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Abstract

Eddy current testing (ECT) have been widely applied for electromagnetic parameters measurement and structural health
monitoring due to the advantages of non-contact and high sensitivity. However, lift-off variation affects the measurement
accuracy of ECT. In this paper, a novel strategy to handle this issue has been proposed for conductivity measurement of
non-magnetic materials. First of all, a simplified analytical solution is derived from classical Dodd-Deeds analytical solution.
According to the simplified analytical solution, the conductivity of sample is proved to be proportional to reciprocal of the
crossover frequency with phase equaling to —37 / 4. Hence, the conductivity of samples can be estimated based on the
characteristics. Furthermore, compared with magnitude signal of ECT, the phase feature is demonstrated minimally affected
by lift-off variation from aspects of theoretical derivation. Meanwhile, we have also analyzed the relationship between size
of coil and lift-off suppression capability of phase measurement through simplified analytical solution. Specifically, as coil
size increases, the influence of lift-off fluctuations can be ignored on phase measurement in ECT. In order to verify the prosed
strategy, the experiments involving samples with different conductivities and coils with different sizes have been carried out.
The results indicate the proposed method can achieve high precise conductivity measurement and suppress the interference

caused by lift-off to some extent.

Keywords Eddy current testing - Conductivity measurement - Lift-off suppression - Phase of coil - Effect of coil size

1 Introduction

The high-strength and high-hardness materials applied in
aerospace industry can be obtained after proper heat treat-
ment processes. During the heat treatment process, the
properties of the material, such as hardness, microstructure
uniformity and stress corrosion resistance can be effectively
evaluated through its conductivity [1]. Therefore, accurate
and real-time conductivity measurement method is neces-
sary to guarantee the quality of metallic materials under heat
treatment process.

At now, the conductivity measurement methods of metal-
lic materials mainly include the DC four-probe method and
the ECT [2-5]. Compared with DC four-probe method, ECT
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is based on the principle of electromagnetic induction, and
thus has the merits of non-contact, high speed and effi-
ciency. In practice, an increasing numbers of researchers
have focused on the conductivity measurement using ECT
[6-10]. Mizukami and Watanabe [11] revealed the resistive
component of the detection coil varies with the density and
conductivity of CFRP through numerical solutions. Based
on the characteristic and the fiber volume fraction, the
through-thickness conductivity of the CFRP lamination can
be measured. Apart from that, Mizukami et al. [12] also rep-
resented the resistance change of the coil resistance as an
approximate function of the anisotropic conductivity using
the response surface methodology, thereby predicting the
conductivity of the anisotropic material. Xu et al. [13, 14]
applied a plane wave approximation model to obtain the rela-
tionship between the parameters of the samples (conductivity
and thickness) and the wave impedance. Meanwhile, the con-
ductivity and thickness of metallic coatings can be inverted
by Levenberg—Marquardt algorithm. Yu et al. [15] developed
dual-frequency eddy current technology to simultaneously
measure thickness and conductivity of coating material, and
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the relative error is 10%. Loete et al. [16] designed a conduc-
tivity measurement system to obtain the conductivity of the
wafer in accordance with analytical electromagnetic model.
Tesfalem et al. [17] adopted a neural networks combing
Levenberg—Marquardt optimization algorithm to obatin con-
ductivity profile of graphite moderator bricks. Moreover, the
solution time of neural networks is more than three orders of
magnitude faster than iterative inversion algorithms.

Although ECT is effective means to measure the con-
ductivity of metals, the lift-off fluctuation will cause the
measurement errors. In order to solve the negative effects of
lift-off fluctuations, Yin and Lu proposed a variety of meth-
ods based on Dodd-Deeds analytical solution, such as coil
compensation [18, 19], frequency compensation [20, 21],
iterative solution [22]. In addition, the lift-off point of inter-
section (LOI) point of Pulse eddy current can effectively
suppress lift-off noise during pulsed eddy current inspection
of multilayer metal structures [23]. Based on the LOI fea-
ture, Sreevatsan and George designed an eddy current probe
to detect defects immune lift-off [24]. As for conductivity
measurement, Dziczkowski [25] proposed a scaling method
to eliminate the effect of lift-off for conductivity measure-
ment. In our previous work, a conductivity measurement
method using crossover-frequency was also investigated, and
the lift-off suppression strategy by means of sensor compen-
sation was also developed [26]. However, the operation of the
method is complicated, and the initial lift-off distance needs
to be calibrated.

