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Abstract

Electromagnetic acoustic wave transducers (EMATs) are a
broad class of ultrasonic transducers that can generate bulk
shear and longitudinal waves, Rayleigh, Lamb, and general
surface acoustic waves in metals with no mechanical (fluid)
coupling. EMATs have a number of advantages over conven-
tional piezoelectric transducers, as well as the general dis-
advantage of larger insertion loss. Proper sensor and elec-
tronics design permits good signal-to-noiselevels to be achieved,
thereby enabling one to exploit the advantages of EMATs.

The absence of a fluid couplant makes it possible to design
transducers that operate at elevated temperatures (1200°F
[649°C] has been realized to date) and scan at high speeds.
The operating characteristics of EMATSs can be reproduced
from one unit to another quite easily, making them useful as
ultrasonic standards, No poling is involved in EM AT, so their
performance is relatively free from aging effects. EMATs also
offer essentially new possibilities in ultrasonic wave genera-
tion because shear-horizontal (SH) waves, which are easily
generated with EMATSs, must otherwise be generated with
rigidly bonded transducers. Shear waves of any desired po-
larization can be generated perpendicular to the surface. These
can be used for single transducer thickness gaging. The di-
rection of angle-beam shear and longitudinal waves can be
controlled electronically (by controlling the frequency) and
hence offer new approaches to test development. To realize
any particular set of these special features and advantages,
careful attention must be given to the EMAT design. Because
the insertion loss of EMATs can be as much as 40 dB greater
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than for comparable piezoelectric configurations, correct
impedance matching on generation and reception becomes
very important. Different drivers must be used for EMATs
because they are current-operated devices for the generation
of ultrasonic waves. When properly designed and instru-
mented, an EMAT-based ultrasonic system can be used for
thickness gaging under high loss conditions, and defects at
least as small as 0.030 in. (0.76 mm) can be detected reliably.
This paper provides the details needed to design SH wave
and longitudinal and shear bulk wave EMATSs using either
permanent magnets or electromagnets to provide the bias field.
Additional considerations needed for high temperature, high
speed, and other practical inspection situations are described,
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INTRODUCTION

The basic theory that describes elastic wave generation via
magnetic forces on induced or eddy current distributions has
been treated very thoroughly for all wave models.'* These the-
oretical treatments provide the basis for interpreting numerous
measurements. Agreement is generally good, giving one a high
degree of confidence that the theory does, indeed, include all
relevant terms.

The main objective of this paper is not to discuss theoretical
treatments, but rather to describe how practical devices for
different kinds of elastic wave generation may be constructed
and used for making measurements. This does not mean that
the theory is not important; it is obviously an essential element
in understanding device performance. There are, however, sev-
eral important aspects of the functioning of EMATS that are
not part of the usual underlying theoretical description. These
features will be emphasized in this paper.

ELASTIC WAVE GENERATION

The most widely used methods for elastic wave generation
rely upon some form of electromechanical conversion, In a pi-
ezoelectric generator, an applied voltage charging a capacitive
element produces an internal electric field having approxi-
mately the same time dependence as the applied voltage. In
piezoelectric materials, the force associated with this electric
field causes the interatomic spacing to change slightly. This
elastic disturbance will generally propagate. If the piezoelectric
material is mechanically coupled to another elastic body, then
the elastic disturbance in the piezoelectric material will gen-
erate an elastic wave in that elastic body. This wave will bear
some resemblance to the voltage originally applied. If a mag-
netostrictive generator is used, then an applied magnetic field
from an inductive element produces an elastic wave in a me-
chanically coupled elastic body.

In electromagnetic acoustic-wave generation (EAG), mag-
netic forces on an electrical-induced current distribution in a
metal couple to the atomic lattice via electron-ion and electron-
impurity collisions.” Thus, a current applied to an inductive
element placed in proximity to a metal surface induces eddy
currents that experience a magnetic or Lorentz force. This force
generates an elastic disturbance that is usually a precise tem-
poral reproduction of the magnetic force. Note that for EAG,
the electromechanical conversion takes place directly within
the eddy current skin-depth; that is, no mechanical coupling
to an elastic body is needed. Thus, the metal surface is its own
transducer, and there exists no acoustic impedance mismatch
to its transducer. In contrast, an elastic wave generated by
piezoelectric or magnetostrictive means must be mechanically
coupled into the material one wishes to evaluate. Mechanical
resonances and elastic damping in the transducing element and
coupling material will influence, sometimes dramatically, the
elastic wave that gets coupled out of the transducing element
and into the elastic body under study.

Herein lies the main and often the only important difference
between transducers based on EAG and mechanically coupled
transducers; namely, that transduction takes place in the elas-
tic body under study. In addition, EAG is a linear, reciprocal
process. Consequently, it works in an analogous manner as a
receiver (the elastic wave in the metal produces an electric field
that is sensed by the coil near the surface). Henceforth, this
entire class of generators and receivers will be referred to as
EMATS.

