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Thickness measurement of metallic film based
on a high-frequency feature of triple-coil
clectromagnetic eddy current sensor

Mingyang Lu”, Liming Chen, Xiaobai Meng, Ruochen Huang”, Anthony Peyton, Wuliang Yin"

Abstract — Previously, various techniques have been proposed
for reducing the lift-off effect on the thickness measurement of the
non-magnetic films, including the peak-frequency feature and
phase feature in the Dodd-Deed analytical formulation. To realise
a real-time feedback response on the thickness monitoring, the
phase term in the Dodd-Deeds formulation must be taken off the
integration. Previous methods were based on the slow change rate
of the phase term when compared to the rest of the term — the
magnitude term. However, the change rate of the phase term is still
considerable for a range of working frequencies. In this paper, a
high-frequency feature has been found. That is, the ratio between
the imaginary and real part of the phase term is proportional to
the integral variable a under high frequencies. Based on this
proportion relationship, the phase term has been taken out; and a
thickness algorithm has been proposed. By combing the measured
impedance from the custom-built sensor (three coils), the thickness
of the metallic film can be reconstructed. Experiments have been
carried out for the verification of the proposed scenario. Results
show that the thickness of the metal film can be reconstructed with
a small error of less than 2 %, and immune to a reasonable range
of lift-offs.

Index Terms— Eddy current testing, thickness measurement,
non-destructive testing, lift-off, real-time monitoring.

[. INTRODUCTION

ELECTROMAGNETIC eddy current testing (ECT) has been
commonly used for diverse applications of the sample
checking, including measuring the properties inhomogeneity,
surface inspection in order to further improve the product
quality [1-20]. Besides the ECT method, other non-destructive
testing techniques like ultrasonic have been wildly used [21],
which is more preciously on the surface inspection of metals.
However, ultrasonic sensing is difficult on the measurement of
thin materials. As one application of ECT, thickness
measurement of the metallic film can be achieved by referring
to the measurement signal — mutual impedance or inductance of
the sensing coils. However, the lift-off of the sensor could
significantly influence the measured result.

Approaches of using both the pulsed eddy current (PEC)
and multi-frequency have been proposed on reducing the lift-
off effects when measuring the thickness of the metallic film
[22-24]. For the PEC method, by injecting a time-domain
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differential-pulsed excitation current, the characteristic of the
sample (including the thickness) can be derived from the signal
feature. For example, a two-reference signal method has been
used to reduce the lift-off effect [25]. Moreover, a look-up table
has been introduced by Tai et al, which is extracted from a
custom designed instrument on the thickness measurement
[26]. For the multi-frequency eddy current method, by using a
digital processing technique based on Walsh functions, Pinotti
et al. proposed a novel property measurement method of the
metallic alloy [27].

Previously, various techniques have been proposed to reduce
the lift-off effect on the thickness of the metallic, including the
peak frequency feature, phase feature of the impedance or
inductance [28-31]. Most of these methods are based on the
slow changing rate of the phase term ¢(a), which was taken
out of the integration in the Dodd-Deeds model for further
fastening the reconstruction (especially for the real-time
monitoring application). Although the thickness measurement
from the previous proposed algorithm is almost immune to the
lift-off distance, the change rate of the phase term is still
considerable under a range of frequencies or sample properties.
Consequently, the spatial frequency (which was believed
merely determined by the sensor) needed to be re-fitted and
updated for different working frequencies.

In this paper, to address the lift-off issue on the thickness
measurement of metallic films, a novel algorithm has been
proposed based on a high-frequency feature from the designed
sensor feedback. That is the ratio between the imaginary part

Im(¢(0) -
Re(o@) 1S found to be

proportional to a in the Dodd-Deeds formulation. With this
relationship, the spatial frequency is a ‘true’ constant with
respect to different frequencies. The sensor is composed of
three circular coils, with one transmitter coil and two-receiver
coils enwound of different radii. The thickness of the non-
magnetic metal film can be reconstructed via the proposed
algorithm and combined signal (measured electrical resistance)
of two sensing pairs. Experiments have been carried out for the
performance test and verification of the proposed thickness
measurement scenario.
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II. FORMULATION ON THE THICKNESS MEASUREMENT OF
METAL PLATE

From our previous work, it has been found the lift-off of the
sensor could significantly affect the sensor response including
the induced voltage, impedance, or mutual inductance of the
transmitter and receiver [32, 33]. The accuracy of the sensor
response is vital for the reconstruction of the sample properties.
Since different dimensions of the sensor could get different
sensor responses, a hypothesis of combining two sensing pairs
with different coil dimensions could be a solution for reducing
the lift-off effect. Thus, as shown in Fig. 1, an air-core sensor is
designed, with one transmitter and two receiver coils enwound
on the same lift-off plane.
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Fig. 1 Air-core sensor setup — three coils co-axially enwound on a same lift-off

Assume the sensing coils in all the coils have the same turns
N, spiral span h and coil thickness t., then the impedance
change (subtract of the impedance for the presence and absence
of the specimen) tested by two sensing pairs can be derived
from the Dodd-Deeds formulation [34],

A7, (0) = j(uﬁKfoo Plof:‘) A(0) d(@)da (M
0
07, = jork [ 22 A@ deda @
0
In equation (1),
NZ
e .

