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Field dependence of coupling efficiency between electromagnetic field
and ultrasonic bulk waves

Hirotsugu Ogia)

Graduate School of Engineering Science, Osaka University, Toyonaka, Osaka 560, Japan

~Received 5 May 1997; accepted for publication 4 July 1997!

The coupling mechanism of the electromagnetic acoustic transducer~EMAT! for bulk waves has
been studied by examining the magnetic-field dependence of the wave amplitudes. A spiral
elongated coil placed on a thin plate of low carbon steel excites and receives the longitudinal and
the shear waves propagating in the thickness direction in the presence of the bias magnetic field. The
field dependences of the bulk-wave amplitudes are measured using the electromagnetic acoustic
resonance both for the normal and tangential bias fields, which showed different features, depending
on the bias-field direction and the wave mode. A two-dimensional model is presented for the
explanation of the observed results. The present analysis emphasizes the inclined total field in the
derivation of the magnetostriction constants, which is revealed to play an essential role for the wave
generation. Both the measurement and the model analysis conclude that the magnetostrictive effect
dominates the EMAT phenomena for the bulk waves in ferromagnetic metal, regardless of the bias
field direction. © 1997 American Institute of Physics.@S0021-8979~97!02220-2#
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I. INTRODUCTION

An electromagnetic acoustic transducer~EMAT! has
definite advantages for the nondestructive inspection and
terials characterization of electrically conductiv
materials.1–12 The EMATs generate and detect the ultraso
elastic waves by means of the electromagnetic transduc
and need no coupling materials, which eliminate measu
ment errors associated with the contacting transduct
They generally consists of permanent magnets~or electro-
magnets! to supply the bias magnetic field, and the drivin
coil element to excite the eddy currents and the dyna
fields. Their configurations depend on the modes of ela
waves to be excited.

For the optimum performance of an EMAT for the m
terials characterization, it is important to understand the c
pling mechanism between the electromagnetic fields and
elastic waves. This has been a long running topic in the a
of the ultrasonics and electromagnetic physics. This articl
devoted to studying the coupling mechanism of the bu
wave generation and reception by an EMAT through
investigation of the dependence of the detected wave am
tudes on the bias-magnetic field. Previous work5–8 concluded
that three mechanisms are responsible for the coupling;
are the Lorentz force mechanism due to the interaction
tween the induced eddy current and the bias flux density,
magnetization force mechanism due to the bias magne
tion, and the magnetostriction mechanism due to the pie
magnetic effect in a ferromagnetic material. The Lore
force arises in any conducting material, while the other t
forces occur only in ferromagnetic materials. For nonm
netic metals, the transduction is well understood as the L
entz force mechanism, but it is highly complex in case o
ferromagnetic material. Thompson5 had studied the field de
pendence of the guided-wave amplitude in ferromagn
plates and derived a theoretical model to explain the res

a!Electronic mail: ogi@me.es.osaka-u.ac.jp
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Il’in and Kharitonov6 calculated the receiving efficiency fo
the Rayleigh waves by a meanderline coil in a ferromagn
metal. Wilbrand7,8 presented more detailed discussion on
bulk wave detection involving the three mechanisms. Th
concluded that when the static field is parallel to the sam
surface, the magnetostrictive effect dominates, while for
normal field to the surface, the magnetostrictive effect c
tributes little and the other two mechanisms serve to
wave generation and reception. The theoretical model p
sented by Wilbrand8 is well acceptable, but his conclusio
for the case of the normal bias field seems to be insuffic
from an experimental viewpoint. He verified his calculatio
through the measurement of the directivity pattern of
receiving efficiency of the~SV! wave. Such a measureme
looks at only an aspect of the phenomena and is insuffic
for the full understanding.

Study on the field dependence of the wave amplitu
provides a pertinent access to clarify the coupling mec
nism. The field dependences of the Lorentz force and
magnetization force will be proportional to the magnetiz
tion, and that of the magnetostrictive force will be govern
by the magnetostriction curve. They show different dep
dences on the bias field. Such a measurement has to be
formed for a thin plate to establish the high grade of fie
homogeneity in the sample. But, the usual pulse-echo te
nique is unavailable because of the overlapping of echo
Therefore, we use the technique of the electromagn
acoustic resonance~EMAR!9–13 to measure the bulk-wave
amplitude from a peak height of the resonant spectrum.

This article presents the model analysis on the field
pendence of the bulk-wave generation and reception b
spiral elongated coil. Following the existing work, a tw
dimensional model is used to estimate the coupling e
ciency. It emphasizes the spatial change of the total fi
composed of the bias field and the dynamic field in the c
culation of the magnetostriction constants. This effect pla
an essential role in the bulk wave generation, but it has
/82(8)/3940/10/$10.00 © 1997 American Institute of Physics
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been taken into account in the previous work. The calcu
tion is compared with the measurement by the EMAR te
nique. We conclude that the magnetostrictive mechan
dominates the bulk wave generation and reception, e
cially, for the shear wave case, regardless of the bias-fi
direction. This analysis gives an answer for unsolved beh
iors associated with a bulk-wave EMAT and will help us
design new types of EMATs for potential applications
ferromagnetic metals.

