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Experimental Determination of Optimum Coll Pitch
for a Planar Mesh-Type Micromagnetic Sensor
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Masayoshi lwaharaMember, IEEE

Abstract—To overcome the directional properties of a planar crack
meander-type sensor, a new planar micromagetic sensor having / length / 4
mesh-type configuration is reported in this paper. Analytical
models are usually used for the characterization of the planar-type
sensors. Sensors having mesh-type configuration have been
fabricated for the derivation of the optimum coil pitch.
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Index Terms—Meander-type configuration, mesh-type con-
figuration, near-surface material properties, nondestructive X
evaluation techniques, planar-type sensors. 4

. INTRODUCTION

OR THE estimation of the near-surface material proper.d: 1+ Configuration of meander-type magnetic sensor.

ties (e.g., conductivity, permeability, thickness, etc.), the piteh 1

application of a planar-type meander magnetic sensor has al- \\44\-\ length 1\
ready been reported [1], [2]. In order to overcome the direc- S ’
tional properties of meander-type sensors, a new type of sensor :ﬁ..i\
having a mesh configuration has been fabricated. A two-dimen-  ‘iteh 2%,
sional (2-D) analytical model of one pitch of the sensor has been N
developed for the calculation of transfer impedance and other A

. - length 2%
parameters. The problem of edge effect is difficult to overcome A
in the analytical model. This paper reports the selection of the
optimum pitch based on the experimental results. Five types of
sensor ha_vmg pitches of 1.4, 1.8, 2.166, 2.6, and 3.25 mm h@@z Configuration of mesh-type magnetic sensor.
been fabricated.

The transfer impedance (i.e., the ratio of voltage of the . | th der-t p tion is th | i
sensing coil to the current of the exciting coil) is used t €ing fong, the meander-type configuration 15 the only option

evaluate the near-surface material properties which can pref%?"able’ butitis difficult to get any information about the inner

the mechanical fatigue and some other characteristics of f'ﬁéer cr_acIF<_ allgng(_j n ggra(ljlelt W'tt.h thi trEean(_jetr condl;ctor is
material [3]. A neural network model is used for the postprc?— own in Fig. 1. since the detection of Ihe existence or cracks

cessing of the parameters from the measured impedance da _based_ on the effect of eddy-current flow, a crack parallel to
the exciting meander conductor will affect the flow of eddy cur-

rents only slightly. In order to overcome the directional property,

a planar mesh-type micromagnetic sensor as shown in Fig. 2 is
The sensor consists of two coils. The exciting coil carriesdeveloped and is used for the estimation of near-surface material

high-frequency sinusoidal current to generate the ac magngiioperties.

field. The sensing coil is placed above the exciting coil and

is used to pick up the induced voltage. Fig. 1 shows the coiit. EXPERIMENTAL DETERMINATION OF OPTIMUM COIL PITCH

figuration of a planar meander-type magnetic sensor fabricate

and developed in the laboratory for the inspection of defects g

the printed circuit board (PCB) [4]. The conductors in the chh
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Il. CONFIGURATION OF SENSOR

quuaIIy, an analytical model is used for the characterization
the sensor and one coil pitch is assumed for that purpose, as
own in Fig. 3. This is based on the assumption that the length
_ _ _ of the coil is very large compared to the pitch so that the edge
Manuscript received January 31, 2002; revised May 14, 2002. effect can be neglected. For the meander-type configuration, the
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Fig. 3. Two-dimensional representation of analytical model of one coil pitch. ~ 0.03[ —~ Lift-off (mm) ‘ # ]
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Fig. 6. Variation of resistive part of the transfer impedance with the liftoff of
the sensor for different coil pitches.
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Fig. 4. Schematic of electroplated material. HP 4194A
Coil pitch (mm)
2.166
0'065N
g 2. Fig. 7. Experimental setup.
) 1.625
£ 0.06F 1.44 TABLE |
® - \ EXPERIMENTAL DATA
()]
= 3.25 | Pich | Pich | Pich | Ppitch | Pitch
2 Materiall 1 4 sy | 1.8 o) 2.166 m(2.6 mm| 325 mm
£0.055¢ 1
Copper [0.0559 | 0.0639 |0.0642 | 0.0623 | 0.0589
0.0 ‘ Conductivity (E+7 S/m) | Aluminum| 0.0743 | 0.0862 | 0.0875 | 0.0839 | 0.0786
' ?.5 2 25 3 35 4 45 Molybde
Nuym 00913 | 0.1112 { 0.1159 | 0.1096 | 0.1054
Fig. 5. Variation of resistive part of the transfer impedance with the
conductivity of the intermediate layer for different coil pitches. Tungsten| 0.0915 | 0.1124 |0.1167 10.1103 | 0.1079

