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An electromagnetic acoustic transducer has been developed for line-focusing the shear-vertical
(SV) wave in a metal. The EMAT consists of a permanent magnet to supply the bias magnetic field
normal to the surface, and a meanderline coil to induce the dynamic field and eddy currents in the
surface region of the sample. The meanderline spacing is continuously changed so that the generated
SVwaves from all segment sources become coherent on the focal line after traveling oblique paths.
The printed circuit technique enables the fabrication of such a functionally spaced meanderline coil
within 1-mm accuracy. The directivity is measured using a half-cylindrical sample of an aluminum
alloy, which shows a much sharper radiation pattern of the focusing EMAT than the EMAT having
a meanderline coil of constant spacings. This EMAT is then tested through detecting a shallow
notch. The scattered signal from the notch is received by the same EMAT, which shows enough
strength even for the notch of 0.2-mm depth. ©1998 Acoustical Society of America.
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INTRODUCTION

Electromagnetic acoustic transducers~EMATs!1–5 have
definite advantages for the noncontact inspection and c
acterization of electrically conductive materials. They exc
and detect the elastic waves through the electromagn
transduction and they are free from any mechanical coupl
which eliminates the measurement errors associated with
contact transduction. An EMAT consists of permanent m
nets ~or electromagnets! to supply the bias magnetic field
and the driving coil element to excite the eddy currents a
the dynamic fields. Their configuration depends on the m
of elastic wave desired.

An EMAT, however, has two basic disadvantages;
weak transduction efficiency and the broad radiation pat
of elastic waves into a solid. However, the sensitivity of t
EMAT has been dramatically improved owing to the rece
advances in the electronics and signal processing techniq
the permanent magnet such as the Nd–Fe–B sintered m
net, and the printed circuit techniques to fabricate the prin
coils. Especially, the use of an EMAT in the ultrasonic res
nant technique6–9 overcame the low transduction efficienc
by receiving highly and coherently overlapping echoes a
resonant state. On the other hand, the elastic waves gene
by an EMAT propagate nearly all possible directions in t
sample, which is undesirable for flaw detection purposes.
example, Fig. 1 illustrates the elastic-wave radiation by
EMAT built with a meanderline coil and a permanent ma
net. The EMAT generates the logitudinal wave and
shear-vertical (SV) wave propagating obliquely in th
sample, and the Rayleigh wave along the surface. They

a!Electronic mail: ogi@me.es.osaka-u.ac.jp
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generated at the same time for both sides with the br
directivity patterns and will be reflected not only by flaw
but also by the sample edges. It is often difficult to dist
guish the flaw signal from others. Moreover, the broad rad
tion decreases the ultrasonic energy to be concentrated o
target flaw.

This paper presents a technique to sharpen the dire
ity by line-focusing theSV waves. The major radiation di
rection by the EMAT in Fig. 1 depends on the driving fr
quency, the meanderline spacings, and the wave mod10

We choose to focus theSV waves at a fixed frequency b
continuously changing the meanderline spacing so that
excitedSV waves become coherent on a focal line.

Another technique is possible for focusing the she
horizontal (SH) wave by the periodic-permanent-magn
EMAT ~PPM-EMAT!,5 which consists of the elongated sp
ral coil and the periodically arrayed thin permanent magn
The direction of theSH wave is governed by the spatia
period of the magnet array and the frequency. TheSH wave
can be concentrated on a focal line by changing the mag
thickness. However, this method for focusing theSH wave is
impractical for many purposes, because the megahertz-ra
SH wave needs the magnets thinner than 1 mm, which
intolerable to even a small liftoff. Besides, the present foc
ing technique is superior at two points. One is the high
curacy for making the meanderline coil. Unlike the perm
nent magnet case, the spacing of the meanderline coil ca
decreased as small as the fabrication accuracy. The re
printed circuit technique makes it possible to produce
meanderline coil of theoretically generated unequal spac
within 1-mm accuracy. The second advantage is in the us
theSVwave itself. TheSVwave radiated from a line sourc
241103(5)/2411/5/$10.00 © 1998 Acoustical Society of America
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has a sharp directivity,11 unlike the broad radiation pattern
of other elastic modes.