II. TYPICAL BEHAVIOR OF A BULK-WAVE EMAT

The bulk-wave EMAT illustrated in Fig. 1 has a compa
and robust structure, and is most often used in the prac
applications by detecting bulk waves propagating norma
the surface.9,10,12 It consists of a spiral elongated coil and
pair of permanent magnets on the coil. The magnets prod
the normal field to the surface under the coil elements
the tangential field around the center and the edges of
coil elements. It is an experimental fact that this EMAT ge
erates both the shear and the longitudinal waves in a n
magnetic metal, but it generates only the shear wave
ferromagnetic metal; the longitudinal wave is too weak to
observed. Figure 2 shows the EMAR spectra10 measured
with a bulk-wave EMAT for several metal plates. The resu
demonstrate that in the nonmagnetic metals, both the s
and longitudinal waves are detected, but for the ferrom
netic metal it detects only the shear wave when the samp
thick; for the thinner plate, it detects the longitudinal wave
well.

In the surface region under the coil elements, the Lore
forces occur parallel to the surface due to the interac
between the normal bias field from the magnets and the e
currents induced by the driving current, being sources of
shear waves. For the nonmagnetic metals, the Lorentz f
also explains the longitudinal-wave generation as a resu
the interaction between the tangential bias field around
center of the coil and the eddy current. The existing wor5,6

showed that in a ferromagnetic metal magnetized by the
gential field, the major part of the vertical Lorentz force
canceled by the magnetization force. Certainly, this f
could be an explanation of much smaller coupling efficien
in the longitudinal wave generation. But, it fails to expla
why the efficiency is increased for the thinner plate. Furth
more, the existing work concludes that the magnetostric
force is considerable in the presence of the tangential fiel
so, the magnetostriction effect would cause the vertical b

FIG. 1. Configuration of the bulk-wave EMAT.
J. Appl. Phys., Vol. 82, No. 8, 15 October 1997
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force in the center region and could be a source to gene
the longitudinal wave. However, the longitudinal wave
hardly detected in practice. These contradiction associa
with the bulk-wave EMAT will be solved by the following
experiments and the theoretical analysis.

III. MEASUREMENT OF FIELD DEPENDENCE

A spiral elongated coil is placed on a sample surface a
the bias magnetic field is supplied parallel or normal to t

FIG. 2. EMAR spectra detected by a bulk-wave EMAT with the plates of
aluminum, an austenitic stainless steel, and a low carbon steel;~a! 10-mm-
thick plates, and~b! 1-mm-thick carbon steel plate.f S

(n) and f L
(n) denote the

nth resonant frequencies of the shear and longitudinal waves, respecti
The normal component of the magnetic field is 0.3–0.5 T near the mag
poles, and the parallel component is 0.4 to 0.5 T.
3941Hirotsugu Ogi
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surface. Figure 3 shows the setup of the measureme
Sample plate is a low carbon steel, being sized 1001330w

33t mm3. The solenoidal coil gives the parallel field to th
surface up to 0.8 kOe and the electromagnet gives the no
field up to 1.2 T. The bias fields in the sample are measu
by the hole sensor attached on the surface on the bas
their continuity across the surface. The spiral elongated
is fabricated by printing copper on a polyimide sheet. A p
of the coil face of the sample side is shielded with cop
sheets~0.045 mm thick! to make only the straight parts ac
tive. The active area of the coil is 10310 mm2.

The coil is driven by the high-power rf bursts with 40ms
duration, gated coherently, to generate the bulk waves w
are propagated and reflected in the sample. The same
receives the reverberation made up with the overlapp
multiple echoes of various phases. The received signa
processed to acquire the spectroscopic response by me
ing the amplitude as a function of the operating frequenc10

Only at a resonance, many reflection echoes are receive
phase and their amplitudes are summed up to give an e
measurable intensity, compensating in excess for the low
ficiency with the EMAT. The resonant spectrum shows
series of sharp peaks at the discrete resonant frequen
which aref (n)5nc/(2d) for a plate of thicknessd; c is the
longitudinal or shear wave velocity andn the integer repre-
senting the resonant order. The wave amplitudes are d
mined from the peak heights of the resonant spectra. All
measurements were performed after cyclic demagnetiza
that is, the magnetization always progresses along the in
magnetization curve.

