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

Hirotsugu Ogi®
Graduate School of Engineering Science, Osaka University, Toyonaka, Osaka 560, Japan

(Received 5 May 1997; accepted for publication 4 July 2997

The coupling mechanism of the electromagnetic acoustic transdbad®iT) 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 Physid$S0021-897€07)02220-2

I. INTRODUCTION I'in and KharitonoV? calculated the receiving efficiency for

the Rayleigh waves by a meanderline coil in a ferromagnetic
metal. Wilbrand® presented more detailed discussion on the
Fulk wave detection involving the three mechanisms. They

terlals_ C_TS‘ racterization  of electrically conductlve_z concluded that when the static field is parallel to the sample
materialsi~*> The EMATs generate and detect the ultrasonic - . .
surface, the magnetostrictive effect dominates, while for the

elastic waves by means of the electromagnetic tranSdUCtiorrl]ormal field to the surface, the magnetostrictive effect con
and need no coupling materials, which eliminate measure- ' Y

ment errors associated with the contacting transductiont.”buuES litle and the other two mechanisms serve to the

They generally consists of permanent magrietselectro- wave genera.tion an.d reception. The theoret.ical model. pre-
magnets to supply the bias magnetic field, and the driving sented by Wilbranflis well acceptable, but his conclusion

coil element to excite the eddy currents and the dynamidor the case of the normal bias field seems to be insufficient
fields. Their configurations depend on the modes of elasti’®M an experimental viewpoint. He verified his calculation
waves to be excited. through the measurement of the directivity pattern of the
For the optimum performance of an EMAT for the ma- receiving efficiency of th¢SV) wave. Such a measurement
terials characterization, it is important to understand the coulooks at only an aspect of the phenomena and is insufficient
pling mechanism between the electromagnetic fields and thér the full understanding.
elastic waves. This has been a long running topic in the area Study on the field dependence of the wave amplitudes
of the ultrasonics and electromagnetic physics. This article igrovides a pertinent access to clarify the coupling mecha-
devoted to studying the coupling mechanism of the bulkhism. The field dependences of the Lorentz force and the
wave generation and reception by an EMAT through themagnetization force will be proportional to the magnetiza-
investigation of the dependence of the detected wave ampltion, and that of the magnetostrictive force will be governed
tudes on the bias-magnetic field. Previous wofkoncluded by the magnetostriction curve. They show different depen-
that three mechanisms are responsible for the coupling; thegences on the bias field. Such a measurement has to be per-
are the Lorentz force mechanism due to the interaction beformed for a thin plate to establish the high grade of field
tween the induced eddy current and the bias flux density, thromogeneity in the sample. But, the usual pulse-echo tech-
magnetization force mechanism due to the bias magnetizarique is unavailable because of the overlapping of echoes.
tion, and the magnetostriction mechanism due to the piezoFherefore, we use the technique of the electromagnetic
magnetic effect in a ferromagnetic material. The Lorentzacoustic resonanc€EMAR)°** to measure the bulk-wave
force arises in any conducting material, while the other twoamplitude from a peak height of the resonant spectrum.
forces occur only in ferromagnetic materials. For nonmag-  This article presents the model analysis on the field de-
netic metals, the transduction is well understood as the Lopendence of the bulk-wave generation and reception by a
entz force mechanism, but it is highly complex in case of aspjral elongated coil. Following the existing work, a two-
ferromagnetic material. Thompsbhad studied the field de- dimensional model is used to estimate the coupling effi-
pendence of the guided-wave amplitude in ferromagnetigiency. It emphasizes the spatial change of the total field
plates and derived a theoretical model to explain the resu“%omposed of the bias field and the dynamic field in the cal-
culation of the magnetostriction constants. This effect plays
3Electronic mail: ogi@me.es.osaka-u.ac.jp an essential role in the bulk wave generation, but it has not

An electromagnetic acoustic transduc@&MAT) has
definite advantages for the nondestructive inspection and m
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FIG. 1. Configuration of the bulk-wave EMAT.
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been taken into account in the previous work. The calcula 2
tion is compared with the measurement by the EMAR tech g,
nigue. We conclude that the magnetostrictive mechanisr
dominates the bulk wave generation and reception, espt
cially, for the shear wave case, regardless of the bias-fiel
direction. This analysis gives an answer for unsolved behav
iors associated with a bulk-wave EMAT and will help us to
design new types of EMATs for potential applications in
ferromagnetic metals.