In this paper, a novel conductivity measurement method
immune to lift-off fluctuation is investigated. First of all, a
simplified analytical solution is derived from classical Dodd-
Deeds analytical solution. Based on the simplified analytical

Fig. 1 The schematic diagram of
eddy current sensor located

Air

solution, the conductivity is proved to be proportional to
reciprocal of the frequency with phase equaling to —3x / 4.
Hence, the conductivity of samples can be measured using
this feature. Moreover, the phase variation of ECT is demon-
strated minimally affected by lift-off variation by simplified
analytical solution, and the relationship between size of coil
and lift-off suppression capability has also been analyzed. In
particular, the phase is less affected by lift-off fluctuations
as coil size increases, and the size of the sensor can be opti-
mized based on the phenomenon. Experiments containing
samples with different conductivities (range of conductivity
is 0.5 MS/m-58 MS/m) and coils with different sizes have
been conducted to verify the proposed strategy. The results
demonstrate the error of the proposed method is only 1.2%,
and the lift-off interference can be effectively eliminated.

2 Analytical Solution
2.1 The Phase of Mutual Inductance

The mutual inductance of coaxial coils located on metallic
plate can be derived from the classic Dodd and Deeds ana-
lytical solutions [27]. The difference signal AM (w) shown
in Fig. 1 equals to the inductance of coil above metallic plate
M (w) subtracts the inductance in free space M4(w), which
can be expressed as,
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where N denotes the turns of coils. The | and r, are the inner
and outer of coils, respectively. [ is the distance between the
metal plate and coil. & depicts the height of coil. g expresses
the gap of coils. Moreover, the ¢ is the conductivity of mate-
rial, and p¢ represents the permeability of vacuum. d denotes
the thickness of tested piece.

Considering the ¢ () changes slowly with the variable «,
the ¢ () can be approximately extracted from the integral
[28]. Therefore, the Eq. (1) becomes

P() =
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From Eq. (6), the A M (w) divides into two parts. The first
one is ¢(p), which is mainly characterized by the parameters
of the tested piece. In other words, the phase of mutual induc-
tance is related with the ¢(cg). The other one is M, which
is correlated with the size of sensor, and the magnitude of
phase is largely determined by M. Among the Eq. (6), the
spatial resolution « is related to size of sensor and lift-off
[29]. «p can be calculated as the reciprocal of coil radius
when the lift-off tends to zero. If the radius of coil is rela-
tively large and the excitation frequency is relatively high,
thus the a(z) < wo ig. The «; in Eq. (8) can be expressed as,

o] =4/ jwo ng )

As for ¢(ap) in Eq. (7), it can be simplified as the Eq. (10)
when the tested piece is thick.

P(ag) =

(a1 + o)y — ap) — (1 +ap) (g — ag)e?¥14

—(a1 — o)) — o) + (a1 + p)(ag + a)e1d
2ad (g — ay)

(a1 +ap)

P() =

__ —(o1 +ap)(ar —ap)e
(a1 +ap)(a1 +ap)e1d

(10)

Substituting the Eq. (9) into Eq. (10), we can obtain
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Based on the Eq. (11), the real part and imaginary part of
mutual inductance can be expressed as,

Real(AM(w)) = Real((¢(cp)) M

— 200,/ “F ” (12)
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Combining the Egs. (12) and (13), the phase of mutual

inductance 6 is
wo
—200,/ % + wo Lo

[ wo o
— 200,/ ——

(14)

6 — arctan(LRAEAM@)
Real(AM(w))

)

In fact, the expression of mutual inductance (Eq. (1))
mainly affected by lift-off is the term e 2%, Equation (14)
indicates the term e 2%/ can be eliminated by phase informa-
tion of coil, which means the phase can be applied to reduce
the effect of lift-off fluctuation.

2.2 The Crossover Frequency for Conductivity
Measurement

As follows the Eq. (14), the Imag(AM(wo))/ Real(AM (wg))
equals to 1 when the 6 = —37 / 4. Under the condition, we
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can obtain

o0 4o

—2a /‘”0‘;“0 + 0oy = oy — 20, = (15)

Solve the Eq. (15), the crossover frequency can be calcu-
lated by

w0 =af [ on (16)

It can be observed that the frequency corresponding to the
phase of mutual inductance variation 6 = —3m / 4 is pro-
portional to the reciprocal of samples conductivity. Using
this characteristic, the conductivity can be estimated by
crossover-frequency wy.