Figure 4 shows an example of the measured reso
spectrum of the steel plate for the tangential bias field of 0
kOe. Measurement of the field dependences is made on
resonant spectra of the fourth longitudinal resonant m
( f L

(4)) and the eighth shear resonant mode (f S
(8)) for both bias

field cases. Figure 5 presents the field dependences of
amplitudes. The amplitudes have been normalized by
maximum shear-wave amplitude in the normal bias fi
case. We have the following observations;~i! the shear-wave
amplitude for the normal bias field shows the largest mag
tude and~ii ! it has a small peak in the lower field region;~iii !

FIG. 3. Configurations for measuring the field dependence with the s
elongated coil and bias fields.
3942 J. Appl. Phys., Vol. 82, No. 8, 15 October 1997
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the longitudinal-wave amplitude for the normal bias fie
increases with the field and after taking a maximum value
becomes suitable up to 1.2 T;~iv! there are two peaks in th
tangential-field dependence of the shear wave; and~v! the
longitudinal-wave amplitude monotonously increases for
tangential field case. Since the Lorentz force and the mag

al

FIG. 4. EMAR spectra of the longitudinal and shear waves propagatin
the thickness direction of the carbon steel plate~3 mm thick!. The tangential
field to the surface is 0.18 kOe.

FIG. 5. Field dependences of the spectrum-peak height for the steel p
Plotted are the response at the 4th resonant frequency for the longitu
wave and the 8th one for the shear wave.
Hirotsugu Ogi
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tization force mechanisms will cause the monotonous dep
dence as characterized by the magnetization curve, it is
parent that these mechanisms cannot explain the ab
observations.

IV. THEORETICAL ANALYSIS

A. Modeling

The basic equations governing the coupling of the el
tromagnetic field and the elastic deformationu are given
by5–8

r
]2u

]t2 5¹•T1f, ~1!

rotE52
]B

]t
, ~2!

rotH5
]D

]t
1J, ~3!

E5s21J1
]u

]t
3B0 , ~4!

B5m0m~H2M0¹•u!1e•eu, ~5!

whereE is the electric field,B the magnetic flux density,H
the magnetizing field,D the dielectric displacement,J the
current density,r the mass density,T the elastic stress ten
sor, andf the body force per unit volume. They are all tim
dependent quantities.B0 andM0 are the bias magnetic flu
density and the bias magnetization.s andm0 are the electri-
cal conductivity and the free-space permeability.m, e, and
eu are tensors of the differential magnetic permeability,
inverse-magnetostriction constants, and the strain cause
the ultrasonic, respectively. The terms involvingu andeu in
Eqs.~4! and~5! are only considered in the receiving proce

Some approximations are used for simplification. T
rest of this section summarizes the formulation and the
sumptions, including the magnetization curve, the ani
tropic permeability, and the magnetostriction curve.

The electromagnetic and the elastodynamic fields
variables in the two-dimensional space of thex12x3 plane.
The half space ofx3.0 is filled with a ferromagnetic metal
in which thex12x2 plane defines the interface with vacuum
The bias field is homogeneous being normal or parallel to
surface. The magnetostriction causes no volume change~iso-
volume!; this is true for an isotropic polycrystalline meta
because the randomly oriented easy axes average ou
anisotropy of the magnetostriction of individual magne
domains.14 We also assume that the displacement curren
neglected because of the relatively low frequency range
the magnetic states are reversibly changed through the
tion of the magnetization.

The formula presented by Potter and Schulian15 is used
to express the static response of the magnetization (M :T) to
the field (H:kOe):

M52.2~0.2720.73 tanh~0.3828.6H !!, ~6!

which is derived as the initial magnetization curve of t
material with the saturation magnetization of 2.2 T and
J. Appl. Phys., Vol. 82, No. 8, 15 October 1997
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residual magnetization of 0.8 T@Fig. 6~a!#. This is an accept-
able approximation for the practical initial magnetizatio
curve of a low carbon steel.

With the magnetic anisotropy induced by the bias fie
the nonzero components in the permeability tensorm in Eq.
~5! are equal tomp or mn , which is the permeability paralle
or normal to the bias field, respectively. Generally, the a
isotropy originates from the rotation of the magnetizati
and the movement of the domain walls. But, because
material is magnetized by the dynamic field with a high fr
quency and a small amplitude in the EMAT phenomena,
domain walls will not oscillate responding to the field vibr
tion. Only the rotation of the magnetization is then cons
ered. The anisotropic permeability tensor is calculated
lowing Chikazumi.14 In a domain of a ferromagnetic meta
with the cubic crystallographic symmetry, the magnetic e
ergy is expressed by

U5K1 cos2~f02f!sin2~f02f!2MsH cosf, ~7!

when the magnetization rotates in the plane involving
easy axis.K1 is the first magnetic anisotropy constant a
Ms is the saturation magnetization.f andf0 are angles be-
tween the field and the magnetization and between the fi
and the easy axis. The stable direction is determined by m
mizing the energy, that is,]U/]f50. The magnetization
parallel and normal to the external fieldH is obtained by
Ms cosf andMs sinf. The values formp andmn are given
by differentiatingM p andMn with respect toH, that ismp

5](Ms cosf)/]H and mn5](Ms cosf)/]H. Because a
polycrystalline metal is composed of the randomly orien
grains, the permeabilities are determined by averagingmp

andmn for all possible angles off0 . Figure 6~a! shows the
permeabilities thus calculated.

