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Abstract — In many advanced industrial applications, the thickness is a critical index, especially for metallic
coatings. However, the variance of lift-off spacing between sensors and test pieces affects the measured voltage
or impedance, which leads to unreliable results from the sensor. Massive research works have been proposed to
address the lift-off issue, but few of them applies to the thickness measurement of planar metallic films with finite-
size circular (disk) geometry. Previously, a peak-frequency feature from the swept-frequency inductance was used
to compensate the measurement error caused by lift-offs, which was based on the slow-changing rate of impedance
phase term in the Dodd-Deeds formulas. However, the phase of measured impedance is nearly invariant merely
on a limited range of sample thicknesses and working frequencies. Besides, the frequency sweeping is time-
consuming, where a recalibration is needed for different sensor setups applied to the online real-time measurement.
In this paper, a single-frequency algorithm has been proposed, which is embedded in the measurement instrument
for the online real-time retrieval of thickness. Owing to the single-frequency measurement strategy, the proposed
method does not need to recalibrate for different sensor setups. The thickness retrieval is based on a triple-coil
sensor (with one transmitter and two receivers). The thickness of metallic disk foils is retrieved from the measured
electrical resistance of two transmitter-receiver sensing pairs. Experiments on materials of different electrical
conductivities (from direct current), thicknesses and planar sizes (radii) have been carried out to verify the
proposed method. The error for the thickness retrieval of conductive disk foils is controlled within 5 % for lift-
offs up to 5 mm.

Index Terms — Eddy current testing, thickness measurement, finite-size, lift-off effect, non-destructive testing.

Introduction

Electromagnetic (EM) eddy current testing (ECT) [1-7] is one of promising technologies in the non-destructive
testing, which applies to the evaluation of product quality (e.g., inspecting the crack fatigue, measuring the
inhomogeneity or monitoring the variance of the property) [8-14]. The thickness measurement system has the
potential application of inspecting the structural integrity and surface notches of metals, particularly for
conductive coatings. Both the multi-frequency eddy current sensors, swept-frequency eddy current sensors, and
pulsed eddy current (PEC) sensors have been used for the thickness measurement of metallic plates or foils (e.g.,
coatings or claddings) [15-24]. However, it is found that the variance of sample-sensor lift-offs significantly
affects the measured voltage or impedance of sensors, which influences the accuracy on thickness retrieval.

Many techniques have been used for eliminating the lift-off effect when using both the multi-frequency eddy
current sensors, swept-frequency eddy current sensors, and pulsed eddy current (PEC) sensors, including custom
embedded algorithms, new sensor designs, and novel time-domain and frequency-domain features. Tai et al. have
introduced a custom-built instrument for determining the thickness and electrical conductivity of coatings using
PEC sensors [21]. Wang et al. have proposed a novel feature from the slope of the lift-off curve for reducing the
lift-off error on the thickness measurement of metallic films [22]. Pinotti et al. proposed a lock-in method to
extract the phase signature and linked it to the electrical conductivity and thickness of conductive coatings [23].
Mandache et al. have found a lift-off point of intersection (LOI) feature in the transient and harmonic eddy currents
[24]. Fan et al. have used the LOI feature for reducing the lift-off effect on the thickness measurement when using
the PEC method [25]. Angani et al. have used the LOI feature for the detection of corrosion and thickness
measurement of stainless-steel plates [26]. These methods are efficient on the thickness measurement but cannot
apply to the thickness measurement of finite-size circular plates.

In our previous research works, various techniques have been proposed for reducing the lift-off effect,
including the peak frequency feature in swept-frequency inductance spectra, and novel sensor designs for the
single-frequency testing [27-32]. The peak frequency feature is based on the slow-changing rate of impedance
phase term in the Dodd-Deeds model. However, the changing rate of impedance phase term is neglectable merely
on a limited range of sample thicknesses.
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A single-frequency algorithm is proposed in this paper, which is used to reduce the lift-off effect on retrieving
the thickness of metallic films with finite-size circular geometry. The algorithm is based on the modified Dodd-
Deeds model [30, 34]. Instead of integrating from zero (for the infinite plate) [33], for the case of finite-size disk
sample, the algorithm of mutual impedance is revised by integrating from a constant value in the Dodd-Deeds
model. By combining the single-frequency impedance measured from two transmitter-receiver sensing pairs, the
thickness of conductive disk foils is retrieved and less affected by the lift-off of sensors. Experiments on finite
disk plates with different electrical conductivities, actual thicknesses and radii have been carried out for the
validation of the proposed algorithm.