2.3 Optimal Parameter for Crossover Frequency

In line with the Eq. (16), the « is a significant parameter for
conductivity measurement using crossover frequency wp. In
fact, o is also affected by lift-off distance. According to the
reference [18], the relationship between the «q, distributed
by the lift-off fluctuation and the lift-off /y can be expressed
as,

40[210
o =@y~ —5 (17

Combining the Eqgs. (16) and (17), the rate of change of
the crossover frequency subject to the lift-off fluctuation can
be represented by
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Fig.2 The experimental setup. a the conductivity measurement plat-
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Fig.3 The 2D axisymmetric FEM model

Table 1 Sensor parameters applied in analytical solutions and experi-
ments

Inner and outer radii of the excitation and receive 3 mm/5 mm
coil

Height of the excitation and receive coil 3 mm

Turns of excitation coil and receive coil 200

The gap between coils g 1 mm

Lift-off 1 mm

If wgp = 0, the relative change rate is minimum, and the
effect of lift-off variation on crossover frequency can be neg-
ligible from Eq. (19). Moreover, the relative change rate is a
monotonic function at g = 0 from Eq. (20). Based on the
o approximately equals to reciprocal of coil radius, the o
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Table 2 The crossover-frequency of different tested pieces g 3.5 T T
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tends to zero when the size of coil is infinite. That is to say, S 1
the larger the size of the coil, the closer « is to 0. In fact, the §
size of the coil cannot be chosen too large due to edge effect. % 0.5
When the size of the coil is smaller than 3-5 times the size g
. . o~ 0 . . . . .
of the tested piece, the edge effect can be ignored. Hence, 0 10 20 30 40 50 60

the principle of coil size is to be as large as possible without
causing edge effects.

3 Experiment Setup and Numerical Solution
Model

In order to verify the proposed conductivity measurement
method, the experiments and finite element method (FEM)
are adopted. As shown in Fig. 2, the experiments setup
consists of the Zurich lock-in amplifier, lift-off controller,
sensor and the tested piece. The Zurich lock-in amplifier
with high SNR can ensure the measurement accuracy, and
the lift-off controller can adjust the lift-off to analyze the

Conductivity(MS/m)

Fig.5 The relationship between the conductivity and the reciprocal of
crossover frequency using linear fitting

effect of lift-off fluctuation to the conductivity measurement
method. In addition, the tested pieces are adopted the tita-
nium alloy(0.56 MS/m), stainless steel (1.32 MS/m), tin
(8.8 MS/m), brass (15.9 MS/m), aluminum (38 MS/m) and
copper (58 MS/m), which covers a wide range of conductiv-
ity. The size of tested piece is 250 mm x 250 mm x 5 mm
(enough large) to make the analytical solution model correct
and reduce the edge effect. In addition, the related parameters
of coil size are listed in Table 1.
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Table 3 The crossover-frequency of different samples during experi-
ments

Material Actual Reconstructed Relative error
conductivity conductivity (%)
(MS/m) (MS/m)

Copper 58 58.2 0.3

Aluminum 38 37.8 0.5

Brass 15.9 15.8 0.6

Tin 8.8 8.84 0.5

316L 1.32 1.34 1.5

TC4 0.56 0.58 3.6

Figure 3 depicts the model of FEM. According to the struc-
ture of the tested piece and sensor, a 2D axisymmetric model
is established. The size of sensor and the electromagnetic
parameters of samples in FEM are same with that used in
experiments. Moreover, the excitation frequency is set from
1 kHz to 1 MHz in both experiments and FEM simulations.
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4 Experiment Results
4.1 Conductivity Measurement

As illustrated in Fig. 4, the results of analytical solution and
experiments are compared to verify the proposed method.
It can be found results of both analytical solutions and
experiments are matched. As the frequency increases, the
phase decreases. The reason is skin depth decreases with
the increasing frequency, and the corresponding heat loss
reflected by real part of mutual inductance gradually tends
0. Thus, the phase eventually approaches to —m. Based on
the results of sweep-frequency measurement, the frequen-
cies corresponding to the phase 6 = —37 / 4 for different
materials are listed in Table 2.

As shownin Fig. 5, alinear fitting is applied to describe the
relationship between the crossover frequency and conduc-
tivity of tested pieces in accordance with the analysis in the
Sect. 2.2. The correlation coefficient R? is close to 1, which
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shows the analysis for the relationship between the con-
ductivity and crossover frequency is correct and reasonable.
Based on the extracted crossover frequency, the conductivity
can be estimated in Table 3. It can be found that the maxi-
mum error and average error are 3.6 and 1.2%, respectively.
Meanwhile, the range of the measured conductivity is also
wide enough. The advantageous of high precision and wide
measurement range represents the proposed method has great
potential for practical application.

