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ABSTRACT

The objective of this presentation is to introduce a recent development of a magnetostrictive grating technique using an optimal yoke
to efficiently generate and measure SH (Shear-Horizontal) waves in a plate. Gratings are effective means to generate frequency-tuned
waves, but the gap between magnetostrictive gratings inevitably obstructs magnetic flow. Because magnetic field is the main physical
quantity to actuate and sense ultrasonic waves, the transducer performance is most significantly influenced by the magnetic field
distribution in the strips. Thus, wave transduction efficiency can be substantially improved if better magnetic flow is formed in the
strips. To improve the efficiency, the topology optimization method was used to determine an optimal yoke configuration. A series of
experiments on an aluminum plate were conducted using a grating with and without the designed yoke; when the yoke was used, the

signal outputs increased up to 60 %.
1. INTRODUCTION

In comparison with popular piezoelectric ultrasonic
wave transduction mechanism [1], the main advantages
of using magnetostrictive transducers are wireless
transduction and cost-effectiveness. Because
magnetostriction [2] is the coupling phenomenon
between mechanical deformation and magnetic field
change, no direct wiring to magnetostrictive material [3-
6] is necessary unlike in piezoelectric transducers. In this
investigation, a magnetostrictive grating made of nickel
is used as an alternative wave transduction mechanism
for the generation of ultrasonic SH (Shear-Horizontal)
waves in a plate. The first branch of SH waves is
preferred in nondestructive evaluation of a plate because
it is the only non-dispersive mode [7, 8]. The wave speed
of a non-dispersive wave mode is independent of
frequencies so that any pulse generated within the non-
dispersive mode preserves its shape during wave

propagation

Fig. 1 (a) shows an experimental setup used for SH
wave transduction on an aluminum plate by
magnetostrictive nickel gratings. Figures 1 (b) and (c)
schematically illustrate a single nickel strip transducer
and a nickel grating transducer, respectively. Note that
the magnetic transducer in Fig. 1(c) consists of a nickel
grating, permanent magnets providing static bias
magnetic field and a set of coils supplying or sensing
time-varying field.. The strip in Fig. 1(b) or the grating in
Fig. 1(c) must be bonded onto the plate for ultrasonic
wave transduction. In Fig. 1(b), Symbol @ denotes the
static bias field direction applied to the nickel strip while
Symbol (), the dynamic field direction parallel to the z
axis. The dynamic field is generated by two nearby coils.
The coils perform both as actuating and sensing elements.
To generate SH waves, the direction of the static bias
magnetic field must be orthogonal to the direction of the
dynamic magnetic field [9].

When a grating as in Fig. 1(c) was used, the center
frequency of generated waves could be predicted by the
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following simple relation:
fc = CS //1 (1)
InEq. (1), f,,cs and A denote frequency, shear wave

speed, and wavelength. Equation (1) indicates that the
center frequency can be controlled by the interval of a
grating d if d is equal to A . When lower center
frequencies are needed, larger values of d must be used.
In this case, the signal output becomes smaller because
larger intervals make it more difficult for the magnetic
field to flow across grating strips. As a result, the
magnitude of the magnetic flux density in the strips will
decrease and the magnetic field among the strips will be
less uniform. So, we considered introducing a magnetic
yoke to improve magnetic flow across the strips of the
grating.

To find an optimal magnetic yoke configuration, the
method of topology optimization developed for magnetic
systems [10, 11] may be used. Because the method does
not require a baseline design, it can be useful when no
initial design is available. Though the optimization
procedure for magnetic systems has been established, the
problem is how to set up the present yoke design
problem.

(b)
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Fig. 1. (a) Experimental setup for SH wave transduction by

magnetostrictive nickel grating transducers in a plate, (b)
Schematic diagram of a single nickel strip transducer, (c)
Schematic diagram of a nickel grating transducer.

2. MAGNETIC YOKE DESIGN

The illustrations on the left and right sides in Fig. 2(a)
show three-dimensional finite element models
constructed for the topology optimization of a yoke
configuration to improve magnetic flow. To facilitate
yoke design, optimization is carried out separately for
each of the two magnetic field directions, and the two
results will be combined into a final optimal yoke shape.
The two-dimensional view of the illustrations without the
elements denoting coils or permanent magnets is shown
in Fig. 2(b). The region meshed by finite elements in Fig.
2(b) represents the design domain where a magnetic
yoke can be located. The shaded region marked by
“nickel strips” is not a part of the design domain because
the region is the area where nickel strips are to be bonded
on a test plate (not shown). Note that the yoke will be
simply placed on a test plate, not bonded to it because it
is used only as a magnetic flow path. If it was bonded,
wave modes other than SH wave modes would be
generated. The yoke will be made of nickel, the same
material used for strips.
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Fig. 2. (a) Three-dimensional finite element models used to
find optimal yoke configurations by the topology optimization,
(b) Two-dimensional view of the finite element models in (a)
without showing coils and permanent magnets, (c) Intermediate
and final yoke configurations obtained by solving Problems (A)
and (B) by the topology optimization method, (d) Final yoke
configuration (drawn in black)

The detailed topology optimization procedure is not
given here, but the optimized results in Fig. 2(c) shows
intermediate and final yoke configurations obtained by
the topology optimization method. As shown in Fig. 2 (c),
the optimized yoke configurations are made of separate
pieces. The optimized yoke configurations for the x and z
directions are different as may be expected, but a single
yoke configuration must be chosen because the magnetic
fields in the x and 1z directions are applied
simultaneously to the nickel strip for actual situations.
Thus, the union of the two optimized yoke configurations
is selected as the final yoke configuration. It is illustrated
in Fig. 2(d).