Methodology — algorithm for the thickness measurement of no-ferrous metal plate with finite-size
circular geometry

Both the lift-off of sensors and properties of samples (including the thickness, magnetic permeability,
electrical conductivity) affect the detected signal (voltage, mutual impedance, or inductance) of the
electromagnetic eddy current sensor. However, the lift-off (or lift-off variance) of sensors is an unknown
parameter in most of occasions and applications. Besides, the sensor response is very sensitive to its lift-off to the
sample. Thus, in Fig. 1, for the thickness measurement of a non-ferrous circular metal plate, an air coil sensor
with two sensing pairs has been designed to address the issue caused by sensor lift-offs.
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Fig. 1 Three coils co-axially above a finite-size circular plate

Dodd-Deeds analytical model has been proposed over a few decades but is still the most dominant method for
the problem of a coil above an infinite plate [33].

From our previous research works, the modified Dodd-Deeds model has been proposed for the problem of
circular coils above a finite-size circular disk plate [30, 34]. By integrating the previous derived magnetic vector
potential in region 1 and 2, the impedance change (subtract of the impedance for the presence and absence of the
specimen) tested by two sensing pairs can be derived as,

©Pp

AZ, = jmﬂ(J’ %Al(a) d(a)da (D)
©Pp

AZ, = jmﬂ(J’ %AZ(Q) d(a)da 2

w is the working angular frequency. K is a coil factor and defined in (3). a is related to the wavenumber of
incident transverse electric (TE) planar electromagnetic wave [33-43]. P(a) is the integration of Bessel terms
defined in (10). A; () and A, () are the coil-dependent term defined in (8) and (9). d(a) is a complex term
determined by the test piece (i.e. circular metallic plate), and defined in (6).
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N and h are the identical turns and height of the transmitter coil (T), receiver coil (P1) and reference coil (P2).
I, is the vacuum permeability. ¥ and Ar are the mean radii and difference between the outer radius r, and inner
radius r; of three coils, which is defined in (4).
ry +rp r, — Iy

r= 2 ’Arz 2 (4)
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a, is the lower limit of the integration for the finite-size circular film, which is related to the radius of disk
(circular) plate rs. (a, is zero for an infinite plate)

3.518
A ©)
b)) = (og + pra) (o — ) — (o + pya)(ay — pya)edac o

T =g — ) (g — ) + (g + pya)(oy + pyoa)eac

, and c are the relative permeability and thickness of the tested metallic plate.

a; =+/0% + jwop, oy (7
Jj is the imaginary unit. o is the electrical conductivity of the tested piece.

A(Q) = e—a(210+g+h)(e—ah _ 1)2 (8)

Ay(a) = e—a(210+3g+3h)(e—ah _ 1)2 (9)

g is the gap between coils (T, P1, and P2). |, is the lift-off between sensor and sample.
P(a) = f 1)1 ()dT (10)

In (10), ], is the first-order Bessel function of the first kind. T is the integration variable with lower and upper
limits of ar; and ar, respectively.

The phase term ¢(a) can be split into its real part Re(¢(a)) and imaginary part Im(¢b(w)). Therefore,
substitute A, in (1) with (8),

Re(AZ,) = —wFKIOO%e‘“(”O*g*h)(e‘“h - 1)21m(¢(a))da (11)

L

Im(82,) = orK [ " gatoram) (emu — 1)’ Re((e)de (12)

At

Similarly, substitute A, in (2) with (9),

Re(AZ,) = —wiK f m%e—"‘(21°+3g+:“h)(e—O‘h — 1) Im(¢(@))da (13)

At

Im(AZ,) = oof‘Kfoo%e‘“(ml’”gﬁh)(e_“h - 1)2Re(¢(a))da (14)

At

The phase term ¢ (o) was directly taken out of the integration from the previous research works [10]. However,
both the real and imaginary part of the phase term ¢ («) is found to be significant especially under low frequencies.
Therefore, it is worth to investigate a new general feature of the phase term ¢ (a) for a wide range of frequencies.