The price that one pays for this freedom from mechanical
coupling is often a reduced signal level. Note that level has
been used and not signal-to-noise ratio (S/N). One can fre-
quently achieve an S/N comparable to that obtainable using
the more conventional piezoelectric approach. To accomplish
this, however, considerable attention must be given to both the
EMAT design and the measurement system characteristics.

There are also some situations where S/N is not the over-
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riding concern, for example, in thickness gaging or the mapping
of large defects in plates and welds. Here, the high speed
achievable with EMATs on unprepared surfaces may be a much
more important factor.

Other situations where EMATSs will prove valuable relate to
circumstances where coupling conventional transducers is either
difficult or impossible, for example, at very high temperatures
or in applications involving large neutron or gamma fluxes.
Under these conditions, fluid couplants can no longer be used.
Mechanical coupling is usually accomplished by high pressure,
momentary contact with the surface. With EMATSs, pulsed
electromagnets and sensor coils have been made that operate
at 1200°F (649°C) continuously with the possibility of contin-
uous operation eventually extending to at least as high as 2200°F
(1204°C). Also, conventional electromagnets with water-cooled
face plates can be used near surfaces at least as hot as 1200°F
(649°C). EMATS are also quite radiation resistant.

The next three sections describe different classes of EMATS,
how they should be used in a measuring system, and some
aspects of the driving and receiving electronics that the authors
have found to be important.

SURFACE WAVE AND ANGLE-BEAM EMATS

To generate surface or angle-beam elastic waves, it is nec-
essary to have a spatially periodic driving force at the free
surface. This is accomplished by using a periodic induced cur-
rent, a periodic magnetic field, or some combination of these
two approaches. Practical periodic magnetic fields for use in
EMATSs and having a spatial frequency of 0.1 to 1 cm have
only been produced using permanent magnets. Considerable
work has been done with EMATSs using periodic permanent
magnets (PPMs) and a uniform induced current sheet.*” This
configuration produces a driving force that is always parallel
to the surface and perpendicular to the direction of propaga-
tion, regardless of the propagation angle. Consequently, a PPM
EMAT generates a pure SH wave; this EMAT configuration
will be discussed in more detail in the section titled “SH Wave
EMATSs.”

Another quite novel means of generating an SH wave uses
spatial variation of both the magnetic field and the induced
current.® Configurations of this EMAT that have been tried so
far exhibit a greater insertion loss than the PPM EMAT, but
this new design has the advantage of using the higher fields
achievable with electromagnets.

The meander line or surface acoustic wave generator placed
in a uniform magnetic field is another means of generating
surface and angle-beam elastic waves.**! In this case, however,
the particle motion is only perpendicular to the propagation
direction for wave propagation parallel to the surface. At all
nonzero propagation angles, both shear and longitudinal waves
are generated.’ These EMATs are discussed in the section titled
“Meander Line EMATSs.”

SH Wave EMATs

When searching for defects in weldments and similar struc-
tures, it is desirable to maximize collimation of the ultrasonic
beam in the direction of the flaw. This can be accomplished in
two ways: (1) using synthetic aperture processing and (2) using
an SH wave EMAT with the desired beam shape characteris-
tics. In practice, to satisfy system design considerations, the
desired collimation of the ultrasonic beam is usually obtained
by a combination of both approaches.

This section emphasizes the details of SH wave EMAT de-
sign that are needed to obtain the desired beam shape char-
acteristics and, simultaneously, to reduce the effect of un-
wanted ultrasonic and electromagnetic interferences.

Figure 1 shows a primitive EMAT element composed of a
wire carrying a dynamic current, I, and a source of strong
magnetic bias field, H,. The current I, induces dynamic eddy
currents, J_, in the surface of the metal conductor. The presence
of the strong magnetic bias field, H,, causes deflection of the



Figure 1—An elemental EMAT consisting of a wire in a mag-
netic field placed near a metal surface.

moving electrons in a direction defined by the vector cross-
product of J, and H,. The resultant Lorentz body forces, T,
generate ultrasonic energy that propagates into the bulk of the
metal away from the wire. Of course, the polarization of such
signals depends on the direction of the static field with respect
to the free surface. (In this paper, the subject of generating
ultrasonic energy using magnetostrictive transduction mech-
anisms is not discussed.)

The primitive elemental transducer depicted in Fig. 1 is not
often very useful for practical measurements. First, it is not
very efficient because of the practical difficulties of efficiently
matching isolated wire radiators to transmitter-amplifiers and
receiver-preamplifiers in the frequency band of 0.1 to 10 MHz
normally used in flaw detection. Second, the radiation pattern
generated by such a primitive EMAT exhibits cylindrical sym-
metry when SH waves are generated. Cylindrical radiation pat-
terns are not useful for inspecting butt welds in plates or for
most other nondestructive evaluation (NDE) problems. Clear-
ly, a practical EMAT must generate most of the signal in the
general direction of the flaw and discriminate against signals
that can propagate along directions near the normal to the
plate.