4.2 The Effect of Thickness for Crossover Frequency

In order to analyze the effect of thickness for crossover
frequency, both numerical solutions and analytical solutions
are carried out. As illustrated in Fig. 6, the results of analyt-
ical solutions and numerical solutions are consistent. Based
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Fig.8 The relationship between the conductivity and the reciprocal of
crossover frequency for different thickness

on the mutual inductance at sweep-frequency mode, the
crossover frequencies of different materials are obtained,
which is shown in Fig. 7. The relationship between the
crossover frequency and conductivity can still be repre-
sented by a linear function as shown in Fig. 8. That is to
say, the method is still accurate and feasible as long as the
thickness is calibrated.

Apart from that, the difference in crossover frequency
shown in Fig. 6 is negligible when the thickness is greater
than a certain value. From a qualitative point of view, the
penetration depth of the electromagnetic field depends on
the skin effect. As long as the thickness of the samples is
larger than the skin depth, the degree of penetration of the
electromagnetic field can be approximately considered to be
the same. The quantitative analysis is as follows.

According to the crossover frequency in Fig. 6, the term

woo o is larger than a(z). Therefore, the ¢2*14 can be sim-
WO K

plified as ¢2v7@7 od (ezmn ’

d). If the thickness of

2
oo o’

the e2v/010d js much greater than 1. Correspondingly, the
Eq. (10) is established, and the effect of thickness d can be
eliminated.

the tested piece d is larger than the skin depth

4.3 The Effect of Lift-off and Sizes of Coils
for Crossover Frequency

According to the analysis in Sect. 2.3, the « is associated
with lift-off and coil size, which needs to be considered for
the impact on crossover frequency. In this part, the effect of
lift-off and coil size for crossover frequency measurement
is verified by experiments. The sizes of coils in experiments
are listed in Table 4. Figure 9 shows the phase of mutual
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Table 4 The parameters of different size of sensors

Inner radii of the excitation and receive
coil

outer radii of the excitation and receive
coil

Height of the excitation and receive coil

Turns of excitation coil and receive coil

The gap between coils g

Lift-off

1.5 mm/5 mm/10 mm

2.5 mm/6 mm/11 mm

3 mm
100/120/150
1 mm

1 mm

Analytical solution, Copper

-al solution, Aluminium
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olution, Tin

Measurement, Aluminium
Measurement, Brass
Measurement, Tin
Measurement, 316L

A TC4

10° 10° 10*
Frequency(Hz)

(@)

—— Analytical solution, Tin
~ Analytical solution, 316

0 Measurement, Copper

©  Measurement, Aluminium

©  Measurement, Brass
Measurement, Tin

©  Measurement, 316L

o TC4

107 10° 10*
Frequency(Hz)

(d)

10° 10°

’ — Analytical solution, Copper
~ Analytical solution, Aluminium
Analytical solution, Brass

—— Analytical solution, Tin
~ Analytical solution, 316L
Analytical solution, TC4
©  Measurement, Copper
1 ©  Measurement, Aluminium
° M ment, Brass

ment, Tin
3r ] © Measurement, 3161
| © M TC4
35 . ‘ -
10° 10° 10* 10° 10°
Frequency(Hz)
(©

Fig.9 The phase of coaxial coils for materials with different size of
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Fig. 10 The relationship between the conductivity and the reciprocal of
crossover frequency for different sizes of coils

inductance variation under different coil size, from which
the crossover frequency can be acquired in Table 5. The
results show the crossover frequency decreases as the coil
size increases. This phenomenon is consistent with the con-
clusion that large size coils lead to small «g. Although the
oy of different size coils is different, the linear relationship
described for the crossover frequency and conductivity still
exists, which is illustrated in Fig. 10. In other words, the
effect of coil size can be eliminated by calibration.