For the non-ferrous plate, as shown in Fig. 2, the ratio between the imaginary part of the phase term Im(q)(a))
and real part of the phase term multiplied by a - aRe(¢(a)) is found to be a constant for a single working
frequency.

Im(¢(a)) _

aRe(p@) ) (15)
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The frequency-dependent constant Y can be calculated by finding its limit at « = 0.

e Im(q)((x))
v= }xl% aRe(q)((x)) (16)
Equation (16) can be solved using Wolfram, as shown in equation (17).
V2 (1 + ezc\/m)
Y= 17)

Jowou, (eZCV 200Hy — eC200Hocos(c\[2woy) + 1)

Since term c,/2wop, is not significant for the thin film, equation (17) can be simplified using the Padé
approximation.

1 1
i J2w0y, (1 " Czwouo> (18)

As shown in Fig. 3, the real part of the phase term ¢(«) is found to be varying slowly with a. In (19), an
exponential function with its power controlled by a small factor G is used to approximate Re(cb(a)). The factor
G is determined by the working frequency w, electrical conductivity o, and sample thickness c.
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Fig. 3 Approximation of Re(¢(a)) using —e 2% under different working frequencies
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Assign Re(AZ,) and Re(AZ,) to be R, and R,,. Substitute (15) and (19) into (11)-(14), the electrical resistance
change (real parts) and imaginary parts of the impedance change from T-P1 and T-P2 sensing pairs are,
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Fig. 4 (a) The first pulse and second pulse of Bessel series for T-P1 sensing pair (b) Approximation of second-pulse Bessel series for T-P1
sensing pair (c) Approximation of second-pulse Bessel series for T-P2 sensing pair

As Fig. 4 (b) and (c) depict, the Bessel series in (20) and (22) can be estimated as squared sinusoidal functions,
as shown in followings,
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In (24) and (25), both s, by, s, and by are used to approximate the Bessel terms in (20) and (22), which are
determined by the sensor geometry. The variables sg, by, sg, and by are similar to the spatial frequency proposed
in previous research works [10,29]. The spatial frequency in previous work is used to approximate the first pulse
of the Bessel series. However, since « is located on the second pulsed of Bessel series (for a finite-size circular
plate), more spatial frequency parameters (variables sq, by, sg, and bg) are needed for approximating the peak
position and bandwidth of the second pulse of Bessel series. As can be seen from Fig. 4 (b) and (c), s, and s;
control the upper limit of the integration. Besides, b, and by define the peak value points of the sinusoidal
functions. M; and M, are the normalization factor between the Bessel and sinusoidal functions for both T-P1 and
T-P2 sensing pairs, which are defined as followings,

= P(ZSO — bo) —(259=bg)(g+h) (a—(2s9—bg)h 2
1= se — By (e 1) (26)
_ P50 =D0) 3036, —b)(gh) (a—(254-byh 2
27 (2s) —bp)s € (e -1) (27)
After the integration, equation (24) becomes,
— wYTKM, —20(Ig+G) 2 2
R = 2o+ G)(4b2(1, + G)? + m2) (e (4o lo + 6
259 — 259 —
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0 0
Since by(ly + G) « m, (28) becomes,
~ e—zlxt(lo+G) _ e—4so(10+G) 29
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According to the Padé approximation, e~2%{o+®gnd e=*(%+Po)(o+G) jn (29) can be approximate as,
alpre) - Ll + @ —1
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Substitute (30) and (31) into (29), R, becomes,
_ u= (280 — )
R = oYM o O + DZsolo T O+ D (32)
Similarly, the resistance from T-P2 sensing pair is
o= (2sg — ar)
R2 = 0¥, S o T O + D2yl T O + D (33)
Combine (32) with (33), the proportional factor Y is,
v RiR, (MR, — M1R2)(25(2)(256 — ap) + 25 (g — 2s) + of (59 — 56)) (34)

= ’ ’ 2
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Combine (34) with (18), the thickness of the circular film can be reconstructed as,
B 1
o ] (35)
WO/ 2wopY — 1

Experimental verification

As shown in Fig. 5, experiments have been conducted on the mutual impedance measurement of an air-core
sensor co-axially deployed (with lift-offs from 1 mm to 5 mm) above circular aluminium and copper foils. As
listed in Table 1, the sensor has three coils with identical parameters, with one transmitter coil, one receiver coil,
and one reference coil spirally wound and equally separated on the same cylindrical tube (plastic).