1, and 1, are the mean radii of (the outer and inner radii) the
receiver 1 and 2.
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Where, ry;, Iy, and r;" are the inner radii of the transmitter,
receiver 1, and receiver 2. 1y, Iy, and r," are the outer radii of
the transmitter, receiver 1, and receiver 2. w is the working
angular frequency. N denotes the turns of the transmitter and

receiver spiral coils. L is the vacuum permeability. u, depicts
the relative permeability of the specimen. c is the thickness of
the metallic plate. o is the electrical conductivity of the
specimen. 1, is the lift-off of the sensor. J; is the first order
Bessel function of the first kind. T and a denote the integrated
parameters.

Through further deductions from equation (1), the impedance
change of transmitter-receiver 1 can be divided as its real and
imaginary integration parts.

Re(AZ,(w)) = —wﬁKfowpz—?)e‘z‘“"(e‘Z“h —2e” + 1) Im(p () )dax (11D

Im(AZ, (0)) = 0K f w%e'z"lﬂ(e'z"h —2e7" + 1)Re(Pp(@))da  (12)

Previously, the phase term ¢(a) was taken out of the
integration considering it changes slowly with respect to a
when compared with the magnitude part. Consequently, the
multi-frequency features including the peak frequency for the
non-magnetic materials and zero-crossing frequency for the
magnetic materials have been formulated [29, 33]. However, it
has been found the change rate of the phase term ¢ () cannot

be neglected under a range of working frequencies.
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As Fig. 2 depicts, for the non-magnetic material, p; = 1. The
Im(¢(a))
Re(¢(w)

term is found to be linear with the variable a. The
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proportional factor is defined as T(w).
Im((b(a)) = T(u))otRe(d)((x)) (13)
For a certain sample and working frequency, the proportional

factor T(w) is a constant.
The solution of T can be derived as,

[
Tw) = tim A@). (14)
a0 aRe(q)((x))
Through mathematical manipulations using Matlab symbolic
variables and functions, equation (14) becomes,
“ (= DVZ (eHDeyZo0to 1 1)
T(w) = Im - 15
Jaraig (et 1) (9
Equation (15) can be further deduced as,
V2(1 + e2e200m0
T(w) = (1) (16)

Joop (e300 — 2ecv20%Hocos(c\[2wa, ) + 1)
For the thin-film metallic plate, (16) can be simplified
through the Padé approximation.

T(w) = —— (1+
v 2W0g

As can be observed from Fig. 3 (a) that the real part of

Re(¢(a)) term varies slowly with a under higher frequencies.

A small value function G is used to approximate Re(¢p(a)).

From (2), since ¢(a) is determined by the sample and working

frequency instead of the sensor parameters, the function G is

merely controlled by the variable w, o, and c. Therefore, for a
high working frequency,

1
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Fig. 3 Re(cl)(oc)) versus a for different frequencies (—e 2%6(®%9 js used to
estimate Re(¢(a)) under 500 kHz)

Substitute (13) (18) into (11) and (12), the real and imaginary
parts of the impedance change from transmitter-receiver 1
under high working frequencies are,

Re(AZ(w))
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Fig. 4 Approximation of the Bessel series

As can be seen from Fig. 4, the Bessel series PL—(;“) e2alo(g=20h
2e™" + 1) can be estimated as a sinusoidal function multiplied
by the lift-off decay factor e 2o, Therefore, the integration
term in (19) becomes,

fmi:‘)e—maum)(e—zah —e-ah 4 1) do

o

= AZ,, f R “o+G>sin2( il )da
o 20
2(1 — e~tauri(o+))

™ 4(1) + G) (401 2(1p + G)2 + 12)

04118 a constant and named as the spatial frequency for the
transmitter and receiver 1 sensing pair. AZ,; denotes the
normalization factor, which determines the ratio between the
Bessel series and sinusoidal function and can be defined at the
peak point when a = a4,

Py (o) (e—Zamh _ pe~twih 4 1)
o‘trl5

With a small sensor lift-off 1,, according to the Padé
approximation, e~#®r1lo+® can be estimated as (1-—
4air1(lo + G)). Therefore, (21) becomes,

f Pl(a) e—2a(10+c.)(e—2ah _ Zefoch 4 1) da
aS

e2y)