The lift-off variation is main obstacle for the application
of eddy current testing. The advantageous of phase measure-
ment is to eliminate the term e~2%0%0 thus greatly reducing
the impact of lift-off distance. Besides that, the «g is the
other parameter affected the lift-off. Based on the relationship
between the o and o, appropriate size of sensor can weaken
the influence of conductivity measurement. The experiment
with three coils of different sizes is still applied to analyze
the effect of lift-off. The initial lift-off is O, and the results of
mutual inductance at different lift-off are shown in Fig. 11.
According to the proposed method, the estimated conductiv-
ity and measurement errors caused by lift-off variation are
listed in Table 6. It can be found two phenomena from Table
6. For one thing, the larger the variation in lift-off distance

Table 5 The crossover-frequency

of mutual inductance for Sensor Crossover-frequency for different material of samples(kHz)
; size(radii)
different sensor Copper Aluminum Brass Tin Stainless steel Titanium alloy
316L TC4
2 mm 0.26 0.40 0.96 1.74 11.58 27.40
5.5 mm 0.18 0.28 0.66 1.20 7.96 18.80
10.5 mm 0.11 0.17 0.40 0.73 4.83 11.40

@ Springer



Journal of Nondestructive Evaluation (2023) 42:50 Page9of12 50

a [~e-0mm |
-3\ ( 3) --8--0.3 mm
a9k o= 0.6 mm
o - -€--| mm
g = -’é 24}
o =260
-28¢ "‘.
.,
3 ."~s.,
gt o S
10° 10’ 10* 10° 10°
Frequency(Hz) Frequency(Hz)
1.5 -2 ey — S— -1.5 g .
=&~ mm
(34) =22 (aS) 0.3 mm (36)
0.6 mm

[

-24 ~--1mm |1 =1 mm

Phase
Phase
B
Phase
ra

‘."“.,, -3
b O
Sl ""'r‘_’--.o........_,, 32 — ] -3 e ———_
10’ i0* 10* 10° 10° 10 10t 10° 10t 10° 10t 10° 10°
Frequency(Hz) Frequency(Hz) Frequency(Hz)
-2
--&-0 mm
22 (kL) (b2) -e-0.3 mm -2 (b3)
- 0.6 mm 55 \
24 -8 | mm Tes
2 %24 %,
_g 2.6 Ty S h
- “Y\ i 2.6
28 28} 3
& 28 ‘:‘
3 -3 3 \-'.
L et : i =S
32 32 32
10° 10 10 10° 10° 10° 10° 10 10° 10° 10* 10} 10' 10° 10°
Frequency(Hz) Frequency(Hz) Frequency(Hz)
15 . 15
-&-0mm —e-0 mm e~ mm
b, (b4) wotell (b5) HJ A - (b6) )
@=0.6 mm -e-0, (- mm:
-2 == | mm == 1 mm 2|
QL o Y
E g’ £ 5 3
x| = 23 =
& 55 ‘“Q,,, [ =
S, 25
g,
8s.,
-3 e o 2 Y 35 3
10° 10 10’ 10’ 10° 10° 10! 10° 10° 10 10 10° 10°
Frequency(Hz) Frequency(Hz) Frequency(Hz)
15 [
2 (c3)
2 .
232 @ '-“e}"
- 2] W E
ﬂé @ -24 & ~ :‘}&}‘
- = =i ~
= 26 '8,
= = Bas B,
. 2.8 <&
.
.Q,
-3 - ,.
32 3 s Y
3.2
1 10 10 10t 10 10°
Frequency(Hz) Frequency(Hz) Frequency(Hz)
cd =&~ mm 5 -0 mm c6 -0 mm
"'l,, ( ) ==0.3 mm (C ) --0.3 mm ( ) =03 mm
R ‘fe‘. »-0.6 mm 25 ~o=(1L6& mm & 0.6 mm
< By =e=1mm |7 - -1 mm -2 -1 mm
9 Ty 9 ey e I
1 @ .25 o
£ ' =" &
25 25 DN
3 ] =
§,
3 Toreng
- 15 = % " P ‘ > e . 3 ; ; " .
10 10° 10 10° 10 10 10 10 10
Frequency(Hz) Frequency(Hz) Frequency(Hz)

Fig. 11 The phase of different size of coaxial coils for different mate- B1 copper; B2 aluminum; B3 brass; B4 tin; B5 316L; B6 TC4. 2 mm
rials under different lift-off variation. 10.5 mm radii: A1l copper; radii: C1 copper; C2 aluminum; C3 brass; C4 tin; C5 316L; C6 TC4

A2 aluminum; A3 brass; A4 tin; A5 316L; A6 TC4. 5.5 mm radii:
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Table 6 The conductivity measurement for different lift-off

