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Generation of horizontally polarized shear waves in ferromagnetic
materials using magnetostrictively coupled meander-coil

electromagnetic transducers

R. Bruce Thompson

Rockwell International Science Center, Thousand Oaks, California 91360
(Received 24 July 1978; accepted for publication 6 November 1978)

A new electromagnetic transducer configuration is described for generating horizontally
polarized shear (SH) waves in ferromagnetic materials. The transducer consists of a
meander coil and static bias magnetic field parallel to the coil elements. This
configuration generates no ultrasonic waves in a nonmagnetic metal since the induced
eddy currents are parallel to the bias field and the driving Lorentz forces vanish.
However, the configuration provides coupling to SH waves in ferromagnetic materials
through magnetostrictive effects. Experimental measurements of the variation of
transduction efficiency with bias field in nickel and 4130 steel plate are presented and
compared to the efficiency obtained with the same meander coils when the bias is
rotated 90° in the plane of the plate so that antisymmetric Lamb waves are generated.
Peak efficiencies occur at considerably different bias fields for the two configurations.
This result, as well as other features in the data, are interpreted in terms of a simple

model.

PACS numbers: 75.80.+q, 43.88.Dv, 62.30.+d

The use of electromagnetic-acoustic transducers
(EMAT’s) to excite and detect ultrasonic waves has recently
received considerable attention because of the ability to op-
erate without a couplant.'? A transducer consists of a coil of
wire driven at a dynamic frequency w and a magnet (either
permanent or electromagnet) producing a static bias field
H,. When placed next to a nonmagnetic metal at room tem-
perature, ultrasonic waves are launched as a response to the
Lorentz body force

f=p,J < H, 4))

where J  is the dynamic eddy current induced in the metal
by the coil. Waves can be detected by the same structure
through reciprocal processes.

A variety of coil-magnet configurations have been de-
veloped to couple to particular elastic wave modes or polar-
izations.'” In nonmagnetic metals it is desired to arrange the
geometry so that the induced eddy currents are perpendicu-
lar to the static bias field, so that the maximum force can be
developed. For example, one of the widest used transducer
types is the meander coil, which is shown in Fig. 1(a). This
can be used to excite Rayleigh waves,’ Lamb waves,’ or angle
shear or longitudinal beams,* depending upon the particular
drive frequency chosen. A second type of transducer, the
periodic permanent magnet EMAT, can excite the ortho-
gonally polarized horizontal shear (SH) plate or bulk
modes.** Both of these transducers, as other previous ver-
sions, have been designed for operation on nonmagnetic
metals on the basis of the Lorentz driving forces. However,
they operate on ferromagnetic materials as well, and, for the
meander-coil case with bias field parallel to the direction of
propagation, magnetostriction has been identified as a domi-
nant mechanism.”*
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This letter describes a new transducer configuration for
generating SH waves. The basic structure is shown in Fig.
1(b). The meander coil used is the same as before, but the
static bias field is parallel to the wire elements so that the

(2} y

X

FIG. 1. Meander-coil EMAT’s with various bias field directions. (a) Con-
figuration for generating Rayleigh, Lamb, or angle SV beams. Magnetic
field is in the sagittal plane. (b) Configuration for generating horizontally
polarized shear waves. Magnetic field is parallel to coil elements. (¢) Co-
ordinate system.
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Lorentz force vanishes. The transducer, therefore, differs
from previous transducers not only in detail but in basic
principle, since no generation occurs in the nonmagnetic
limit. It is only through magnetostrictive forces that the gen-
eration can occur in ferromagnetic materials.

This generation is illustrated in Fig. 2, where the field
dependence of the amplitude of the signal transmitted be-
tween a pair of transducers is plotted for two ferromagnetic
materials. Also shown for comparison is the signal produced
in the configuration of Fig. 1(a) when § =0. The experiments

were performed on 1.6-mm-thick (Tlﬁ—in.) plates of nickel and

4130 steel. The meander coil had a period of 0.305 cm (0.120
in.) as required for Rayleigh-wave excitation at approxi-
mately 1 MHz on a half-space. In the configuration shown in
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FIG. 2. Variation of ultrasonic signal transmitted between a pair of trans-
ducers for configurations shown in Fig. 1 (a) (dashed line) and Fig. 1(b)
(heavy solid line). The light solid lines are high field limits for the SH trans-
ducer which varies as H ;- ' and for the Lamb-wave transducer which varies

as H " % (a) 4130 steel. (b) nickel.
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FIG. 3. Sketch of magnetostrictively induced lattice deformation responsi-
ble for generation of SH waves as it varies during one-haif cycle of drive.
Solid lines indicated the deformation of an originally square element that
occurs at high fields in a material, such as polycrystalline iron or nickel,
with negative magnetostriction.

