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Abstract: Eddy current sensors with rectangular planar coils were designed, constructed and
characterized. The rectangular planar coils have a maximum testing area of 2.25 cm2 and an
output impedance in the range of the entrance impedance of normal commercial equipment (5 to
200 Ohm).
Two out of eight different windings have been studied so far, their electrical properties have been
measured and calculated. In the characterization, sensor performance for three different eddy
current applications has been checked, namely detection of surface and edge cracks and material
sorting through resistivity assessment. The results were compared to those from a standard
cylindrical probe.
A frequency range between (0.3–2.0) MHz was selected for crack inspection . Special testing
pieces were prepared from Zircaloy-4 blocks. Crack signal analysis showed good amplitude
discrimination and rather poor phase discrimination.
To test the resistivity response, a resistivity standard box and a Zircaloy-4 sample were used. The
best operation points for this particular application corresponded to frequencies in the range (0.5–
1.0) MHz.
The probes’ strong points are: 1) the elimination of end effect in the inspection of edge cracks, 2)
their good performance in the resistivity measurement at high frequencies, 3) their great
sensitivity to detect crazes and other shallow imperfections, 4) the fact that any number of
identical planar coils can be made from a single cliché.
The probes’ weak points are: 1) low coil inductance values, 2) the construction of the probes:
some probe stands might introduce unwanted signals.
Introduction: This work describes the design, construction and characterisation of eddy current
sensors with rectangular planar spiral coils. Planar rectangular coils were first used at our
laboratory in an inspection for edge cracks in cooperation with an NDT crew from abroad[1]. The
main advantage of those rectangular planar coils was their power to eliminate (or at least
minimise) the well known edge-effect, i.e., the characteristic bridge unbalance signal which is
produced when the sensor approaches the edge of the conductive test piece.
The use of planar coils for defect detection and material characterisation has been reported by
many authors.
Yamada et al. describe the construction of a special planar coil system for eddy current testing[2].
In another paper[3] the use of this system for crack detection in flat components is reported.
Yamada et al. also use this system in the inspection for discontinuities in the circuit traces of
printed circuits[4]. Many other authors have also constructed planar inductors and studied their
properties[5-7]. Planar coils have been used for the assessment of electrical and magnetic properties
of materials[8] and for the evaluation of thin resistive or magnetic layers on components[9]. On the
other hand, our group has been involved in the e.t. assessment of electrical conductivity and oxide
layer thickness using standard pancake coils [10-12].
In the present case, a simple mathematical model was the guideline for the design of the planar
coils[13]. This model should provide a fast theoretical estimate of the electrical characteristics of
the coils, i.e., if they might be used with currently available commercial ECT equipment. With
this simple semiempirical model, coil impedances can be calculated but not the electromagnetic
fields they generate. The values of the parameters thus calculated were directly used for coil
design.