3. Experimental verifications

Fig. 3 shows the effects of using the yoke of Fig. 2(d)
on the signal output by the grating transducer; referring
to the experimental setup in Fig. 1(a), the energy-
centralized Gabor pulse [12] with the center frequency of

f, =240 kHz was sent to one of the two transducers

while the other transducer picked up the wave
transmitted along the test plate. The first pulse denotes
the wave directly from the actuating transducer to the
sensing transducer, and the second pulse, the reflected
wave from the plate end. As shown in Fig. 4, shows that
the use of the yoke increases the peak-to-peak output

voltage V, , from 8.60x107V to 13.9x107 V ,

which amounts to 62% increase. Experimental results
performed for three different grating intervals are shown
in Fig. 4:d =8 mm (w =4 mm), d = 10 mm (w = 5 mm),
d =12 mm (w = 6 mm). The Gabor pulses were
transmitted at intervals of 20 kHz from 100 kHz to 600

kHz. The findings from these experiments can be
summarized as:

Even if the yoke is installed to the grating, the relation
(Eq. (1)) between the center frequency and the grating
distance holds. For d = 8 mm, 10 mm, and 12 mm,

fcexperime”t = 360 kHz, 280 kHz and 240 kHz were
obtained. These frequencies compare favorably with
f fheory loy £q. 1) = 387 KHz, 310 kHz and 258 kHz.

For all tested values of d, the magnitudes of the
signals measured by the grating transducer having the
optimized yoke increased at all driving frequencies. For
larger grating intervals, the effect of the yoke installation
is more profound.

=
005
3 l 1TV, ,=863x107
% 0 —l‘ ol I;;-u-—-uu.—-.ww‘," ! o e L g e
> | i "Il
=1 s
£-005 |
3 L .
0 1 2 3 4 5
Time (s) % 10--‘
(a)
s T W
g 0.05 l Ilurﬂ P=13,9xml==|
jo) {f 1
§ 0‘l-+ r-‘-l s -".i .I}_'-mv--'-.-' vaie I'-«»-——-—m- e g
7] ‘ i ‘ |
g-00s| || Il
o [}
0 1 3 4 5
Time (s) 10
(b)

Fig. 3 (a) The signal by the transducer with only the grating (b)
the signal by the transducer with the grating and the designed
magnetic yoke (grating distance d = 12 mm, center
frequency f, =240 kHz)
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Fig. 4 Peak-to-peak voltage output by the nickel grating on the
aluminum plate with (%) and without (¢) the optimized yoke.
(@ d=8mm, (b) d =10 mm and (c) d = 12 mm.

4. Conclusions

The use of a magnetic yoke was proposed to improve the
magnetic flow field around grating strips. The yoke
configuration problem was set up as a topology
optimization problem. The optimized yoke was shown to
play a significant role in increasing the transducer output
especially for large grating intervals.

ACKNOWLEDGEMENTS

This research was supported by the National Creative
Research Initiatives Program (Korea Science and
Technology Foundation grant No. 2006-033) contracted
through the Institute of Advanced Machinery and Design
at Seoul National University.

REFERENCE

(1) Gardner, J. W., et Al., 2001, Microsensors, MEMS and
Smart Devices, New York, Wiley.

(2) Jiles, D. C., 1995, Theory of the magnetomechanical
effect, J. Phys. D., Vol. 28, No. 1537, pp.1537-1546.

(3) Kwun, H. and Teller, C. M, Magnetostrictive generation
and detection of longitudinal, torsional and flexural waves in a
steel rod, J. Acoust. Soc. Am. 96(2) (1994) 1202-1204.

(4) Kwun, H. and Bartels, K. A., 1998, Magnetostrictive

sensor technology and its applications, Ultrasonics, Vol. 36, No.

171, pp. 171-178.

(5) Kim, Y. Y., et al., 2005, “Torsional wave experiments
with a new magnetostrictive transducer configuration,” J.
Acoust. Soc. Am., Vol. 117, No. 6, pp.3459-3468.

(6) Kim, I. K. and Kim, Y. Y., 2006, “Wireless frequency-
tuned generation and measurement of torsional waves using
magnetostrictive nickel gratings in cylinders,” Sensors and
Actuators AVol. 126, No.1, pp. 73-77.

(7) Graff, K. F., 1975, Wave Motion in Elastic Solids, Ohio
State Univ. Press.

(8) Rose, J. L., 1999, Ultrasonic Waves in Solid Media,
New York, Cambridge University Press.

(9) Thompson, R. B., 1976, “Generation of horizontally

polarized shear waves in ferromagnetic materials using
magnetostrictively coupled meander-coil electromagnetic
transducers,” Appl. Phys. Lett., Vol. 34, No. 2, pp.175-177.

(10) Kim, W. and Kim, Y. Y., 2004, “Design of a bias
magnetic system of a magnetostrictive sensor for flexural wave
measurement,” IEEE Trans. Mag., Vol. 40, pp. 3331-3338.

(11) Park, C. 1., Kim, W., Cho, S. H. and Kim, Y. Y., 2005,
“Surface-detached v-shaped yoke of obliquely-bonded
magnetostrictive strips for high transduction of ultrasonic
tortional Waves,” Applied Physics Letter. Vol. 87, 224105.

(12) Hong, J. -C., Sun, K. H. and Kim, Y. Y., 2005, “The
matching pursuit approach based on the modulated Gaussian
pulse for efficient guided-wave damage inspection,” Smart
Mater. Struct., Vol. 14, pp. 548-560.



