODELING OF AN AIR-CORED COIL

Fig. 1(a) shows the air-cored coil’s lumped-element model: a
resistor R and an inductor L connected in series, with a capac-
itor C in parallel. The resistance R consists of frequency-
invariant resistance to DC current, R4, and increased resis-
tance R, when AC currents flow through. R, changes with
frequency. The coil’s total resistance, which is the sum of
Rj. and R, is frequency dependent accordingly,

R (w) = Ryc + Rye () , (D

where w is the angular frequency. Hereafter, the description
of frequency dependence, (), is omitted for simplification.
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The admittance in terms of lumped parameters is

= +4juC,
R+joL "’

where R = Ry + R,c. The impedance is
1 R+ jo(lL — ?L?C — CR?)
Y (1 —w?LC) + (wCR)>

7 = = Req +leq 2

R

(1 — w?LC)* + (wCR)?
o(L — w?L*C — CR?)
Xeq = 2 . (4)
(1 — @2LC)” + (wCR)*
R,y and X,, are the equivalent resistance and reactance.
Equation (3) indicates that R, consists of frequency-invariant
Req_ac and frequency-varying Req qc. When o = 0,R,; =
Rey_dc- Req is always larger than O; the sign of X,,, however,
changes with L — w?>L>C — CR?. In other words, the coil may
be inductive or capacitive, depending on frequency. The coil
is inductive when L — w?’L>C — CR*> > 0, the equivalent
inductance L., can be calculated by

Xy (L —’L*C —CR?)
® (1 —w?LC)® + (wCR)*

When L —w?L2C—CR? = 0, Xeq = 0, the coil is at resonant.
The resonant frequency w; is

= Reqﬁdc + Reqﬁac: 3)

Loy =

&)

L CR? ©
W = ——=4/ 1 — —,
" JIC L
and the impedance is reduced to the resistance at
resonant, R,

R R
Z, =R, = 5 2 2 = 0 2
(1 = w7 LC)" + (@, CRY” (K" 4 (,CR)?
L
=z (7N

Denoting wg = —— as the resonant frequency of a zero-
resistance ideal coil, the resonant frequency of an actual coil
is expressed in terms of wyg as

_ 1 CR? _ ) R @®)
wy = wo 7= wo R

Equation (8) indicates that resonance occurs only when

2 .
CR™ 1, thatis, R <

T \/g . Equation (8) also shows that the
resonant frequency of an actual coil is lower than that of an
ideal coil, w, < wq; the resistance at resonance is larger than
the resistance at other frequencies, R, > R.

As can be seen from Fig. 1 and (2)-(5), what we measure
are not the coil’s own resistance and inductance but the
equivalent ones. The change of equivalent impedance with
frequency attributes not only to the eddy current effects upon
each lumped element (R, L and C) but also the synthetic
actions of R, wL and wC. The equivalent resistance and
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FIGURE 2. Frequency responses of the coil (from 1000kHz to 3000kHz).

inductance might be approximately equal to the coil’s own
when the effect of C is negligible, but might be quite different
otherwise. It is vital to understand the difference between
the equivalent resistance and inductance and those of the coil
itself.

B. MEASUREMENT OF THE FREQUENCY RESPONSE OF
THE AIR-CORED COIL

Nevertheless, calculation of the frequency responses (R, L
and C) of an actual multi-winding air-cored coil remains very
challenging. In this study, we investigated a tightly wound air-
cored coil’s frequency properties by measurement and clari-
fied the signals by means of simplified qualitative analysis.

The air-cored coil used in this study is wound up with
a 0.24mm diameter copper wire. The 85-turn coil’s inner
and outer radii are respectively 8mm and 10mm, the thick-
ness is 3mm. The coil was driven by constant AC current
using an LCR meter (HIOKI IM3536 LCR Meter [28]) at
frequencies from 5Hz to 3MHz. The LCR meter was set
to series mode that the impedance Z, DC resistance Ry,
resistance R, and reactance X; at each frequency can be
measured directly (Fig. 1(b), the subscript ‘s’ stands for series
mode, and the subscript ‘m’ for ‘measurement’). It can be
seen from Fig. 1(b) that R, X; and Ry, are respectively
in correspondence t0 Rey, Xy and Rge in the equivalent
model.