I. DESIGN OF THE MEANDERLINE COIL

We consider a two-dimensional space, where the h
space ofz.0 is filled with an electrically conducting mate
rial and thex-y plane coincides with the surface~Fig. 2!. A
meanderline coil and a permanent magnet are located
the surface. When the coil is driven by a current, the shea
forces parallel to the surface arise mainly under the stra
parts of the coil due to the Lorentz force, the magnetizat
force, and the magnetostriction effect.4,5 Only the Lorentz
force is the possible source in a nonmagnetic metal, bu
three contribute to producing the shearing force in a fer
magnetic metal.

When the meanderline coil has a constant spacingl , the
angle u for the major radiation is determined so that t
elastic wave originated from each source becom
coherent:10

sin u5
c

2l f
, ~1!

wherec is the longitudinal or shear wave velocity andf is
the frequency of the driving current. On the basis of t
relation, we intend to focus theSV wave to a line in the
sample using the variable spacing. Figure 3 illustrates

FIG. 1. Typical elastic wave radiation by an EMAT with a permanent m
net and a meanderline coil with equal spacings.

FIG. 2. Two-dimensional field for analyzing the radiation of the EMA
Only Lorentz force is considered for simplicity.
2412 J. Acoust. Soc. Am., Vol. 103, No. 5, Pt. 1, May 1998
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determination of the meanderline spacing. First, we set
frequency, a focal line in the sample, and the edge of the
at the most left side~i.e., setting f , u, R, and x1) . The
location of (i 11)th line (xi 11) is determined so that the
spacingl i locally satisfies Eq.~1!:

sin u i5
cS

2l i f
5

uR sin u2xi2 l i /2u

A~R cosu!21~R sin u2xi2 l i /2!2
, ~2!

wherecS is the shear wave velocity. Equation~2! is solved
for l i by Newton’s method with knownxi and then we can
determine the detailed configuration of the meanderline c
In this study, we setf 54 MHz, u540 °, R5100 mm, x1

5230.88 mm, andn598 with cS53.2 km/s. Figure 4
shows the meanderline spacings calculated for the above
rameters.

We have fabricated the meanderline coil by printi
copper on a polyimide sheet and then etching the cop
following the designed pattern. This technique allows us
make a high-impedance coil of an arbitrary geometry w
the accuracy of 1mm. The liftoff of the sheet coil is only 25
mm, improving the weak coupling efficiency of the EMAT

II. NUMERICAL SIMULATION OF RADIATION
DIRECTIVITY

A numerical simulation is possible for estimating th
radiation pattern of the EMAT. Considering a nonmagne

-

FIG. 3. Determination of the meanderline configuration.

FIG. 4. Variable of the meanderline coil.
2412Ogi et al.: Line-focusing of ultrasonic SV wave
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metal, the EMAT shown in Fig. 2 excites the shearing L
entz force in thex direction in the surface region. When th
sample material has a good conductivity, the shearing fo
takes place in the surface skin and can be considered a
traction force on thex-y plane.12 Thompson5 derived the
Fourier transform expression for the periodic traction fo
and, by taking up the fundamental component, showed th
is proportional to cos(px/l). We apply this formula to the
small part of the coil, assuming the local uniformity of th
spacings. On the surface region between thei th and (i
11)th lines, we approximate the traction force by the cos
curve with the characteristic lengthl i ~spatial frequency of
px/ l i!.