In the past, a number of different EMAT configurations have
been proposed.’"'* In the majority of applications that involved
SH waves, extensive use was made of PPM EMATSs of the
general type depicted in Fig. 2. It is clear that this EMAT can
be constructed by superposing a number of the primitive EMATs
shown in Fig. 1. However, in Fig. 2, the static magnetic field
sources are arranged periodically along the conductor carrying
the dynamic current, I. When two oppositely polarized rows
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Figure 2—A PPM EMAT for the generation of pure SH waves.
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of magnets are used, the conductor can be arranged in the form
of an elongated spiral coil, as shown schematically in Fig. 2.

Factors governing the beam-forming characteristics (e.g., di-
rectivity) of PPM EMATS and the principles of the transdue-
tion mechanisms have been described extensively.? In the sag-
ittal plane (i.e., the plane normal to the surface of the plate
and parallel to the principal propagation direction), the direc-
tivity pattern of a PPM EMAT can be determined approxi-
mately from the relation:

. [ M
: sin| o (x—=)
(1) DF(¢)={£S_H11_}{_ _[27_]8 l:—}

2 x sin[%(x—ﬁr)] .

where x = 21rT‘Dain ¢, A is the bulk ultrasonic wavelength,

and the angle ¢ is defined by the ray from the center of the
PPM EMAT to an observation point and the normal to the
surface of the plate (see Fig. 3). As shown in Fig. 2, the PPM
EMAT is composed of a periodic array of M permanent mag-
nets (some properties of these magnets are discussed later)
with a period L=2D and half-width W with a coil that is always
placed between the magnet assembly and the metal surface.
In practice, a spacer of thickness S (not shown in Fig. 2) is
inserted between the magnets to reduce eddy current losses;
consequently, one has L. = 2(S+D).

The PPM EMAT of Fig. 2 is composed of essentially inde-
pendent cells that are connected in parallel electrically and in
series acoustically. As a consequence, the PPM EMAT can be
viewed as the ultrasonic equivalent of an electromagnetic “end-
fire” antenna. This fact is reflected in Equation 1, which can
be interpreted as a product of element (“structure”) and array
(“form”) factors. (For clarity, the element and array factors are
isolated using brackets.) Narrow beamwidths can only be re-
alized when the EMAT is driven electrically by a tone-burst
that is at least M/2 cycles long. Then, the principal beam di-
rection can be determined from:

(2 ¢=arcsin (A/2[D+S]),

where ¢ is the angle defined previously and in Fig. 3.

The “end-fire” properties of the PPM EMAT shown in Fig.
2 can be verified experimentally using the calibration config-
uration shown in Fig. 3, namely, a 153 mm radius, 203 mm
wide aluminum test-block with a semicylindrical cross section.
In the configuration of Fig. 2, the PPM EMAT under test (in
this case, the transmitter EMAT) is placed symmetrically at
the intersection of the two symmetry planes of the semicy-
lindrical test block. A second EMAT, such as shown in Fig. 3,
is used as a probe or receiver. This receiver EMAT is of a design
described in the section titled “Bulk Wave Generation Normal
to a Metal Surface” and has maximum sensitivity to shear

1—-——203 mm —'1

Transmitter
EMAT

Recelver/

EMAT

Figure 3—An experimental configuration that can be used for
mapping EMAT directivity patterns.
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waves that propagate along the normal to the surface. As a
result, it is very useful in diagnosing the performance char-
acteristics of the more complicated PPM EMATSs. The angles
¢ and 6, which define the coordinates of the observation point,
are also shown in Fig. 3.

Although the SH wave EMAT shown in Fig. 2 exhibits the
desired directivity characteristics, it suffers from excessive sen-
sitivity to electromagnetic interferences. A better design that
uses two separate radio frequency (rf) coils to induce eddy
currents is shown in Fig. 4 for the case of M=4. Note that the
coils are placed symmetrically with respect to the sagittal plane
(not shown) and are connected in series electrically to increase
the electrical input impedance. One of the coils is wound in
the clockwise direction while the other is wound counterclock-
wise. This winding arrangement is used to reduce the sensi-
tivity of the EMAT to electromagnetic interferences and to
minimize direct electromagnetic cross talk between adjacent
sections. To maintain phase coherence in the SH wave that is
generated, four rows of permanent magnets are used. The four-
magnet structures are also arranged symmetrically with respect
to the sagittal plane but are polarized to maintain mirror sym-
metry with respect to that plane.

Figure 4 shows all of the essential EMAT components except
for a thin (120 gm thick) 304-type stainless steel or other ma-
terial face plate that is used in practice to protect the EMAT
coils from damage. The individual magnets are separated using
0.5 mm thick glass-epoxy spacers to reduce eddy current flow
in the magnets. A central web made of 1.3 mm thick glass-
epoxy is used to separate the four rows of magnets into two
assemblies, one associated with each of the coils. In addition,
0.5 mm thick glass-epoxy spacers are placed between the mag-
nets and 3.7 mm thick soft-iron plates that serve as magnet-
keepers and shunts.