MFIA Zurich

impedance

analyser
Eddy current
sensing coils

Fig. 5 Experimental configuration — eddy current coils are co-axially placed above aluminium and copper disk laminates with different lift-
offs; Impedance analyser is connected to the sensing coil to measure the mutual impedance under different working frequencies of alternating
currents flowing in coils.

Table 1 Sensor Parameters

T, P1, P2 coils
Inner radius (mm) 28
Outer radius (mm) 28.25
Turns 20
Coils gap (mm) 3.00
Coils height (mm) 5.00
Lift-offs (mm) 1.00:1.00:5.00

Table 2 Geometry and property of the metallic films

Aluminium Copper
Radius (mm) 20.0 15.0, 17.5, 20.0
Actual thickness 22,44, 66 um 0.5 mm
Electrical conductivity 35 57

(MS/m)

As listed in Table 2, the aluminium films have an identical radius of 20 mm, but different actual thicknesses.
While the copper films have different radii but an identical thickness of 0.5 mm. The electrical conductivity of
both samples is measured using the 4-terminal sensing method. Both samples are selected for testing the accuracy
of the proposed method on different parameters (radius, thickness, and electrical conductivity).
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In the measurement, three coils of sensor were connected to the impedance analyser. To test the performance
of proposed method under different single frequencies, the measurement was tested under a reasonable range of
working frequencies from 1 kHz to 500 kHz (to get rid of the noise signal and resonance distortion under lower

and higher frequencies).

Results and discussions

A. Measurement of resistance
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Fig. 6 Measurement of electrical resistance for the aluminium film of 22, 44, and 66 um under a sensor lift-off of 2 and 4 mm (a) T-P1 sensing
pair (b) T-P2 sensing pair

Fig. 6 and Fig. 7 illustrate the measured electrical resistance under different working frequencies and sensor
lift-offs (2 mm and 4 mm). For both aluminium films with different actual thicknesses and copper films with
different radii, the measured resistance is shown to be increasing with working frequencies. The measured
resistance for a sensor above a metallic sample is related to the skin depth of the eddy current flowing in the
sample. Under the high frequencies, the eddy current is restrained underneath the surface of the sample, which is
named as the eddy current skin effect or the eddy current diffusion effect. Moreover, due to the weakened
interaction between the sensor and sample, the increase in sensor lift-off leads to reduced resistance. Consequently,
the measured resistance of T-P2 sensing pair is lower than that of T-P1 sensing pair. As Fig. 6 depicts, under high
working frequencies, the resistance of thin aluminium films is larger than that of thicker films. This is because the
eddy current flowing in the thin film is more restrained under its lower surface. However, further increased
frequency will result in overlap for the curves (over 15 MHz for skin depth of less than 22 um, not shown in Fig.
6) of different thicknesses due to the eddy current skin effect. In Fig. 7, the measured resistance for the copper
film of a larger radius is larger than that of a smaller radius due to more volume of resistant eddy current or
fortified coupling effect between the sensor and sample.
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Fig. 7. Measurement of electrical resistance for the copper film with radii of 15 mm, 17.5 mm and 20 mm under a sensor lift-off of 2 and 4

mm (a) T-P1 sensing pair (b) T-P2 sensing pair
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B. Reconstructed thickness for different working frequencies