case is presented here. To inspect the electroplated material use_dh itch 1 and pitch 2 of Fig. 2 th A
in the blade in a gas turbine, catastrophic failure is very mu Ich means pitch L and pitc o 9. 2 are neé same. An
dependent on the intermediate layer, as shown in Fig. 4. integer number of caoil plt;hes has been assumed and the area
A few analytical results for this case are presented here. Fig‘?%_\ll_e[jd Il:)yheachtcr:f them IS kep: clonsta}?t. Th isti t of
shows the variation of the resistive part with the conductivity g able | Shows he expenmental results. 1he resistive par o
the intermediate layer for different coil pitches. It is seen th € transfer _|mpedance for different surface ma_tenals with dif-
the resistive part is a maximum corresponding to the coil pit ﬁf‘?”t. coll piiches Of. the sensor are shown. .It IS seen that th.e
of 2.166 mm. Fig. 6 shows the variation of the resistive parr?‘?"s'[.'ve part of the impedance increases with the Increase in
with the liftoff of the sensor for different coil pitches. It is veryCOII p't.(lzh .ftrohm L4t 2'1dG.6 n:mzaggéhen s_tart; decreaslﬂg. So
difficult to choose the optimum pitch of the sensor from thig1e col p'llc't c;;frre;p:on Ny Ct’ ' f. mT IS Cf t%sen as (?l_ﬁp'
result. In order to avoid this problem, an experimental appranWum coll prich for the present contiguration of the sensor. The

is adopted for the determination of optimum coil pitch of th pedance is used for the estimation of surface material prop-
sensor erties through a neural network model.

Five types of sensor, having pitches of 1.4, 1.8, 2.166, 2.6
and 3.25 mm, have been fabricated and characterized usirl - EXPERIMENTAL IMPEDANCE DATA AND ESTIMATION OF
the experimental setup as shown in Fig. 7. A Hewlett-Packard NEAR-SURFACE MATERIAL PROPERTIES
impedance analyzer HP 4194A is used for the measurement oThe transfer impedance of the sensor obtained from the
transfer impedance. A square coil pitch has been assumed hexperiment is used for the estimation of near-surface material
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TABLE 1l
~1.72- i g 0.09 0.1 COMPARISON OF RESULTS OBTAINED USING GRID SYSTEM
[ g 1.79E7 S AND NEURAL NETWORK
171 1
é 2.0E7S/Mm - . .
c 1.7t 1 Conductivity of From grid Using neural
. aluminium system, Sfm x 107 network mode,
§,1.69— : / ] Simx 10’
1.68¢ ' L
= O. conductivity (S/m) with no lift-off 36 153
167 /) 1
T 166" ST with 0.1mm liftoff 37 354
1-65 | oy | Real part (Ohm) with 0.2mm liftoff 38 383
' 0.11 0.12 0.13 0.14 with 03mm liftoff 38 351
with 0.4mm fift-off 34 349

Fig. 8. Grid system for the estimation of surface properties.

input layer hidden layer oltput layer

MATLAB’s neural network toolbox has been used for the so-
% lution. The data used for the generation of the grid system can
be used to train the neural network. Depending on the situa-

reat (Z) conductivy tion, the model can have two, three, or even more outputs. A
simple model has been developed and the results obtained from

o thickness it are compared with that obtained utilizing a grid system [2] in

imag. {2 (lt-off Table Il. It is seen that the level of error is consistent. The level

of the error can be reduced using experimental data to train the
network.

Fig. 9. Schematic representation of neural network model. V. CONCLUSION

A new planar micromagnetic sensor having mesh-type con-
properties. The transfer impedance of the sensor depends fiy@ration is reported in this paper. The optimum pitch of the
complex way on near-surface material properties along wiggnsor has been derived from the experimental results. The mea-
many other parameters. There is no simple and direct methagted transfer impedance of the sensor has been used for the

of estimating the near-surface properties from the impedanggtimation of near-surface material properties through a simple
data. An approach based on an off-line generated grid systggural network model.
is used in [1]. The data for the grid system is generated from
the analytical model and is developed by plotting the imaginary
part of the impedance versus its real part for the parameters o{ _ . . .
. icular f A conductivity—thickness 1] N. J. Goldfine and D. Clark, “Near-surface material property profiling
interest at one Pamcu ar irequency. A co y > for determination of SCC susceptibility,” Proc. 4th EPRI Balance-of-
measurement grid, shown in Fig. 8, corresponds to an operating Plant Heat Exchanger NDE Sympune 1996, pp. 1-11. o
frequency of 1 MHz. Each node of the grid system in Fig. g [2] S. C. Mukhopadhyay, S. Yamada, and M. Iwahara, “Investigation
has fixed ductivi d thick Th di d of near-surface material properties using planar-type meander coil,”
as fixed conductivity and thickness. The measured Impedance in proc. 10th Int. Symp. Applied Electromagnetics and Mechanics
data is plotted on the grid as shown by in Fig. 8 and the (JSAEM Studies in Applied Electromagnetics and Mechanics) 11,
surface properties are estimated by interpolation technique. Tokyo, Japan, May 2001, pp. 61-69. . .
Instead of usina the arid svstem. the use of a neural networlp] Y. Shi and D. C. Jiles, “Finite element analysis of the influence of a
ns e_a 0 ) g Yy " h " fatigue crack on magnetic properties of stedl,’Appl. Phys.vol. 83,
model is reported here. A schematic representation of a simple  no. 11, pp. 6353-6355, June 1998.
neural network model is shown in Fig. 9 in which the real and [4] S- Yamada, H. Fujiki, M. Iwahara, S. C. Mukhopadhyay, and F. P.
. . fthe i dance are used as inputs. The con- Dawson, “Investigation of printed wiring board testing by using planar
Imaginary part o € impe u Inputs. coil-type ECT probe,”IEEE Trans. Magn.vol. 33, pp. 3376-3378,

ductivity and thickness (or liftoff) are considered as outputs.  Sept. 1997.
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