Because of the limits on the LCR meter [28], the coil’s
low frequency and high frequency responses were mea-
sured separately. At low frequencies that the coil is of low
impedance, the driven current (in constant current mode)
was set to a relatively large value (10mA) so as to get
adequate voltage drop. Around resonant frequencies, how-
ever, the coil is of large impedance, the driven current was
set to a smaller value (0.03mA) so that the voltage across
the coil does not exceed the LCR meter’s upper limit on
voltage (1.0V).

Fig. 2 shows the measured quantities at frequencies from
IMHz to 3MHz. As stated in the previous subsection A,
the resistance to DC current, R4, is frequency-invariant,
whereas the impedance Z and resistance R; change with
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FIGURE 3. Frequency responses of the coil (from 5Hz to 500kHz).

frequency. The Z and R reach maxima, whereas the reactance
X drops to 0 at 1.648MHz. Obviously, 1.648MHz is the
coil’s self-resonant frequency. The coil is inductive below
1.648MHz and capacitive above it.

Because a coil generally works far below its SRF in con-
ventional ECT, the coil’s frequency responses at frequencies
from 5Hz to 500kHz are separately plotted in Fig. 3, along
with the equivalent inductance L., calculated by X; / w. It
can be seen both R; and X; increase slowly with frequency
up to about 80kHz, following by speed-up increment at fre-
quencies above 80kHz. The equivalent inductance L., rises
from 5Hz to 80Hz, keeps almost unchanged from 80Hz to
80kHz, and goes upward sharply from 80kHz to 500kHz. The
Leg is a result of the synthetic effect of resistance, induc-
tance and capacitance. At frequencies from 5Hz to 80Hz,
1 / joC| and |jwL| are of comparable value, the equivalent
Ley is smaller than L. From 80Hz to 80kHz, the capacitor
C in parallel can be neglected because \1 / joC \ > |joL],
the equivalent inductance and resistance are almost equal to
the coil’s own. In this frequency range, the skin depth, which
is a measure of the alternating current’s distribution near the
surface of a conductor, is much larger than the wire’s radius,
the alternating current distributes over the wire’s cross section
with very low ‘uneven’ level. As a result, the coil’s own R
and L change slightly with frequency. Apparently, this is the
intended frequency band for conventional ECT. When the
frequency increases further from 80kHz to S00kHz, the creep
up of eddy current effects, together with the synthetic effect of
resistance, inductance and capacitance, lead to rapid increase
of R., and L., with frequency.

Hereafter is a numerical example to elucidate the change
of resistance and inductance with frequency.

C. QUALITATIVE ANALYSIS OF THE COIL'S FREQUENCY
RESPONSES

The winding wire is of radius a, permeability u and electrical
conductivity o. The length of the N, turn coil of outer radius
rour and inner radius ry, is I = N¢ * 1 (rour + rin). The
impedance of a straight conducting wire carrying alternat-
ing current of angular frequency w was calculated by the
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(b). Equivalent inductance and resistance calculated by (4) and (5).

FIGURE 4. Comparison of calculated and measurement quantities.

following formula [25]
i wully (ka) 1

27Tka] 1 (ka) 2

Jo(ka)
Ji(ka)’

Zyire= dc (9)

where j is the complex unit, ka = @ and$§ =/ ﬁ is the
skin depth. Jy is the 1% kind Bessel function of 0 order, and
J1 is the 1% kind Bessel function of 1% order. The resistance
of the wire to DC current, R;., was approximately calculated
by Rye = m.faz

real part of the impedance, Ryie = Re (Zyir) . The ratio of
Ryyire 10 Ry is

Ry /Rac= Rel ka2 EZ";] (10)