FIG. 6. ~a! Simplification of the initial magnetization curve and calculate
permeabilities, and~b! magnetostriction curve based on the measureme
3943Hirotsugu Ogi
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Magnetostriction (eMS) is measured with the steel pla
used in the field-dependence experiment and is approxim
by

eMS58H0.395
•1.79~210H11!20.75, ~8!

whereeMS is in unit of microstrain andH in kOe. Figure 6~b!
compares the measurement and the fitted function.

B. Generation mechanism

The elastic wave field excited in the metal is govern
by Eq. ~1! with an electromagnetic body forcef, which can
be expressed by the summation of the Lorentz forcef(L), the
magnetization forcef(M ), and the magnetostriction forc
f(MS)3,8 as

f~L !5Je3B0 , ~9!

f~M !5~¹H!•M0 , ~10!

f~MS!5¹•~e•H!, ~11!

whereJe is the eddy current density ande is the tensor of the
magnetostriction constants. The traction forceT33

(M ) normal
to the surface per unit area due to the bias magnetization
contributes to the wave generation:

T33
~M !5

1

m0
M03Mn , ~12!

whereMn denotes the normal component at the surface
the magnetization of the metal. This term occurs as a re
of the steep change of the electromagnetic field near the
face of a magnetized metal.16 Because the forces in Eqs
~9!–~12! are caused by the electromagnetic fields in
metal, the calculation of the wave amplitude starts with
riving the fields in the metal induced by the driving curre

We consider the electromagnetic transduction with
harmonic excitation in a two-dimensional half-space oc
pied by an isotropic polycrystalline~Fig. 7!. Coil elements
are located near the surface with a liftoffh, and driven by
the current ofI 0ej vt, v being angular frequency. The expre
sion ofej vt is omitted hereafter. Analogous procedure to t
previous work3 leads to the Fourier transform expression
the sheet currentK(x1 ,2h) per unit length along thex1

axis:

FIG. 7. Two-dimensional model to explain the electromagnetic phenom
caused by driving the spiral elongated coil.
3944 J. Appl. Phys., Vol. 82, No. 8, 15 October 1997
ed

d

lso

f
lt
r-

e
-

.
a
-

e
f

K~x1 ,2h!5
I 0

a (
m50

` F ~21!m
4

~2m11!

3sinS a

2
kmD sin kmx1G , ~13!

wherekm 5 2p(2m 1 1)/D is characteristic to the spiral
coil dimensions. Substituting Eq.~5! into Eq. ~3!, and elimi-
nating the electric field with Eq.~4!, we find that the mag-
netic field HV in vacuum satisfies Laplace’s equation. It
easily solved with the boundary condition ofH1

V5K/2 at
x352h. In the metal region, a similar procedure reduces
simultaneous Eqs.~2!–~5! to a second-order differentia
equation forH1 by using]2H1 /]x1

252km
2 H1 . The general

solution of H1 contains a complex amplitude that is dete
mined by the continuity of the tangential field at the boun
ary between the vacuum and metal regions~H1

V5H1 at x3

50!. H3 is also obtained fromH1 by Eqs.~2! and ~5!. The
solutions thus derived consist of a series of terms includ
e22p(2m11)h/D and they decrease asm becomes larger. Fo
focussing on the primary effect, the terms in the higher
ders (m.0) are neglected in the following analysis. This
allowable for a large liftoff. The resultant expressions b
come

H152 j
2I 0

ap
sinS a

D
p Deqx3ejk0x1e2k0h, ~14!

H352
m11

m33

k0

q

2I 0

ap
sinS a

D
p Deqx3ejk0x1e2k0h,

k052p/D, q52~a1 j a21!/d,

d5A2/~svm0m11!, a5A~k0d!2~m11/m33!/211.
~15!

1. Lorentz force and magnetization force

The Lorentz forcef(L) and the magnetization forcef(M )

are obtained by substituting Eqs.~14! and~15! into Eqs.~3!,
~9!, and~10!:

f 1
~L !1 f 1

~M !5C11
~L !

]H1

]x3
1C13

~M !
]H3

]x3
2~B032M03!