For operation in the 400 to 500 kHz frequency region, the
authors used magnets 5 mm thick along the polarization di-
rection, 3.3 mm along the surface wave propagation direction,
and 8 mm wide. With the spacers, this gives a period L. = 7.6
mm. Bach elongated spiral coil contains 24 turns of 32 Amer-
ican wire gage (AWG) copper magnet wire. At 500 kHz, the
electrical input impedance is (19 + 15j) ohms (2); j = \/— L.
This is a relatively large impedance level that is intermediate
between the high impedance levels that are optimum for field-
effect transducer (FET) input receiver-preamplifiers (typically
600 Q) and the low impedance levels required by the trans-
mitter (less than 1 ©). It can, therefore, be conveniently raised

Magnet Keeper

vr Glass/Epoxy Spacer
: (0.5 mm)

Sm-Co
Mannet\

Glass/Epoxy Spacer
(1.3 mm)

= Glass/Epoxy Spacer
(0.5 mm)

24 Turns #32 AWG

Figure 4—A practical M = 4 PPM EMAT.
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or lowered to maximize the electrical efficiency of the system.
(This topic is covered in the section titled “Design and Use of
EMAT Drivers.”)

It can be difficult to use the same EMAT as both a trans-
mitter and receiver of ultrasonic waves because of the long
receiver saturation recovery time that one encounters, specially
at low frequencies. In these situations, the preferred configu-
ration is composed of two EMATSs that are positioned sym-
metrically with respect to a common sagittal plane. To ensure
that the EMATS are spaced uniformly above the surface of the
plate under inspection, a gimble mount such as the one shown
in Fig. 5 is employed. This mount uses two axes of rotation
that intersect at 90 degrees and are parallel to the free surface
of the plate. A third degree of freedom is permitted along the
axis perpendicular to the surface of the plate to allow lifting
of the transducer case. The transducer case and mounting ar-
rangement shown in Fig. 5 have functioned reliably on most
unprepared surfaces. i

Figures 6 through 8 show radiation patterns in the sagittal
plane of the SH wave EMAT shown in Fig. 4. In particular,
radiation patterns are shown for 400, 500, and 700 kHz when
the EMAT is driven by a tone-burst signal of 3-cycles duration.
Some figures also show the actual appearance of the trans-
mitted ultrasonic waveforms as measured using the test setup
shown in Fig. 3.

The large angular width forward lobe goes from being about
30 degrees from the surface at 400 kHz to around 60 degrees

|

Transducer Case

Figure 5—A gimbal mount that can hold two EMATS in prop-
er alignment for pitch-catch measurements.
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Figure 6—The SH wave directivity pattern of the EMAT in
Fig. 4 for f, = 400 kHz.
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Figure 7—The SH wave directivity pattern of the EMAT in
Fig. 4 for f, = 500 kHz.

¢ (degrees)
0

SIGNAL (mV)

Aluminum, £=152 mm
M= 4
D =32mm
700 kHz, 3 cyclan

Figure 8—The SH wave directivity pattern of the EMAT in
Fig. 4 for f, = 700 kHz.

from the surface at 700 kHz. These shapes are about as ex-
pected from Equation 1, except at the lower frequencies the
side lobes have a larger amplitude. The relative amplitude of
these side lobes increases with the tone-burst pulse length.
These nonideal features are associated with diffraction and end
effects in the SH wave transducer.
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Meander Line EMATs

Figure 9 is a schematic representation of a meander line
(ML), serpentine coil, or surface acoustic wave EMAT. These
have been well described theoretically and used as Lamb wave
and angle-beam EMATS."**!7 The directivity pattern is some-
what different from that for SH waves given by Equation 1.
For wavelengths shorter than 2D, where D is the conductor
element spacing shown in Fig. 9, both shear vertical (SV) and
longitudinal (L) waves are generated. This opens the possibility
for angle-beam L waves as well as shear waves. One significant
advantage of ML EMATS is that electromagnets can be used
to produce H, and hence give larger signal levels than are avail-
able using PPM EMATS. They are readily adaptable for use
with magnetic and nonmagnetic materials.

I

3
D
ES

I A 1

T H,

Figure 9—The schematic representation of a ML EMAT, two
periods in length.