We calculated the Rye/R4. by setting the conductivity
and magnetic permeability of the copper wire as 58.5MS/m
and o (=47 x 10772 and substituting the dimensional
parameters, N. = 85, royy = 10mm, r;, = 8mm, a =
0.12mm, into (10). Fig. 4(a) shows the calculated R,yire/Rac
of the straight wire (including 2 x 30 cm long cable), along
with the R;/R ., obtained from measurement. Both the cal-
culated quantity (Ryire/R4c) and the measurement quantity
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(Ry/Racm) are approximately equal to 1.0 at frequencies
below 20kHz, and increase steadily at higher frequencies.
However, the grow rate of Ryze/Rg4c is much smaller than
that of Rg/R4.m- Because at 200kHz the skin depth of the
copper wire, 0.26mm, is almost twice of the wire’s radius,
the increment of resistance due to skin effect is insignificant.
By the way, the proximity effect, which describes the change
of current distribution because of alternating magnetic field
in adjacent conductors, between adjacent wires is generally
less significant than the skin effect of the conductor itself.
It is expected that even taking into account both the skin and
proximity effects, the increment of resistance due to eddy
current effects is not remarkable, the ratio of the coil’s total
resistance to DC resistance is just slightly larger than 1.0
at frequencies below 200kHz. On the assumption that the
proximity effect affects the resistance similar to that of the

skin effect, we substituted R = Ry - (F2 Rouire into 3) to

calculate the equivalent resistance. The squared Ruire s an
approximation of resistance increment resulting from skin
effect and proximity effect.

The self-inductance of the coil was calculated using the
Wheeler’s formula [26]. The calculated value (182.5uH) is
almost equal to the measured value (about 181 uH at frequen-
cies from 80Hz to 80kHz, as shown in Fig. 3(b)). Therefore,
we set the inductance to DC current, Lg., to be 181.0uH,
and assumed that the self-inductance changes with frequency
in a manner similar to resistance, and thereby substituted
L = Li-(%)” into (5).

The capacitance C is also needed to calculate the equiva-
lent resistance and inductance. There are few researches on
a winding coil’s stray capacitance. Herein we investigate the
capacitance between two closely spaced turns of the coil in
a qualitative way. The capacitance is defined as the ratio
of charges (Q) accumulated in each turn to the potential
difference (U) between the two turns, Cyy = % Because
the coil was driven by AC current i(t) = Re (I e_j“’t) that 1
is a constant, the charge Q = f i(t)dt is proportional to
1 / . By the way, because the wire’s impedance changes little
with frequency, the potential difference U(= ZI) across the
two adjacent turns changes little neither. As a result, Cy,m
is approximately proportional to 1/w. In the calculation of
equivalent inductance and resistance at frequencies from SHz
to 500kHz, we substituted C with

C = Cp x logspace (a, b, n), (11)

where logspace generates logarithmically spaced vector in
MATLAB [26]. The argument a defines the first bound of
the interval over which logspace generates points, and b
is the second bound, n is the number of points. Herein,
Co = 2.1uF,a=0,b = —4.75,n = 80. That is, the stray
capacitance is assumed to be 2.1uF at 5Hz, and decreases
to 10773 x Cp at 500kHz. b should be —5 if C is exactly
proportional to 1 / w (because 1079%5.0x10° = 5), however,
it was adjusted to —4.75 by taking into consideration the eddy
current effects.
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(a) Transformer model of ECT (b) Equivalent circuit

FIGURE 5. Transformer model of ECT and the equivalent circuit.

The equivalent R, X., and L., were calculated by (3), (4)
and (5). The R.4/Ry. and L., plotted in Fig. 4(b) show that
Ley and R, change with frequency in a manner similar to
those of measurement quantities (Fig. 3(b)), even though the
values are not consistent (the stray inductance and etc. were
not taken into consideration [11]). The measurement signals
were qualitatively clarified.