Plates Lift-off Estimated Relative error Estimated Relative error Estimated Relative error
(mm) conductivity (radii:2 mm) conductivity (radii:5.5 mm) conductivity (radii:11.5 mm)
(radii:2 mm) (%) (radii:5.5 mm) (%) (radii:11.5 mm) (%)
(MS/m) (MS/m) (MS/m)
Copper 0.3 64.96 12.0 60.66 4.6 58.92 1.6
0.6 69.54 19.9 63.91 10.2 59.85 32
1.0 74.99 29.3 67.39 16.2 61.30 5.7
Aluminum 0.3 41.13 13.5 40.28 6.0 38.60 1.6
0.6 46.66 22.8 42.02 10.6 39.21 32
1.0 49.89 31.3 43.77 15.2 40.05 5.4
Brass 0.3 17.53 10.3 16.71 5.1 16.18 1.8
0.6 19.17 20.6 17.50 10.1 16.50 3.8
1.0 20.57 29.4 18.50 16.4 16.88 6.2
Tin 0.3 9.85 12.0 9.20 4.6 8.95 1.8
0.6 10.56 20.1 9.64 9.6 9.12 3.7
1.0 11.43 29.9 10.20 15.9 9.34 6.2
316L 0.3 1.45 10.3 1.39 53 1.35 2.3
0.6 1.56 18.7 1.44 9.6 1.38 4.8
1.0 1.72 30.7 1.53 16.0 1.40 6.5
TC4 0.3 0.63 12.5 0.58 4.6 0.57 2.3
0.6 0.68 22.5 0.61 9.1 0.58 4.7
1.0 0.73 31.3 0.65 16.0 0.59 6.8
Table 7 The comparison for
different lift-off suppressing Method Measurement mode Suppressing method Measurement Accuracy
methods object (%)
[29] Sweep frequency ECT Sensor compensation Permeability 6.0
[30] Pulsed eddy current Look-up table method Defect depth 3.0
testing
[31] Sweep frequency ECT Resistance-frequency Conductivity 5.0
plane measurement
[32] Pulsed eddy current LOI feature Coating thickness 4.9
testing
[33] Single frequency ECT Alternating current field Defect size 54
measurement
[34] Pulsed eddy current Decay time measurement ~ Conductivity 39
testing
This work Sweep frequency ECT Phase measurement Conductivity 4.0

generates the increasing measurement error. The reason of
this phenomenon can also be found through theory. The term
doaply—mtis negative within a small range of lift fluctuations.

As the lift-off increases, the more 4agly — 2 approaches

0, leading to an increase in the relative change 33% / wp in

Eq. (17). For another, the larger the coil size, the less interfer-
ence caused by the lift-off change, which is consistent with
the conclusion obtained from Sect. 2.3. Compared with the
small size of coil, the larger size can reduce the measurement

@ Springer

average error from 20.95 to 3.98%. That is to say, the prin-
ciple of sensor size selection in the proposed method is to
apply a larger size coil as far as possible to reduce the lift-off
interference. Meanwhile, the sensor size should also be less
than 1/3 of the length of the tested piece to avoid edge effects.
Table 7 lists the comparison for different lift-off suppressing
methods in ECT, which includes sensor compensation, LOI
feature, resistance-frequency plane measurement and so on.
Each method has its unique advantages. Compared with other
methods, the proposed method does not require complex



Journal of Nondestructive Evaluation (2023) 42:50

Page110f12 50

sensor structure and has the advantage of simple operation
although the measurement accuracy is not the highest. In
some applications, such as the rolling process monitoring of
large steel plates, the phase measurement method can achieve
high-precision conductivity measurement immune to lift-off
variation since the eddy current sensor with large size can be
adopted.

5 Conclusion

This paper proposed an eddy current method for conduc-
tivity measurement using phase information. According the
simplified Dodd-Deeds analytical solution, the frequency
corresponding to the phase equaling to —3x / 4 is propor-
tional to reciprocal of the conductivity. Based on the feature,
the conductivity can be estimated. Compared with magni-
tude measurement, the advantageous of phase measurement
is the elimination of the term e 2%/ g0 as to minimally be
affected by lift-off variation. Apart from that, the relation-
ship between size of coil and lift-off suppression capability
is also analyzed, from which the phase is less affected by
lift-off fluctuations as coil size increases. The related experi-
ments are also carried out to verify the proposed method. The
results show the error of conductivity measurement is only
1.2%, and the average errors caused by lift-off fluctuation
within 1 mm can be controlled to 3.98%.
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