Fig. 1(a), maximum transmission between the transducer
pairs occurred at 0.84 MHz, as expected for excitation of the
A, ° plate mode. In the configuration of Fig. 1(b), maximum
transmission occurred at 1.04 MHz, substantiating that the
SH, mode was, in fact, excited with a phase velocity of

3.2 X 10° cm/sec, equal to that of a bulk shear mode in these
materials. The relative efficiencies of the two mechanisms
are approximately maintained in the figures. The new con-
figuration is more efficient than the previous one in nickel,
while it is somewhat less efficient in steel.

For the configuration shown in Fig. 1(a), the
magnetostrictive contribution to the transduction efficiency
has been analyzed in detail.”* This is not the case for the
presently reported transducer, and will be the subject of a
future paper. However, the basic physical principles are be-
lieved to be understood at this time. In the coordinate system
shown in Fig. 1(c), it can be seen that the magnetic fields
consist of a dynamic component A, superimposed on a static
bias H . Consider, for simplicity, the high-bias case, H,,,> 1
kOe, where the material is close to saturation. The magnetiz-
ation changes by reversible rotations'® and will essentially
follow the vector sum of these fields. It, therefore, oscillates
in the xy plane about the y axis. In this limit, both nickel and
steel (polycrystalline) tend to shorten in the direction of
magnetization.'' As the field and magnetization rotates, the
material tends to shorten along their instantaneous direc-
tion. Consequently, a deformation (contraction) of the mate-
rial is also rotating in the xy plane as shown in Fig. 3. Under
dynamic conditions, this may be described by stresses o,
which, when coupled with the periodicity induced in the x
direction by the meander coil, will produce an effective body
force f, in accordance with the relation

ad
— o 2
f'v ax @

The SH waves are launched as a response of this force.

Without presenting a detailed analysis, it is possible to
explain two prominent features of the data. As in the case
where the dynamic and static fields are parallel (6=0°), it
can be shown that the amplitude of the ultrasonic wave
transmitted between a pair of these transducers is propor-
tional to [8(do,,/0h )], where § is the electromagnetic skin
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depth, proportional to g2 with x4 being the magnetic per-
meability, and do, dh, is a magnetostrictive coefficient for
the crossed-field case. In the domain rotation regime near
saturation, it is well known that u~[1 + (M./H, )],"* where
M, is the magnetization produced by the bias. By similar
arguments, it can be shown that do, ,/0h,~C.(4 1/1)o/ H,,,
where C,, is the shear modulus and (41/1), is the magneto-
striction produced by the bias. At high bias, it follows that
the ultrasonic signal should vary as H !, This was, in fact,
observed experimentally as indicated by the solid asymp-
totes in Fig. 2.

Second, these arguments suggest that the strength of
the signal in this new configuration should be proportional
to(41/1)3/H ?, whereas in the previous configuration it was
proportional to [d(4 1/1),/8H,)>.** This is substantiated by
the data in Fig. 2. In 4130 steel, the maximum efficiency
point for the § = O configuration occurs when 4,, = 300 Oe.
At this bias, d(A41/1),/dH, is large, but the absolute value of
(41/1), can be quite small" under many metallurgical con-
ditions. The small transduction efficiency in the new con-
figuration is probably the result of such a case. For higher or
lower bias levels, (41/1), increases in magnitude but
d(A1/1),/3H, diminishes. This is reflected by proportional
changes in transduction efficiency. The results in nickel are
simpler since there is less structure in the magnetostrictive
curve. However, again the peak efficiency is observed at dif-
ferent bias levels for the two configurations, for similar
reasons.

It is interesting to note that the newer configuration has
a greater efficiency than the previous configuration in nickel
and a lower efficiency in steel. This is in agreement with
preliminary attempts to quantify the above discussion and
will be discussed in a future paper.

It is believed that this new transducer has many poten-
tial applications in the excitation of SH waves for both signal
processing and nondestructive testing devices. These waves
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are important because of the absence of mode conversion
when they strike surfaces parallel to their polarization and
the resulting simplicity of the resulting signals. Previously
they could only be excited by EMAT’s using the periodic
permanent magnet geometry.”* The new transducer allows
one to use an electromagnet to reach one of the high-efficien-
cy points shown in Fig. 2. Such a bias variation is quite diffi-
cult using the periodic permanent magnet transducer. Also,
the dynamically driven meander coil has practical advan-
tages over the dynamically driven solenoidal coil used with
the periodic magnetic transducer because it has a lower im-
pedance level, which is easier to drive with solid-state cir-
cuitry, and because it does not strongly radiate electromag-
netic energy, thereby reducing shielding and leakage
problems.

The author would like to acknowledge several useful
discussions, which helped clarify ideas presented in this pa-
per, with Dr. C. F. Vasile and Dr. C. M. Fortunko of this
laboratory. This work was supported by the Independent
Research and Development Program of the Rockwell Inter-
national Science Center.
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