]H3

]x1
,

~16!

f 3
~L !1 f 3

~M !5~C31
~L !1C31

~M !!
]H1

]x3
1C33

~M !
]H3

]x3

1~B011M01!
]H3

]x1
,

C11
~L !5B03, C31

~L !52B01,

C13
~M !52~m33/m11!M01, C31

~M !5M01, and

C33
~M !5M03, ~17!

whereCi j represents the coefficient of the body forcef i pro-
portional to]H j /]x3 or the gradient of the dynamic fieldH j

in the x3 direction. The terms involving]H3 /]x1 are small
enough compared with others; they will be neglected in
following discussions. Considering thatH1 is much larger
than H3 in magnitude and the well known relation ofB0

a

Hirotsugu Ogi
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5m0H1M0 , we find thatf 3
(L) and f 3

(M ) act in the opposite
directions andf 3

(M ) cancels the major part off 3
(L) , that is,

C31
(L)1C31

(M )52m0H01. The magnitude ofm0H01 is much
smaller thanM01 in the field region used in the experiment
implying the small contribution off 3

(L)1 f 3
(M ) to the elastic

wave generation. This cancellation has been pointed ou
Thompson5 experimentally and by I’ll and Kharitonov6 theo-
retically.

2. Magnetostrictive force

In case of the magnetic metals, the magnetization le
to the dimensional change in the magnetization directi
which is called magnetostriction. Magnetostriction chang
with the dynamic field, resulting in the ultrasonic source.

The magnetostriction constant ek,i j in Eq. ~11! represents
the dynamic response of the magnetostrictive stresss i j to the
field Hk . Using the magnetostrictionemn which depends on
the total field, ek,i j is expressed as follows:5,17

ek,i j [S ]s i j

]Hk
D5S ]s i j

]emn
D

uH50
S ]emn

]Hk
D

us50

, ~18!

where (]s i j /]emn)H50 can be replaced by the elastic stif
ness. In Eq.~18!, the summation convention is implied
Equation~18! indicates that the strain due to the magne
field ~i.e., magnetostriction! is regarded to be equivalent t
the strain caused by the stresses without the field.

It is difficult to determine ek,i j by experiments. Il’in and
Kharitonov6 and Wilbrand7 used a rough approximation fo
it; Thompson5 derived it from the slope of magnetostrictio
response to the bias field. The present analysis, howe
takes account of the magnetostriction change respondin
the total field, which is very important for the wave gene
tion as will be shown later.

When the dynamic field is superimposed on the b
field, the total field is inclined from the original direction
Because the magnetostriction tends to occur in both the
allel and normal directions to the total field, we should co
sider the principal coordinate system to calculates i j . Con-
sidering a new system (x18 ,x28 ,x38) where the total magnetic
field lies along thex18 direction andx285x2 , only three prin-
cipal stresses~s118 , s228 , ands338 ! exist. Because of the iso
volume magnetostriction, the magnitude of the magnetos
tion along the applied field is twice larger than those in
perpendicular directions, being in the opposite sign. Supp
ing ]e228 /]H185]e338 /]H1852(]e118 /]H18)/2 and using
Hooke’s law, Eq.~18! is reduced to

]s118 /]H1856kG

]s228 /]H18523kG

]s338 /]H18523kG
J , ~19!

whereG is the shear modulus andk 5 ]e118 /]H18 is a func-
tion of the total field and given from the slope of the ma
netostriction curve in Fig. 6~b!. Introducing the direction co-
sine Qi j between thexi8 and xj axes, we haves i j

5 smn8 QmiQn j . In the present two-dimensional model,Qi j

are calculated using an angleu between the total field and th
bias field, and we have
J. Appl. Phys., Vol. 82, No. 8, 15 October 1997
by

ds
,
s

er,
to
-

s

r-
-

c-
e
s-

-

s115s118 sin2 u1s338 cos2 u,

s335s118 cos2 u1s338 sin2 u, ~20!

s135~s118 2s338 !sin u cosu,

for a normal bias field, and

s115s118 cos2 u1s338 sin2 u,

s335s118 sin2 u1s338 cos2 u, ~21!

s135~s118 2s338 !sin u cosu,

for a tangential bias field. The magnetostriction consta
ek,i j are obtained from Eqs.~18!–~21! for each of the normal
and the tangential fields:

~i! normal bias field

e1,1153kG sin u~2 sin2 u2cos2 u!1
6Ge118

H03
cos3 u sin u,

e1,1359kG sin2 u cosu1
3Ge118

H03
cos 2u cos2 u,

e1,3353kG sin u~2 cos2 u2sin2 u!2
6Ge118

H03
cos3 u sin u,

e3,11523kG, e3,1350, e3,3356kG

6 ,

u5tan21~H1 /H03! ~22!

~ii ! tangential bias field

e1,1156kG, e1,1350, e1,33523kG

e3,1153kG sin u~2 cos2 u2sin2 u!2
6Ge118

H01
cos3 u sin u,

e3,1359kG sin2 u cosu1
3Ge118

H01
cos 2u cos2 u,

e3,3353kG sin u~2 sin2 u2cos2 u!1
6Ge118

H01
cos3 u sin u

6 .

u5tan21~H3 /H01!. ~23!