Two design criteria were adopted: coil sensitive area should be less than 2.25 cm2 and its
impedance should lie in the range (5 – 200) Ohm, i.e., the normal input impedance of commercial
e.t. equipment. The coils were made at a company specialised in printed circuit manufacturing.
The present work is organized as follows: The first part describes the simple model used to
determine coil design parameters as well as their actual physical characteristics and dimensions.
The second part is devoted to the tests made to the coils and with the assembled sensors in order
to establish their performance in two normal testing problems, namely crack detection and
material sorting. It is also include a brief description of the test blocks especially designed and
constructed for this task.
Results: 1 – Simple model for coil impedance evaluation: For the calculation of coil
impedance in air, all three electrical parameters, inductance (L0), resistance (R) and capacity (C)
must be considered, as well as the operating frequency.
The resistance was calculated as R=ρl/s, with l the length, s the cross section of the conductive
traces and ρ, the resistivity of electrolytic copper, the material used in printed circuits. Coil
capacity was estimated considering any pair of opposite traces (either on the same face of the
fibre glass substrate or on opposite faces of it) as a pair of finite length wires separated by a
dielectric. A relative dielectric constant of 4 was assumed for the fibre glass (tabulated values lie
in the range 3-5) [14] whereas a value of 3.6 was assumed for the epoxi resin[14].
Previous experience in similar e.t. tests helped us fix the high frequency limit of the operating
range at 2.0 MHz. A low frequency limit of 0.4 MHz was prompted by coil design itself, i.e.,
their low inductance and the 5 Ohm limit of the equipment.
A simple semiempirical approximation was used for the estimation of coil inductance, the most
important and difficult calculation. It is based upon a theoretical expression for the calculation of
the inductance of planar circular spiral coils[15] and considers a equivalent area approximation,
which would enable the application of this model to our planar rectangular spiral coils. Hurley
and Duffy[15] derive a formula for the calculation of the mutual inductance in air of two current
carrying rings with radii r1, r2 and a1, a2, widths w1, w2 and thicknesses h1, h2, lying on parallel
planes separated a vertical distance z. This model together with a equivalent area approximation
was employed in the inductances calculation of our rectangular planar coils.
The calculated L0, R and C values and those measured on our coils are presented in Table 1, L0-Calc
standing for the L0-Rect discussed above. Tables 2 and 3 summarize the calculated and the
measured impedances at the upper and lower operating frequencies. In these tables ZCalc stand for
the values calculated with the model, ZMed are the impedances calculated from the L0, R and C
individually measured on our coils and ZMed HP denote the impedances directly measured with a
HP4193A impedance meter from Hewlett Packard.
Table 1. The calculated L0, R and C values and those measured on our coils. The values denoted
L0-Calc are the same as the L0-Rect in Eq. 2.
Coil 1
Coil 2
2 x 10
2x7
Turns
1.8 ± 0.3
L0-Calc (µHy) 3.1 ± 0.5
L0-Med (µHy) 3.38 ± 0.03 1.58 ± 0.02
RCalc (Ohm) 1.4 ± 0.1
1.2 ± 0.1
RMed (Ohm) 1.25 ± 0.05 0.91 ± 0.05
CCalc (pF)
31 ± 1
24 ± 1
CMed (pF)
25 ± 1
17 ± 1

Table 2. Calculated and measured impedances of two-layer coil 1at the upper and lower operating
frequencies.
Freq (kHz)
Calc

Coil 1 – two layer design
Med

Med HP

400
2000

| ZCalc |
(Ohm)
7.8 ± 1.2
39.1 ± 6.2

θZ-Calc (°)
79.68 ± 0.03
87.89 ± 0.01

| ZMed |
(Ohm)
8.59 ± 0.08
43.1 ± 0.3

θZ-Med (°)
79.33 ± 0.02
87.81 ± 0.01

| Z Med HP |
(Ohm)
9.78 ± 0.01
47.4 ± 0.1

θ Z-Med HP (°)
77.6 ± 0.1
86.3 ± 0.1

Table 3. Calculated and measured impedances of single-layer coil 2 at the upper and lower
operating frequencies.
Freq (kHz)
Calc

400
2000

| ZCalc |
(Ohm)
4.6 ±0.7
22.3 ± 0.3

θZ-Calc (°)
74.82 ± 0.05
86.87 ± 0.01

Coil 2 – single layer design
Med
| ZMed |
θZ-Med (°)
(Ohm)
4.07 ± 0.06
71.87 ± 0.03
20.0 ± 0.3
86.24 ± 0.01

Med HP
| Z Med HP |
θ Z-Med HP
(Ohm)
(°)
4.69 ± 0.01
70.3 ± 0.1
21.7 ± 0.1
84.8 ± 0.1

2 – Characterization and analysis of coil response: 2.1 – Test blocks: Slots simulating planar
cracks were cut on these slabs by electrical discharge machining (EDM) using a 0.1 mm diameter
copper wire. The opening of the slots was 0.13 - 0.14 mm wide.
Two different types of slots were used, namely surface and edge slots. Three test blocks were
constructed. For the surface defects, two slabs (100 mm x 50 mm x 7mm) were used; two slots
were cut on one of the bigger faces of each of them. The edge slots were constructed on a (130
mm x 40 mm x 7 mm) block. On each of the 7 mm X 130 mm faces, two slots were made by
EDM. Slot characteristics are presented in Table 4.
Table 4. Slots’ depths for both kinds of test blocks used in this work.
Surface
Edge
Depth (mm)
Depth (mm)
∆depth (mm)
0.176
0.232 - 0.176 =
0.152
0.056
0.380 – 0.232 =
0.232
0.258
0.148
0.380
0.420 – 0.380 =
0.352
0.040
0.420
0.470