=AZ

AZpy = (22)

[ (23)
™ (4012l + G)? + )

Substitute (23) into (19), the real part of the impedance from
transmitter-receiver 1 sensing pair becomes,

A 0T (W) K

™ (a1 2o + G)? + m?) (24)

It can be seen from (24) that Re(AZ, (w)) can be calculated by
a simple equation instead of integrating over the entire

o domain.
Similarly, the real part of the impedance from transmitter-

receiver 2 sensing pair is,

=AZ

Re(AZ,(w)) = AZ

A 0T (0) 5K
(4% (lp + G)? + m2) (25)
In equation (25), oy, is the spatial frequency for the
transmitter and receiver 2 sensing pair. And,

Re(AZ,(w)) = AZy,
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Assume the real part of the impedance areR;, andR,. IL.e.

R; = Re(AZ;(w)), R, = Re(AZ,(w)), combine (24) with (25),
T(w) = R, (4a12(y + G)? + m?) _ R, (4022 (g + G)? + m2)

Oy TP W KAZ g
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Further deductions from (27), the lift-off term can be
substituted as,
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Then substitute (I, + G)? into (27), T(w) can be derived.
(0 ® = a2 )RR,

T(w) = — —
(@1 T2AZma Ry — Qyrp F1AZ Ry )K ety Qg @

(29)
Combine (29) with (17) under the single frequency w, the

thickness of the thin film plate can be reconstructed as,
1

c=

wong (30)

Where, AZ,,; and AZ,,, are defined in (22) and (26).

From equation (30), the thickness of the non-magnetic thin
film can be reconstructed from the measured resistance (real
part of the impedance) of transmitter-receiver 1 and transmitter-
receiver 2 sensing pairs. It can be observed from (30) that, the
reconstructed thickness could be more accurate under a bigger
difference between either dimensions of sensing pair (related to
041 and i), and or the measured resistance (R; - R,, which
generally increases with frequencies), and large working
frequencies.

\] (o — 0(trzz)Rleo'llox/ 200y

(r12AZpma Ry — Qo 1 AZ  Ro)K U Qe

III. EXPERIMENTAL VERIFICATION

To verify the feasibility of the designed sensor and the
performance of the thickness formulation in equation (30).
Experiments have been carried out for the mutual impedance
measurement using the designed sensor under different
frequencies and lift-offs.

T1 - Output terminal for
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Fig. 5 (a) Experiment setup for the measurement of the electromagnetic
impedance (b) Equivalent circuit of the measurement setup

As Fig. 5 depicts, the copper wire with a thickness of 0.25
mm is seamlessly enwound on three plastic cylinder rods. As
demonstrated in Table 1, 3 coils have the same number of turns,
spiral span, and lift-offs. The lift-off was controlled by the
plastic lift-off spacers and ranges from 1 mm to 6 mm. The
sensor was deployed on the films and its coils were connected
to the Zurich impedance analyser for the multi-frequency
impedance measurement. The operation frequency of the
Zurich impedance analyser ranges from 1 kHz to 500 kHz.
Lower frequencies will result in a reduced signal-to-noise ratio
(SNR). In addition, the maximum of the frequency was capped
at 500 kHz to ensure that no skin or diffusion effects exist (so
that the electromagnetic field could penetrate deeply enough to
interact or reflect with respect to the bottom surface of the
metallic film). The skin depth as a function of frequency is
shown in (31). For the measurement, the parasitic capacitance
is an unavoidable and unwanted capacitance that exists between
the sensor plates, and adjacent coils due to their proximity. As
illustrated in Fig. 5, to address the measurement issue due to the
proximity effect, the reference signals have been measured. By
subtracting the reference signals when the sensor is deployed in
the free space, the ambient noise signals can be significantly
eliminated. Besides, since the maximum frequency is only 500
kHz (far away from the resonance frequency), the parasitic
capacitance of the coil is not an issue.

1
p=—7—7— 31
Tifous Gh
TABLEI
SENSOR PARAMETERS
Receiver 1 Transmitter Receiver 2
Inner radius (mm) 9.00 13.50 19.50
Outer radius (mm) 9.25 13.75 19.75
Turns 20
Coils spiral span (mm) 5.00
Lift-offs (mm) 1.00:1.00:6.00

For the non-magnetic materials, as illustrated in Table 2, the
aluminium and copper films with the electrical conductivity of
35 MS/m, 57 MS/m, and thickness of 44 pum (or 66 um), 30 pm
(or 60 pum) have been utilised for the experiment. The electrical
conductivity of the aluminium and copper films has been
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measured in previous research via the four-terminal sensing
method.