The body forcef(MS) due to the magnetostriction effect
determined by

f i
~MS!5]s i j /]xj5ek,i j ~]Hk /]xj !, ~24!

and we can define coefficientsCi j
(MS) like in Eqs. ~16! and

~17! as follows

C11
~MS!5e1,13, C13

~MS!52
m33

m11
e1,11,

C31
~MS!5e1,33, C33

~MS!5e3,332
m33

m11
e1,13

J ,

normal bias field, ~25!

C11
~MS!50, C13

~MS!52
m33

m11
e1,111e3,13,

C31
~MS!5e1,33, C33

~MS!5e3,33

J ,

tangential bias field. ~26!

It should be noted that if the inclination of the total fie
was ignored (s1350), the expressions for ek,i j would be
3945Hirotsugu Ogi
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quite different from the above results; especially, e1,13 would
vanish in the case of the normal bias field. However, in
present model, e1,13 takes a large value even in the high fie
limit of u 5 0 in Eq. ~22! and contributes tof 1

(MS) .

3. Wave amplitude

Body forces obtained in Eqs.~16!, ~17!, and ~24! are
coupled to the bulk waves in Eq.~1!. Taking the longitudinal
wave for example, Eq.~1! is reduced to the second-ord
differential equation by noting]2u3 /]x1

252k0
2u3 :

]2u3

]x3
2 1~k3

22k0
2!u352

f 3

l12G
,

k35v/cL , cL5A~l12G!/r,
~27!

where l is one of Lame’s constants. Particular solution
first obtained and then the general solution is expressed
the summation of the particular solution and the homo
neous solution. The general solution includes an unkno
constant, which is determined by the stress-free conditio
x3 5 0 together with Eq.~12!. The resultant expression o
the general solution consists of two terms; one is prop
tional to e2ax3/d and rapidly decays in the thickness dire
tion. The other term carries energy into the metal and rep
sents the generated ultrasonic wave. The expression o
term for the longitudinal wave is

u35
2I 0 sin~ap/D !

apK~l12G! F S m11

m33
D0~D3

22D0
222!C3324C31D

1 j S m11

m33
D0~D3

22D0
212!C3312~D3

2

2D0
2!C31D Gej ~2Kx31k0x1!, ~28!

whereD05k0d, D35k3d, andK25k3
22k0

2. A similar pro-
cedure leads to the solution for the shear wave.

The ultrasonic amplitude thus derived will be in the for

ui5ui
~L !1ui

~M !1ui
~MS! , i 51 or 3. ~29!

and the contribution of each mechanism for the elastic w
generation can be discussed separately. Figure 8 show
field dependence of the bulk-wave amplitudes due to
magnetostrictive effect normalized by the Lorentz force c
tribution for the longitudinal wave (uui

(MS)u/uu3
(L)u) for each

bias field. Used parameters are as follows;f 54 MHz, D
520 mm, a54.5 mm, h50.5 mm, I 0550 A, G580 GPa,
l5120 GPa,s53.33106 S/m, andm051.2631026 H/m,
which are compatible with the experimental condition. T
contributions of the magnetization mechanism and that of
tangential Lorentz force are not included in Fig. 8 becaus
the similarity to the vertical Lorentz force case (uu1

(L)u;@(l
12G)/G#uu3

(L)u,uu3
(M )u;uu3

(L)u,uu1
(M )u!uu3

(L)u).
Figure 8 indicates a much larger contribution of t

magnetostriction effect than the others, especially in
lower field region. As the external field increases, the con
butions of the Lorentz force and the magnetization force
come considerable. The bias field exerted by a perma
magnet in a low carbon steel is usually less than 0.5 kO18
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suggesting that the magnetostriction mechanism governs
bulk-wave generation as a whole, regardless of the field
rection. We also find the smaller generation efficiency in
tangential bias field than in the normal bias field. Especia
the efficiency of the shear-wave generation in the tangen
bias field is the smallest. The shear wave amplitudeuu1

(MS)u
in the tangential field case is nearly proportional toD0

(5k0d). The neglect of the higher-order terms in the Four
transform expression of the dynamic field has smoothed
the steep change of the field around the center region of
coil elements (x1;0). This decreasek0 and therefore under
estimates the shear wave amplitude. But the field depend
is not so affected by this neglect because it mainly depe
on the field dependence of the permeability, the magnet
tion, and the magnetostriction response.

C. Receiving mechanism

The excited ultrasonic wave travels in the thickness
rection, is reflected at the bottom surface, and then return
the incident surface. Because of the inverse magnetostric
effect, the elastic deformation due to the ultrasonic wa
disturbs the electromagnetic field, giving rise to the dynam
fields. The coupling occurs at the boundary between
metal and vacuum regions and the excited field are dete
by the coil element placed in the vacuum region. Il’in a
Kharitonov6 calculated the electric field in the vacuum r
gion induced by the Rayleigh waves. Their procedure is
plied here for calculating the electric field induced in t
vacuum region by the bulk waves, although the derivation
the inverse-magnetostriction constants has been mod
from their analysis.