2.2 – Surface defects: Many tests were made with both coils at different frequencies in the range
(0.4 MHz – 2.0 MHz). Figure 1 illustrates signals from coils 1 and 2 at different inspection
frequencies. The features of the signals were always similar to those in Figure 1. Good amplitude
discrimination is observed among the signals from the different slots. In fact, signal amplitude
analysis enables discrimination between the two deeper slots or between the two shallower slots,
though the actual depth difference is extremely small (Table 4). On the other hand, phase
discrimination is rather poor, not to say nearly non-existent for single-layer coil 2.
2.2 – Surface imperfections: The signals from circumferential tool marks on the surface of the
blocks blurred coil 1 indication of the shallowest slot at operation frequencies below 700 kHz.
Detection of this shallowest slot was actually not possible with coil 2 at any of the operating
frequencies used. These observations are related to the very high sensitivity of our coils for the
detection of surface discontinuities. The blocks had some marks, Figure 2, and we overlooked the
effect this surface roughness could have on the signals. These tool marks are unevenly distributed
on the surface of the blocks, and are closer to each other in the region between the slots. The
roughness was detected by our sensors and produced an unbalance of the bridge, which masked
the indications from the shallower slot and prompted the need for special data processing. Figure
2 shows the signals produced by these tool marks, the central part of these graphs corresponding
to the central part of the blocks[13].

Figure 1. Signals obtained during the inspection of surface defects with two-layer coil 1 and
single layer coil 2 at different inspection frequencies.
The inspection technique for edge defects requires bridge balancing with half of the coil area
lying on the material and the other half on air as shown in Figure 4. Consequently, the depth of
the slot is seen as a small cut. This is the balance condition for components which are to be tested
for this kind of crack, if the surface to be inspected is not accessible, due to constructive or
geometrical constraints. The probe stand used for this particular application is rather unstable and
did not ensure a firm hold and uniform pressure throughout the inspection (we could not figure
out so far how to include a spring or anything like it in the assembled probe). Some training of the
inspector is therefore necessary before adequate signals are obtained.
The results from inspections with two-layer coil 1 at 1400 kHz are shown in Figure 3 (a). Figure
3 (b), perhaps one of the best results, was obtained with single-layer coil 2 at 800 kHz. As before,
amplitude separation is very good while phase separation is rather poor.
Due to the test procedure that has been described, the low impedance of our probes can result in a
poor signal to noise ratio. The cross section of the discontinuity, which effectively causes a
distortion of the eddy currents, is in fact very small, far smaller than the cross section one would
observe if the region which contains the crack opening. Special care must consequently be put in
probe assembling, in order to minimise noise sources.
2.3 – Response for resistivity assessment and materials sorting: Two different tests were
performed, the first one using materials covering the whole resistivity range of metals, the second
one restricted to high resistivity materials. The former was made in order to study the general
behaviour of our sensors, while the latter looked for their ability to discriminate among resistivity
values which are very close to each other.

Figure 2. Tool marks on the surface of one of the Zircaloy-4 blocks used for the inspection of
surface defects, and the x(t) component of one signal showing the unbalance of the bridge, which
is a consequence of these surface imperfections.

Figure 3. (a) Results from inspections of edge cracks with two-layer coil 1 at 1400 kHz of
operation frequency, (b) results for single layer coil 2 at 800 kHz.

Figure 4. Balance technique for edge defect detection.