BULK WAVE GENERATION NORMAL TO A
METAL SURFACE

Bulk waves propagating normal to the surface are generated
by force distributions that are reasonably uniform and at least
many wavelengths in the transverse dimensions. This type of
EMAT can be used in a standard pulse-echo mode where the
same transducer acts as both generator and receiver or in the
through-transmissionmode where separate transducers are used
as the generator and receiver. Applications include thickness
gaging and defect detection. Because of the larger insertion
loss of EMATSs over piezoelectric transducers, they are less
sensitive to small defects. Reliable detection of direct back-
scattered signals from defects smaller than about 1 mm can
be very difficult. If, however, the part geometry is such that a
good back surface reflection can be obtained, then the loss-of-
back reflection technique can be applied. Even small defects
can scatter measurable amounts of ultrasonic energy out of the
main beam, and this shows up as a reduced back-reflection
signal. Although defects can be detected this way, it is difficult
to characterize them as to size and shape. Of course, a through-
transmission technique is also sensitive to small amounts of
energy scattered out of the main beam, but it also suffers from
the same limitations on quantitative interpretation.

The authors have also found that EMATs using electromag-
net bias fields can be adapted to high-temperature, contactless
measurements (at least up to 1200°F [649°C] and probably to
2200°F [1204°C]). Bulk wave EMATSs can be made using either
steady or pulsed field electromagnets as well as permanent
magnets.

When an inductive element (coil), whose size is many wave-
lengths in each direction parallel to the surface, is placed near
a metal surface in a magnetic field, an elastic wave is generated
that propagates perpendicularly away from the surface. If the
surface is rough, then beam distortion will result in much the
same manner as for a conventional fluid-coupled beam. The
main difference is that EMAT'Ss usually allow one to maintain
the coupling easier on rough surfaces. Figure 10 shows two
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o
a

(a) (b)

Figure 10—The magnetic field and current configuration re-
quired to generate (a) shear waves and (b) longitudinal waves.
When B, is inclined at some angle to the surface, then both
shear and longitudinal waves are generated.

special cases with the magnetic field perpendicular and parallel
to the surface. The perpendicular case generates pure shear
waves with particle motion parallel to the driving force, Fy, and
the parallel field case generates longitudinal waves. Many dif-
ferent coil geometries, such as those shown in Fig. 11, can be
used.

For both of these cases, the transfer impedance, defined by
the ratio of the coil output voltage, V,, to the excitation current,
1, is given by

V.,  BG*A

(3) Z'f' =5 I Z_.; 3

where B is the proper magnetic field component (perpendicular
or parallel), G is a factor determined by coil geometry and
winding density (but which is roughly the turns per unit length),
A is the coil active area (see Fig. 12), and Z, is the acoustic
impedance for the mode being considered (shear or longitu-
dinal). Strictly speaking, this expression is only valid for the
acoustic wavelength, A, greater than the electromagnetic skin-
depth defined by

(4 6=(2p/pw)"?,

where p is the electrical resistivity, u the magnetic permeability,
and w=2xf is the angular frequency of the induced currents.
An additional restriction requires that the surface be uncon-
strained, although an analogous expression can be derived for
a constrained surface.! Values of 6 and A at a few frequencies
are given for some useful materials in Table 1.

Very good agreement between calculated and measured val-
ues of the transfer impedance is obtained.” In addition to giving
confidence in understanding the operation of EMATS, this opens
the possibility of using EMATS for either primary or secondary
standards in ultrasonics.

(a) (b) (c)

Figure 11—Efficient planar coils that can be used for EMAT
construction: (a) spiral coil, (b) double-elongated spiral coil,
and (c) single-elongated spiral coil. Frequently, all but the
darkened central area of (b) or (c) is shielded or masked as
shown in Fig. 12 so that an approximately linearly polarized
current distribution can be induced in a metal surface.
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Figure 12—Pictoral representation of the construction of a
linearly polarized shear wave permanent magnet EMAT.

Test Block

TABLE 1°

[. ‘ Ve | Ve :)\, [trans}'

. S o | (trans) | {Ion?) at1MHz 3 8
Metal  |gm/cm®)u-cm| (cm/s) | (cm/s) | (mm) [(3 MHz)[(10 MHz)
6061 27 | 45(3.0x1056.4x10° 3.0 | 0.083| 025
Al '
Alloy | J| |
Brass 86 | 70| 21 | 47 21 | 025 | 080
Copper ;
Cu | 89 | 17| 23 | 48 | 23 |0049| 0.6
Nickel [
(Ni) | 89 | 78| 30 | 6.0 30 |013 | 043
Iron i !I l
(Fe) 78 [100] 32 | 60 | 32 |015 | 049
Lead | ' |
(Pb) | 11.0 [220] 07 | 22 07 |67 22.0
Steel 78 |120| 32 | 60 | 32 |o018 | o059
Tungsten | [
(W) 190 | 56| 29 | 52 | 29 |o040 | 033

“Values for pu, p, v, (trans), and v. (long) were obtained from either the Handbook
of Chemistry and Physics, published ﬁy the Chemical Rubber Company, Edition
49, or the Handbook of Metals, published by the American Society of Metals,
and are for polycrystalline materials near 20°C. A, (trans) is tabulated for trans-
verse waves; A, (long) for longitudinal waves is about one half as large. The
parameter § = 4x° (6/7.)% EMATSs are only efficient as long as §<1.