TABLE I
PARAMETERS OF THE METALLIC FILMS
Aluminium Copper
Actual thickness (um) 44, 66 30, 60
Electrical conductivity
(MS/m) 35 57
IV. RESULTS

A. Measurement of sensor response
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Fig. 6 Experimental data for the multi-frequency electrical resistance (real part
of the measured impedance) of aluminium films under the sensor lift-off of 1
and 4 mm (a) 44 pm (b) 66 um

Fig. 6 denotes the multi-frequency electrical resistance (i.e.
the real part of the measured impedance) of the aluminium films
(44 pm and 66 pm) from both transmitter-receiver 1 and
transmitter-receiver 2 with the sensor lift-off of 1 mm and 4
mm. It can be observed that a larger sensor lift-off will result in
an attenuation of the sensor response, which is due to the
reduced interaction between the sensor and metallic films.
Moreover, the multi-frequency resistance curve of transmitter-
receiver 2 is slightly left-shifted and larger than that of
transmitter-receiver 1, which is determined by the radius of the
coil (as can be seen from equation (9) and (10)). As Fig. 7
depicts, a similar trend can be seen from the multi-frequency
resistance curve of the copper films.
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Fig. 7 Experimental data for the multi-frequency electrical resistance (real part
of the measured impedance) of copper films under the sensor lift-off of 1 and 4
mm (a) 30 um (b) 60 pm

B. Reconstructed thickness

Further, the measured electrical resistance of both aluminium
and copper films has been inputted in the thickness formulation
- equation (30) for the thickness reconstruction. In Fig. 8, the
reconstructed thickness of the aluminium film is gradually
reduced and close to the actual value under the increased
frequency. After a specific frequency, the reconstructed
thickness is slightly lower than the actual value but almost
immune to the frequency changes. A similar trend can be found
in Fig. 9 for the thickness reconstruction of the copper films. It
can be observed that the thickness of the films can be
reconstructed preciously with only a small error of less than 2%

(with a maximum sensor lift-off of 4 mm).
50 T
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& found further significantly increased sensor lift-offs could result
—x—ly=1mm| | . . . . .
s ean in an inaccurate value when using (30), which is due to the
0 . .
i small value of measured electrical resistance. Therefore, the
| reconstructed thickness scenario can only be valid on a
€ reasonable range of sensor lift-offs (particularly smaller than 12
= mm). In Fig. 12, another sample — brass film with an electrical
o\ . . .
2 1 conductivity of 15.9 MS/m and thickness of 100 um has been
§ 1 added for further comparison of the reconstruction on different
| metals. Due to the limitation of the skin effect (31), the limit of
) | the thickness that can be measured are 116, 92, and 178 pm for
x"“i%fz(,ﬂ the aluminium, copper, and brass films.
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Fig. 8 Reconstructed thickness of aluminium films under different working =
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frequencies with the sensor lift-off of 1 and 4 mm (a) 30 um (b) 60 pm

C. Lift-off effects
Since the reconstructed thickness of the metallic film is more
accurate under the high frequency (not higher than the skin-

Thickness error (%)
N

effect frequency), the working frequency is selected as 500 kHz o

for the further accuracy analysis of an extended sensor lift-offs.

It can be seen from Fig. 10 and 11 that, the reconstructed o

thickness gradually drifts away from the actual value but 2 e s .

becomes almost immune to the lift-off of the sensor. For a 0 T oremy 1

maximum sensor lift-off of 6 mm, the recon'Sthti‘?n error is Fig. 12 Error of the reconstructed thickness for different samples with an
less than 2 %. However, as can be seen from Fig. 12, ithas been  extended lift-off of the sensor
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V. CONCLUSIONS

In this paper, a novel algorithm has been proposed for the
thickness reconstruction of non-magnetic metal films. First, an
air-core sensor with three circular coils enwound has been
designed for the measurement of the electrical resistance from
the sensor response. By combining the measurement of two
sensing pairs (with one transmitter and two receivers), the
thickness of the metallic film (non-magnetic) can be
reconstructed. The thickness algorithm has considered an
approximation of the Bessel terms, which involves a simple
formulation instead of integrating over the whole domain of a
when using the Dodd-Deed analytical method. Consequently,
the proposed thickness could achieve a fast feedback response,
which can therefore potentially be applied for the online real-
time thickness monitoring in the future. The thickness
reconstruction scenario reaches its highest performance under a
high working frequency (best performance is under 500 kHz in
this paper). From the experiments on aluminium and copper
films with different thicknesses, the proposed algorithm is
proved can reconstruct the thickness of the film preciously, with
a small error of less than 2 %. Moreover, the thickness
measurement scheme is valid in a small range of sensor lift-offs,
as further increased lift-off will significantly reduce the
interaction between the sensor and metal. Therefore, it is worth
to investigate an optimal sensor geometry (maybe combine the
pancake coil with helix coil) for a large range of lift-offs in the
future.
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