In the first case, the five materials of our resistivity standard set from Zetec (Table 5) and a
Zircaloy-4 block were used, the resistivity of Zircaloy-4 is 70.0 µΩcm[13]. Figure 5 (a) shows the
results of one of the tests on these set performed with two-layer coil 1, while one made with
single-layer coil 2 is shown in figure 5 (b). In both cases the best results have been obtained at
high frequencies, 300 kHz and 1.0 MHz. The largest angles between lift-off and the resistivity
curve (nearly 90º) were obtained in this range as well as the best discrimination between high
resistivity materials.
Table 5. Electrical resistivity of the five materials from the standard set from Zetec.
Material Resistivity (µΩcm)
1
1.71
2
5.76
3
18.5
4
49.2
5
180.8

In the second case, the performance of these probes for the assessment of hydrogen content in
Zircaloy[16,17] was tested. Three Zircaloy-4 specimens with different hydrogen content and a
Zircaloy-4 sample in the as-received condition (see Table 6) were examined. The tests with twolayer coil 1 showed good separation among signals from the different specimens, as can be
observed in Figure 6. These are in good agreement with those from Perotti and co-workers[12].
Single-layer coil 2 indications from the different specimens could not be discriminated, i.e. the
separation of the points on the resistivity locus is less than the resolution of our equipment.
Table 6. Hydrogen content of the Zircaloy-4 specimens tested [12].
Sample
3C
4C
3B

[H]
(atomic %)
4.9 ± 0.5
7.3 ± 0.7
12.1 ± 1

Figure 5. Material sorting tests on the resistivity standard set and the Zircaloy-4 block: (a) twolayer probe 1, (b) single-layer probe 2.

Figure 6. Resistivity assessments on the Zircaloy-4 samples with different hydrogen content and
on as-received Zircaloy-4, two-layer coil 1.
Discussion: The general shape of the signals (for both coils and all types of slots) differs strongly
from the curved signals normally obtained with circular pancake coils. Those obtained with the
rectangular planar coils are rather straight and non symmetrical. The lack of symmetry could have
been produced by the data processing we had to use in order to improve the signal to noise ratio
prior to data analysis. The fact that the slope of the signal from the 0.380 mm slot is greater than
that from the 0.420 mm slot calls our attention. This might be due to the surface condition of the
blocks, because these particular slots are in different blocks with different tool marks.
A further analysis of the amplitude discrimination of these probes indicates that slots with depths
differing in 0.04 mm can be separated, according to Table 4. It is likely that the detection limit of
our probes was hampered by the indications from the surface imperfections of the slot blocks and
the data processing that had to be used.
In the inspection for edge defects, probe performance was mainly limited by a poor stability of
the coil stands, which prompted the need for a special type of data analysis and a better design.
A point which has not yet been addressed in the analysis of the coil response to surface slots is
the fact that here too unwanted indications produced by the probe stands were observed, though
these were far less important than those from surface imperfections or those reported in the test of
edge slots. This also shows the high sensitivity of these coils to surface condition and to the
coupling with the specimens.
Because L2≈ ½L1 it can be expected that the signals obtained with single-layer coil 2 be smaller
than those from two-layer coil 1, and therefore the effect of surface imperfections and probe
stands will result in a poor signal to noise ratio for coil 2.
Conclusion: Construction and characterisation of ect probes with planar coils was possible using
a simple model for probe design.
Probe sensitivity for surface defect detection is very good, as can be deduced from the problems
introduced by the tool marks. This fact indicates that the best probe stands for this kind of coils
are those which ensure good coupling with the specimen, uniform pressure and minimum tilt
among the components.
For defect detection, both two layer coil 1 and single layer coil 2 had very good amplitude
discrimination and extremely low phase discrimination
Performance for material sorting was very good, mainly for coil 1. The best operation points are
those for high frequencies (0.3 MHz a 1.0 MHz). These probes are specially suitable for
characterisation of surface properties or thin layers. Coil 2 was not able to separate indications
from specimens with different hydrogen content, thus showing that a 2 layer coil is more suitable
for this problem than a single layer design.
The inductance can be increased by adding a high permeability substrate. However, a better way
to achieve this should be by construction, i.e. to prepare new coils with a high density of narrower
lanes and the use of multilayer design.
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