Permanent Magnet EMATs

By far the most compact bulk wave EMAT' are constructed
using rare-earth cobalt (RE-Co) permanent magnets (PMs)
and coils," such as shown in Fig. 11. The general construction
of a PM EMAT is shown in Fig. 12, which also illustrates how
alinearly polarized shear wave EMAT can be constructed. Typ-
ical values are Dm = Lm = 15 to 30 mm. When placed in a
brass housing with a connector, these make a very rugged, com-
pact ultrasonic transducer.

Reference to the curves in Figs. 13 and 14 show the impor-
tance of proper coil placement in making an efficient shear
wave EMAT with a minimum in spurious longitudinal mode
generation. Longitudinal wave PM EMATSs have very low ef-
ficiency. As shown in Fig. 14, the radial component of the mag-
netic field (which is parallel to the surface) increases about
linearly with radial distance. This component generates a lon-
gitudinal wave that one often wishes to minimize in a shear
wave PM EMAT. Hence, the acceptable level of spurious mode
generation determines the maximum coil size for any given
magnet size.

Figure 13 shows that the normal component of the magnetic
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Figure 13—Radial dependence of the axial field component
of a Co-Su permanent magnet.
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Figure 14—Radial dependence of the radial field component
of a Co-Su permanent magnet,

field that generates a shear wave changes with both axial and
radial distance. Therefore, a reasonably constant shear wave
amplitude over the transducer active area again requires the
coil size to be restricted. In order for the majority of the eddy
currents to be generated in the metal under study, it is nec-
essary to have the coil much closer to the test block surface
than it is to the conducting magnet material. In fact, it is often
desirable to place a conducting sheet on the pole nearest the
coil so that eddy currents do not generate elastic waves by
magnetostriction in RE-Co material. Normally, in a bulk wave
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device, one places the coil one or two millimeters from the
magnet pole face so that the EMAT will work well for lift-off
distances of up to 0.3 mm.

Electromagnet EMATs

Although permanent magnets are compact, they are limited
in both temperature and magnetic field. Temperature limita-
tions will be discussed later. When working into a magnetic
open circuit condition (infinite reluctance) such as shown in
Fig. 12, all RE-Co PMs will yield surface magnetic fields less
than 4.5 kilogauss® (kG), and 8.5 kG is a more readily achiev-
able value. When placed in a low reluctance magnetic circuit
(the magnetic path closed with soft iron except for a small air
gap), the gap field can reach at most the internal magnetic
induction that is less than 10 kG. Fields obtainable with a 2
mm air gap are more generally limited to around 7 kG.

In some applications, the field obtainable using PMs may
not be adequate. Another important consideration for ferro-
magnetic metals is getting the magnetic field normal to the
surface, when one desires shear wave generation. Field lines
are bent as they enter a ferromagnetic material with the change
in angle depending upon the magnetic permeability. Large nor-
mal magnetic fields are usually advantageous when working
with ferromagnetic metals because the permeability decreases
with increasing field. One example of flux line bending upon
entering a magnetic metal is shown in Fig. 15. In this example,
an electromagnet of 15 000 ampere-turns produced a gap field
of 10.6 kG for a gap of 5.0 mm. Beyond about one-half the pole
radius, there is serious flux line bending leading to predomi-
nantly longitudinal wave generation via the Lorentz force
mechanism and general elastic wave generation via magneto-
striction.

Hence, even though electromagnets (EMs) can be large and
cumbersome, there are many applications where one must con-
sider their use.'"!%2 It usually proves most convenient to pack-
age the coils for use with EMs in holders that are easily re-
moved from the poles. These holders are often spring-loaded
to facilitate good and reproducible coupling to the metal sur-
face. For high-speed applications, it is important to have a very
wear-resistant coil surface if the coil assembly rides in contact

"1 gauss (G).0.0001=1 tesla (T). Thus, 4.5 kG.0.1=0.45 T.

il ".I

Figure 15—A plot of lines of constant field for a particular
electromagnet design. Note how the field lines bend beneath
each pole as they enter the magnetic base material.
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with the metal surface. High-temperature applications will often
require either cooling the pole caps or fabricating them from
a high-temperature magnetic material.

Lift-off Effects and Mode Patterns

Figure 16a shows the measured lift-off dependence of the
response of a 1.2 ¢m diameter spiral coil used with a 19 mm
diameter RE-Co magnet. Most of the lift-off dependence is due
to the decreasing eddy current intensity and not due to the
bias field changes. This has the expected exponential behavior;
the characteristic length is determined by the coil radius. Thus,
lift-off effects can be minimized by using a coil of larger di-
mensions.

The amplitude distribution of induced current * for a lift-
off equal to 0.2 of the radius of a spiral coil is shown in Fig.
16b. It is clear that the actual source size is a little larger than
the coil radius.