The described numerical example confirms the theoretical
analysis, demonstrates the differences between the measured
resistance, reactance (inductance) and those of the coil itself.
The differences and the change of differences with frequency
should be taken into full consideration in coil selection, mea-
surement condition setting and signal interpretation.

lIl. AIR CORED-COIL IN EDDY CURRENT TESTING
The induction coil and test material in ECT could be anal-
ogous to the primary side and the secondary side of a two-
winding transformer (Fig. 5(a)): the coil itself is the primary,
whereas the test object which is typically equivalent to a one-
turn winding, is the secondary modelled by lumped resistance
R, and inductance L,. M is mutual inductance decided by
inductances L1, L, and the coupling between them, that is,
M = k+/L{L,. The coupling coefficient k (0 <k < 1)
decreases when the space between the coil and the test mate-
rial increases. The Ry, L1 and C; in Fig. 5(a) respectively
correspond to R, L and C in Fig. 1(a).

Denoting Z11 = Ry +jwL1, Zyy= joM, Zr» = Ry + jola,
Z¢ = 1/jwC and following the Kirchhoff’s law, we have the
following equations,

Zihy — Zylh = U,
ichc = Ul (12)
Znly — Zyl; =0
Fig. 5(b) is the equivalent circuit of Fig. 5(a) , R + jwL is
equivalent to Zj; — %%42 that

XZ

_ M
R=Ri+— 3 (13)

R5 + (wly)
X2
X, = oL — %wh
R; + (wLy)
( Xii L))=wL (14)
= — — = Lp)= .
'R 1 (wly)?

where Xy;= wM . It is obvious that R > Ry, whereas L < L.
The rising of resistance attributes to the Joule loss in the test
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material; the decreasing of inductance is owing to the fact that
the magnetic flux induced by eddy currents is opposite to the
flux generated by the excitation current.

With respect to the resonant properties, (7) indicates that
a larger R and smaller L give rise to a smaller resonant
resistance ; (8) shows that a smaller L corresponds to a larger
o, and consequently a higher resonant frequency w,. In other
words, the coil with a conductive test object resonates at a
frequency higher than the coil’s SRF, whereas the resonant
resistance is smaller than that of the coil.

The conductivity is contained in Ry, L, (and M). Although
the Ry and L, also change with the test object’s structural
dimensions, we can roughly see how the R, and L, change
with conductivity in terms of the surface impedance of a good
conductor at high frequencies [31]

o
Zyuuce= (1 +1),/ % (15)

Equation (15) shows that at very high frequencies that
eddy currents concentrate near the surface, Ry = wl, =
Jwu/20). For non-ferromagnetic materials that © = L,
same w/o corresponds to same surface impedance, namely
same R, and same L. In other words, materials of differ-
ent conductivities will reach the same Zgfc. at different
frequencies.

IV. CONDUCTIVITY MEASUREMENT USING AN
AIR-CORED COIL

The ultimate objective of this study is to detect the variation
of conductivity with high sensitivity. A very straightforward
approach would be extracting Ry, L, (and M) from the mea-
surement signals R and X; to get the conductivity. Because
the conduct1v1ty is contained in R2 and L», and appears as

z2

222 (e WRZ in R and
1mpedance viewing from the primary side, a straightforward
approach to enhance detection sen51t1V1ty is to rise the ratio
of Wiy
achiéved by reducing the impedance of the primary side,

namely, using a coil of smaller Ry and L, or increasing M
by having a larger coupling coefficient k, or adjusting the

Wu)Lg in wL) in the

X
Ry in R and le‘z in wL. This can be

z2
frequency to maximize Z— No matter what the measure,
the change rate of signal is generally not as large as that of

conductivity, i.e. Ry o do gpg X %". We need to

> Rs o
enhance the sensitivity by other means

A. CONDUCTIVITY MEASUREMENT BY USING THE COIL
IN THE INTENDED ‘FREQUENCY- INVARIANT' RANGE

We might be able to improve the conductivity measurement
sensitivity using certain characteristic features. Analytical
solution in [9, 10] showed that in sweep frequency eddy cur-
rent testing (SFECT) of equally thick conducting plates, same
wo (or fo') correspondences to same normalized impedance.
Conductivity measurement base on this argument was ana-
lytically discussed in [10], followed by experimental studies.
Note that the analysis in [10] were on the basis of an ideal coil,
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FIGURE 6. Measurement of standard test pieces’ conductivity using the
coil in frequency-invariant range (numbers in the legend are conductivity
in IACS).

taking no consideration of a real coil’s frequency properties.
In this study, we re-exam this issue from the viewpoint of an
actual coil’s frequency characteristics.