We then digitize the traction-force distribution to a lar
number of strip sources at equal intervals to calculate
amplitude and the phase of theSV wave radiated from the
EMAT. Each element source oscillates with the strength
phase prescribed by the cosine function. When a strip sou
lying along they axis at x50 and having a very narrow
width compared with the wavelength, vibrates along thex
axis, the displacementuu perpendicular to the propagatio
direction of the excitedSV wave is generated:11

FIG. 5. Directivity of the amplitude and the phase of theSV wave radiated
from the single strip source.
2413 J. Acoust. Soc. Am., Vol. 103, No. 5, Pt. 1, May 1998
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5
C

Ar

~l12m!cos 2uS cosuS

2m sin 2uS sin uL cosuL1~l12m!cos2 2uS

3ej †~3/4!p2kSr ‡, ~3!

cos2 uL512S l12m

m D sin2 uS , ~4!

at a far distancer from the source. HereC is a constant,l
andm are Lame’s constants,kS(5v/cS) is the wave number
of the SV wave, anduS is the propagation direction of th
SV wave. Figure 5 shows the normalized amplitude and
relative phase referring touS50° of the SV wave radiated
from the single strip source as functions ofuS for cS

53.2 km/s, m526 GPa, andl558 GPa. We see that th
amplitude directivity has a sharp peak arounduS530°,
which corresponds to the critical angle of the longitudin
wave (uL590°), and all the exciting energy is directed t
ward the shear wave generation. Therefore, it is beneficia
locate the focal line so that all the sources take the anglu i

centered around this angle, although Eq.~1! must be satis-
fied. The angleu i ranges from 23° to 51° with the meande
line coil designed in this study~Fig. 4!.

By applying Eq.~3! to all the strip sources and numer
cally integrating their contributions,13 we map the amplitude
and the phase of theSVwave in the two-dimensional region
Figure 6 shows the result for the line-focusing EMAT~LF-
EMAT! with the coil designing of Fig. 4 and, for compariso
purposes, the constant-spaced EMAT~CS-EMAT! of l
50.65 mm. Attenuation is not included. The results are n
malized by the maximum amplitude in the LF-EMAT cas
We find that the LF-EMAT successfully focuses theSV
wave at the position as expected~x564.2 mm,z576.6 mm!,
while the CS-EMAT produces the broad radiation patte
FIG. 6. Simulation of the two-dimensional distribution of theSV-wave amplitude radiated by~a! the LF-EMAT and~b! the CS-EMAT.
2413Ogi et al.: Line-focusing of ultrasonic SV wave



FIG. 7. Measurement setup for the directivity of theSV-wave amplitude.
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and naturally the peak amplitude is smaller than the L
EMAT case.

III. MEASUREMENT OF DIRECTIVITY

Figure 7 sketches the measurement setup for the ra
tion pattern of the EMATs. We use a half-cylindrical samp
of an aluminum alloy~Al2017!, whose diameter is 200 mm
and axial length is 100 mm. The EMAT is located on t
middle of the flat surface and is driven by high-power bu
signals of 8-ms duration. TheSV waves generated by th
EMAT are received by the bulk-wave EMAT6,8 located on
the cylindrical surface. To produce a good spatial resolut
for the directivity measurement, the coil face of the bu
wave EMAT is shielded with copper sheets to make a 1-m
wide aperture. The received signal is fed to the quadra
phase detectors to extract the in-phase and out-of-phase
puts relative to the driving signal by analog-integrator ga
of 30-ms width. The amplitude is determined from the root
their squares. The details of electronics are found in the
vious work.6

The measurements have been performed for
EMATs, the LF-EMAT and the CS-EMAT (l 50.65 mm).
Figure 8 shows the amplitude distribution as a function
the propagation direction. This includes the results of
numerical simulation, which shows a good agreement w
the measurement, indicating the validity for estimating
radiation pattern. It is clear that the LF-EMAT is much s
perior to the CS-EMAT in the directivity sharpness. We a
show the measured directivity pattern when the LF-EMAT
driven at 2.5 MHz. As the driving frequency decreases,
amplitude peak moves to larger angle region. This is ea
understood from Eq.~1!, but the directivity shows the sharp
est peak at the designed angle and frequency.