The inverse-magnetostriction constantsek,i j in Eq. ~5!
represent the generation ratio of the magnetic flux densityBk

induced by the elastic straine i j :17

ek,i j 5S ]Bk

]e i j
D5mkkS ]Hk

]e i j
D . ~30!

FIG. 8. Calculation of the field dependence of the generated bulk-w
amplitudes.
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Summation is not implied by the repeated indices. Unifo
bias field causes the orthogonal anisotropy in the magn
properties of a ferromagnetic material that is originally is
tropic. One of the principal axes coincides with the fie
direction. Therefore, only three inverse-magnetostrict
constants have to be taken into account. They are denote
e33, e31, ande15. e33 is the constant for the parallel mag
netic induction to the bias field due to the principal stra
along the bias field;e31 the constant for the parallel magnet
induction due to the principal strain normal to the field, a
e15 the constant for the normal magnetic induction to the b
field due to the shear straine13. e31 is approximated by
2ne33 by noting]H3 /]e115(]H3 /]e33)(]e33/]e11), where
n is Poisson’s ratio.

Considering the bias field direction and the wave mo
the calculation of receiving efficiency is carried out for fo
cases:

~i! u5(u1ej (k3x31k0x1),0,0) andB5(0,0,B03)
~ii ! u5(u1ej (k3x31k0x1),0,0) andB5(B01,0,0)
~iii ! u5(0,0,u3ej (k3x31k0x1)) andB5(0,0,B03)
~iv! u5(0,0,u3ej (k3x31k0x1)) andB5(B01,0,0)•

For example, case~i! is explained in the following. This is
the case that the shear wave polarized in thex1 direction is
impinged on the surface region where the normal bias fiel
present. In the metal region, substituting Eq.~5! into Eq. ~2!
and eliminatingH1 andH3 using Eqs.~3! and~4!, we obtain
a differential equation forE2 :

]2E2

]x3
2 2q2E25B03vu12 j H S k3

2e152
m33

m11
k1

2D
1k1

2m11M03J vu1 , ~31!

q25
m33

m11
k1

21 j
2

d2 .

The particular solution in the form ofE25Aej (k3x31k0x1) is
J. Appl. Phys., Vol. 82, No. 8, 15 October 1997
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considered, and the complex amplitudeA is determined by
substituting it into Eq.~31!. The general solution takes th
form of E25(Ceqx31Aejk3x3)ejk0x1 with unknown C. On
the other hand, Eq.~31! takes the following form in the
vacuum region

]2E2
V

]x3
2 2k0

2E2
V50, ~32!

and the solution isE2
V5Dek0x3ejk0x1. The unknown complex

amplitudesC andD are determined by the boundary cond
tion at the surface, which moves responding to the ela
wave:

n03~EV2E!5V3~B0
V2B0!, ~33!

n03~HV2H!1n83~H0
V2H0!50, ~34!

wheren0 is an outward unit vector normal to the surface a
n8 is the one when the surface is displaced by the ultraso
wave.V3 is the normal component of the particle velocity
the boundary. From these relations, we have the electric fi
E2

V and it is expressed by the contribution of each mec
nism:

E2
V5E~L !B031E~M !M031E~MS1!e151E~MS2!e33, ~35!

where
E~L !52
t

2j
@~2hx12z!1 j ~zx12h!#vu1

E~MS1!5
D3

4j
@~2hkD31zkxD314b!1 j ~22zkD31hkxD324/a!#vu1

E~MS2!5
ntD1

2

4j

m11

m33
@~2h1zx!1 j ~22z1hx!#vu1

E~M !5
tD1

2m11

4j
@~2h1zx!1 j ~22z1hx!#vu1

6 , ~36!

and

x5D3
21

m11

m33
D1

2, t5~11x2/4!21, j5b21a22,

h5ab1ga21, z512bg, b5a1m11D1 , g5a211D3

J . ~37!
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Similar analysis allows us to calculateE2
V in other cases.

The field dependence of the coefficients in Eq.~36! are
calculated with the parameters used in Fig. 8. Their res
are summarized as follows. For all cases,uE(L)u or uE(M )u is
about ten times larger thanuE(MS1)u or uE(MS2)u in the lower
field region, but all of them get closer as the field increas
However, noting B0;M0,Ms and e33, e15@Ms for
steels,7,17 it is considered that the contributions of the ma
netostriction mechanism to the reception will be larger th
the Lorentz force and the magnetization force mechanis
We also find thatuE(MS1)u for the shear wave in the norma
field @case~i!# is the largest amonguE(MS1)u and uE(MS2)u.