The thickness of both the aluminium film (with different actual thickness) and copper film (with different
radii) can be reconstructed by inputting the measured electrical resistance into (34) and (35). As shown in Fig. 8,
for both materials, the reconstructed thickness was found to be reduced with increased single operation frequency.
It can be observed that the optimal single operation frequency (using the designed sensor) for both materials is
around 16 kHz (since the variables s, by, sy, and by in 24, 25, and 34 are fitted at this frequency). The distorted
thickness in Fig. 8 for frequencies apart from the optimal value (16 kHz) is mainly due to the discrepancy of coil
windings between the experimental and analytical setups. In the analytical setup, the coil winding is modelled as
seamless turns of coils with cubic cross-section; while in the experiment, the coils are wound with wires of circular
cross-section. Besides, the variation of frequency could result in different off-set impedance due to the fringe
effect of current flowing in turns of coil. Thus, for an alternative single frequency (small enough to ensure that
the skin depth is larger than the actual thickness), the variables s, by, sg, and by in 24, 25, and 34 need to be
refitted. In addition, the effect of the sensor lift-off (a small lift-off of less than 5 mm) is significantly reduced for
the derived thickness (both aluminium with different thicknesses and copper films with different radii), with the
curve of 5 mm sensor lift-off slightly larger than that of 1 mm sensor lift-off. Moreover, the reconstructed
thickness for the copper film is approaching zero (distorted) under high frequencies, which is due to the reduced
skin depth (lower than the actual thickness — 0.5 mm when the frequency is larger than 18 kHz). Besides, in Fig.
8 (b), it can be seen that the reconstructed thickness is almost immune to the different radii.
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Fig. 8 Reconstructed thickness under different operating single-frequencies with sensor lift-off of 1 and 5 mm (a) aluminium film with a
thickness of 22, 44, and 66 um (b) copper film with radii of 15, 17.5, and 20 mm

C. Wobble effect between sample and coil
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film with a thickness of 22, 44, and 66 pum (b) copper film with radii of 15, 17.5, and 20 mm
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Fig. 9 shows the retrieved thickness for different offsets between the axis of sample and coils. It can be
observed that a wobble between the sample and coils results in an increased retrieved thickness, which is due to
the reduced electrical resistance measured from coils. For a maximum offset of 6 mm, the error of retrieved
thickness for both materials are controlled within 10 %. Further offsets between the axis of sample and coils will

lead to a significantly increased error of thickness retrieval.

D. Reconstructed thickness for different sensor lift-offs
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Fig. 10 Reconstructed thickness of aluminium films under the optimal frequency of 16 kHz with different sensor lift-offs (a) absolute value (b)
error with respect to the actual thickness

Since the thickness is found can be accurately reconstructed at the optimal frequency - 16 kHz for both
aluminium films with different actual thicknesses and copper films with different radii, it is worth further
investigating the lift-off effect on the reconstructed thickness under the optimal working frequency. In Fig. 10, it
can be observed that the thickness of aluminium films (for different actual thicknesses) can be reconstructed with
a small error of less than 3.5 %. Moreover, thickness after the reconstruction is gradually stable with the increased
sensor lift-off, with the aluminium film of 66 pm the highest absolute reconstruction error. In Fig. 11, a similar
trend (reduced and stable error for increased sensor lift-offs) can be seen on the reconstructed thickness of the
copper films with different radii. The error of the thickness reconstruction for copper films is around 5 %.
Moreover, the difference between the thickness curves of different radii is not significant after the reconstruction.
In the experimental, the sensor lift-off is selected to be a series of small values of less than 5 mm, since larger
sensor lift-off will result in a distorted value due to the extremely weak coupling effect between sensor and sample.
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Fig. 11 Reconstructed thickness of copper films under the optimal frequency of 16 kHz with different sensor lift-offs (a) absolute value (b)

error with respect to the actual thickness
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Conclusions

In this paper, to address the lift-off issue on the thickness measurement of conductive (finite) disk films, a
single-frequency algorithm has been proposed based on the eddy current method. By inputting the measured
resistance (i.e., the real part of impedance) from two transmitter-receiver sensing pairs, the thickness is retrieved
under an optimal working frequency. Unlike the previous peak-frequency feature on the swept-frequency
impedance, the proposed method is time-saving and does not need to recalibrate for different sensor setups applied
to online real-time measurements. Moreover, instead of directly taking the phase term out of the integration in
the Dodd-Deed formulation (only valid on a limited range of thicknesses), a frequency-dependent constant has
been found between the imaginary part of the phase Im(c])(a)) and a series for the real part of phase
term aRe(q)(a)). Therefore, the proposed method is more general for a wider range of thicknesses. Besides, the
proposed method has, for the first time, addressed the problem of reducing the lift-off effect on measuring the
thickness of a finite-size circular plate using single-frequency data. From the experiment results, it shows that the
error of retrieved thickness is less than 5 % for a range of actual thicknesses, radius, and sensor lift-offs.
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