DESIGN AND USE OF EMAT DRIVERS

To maximize the S/N for generation, both EMATSs and pi-
ezoelectric transducers must be appropriately matched to en-
sure optimum utilization of the available driver output power.
However, because piezoelectric transducers are generally much
more efficient than EMATs and produce higher open-circuit
voltages for a given surface displacement upon reception, the
design of drivers for piezoelectric transducers has been gen-
erally determined by spectral considerations and the voltage-
breakdown characteristics of semiconductor components used
in capacitance-discharge circuits. The possibility of depoling
a piezoelectric driver element must also be considered. As a
consequence, resonant matching of piezoelectric transducers
has not been widely used to maximize generation efficiencies
in a narrow band of frequencies.

The electrical characteristics of most EMATs are signifi-
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Figure 16—(a) Lift-off dependence of a spiral coil in a per-
manent magnet EMAT and (b) the current distribution in-
duced by a spiral coil some distance above the surface.
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cantly different from those of piezoelectric transducers nor-
mally used for NDE applications. EMATs generally behave as
inductive loads, while the electrical input impedance of most
piezoelectric transducers is dominated by the bulk capacitance
of the piezoelectric crystal or ceramic drive element (reactances
caused by mechanical motion of the elements themselves are
generally only a small perturbation on the bulk capacitive re-
actance). As a consequence, to maximize transduction efficien-
cies and optimize temporal responses, different electrical cir-
cuit configurations must be used for EMATs and piezoelectric
transducers.

The conceptual differences between electrical circuits used
to drive most piezoelectric and EMAT transducer elements can
be best illustrated by comparing the circuits and waveforms in
Figs. 17 and 18. Figure 17a shows a rudimentary capacitive
discharge circuit that is the basis of most commercial pulser
designs for driving piezoelectric transducer elements. This cir-
cuit is composed of only six elements: (1) dc voltage source,
V.: (2) current limiting resistor, R,; (3) ideal switch, S; (4) charging
capacitor, C; (5) shunt resistor, Rp; and (6) piezoelectric trans-
ducer, T. In operation, the capacitor C is first charged through
the resistors R, and Ry, to a voltage, V.. When the switch S is
closed, the capacitor is discharged. The resultant voltage wave-
form, V(t), at the electrical terminals of the transducer, T, is
shown in Fig. 20b. Initially, V(t) drops rapidly to a value that
is approximately equal to —V.. (In practice, this initial rate is
determined by the nonideal behavior of S and other elements
in the circuit.) Thereafter, V(t) increases monotonically to the
ground potential as negative current flows through R;, to bal-
ance the original charge @ = CV, that was on the capacitor.
(It is assumed that R.>>Ry;.)

The circuit shown in Fig. 17a is primarily useful for pro-
ducing only a unipolar drive voltage or current. This circuit is
not suitable for multiperiod SH and ML EMAT applications
but can be used quite successfully with bulk wave and single
period SH and ML EMATS.

With multiperiod EMATs and in some other NDE appli-
cations, it is necessary to use gated bursts of rf current to drive
an EMAT. For example, at least 4 cycles of rf are required to
maximize the output of the EMAT shown in Fig. 2 when M=8
and when it is operated in an “end-fire” mode. (Here, it is
assumed that the electrical “Q” of the EMAT is smaller than
the acoustic “Q.”) In such applications, very efficient pulsed

Rc e
E R ] | | »
l
Ve l S Rd
o

TIME ———=—

Pa T

(a)

o
VOLTAGE ——

=Ve
(b)
Figure 17— (a) Schematic for a cireuit to excite a piezoelectric

transducer T by the rapid discharge of capacitor C and (b) a
typical waveform of the voltage across the transducer.



power amplifiers are needed. Fig. 18a shows an example of a
highly functional circuit configuration that is inherently effi-
cient and easily lends itself to tone-burst EMAT applications.

Technically, the circuit configuration shown in Fig. 18a is
that of a complementary, voltage-switching Class-D power am-
plifier.*** This circuit also includes normal components that
are needed for the practical implementation of EMATs. The
components that are needed to ensure Class-D operation are
the constant voltage sources = V,, the two ideal switches S
and S,, and the series tank circuit composed of the EMAT
inductance and external capacitor, C,. The waveforms associ-
ated with the operation of a rudimentary Class-D amplifier are
shown in Fig. 21h.

The circuit shown in Fig. 18a operates as follows. The
switches S, and S, are alternately closed and opened at a fun-
damental frequency, f,. Ideally, each switch operates at a 50
percent duty cycle. As a result of this commutating action, a
“square-wave” voltage waveform V(t), shown in Fig. 18h, ap-
pears at the output of the amplifier at “0.” The series tank
circuit mentioned above acts as a filter that presents the min-
imum impedance to the fundamental component of the applied
voltage waveform. Ideally, the symmetry of the network in Fig.
18a ensures that the dc and even harmonic terms of the Fourier
series associated with the driving voltage waveform are not
present. The resultant current waveform I(t) is also shown in
Fig. 18b. Note that I(t) is nearly sinusoidal and free of even-
order harmonic components.