We show the as-received signals at 4 MHz for thr
angles in Fig. 9. They also indicates the good directivity
the LF-EMAT. The signal from the LF-EMAT at the focus
ing angle (u540°) is not flat, which is attributed to th
transit time difference from the sources. The meander
coil was about 60 mm long. The maximum difference occ
2414 J. Acoust. Soc. Am., Vol. 103, No. 5, Pt. 1, May 1998
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between the edge sources and it is estimated to be 12ms. In
the measurement, we used an 8-ms burst signal. Therefore
they are partially superimposed and the received signal ta
the shape of a larger duration.

IV. DETECTION OF SHALLOW NOTCH

The LF-EMAT was then used for detecting the shallo
notch on the opposite surface of an aluminum block~76-mm
hight, 60-mm width, and 500-mm length! introduced by the
electrodischarge technique. The notch was 20 mm long,
mm wide, and 0.2 mm deep. The notch was located at
distance of 111.5 mm from the edge of the block. The fo
line of the EMAT lays on the opposite surface. By movin
the EMAT on the upper surface in the length direction, w
measure the amplitude of the scattering signal from
notch.

FIG. 8. Measurement and calculation of the directivity of theSV-wave
amplitude. The solid circles are the data at 4 MHz and the open lozeng
2.5 MHz. The broken lines show the calculation results at 4 MHz.
2414Ogi et al.: Line-focusing of ultrasonic SV wave
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The same EMAT receives the signals. The result is plotte
Fig. 10. If the focal line is away from the notch, the amp
tude is as small as the noise level. Approaching the no
the amplitude increases and, after taking the peak, it s
denly decreases back to the noise level. We show the m
mum scattering signal in Fig. 11, where the signal has the
shape and the duration is comparable to that of the in
burst signals of 16ms, unlike the previous case in Fig. 9~a!.
This can be explained as follows. The directivity pattern
theSVwave generated from the single source~Fig. 5! is also
applicable to express the efficiency directivity in the rece
ing stage. The total transduction efficiency is governed
the square of this pattern and the peak arounduS530° is
much more enhanced. Therefore, the coil parts located

FIG. 9. Wave forms received at three angles for~a! the LF-EMAT and~b!
the CS-EMAT.

FIG. 10. Amplitude of the scattering echo from the notch detected by
LF-EMAT at 4 MHz.
2415 J. Acoust. Soc. Am., Vol. 103, No. 5, Pt. 1, May 1998
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this angle primarily contribute to the received signal. Co
sidering only these parts, the transit time is approximat
the same, which makes such a flat signal. We measured
transit time of the received signal through the phase14 and
obtained 57.8ms. The distance between the line source
cated atuS533° and the notch bottom was 91.7 mm, and t
transit time of the round trip is then calculated to be 57.3ms
with cS53.2 km/s. This agreement supports the above ex
nation.

V. CONCLUSIONS

The line-focusing EMAT has been developed for co
centrating theSV wave in a metal by designing the variab
spacing of the meanderline coil. Owing to the high accura
of fabricating the printing coil and the unique radiation pa
tern of theSV wave, the line-focusing EMAT establishes
sharper directivity pattern. The numerical simulation h
been used for predicting the radiation pattern of the EMA
which showed a good agreement with the measurement.
directivity measurement proved a sharper amplitude pea
the focusing EMAT than the EMAT with an equal-spacin
coil. The measurement also indicated that the location of
focal line can be controlled through the frequency, thou
the directivity is broadened.

The line-focusing EMAT showed a pronounced sensit
ity for detecting the shallow notch of 0.2-mm-depth on t
opposite surface of a block. The echo from the notch w
large enough and it will be measurable even for sma
notches. The line sources having the angle near 30° to
focal line give the largest contribution to the flaw detectio
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FIG. 11. Scattered echo from the notch of 0.2 mm deep.
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