An actual coil becomes ‘ideal’ over the frequency-invariant
range when its DC resistance is subtracted. By the way,
the impedance normalization was carried out on Ry elim-
inated impedance signals. Thereby the derivation of ideal
coil probe [9], [10] are appliable to an actual coil in its
‘frequency-invariant’ range. For equally thick test objects,
same wo corresponds to same normalized impedance, thus
same extrema, e.g., same maximum of normalized resistance,
same minimum phase angle of the normalized impedance and
etc. Equally thick test materials have same extrema values at
same fj,,0, where f,, is the frequency of reaching extrema.
Hence o 1 / 'fn at the extrema points. The measurement of
conductivity transforms to the measurement of frequency of
reaching extrema. Because |‘{7"| x| — ‘;f—"’|, the change rate
of f,; is equal to that of conductivity. Andmthus, the change of
conductivity can be sensitively detected.

We verified the conductivity measurement on the ‘same
f;no, same impedance’ principle by carrying out SFECT on
three standard test pieces (TPs): 6mm thick, SO0mm diam-
eter disks of conductivities 100.98% IACS, 57.71% IACS
and 19.70% IACS (Centurion NDE [29]). Fig. 6(a) shows
respectively the normalized resistances’ spectral. The equally
thick TPs reach the same peak respectively at 1315.1Hz,
425.57Hz and 244.89Hz. The proportional relation between
1 / fm and o shown in the inset of Fig. 6 demonstrates the
feasibility of measuring conductivity using the ‘same f,,o,
same impedance’ principle.

Furthermore, we deduced the highly sensitive conductivity
measuring range from the coil’s frequency-invariant range.
The coil is frequency-invariant from 80Hz to 80kHz as shown
in Fig. (3). By extrapolating the 1 / fm ~ o relation shown in
the inset of Fig. 6, we found that the coil is able to sensitively
measure conductivities ranging from 1.1% IACS to 306%
IACS, on the basis of ‘same f;,0", same impedance’ principle.

Note the above-mentioned method is only valid for test
objects of the same thickness. This method can be applied
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to detect conductivity change of deterioration over time that
dimensional change does not occur yet. In case of ‘thinning’
along with degradation, the change of conductivity could be
estimated from the SFECT signals’ spectral in two steps:
firstly estimate the thickness from the extrema value [9, 10];
secondary find out the conductivity change from the fre-
quency of reaching the extrema by referring to the ‘1 / fn ~ o
of the estimated thickness. However, the ‘1 / fn ~ o rela-
tion of a particular thickness might not always be available.
A thickness-independent method is advisable.

B. MEASUREMENT OF CONDUCTIVITY BY USING THE
COIL'S RESONANT PROPERTIES
Generally, the eddy currents penetrate into a small fraction
of a test material at sufficiently high frequencies. Therefore,
we seek thickness-independent conductivity measurement at
high frequencies. However, because the coil’s resistance and
inductance are not frequency-invariant any more, same wo
does not necessary render same impedance. Furthermore,
the coil becomes ‘capacitive’ beyond the resonant frequency.
Hereinafter we investigate conductivity measurement based
on the coil’s resonant properties.