This circuit configuration is highly efficient because little
power is dissipated by the switches and a damping resistor is
not used. The switches dissipate little power because they drop
a very small voltage while passing the maximum current. When
implemented with practical switching devices, the performance
of the circuit is, of course, subject to the effects of saturation,
parasitics, finite switching-times, and device breakdown con-
siderations.

Vi

It

time
s T
(b)
Figure 18—(a) Schematic representation of a Class-D am-
plifier that can be used for the tone-burst excitation of an
EMAT plus some practical circuitry needed to match the EMAT

to the amplifier and (b) typical amplifier output voltage and
EMAT current waveforms.
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Because of practical considerations associated with break-
down characteristics of semiconductor switching elements and
input impedance characteristics of typical EMATS, the circuit
shown in Fig. 18a includes the following additionial compo-
nents: current limiting resistors, R, and R.; storage capacitors,
C, and C,; protection diodes, CR, and CR.; impedance match-
ing transformers, T, and T,; and a parallel tank circuit con-
sisting of L, and C,.

The role of the capacitor-resistor networks R,-C, and R,-C,
is to provide sufficient energy for short rf bursts at the fun-
damental frequency, f,. In the event of a short circuit, resistors
R, and R, limit the output current. Diodes CR, and CR, provide
a path for reverse currents when either S, or S, are in the off
position. The two transformers reduce the input impedance of
the EMAT (tuned to frequency f, by C,) to better match the
low impedance levels of the Class-D output stage while the
tank circuit (L,-C,) provides a bypass to ground for higher-
than-fundamental harmonies.

Figure 19 shows a circuit diagram of a practical though not
state-of-the-art Class D amplifier designed to operate in the
300 to 600 kHz frequency range. This amplifier is capable of
producing peak outputs in the range of 1500 watts (W) when
used in conjunction with an SH wave EMAT such as is shown
in Fig. 4 and having four periods. Both transformers T, and
T, are wound using eight turns of a small diameter, flexible
coaxial cable on 9.3 mm outside diameter “Q-1” type ferrite
cores. The amplifier shown in Fig. 19 consumes approximately
6 W average power when operated at a 0.4 percent duty cycle.
As expected, the current waveform at f, = 450 kHz is sinu-
soidal; the peak-to-peak current is 80 amperes (A). However,
the voltage waveform is not square. This is caused by the finite
switching time of the high-power bipolar transistors used to
implement the switches S, and S,. At 250 kHz, the output
voltage waveform becomes square. The amplifier in Fig. 19 was
implemented using high-power, bipolar switching transistors
because metal-oxide semiconductor field-effect transducer
(MOSFET) devices with comparable breakdown characteris-
tics were not available when this circuit was initially designed.
The new power MOSFET technology has been used to imple-
ment switches 8, and S, with successful operation up to 5 MHz.
Below 2 MHz, peak power output up to at least 10 kW can be
realized.

It is also possible to use high-power pulsed oscillators or
gated amplifiers as EMAT drivers, but ringing of tuned output
stages can place severe restrictions on the recovery time that
can be realized by the EMAT system.

RECEIVERS FOR USE WITH EMATS

Noise figure and overload recovery time are the main con-
siderations for EMAT receiver/preamplifiers, When used in the
single transducer, pulse-echo mode, the preamplifier must be
able to withstand the full driver voltage connected to the EMAT
and then to recover rapidly so that flaw reflections or back-
surface signals can be measured. The input protection circuit
shown in Fig. 20 is normally adequate to allow an amplifier to
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Figure 19—Schematic of a bipolar transistor EMAT power
amplifier.
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Figure 20—Schematic representation of methods for con-
necting an EMAT to a receiver/preamplifier.

tolerate up to 1 kV applied across the EMAT and yet recover
within 3 microseconds (us) after the drive current is removed.
When tuned output drivers are used, a series diode isolator,
shown as I1 in Fig. 20a, must be used to obtain both voltage
and capacitive isolation between the driver and receiver.

When used only as a receiver, the receiver input circuitry
need not withstand the drive voltage. Under these circum-
stances, it is easy to use matching transformers T, and T, to
obtain a better noise figure. It is also possible to use similar
transformers in a pulse-echo setup, but care must now be taken
in choosing the absolute impedance levels of the EMAT, T,
and T,; otherwise, much valuable drive current will be shunted
past the EMAT.,

CONCLUSION

The design and construction of SH wave and bulk shear and
longitudinal wave EMATS has been described. EMATSs will al-
ways be less efficient than some of the other means of gener-
ating elastic waves, EMATSs can now be used with properly
designed instrumentation for thickness gaging and defect de-
tection. Consequently, their use should be considered whenever
it is apparent that features such as the absence of fluid cou-
plants, high-temperature operation, normal shear wave gen-
eration, control of shear wave polarization control, high-speed
scanning, and electronically steerable bulk waves are desired.
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