The detailed calculation of the field dependence of
receiving efficiency requires the dynamic response ofe at a
bias field. Unlike the magnetostriction constants, the
sponse of the inverse-magnetostriction constants are not
ily estimated from the experimental data, because it is d
cult to measure the magnetic induction due to a deforma
in a static field. Furthermore, the dynamic response of
induction caused by the small deformation due to the ela
waves will not be measurable. In this situation, the mag
tostriction data in Fig. 6~b!, which is useful for calculating
the generation efficiency, is still used to estimatee15 ande33

in following discussion.
Consider that the external fieldH03 is applied to thex3

direction and the straine33
u is introduced by the longitudina

wave. The total strain along thex3 direction becomes
eMS(H03)1e33

u , whereeMS(H) is the magnetostriction alon
the total field. This is considered to be equivalent to
strain that arises when the perturbation fieldH3 occurs in the
x3 direction and the magnetostriction is changed
eMS(H031H3) without the elastic wave. IfH3 is small
enough compared withH03, we havee33

u 5]e33/]H3 , and
then

e335m0m33S ]e33

]H3
D 21

5m0m33k
21. ~38!

Next, consider the shear straine13
u caused by the elasti

wave. This is again equivalent to the strain that arises w
the perturbation fieldH1 occurs normal to the bias field with
out the elastic deformation and the principal coordinate s
tem rotates from the original. The strain due to the mag
tostriction in the principal coordinate system will bee338
5eMS(H8) ande118 52e338 /2, whereH85AH03

2 1H1
2. In the

original coordinate system, the shear strain is expresse
e135(e118 2e338 )cosu sinu, whereu5tan1(H1 /H03). Assum-
ing e13

u 5e13, we derive

e13
u 52

3

2
eMS~H8!sin u cosu. ~39!

By differentiating Eq.~39! with respect toe13
u and assuming

H1 to be small enough, we have

e1552m0m11

2

3

H03

eMS~H03!
. ~40!

Equations~38! and~40! allow us to calculate the field depen
dence of the receiving efficiency on the basis of Eq.~35!.
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D. Efficiency of the bulk-wave EMAT

The product of the generation efficiency (u/I 0) from Eq.
~29! and the receiving efficiency (E2 /u) from Eq. ~35! pro-
vides the field dependence of the total transduction efficie
with the EMAT. Figure 9 shows the transduction efficienci
of the four cases, which are normalized by the efficiency
the shear wave at the normal bias field of 1.5 T. These res
can be compared with the measurements in Fig. 5. Altho
there are some discrepancies, the general features~i!–~iv!
observed in Fig. 5 are well explained by the present mo
The efficiency of the longitudinal wave for the tangent
bias field@Fig. 9~b!# is not favorably compared with the mea
surement in Fig. 5 in the lower field region. This will b
attributed to the rough estimation of the invers
magnetostriction constants.

Figures 5 and 9 provide an explanation for the unsolv
behavior with the bulk-wave EMAT, that is, much small
transduction efficiency of the longitudinal wave, and its d
pendence on the sample thickness~Fig. 2!. The efficiencies
for the longitudinal wave for both bias fields are quite sm
compared to that of the shear wave for the normal field ca
especially in the lower field region, indicating that the long
tudinal wave is hardly detected. The efficiency, howev
increases with the bias field. For a thick plate, the field is
strong enough because of the larger volume of the mate
to be magnetized and the shear wave are considerably la
while for a thinner plate, the magnetic field is forced to co

FIG. 9. Calculation of the field dependence of the bulk-waves generated
then detected by the EMAT.
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. A
centrate within the thin thickness, resulting in the high
field, and then the longitudinal wave becomes larger.

V. CONCLUSION

The coupling mechanism between the bulk waves
the electromagnetic field has been discussed, experimen
and theoretically. The EMAR technique made it possible
measure the field dependence of the bulk-wave amplitude
a thin plate by means of the resonant peaks, which would
be realized with the conventional pulse-echo technique
cause of the overlapping of echoes. The experiments sho
different features of coupling, depending on the direction
the bias fields and the wave modes.

A theoretical model was presented to explain the co
plex field dependences in the carbon steel, in which the d
vation of the magnetostriction constants and the inve
magnetostriction constants has been improved from
previous work. The inclination of the total field due to th
dynamic one is taken account in the present model an
found to be essential. Using several assumptions, the m
explains the field dependencies of the coupling efficien
observed by the experiments.

As a consequence, the magnetostriction effect domin
the coupling phenomena both for the normal and tangen
bias fields to the surface in ferromagnetic metals. The e
ciency of the shear wave generation and detection for
normal bias is considerably larger than other cases, and
of the longitudinal wave is fairly small for both fields. Th
J. Appl. Phys., Vol. 82, No. 8, 15 October 1997
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explained the unsolved behavior of the bulk-wave EMA
The knowledge given here will help us to improve the tran
duction efficiency of EMATs. For example, coating the su
face with a thin film of substance having a large magne
striction constants may lead to the dramatical improvem
of the EMAT efficiency.
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