The analysis in subsection A of Section II reveals that
the change of conductivity gives rise to the change of R,
and L, and consequently change the R, and f; (: Wr /27.[ )
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Because eddy currents distribute near the surface at resonant
frequencies, the measurement of using resonant properties is
expected to be less affected by the test material’s thickness.
We measured the resonant responses on the same standard
TPs. Because the f, of a coil in inspection is higher than
the coil’s own SRF, the LCR meter was set to sweep from
1.6MHz to 3MHz. On the other hand, because the resonant
resistance decreases when the coil is with a TP, the driven
current was set to 0.09mA. Fig. 7(a) shows the spectrum of
R, of SFECT on the three TPs, along with that of without a
TP (denoted as ‘air’ in Fig. 7(a)). The coil resonated respec-
tively at 2352.5kHz, 2348.6kHz and 2334.8kHz, and the ratio
R, /Rdc are respectively 4511.445, 4431.689 and 4187.276.
The change of f, and R, with conductivity shows the possi-
bility of detecting conductivity change in terms of resonant
properties. By the way, the increase of f, with increased
conductivity indirectly supports the relation stated in (15).
The ratio of resonant properties of with and without a TP
were calculated by R, = 1% andf, = %, and plotted against
conductivity in Fig.7(b) (R0 and f,o are respectively the
coil’s own resonant resistance and resonant frequency). The
nonlinearity of relations R, ~ o and f,~ o implies that
the measurement sensitivity changes over the range. Here
we investigated the sensitivity in terms of f,~ o relation.
Fig. 8 shows a 2" order polynomial fitting of log(c') ~f,. The
changes of /(= f x f»o) with respect to 1%IACS conductivity
increment and 1%o conductivity increment were calculated
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based on the fitting. The inset of Fig. 8 shows that 1%IACS
conductivity increment of 19.8% IACS, 57.71% IACS and
100.98% IACS materials respectively causes 319Hz, 201Hz
and 142Hz decrement of f,. Whereas the f, respectively
decreases 143Hz, 116Hz and 63Hz for 1% o conductivity
increment. The change of conductivity results in a shift of f;.
We will be able to detect slight conductivity variation by
means of fine frequency adjustment.

For field applications, we need to know to which extent
the measurement is thickness independent. We implemented
the same SFECT measurement on 4mm, 3mm, 2mm and
0.46mm thick SUS304 plates and obtained the f, and R,,
respectively. Fig. 9 shows that the measurement quantities of
4mm and 3mm thick TPs are almost identical, but slightly
different from those of 2mm thick TP. The f; of the 0.46mm
thick TP is notably different from that of the others. The
results tell us that the coil is able to detect conductivity
change of 3mm or even thicker SUS304 plates regardless of
thickness. For thinner TPs, however, the effect of thickness
cannot be completely neglected. The results suggested that
we should know a coil’s limit on measurable thickness in
using a coil’s resonant properties. Proper coil design and
selection are required.

V. CONCLUSION

We investigated an air-cored coil’s frequency properties and
found that what we measured, the equivalent resistance and
inductance, are not consistent with those of the coil itself
at all frequencies. At very low frequencies, the equivalent
resistance is almost equal to, whereas the equivalent induc-
tance is smaller than that of the coil. In the conventional ECT
frequency range, the equivalent resistance and inductance are
frequency-invariant, being almost equal to those of the coil.
At high frequencies, the equivalent ones increase sharply and
the coil resonates at its SRF. The coil and the test object
in ECT were modelled as a two-winding transformer. The
equivalent resistance and inductance change with the test
object.

For equally thick test pieces, the change of conductivity
could be sensitively measured using the coil’s ‘frequency-
invariant’ properties on the basis of the ‘same wo, same
impedance’ principle. The measurement of conductivity was
transformed to the measurement of frequency of reaching
normalized impedance’s extrema. In addition, the range of
conductivity that a coil can sensitively and accurately mea-
sure could be deduced from the coil’s frequency-invariant
range.

The coil’s resonant properties were also applied to detect
conductivity change independently on thickness. The coil
resonates at higher frequencies and the resonant resistance is
smaller when the coil is in inspection. Change of conductivity
could be sensitively perceived from the shift of resonant
frequency or change of resonant resistance. Slight variation
on conductivity can be detected by fine frequency adjustment.

This study therefore indicates that a probe coil should be
utilized in accordance with its frequency characteristics.
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