Il. TYPICAL BEHAVIOR OF A BULK-WAVE EMAT

The bulk-wave EMAT illustrated in Fig. 1 has a compact
and robust structure, and is most often used in the practic: 4.4 4.6 4.8
applications by detecting bulk waves propagating normal tc
the surfac€:'%12|t consists of a spiral elongated coil and a Frequency (MHz) )
pair of permanent magnets on the coil. The magnets produc (a) EMAR spectra from plates of 10-mm thick
the normal field to the surface under the coil elements an
the tangential field around the center and the edges of th l T I T
coil elements. It is an experimental fact that this EMAT gen- i fs(7) i
erates both the shear and the longitudinal waves in a nor I |
magnetic metal, but it generates only the shear wave in - fs(5) =
ferromagnetic metal; the longitudinal wave is too weak to be i 1
observed. Figure 2 shows the EMAR spetirmeasured
with a bulk-wave EMAT for several metal plates. The results
demonstrate that in the nonmagnetic metals, both the she
and longitudinal waves are detected, but for the ferromag
netic metal it detects only the shear wave when the sample 8 10 12
thic”k; for the thinner plate, it detects the longitudinal wave as Frequency (MHz)
well.

In the surface region under the coil elements, the Lorent:
forces occur parallel to the surface due to the interaction
between the normal bias field from the magnets and the eddylG. 2. EMAR spectra detected by a bulk-wave EMAT with the plates of an
currents induced by the driving current, being sources of thé\luminum, an austenitic stainless steel, and a low carbon $&dl0-mm-

shear waves. For the nonmadanetic metals. the Lorentz fOI'CthiCk plates, andb) 1-mm-thick carbon steel platé{" andf{" denote the
: g ’ rﬁh resonant frequencies of the shear and longitudinal waves, respectively.

also explains the longitudinal-wave generation as a result Ofhe normal component of the magnetic field is 0.3-0.5 T near the magnet
the interaction between the tangential bias field around theoles, and the parallel component is 0.4 to 0.5 T.

center of the coil and the eddy current. The existing Wrk

showed that in a ferromagnetic metal magnetized by the tarforce in the center region and could be a source to generate
gential field, the major part of the vertical Lorentz force isthe longitudinal wave. However, the longitudinal wave is
canceled by the magnetization force. Certainly, this fachardly detected in practice. These contradiction associated
could be an explanation of much smaller coupling efficiencywith the bulk-wave EMAT will be solved by the following

in the longitudinal wave generation. But, it fails to explain experiments and the theoretical analysis.

why the efficiency is increased for the thinner plate. Further-

more, the existing work concludes that the magnetostrictioﬁ”' MEASUREMENT OF FIELD DEPENDENCE

force is considerable in the presence of the tangential field. If A spiral elongated coil is placed on a sample surface and
so, the magnetostriction effect would cause the vertical bodyhe bias magnetic field is supplied parallel or normal to the

T

Amplitude (a.u.)

fL(3) @ s _
/; |

L n AL

(b) EMAR spectrum from a 1-mm thick stee] plate.
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FIG. 4. EMAR spectra of the longitudinal and shear waves propagating in
the thickness direction of the carbon steel pl&enm thick. The tangential
FIG. 3. Configurations for measuring the field dependence with the spirafield to the surface is 0.18 kOe.

elongated coil and bias fields.

the longitudinal-wave amplitude for the normal bias field
surface. Figure 3 shows the setup of the measurementiicreases with the field and after taking a maximum value, it
Sample plate is a low carbon steel, being sized'¥®0"  becomes suitable up to 1.2 Tiy) there are two peaks in the
x 3" mn. The solenoidal coil gives the parallel field to the tangential-field dependence of the shear wave; @ndhe
surface up to 0.8 kOe and the electromagnet gives the normidngitudinal-wave amplitude monotonously increases for the
field up to 1.2 T. The bias fields in the sample are measurethngential field case. Since the Lorentz force and the magne-
by the hole sensor attached on the surface on the basis of
their continuity across the surface. The spiral elongated coll

is fabricated by printing copper on a polyimide sheet. A part R T -
of the coil face of the sample side is shielded with copper & [ - 4
sheets(0.045 mm thick to make only the straight parts ac- ~ § ;0 L L-wave S-yave g
tive. The active area of the coil is ¥0.0 mnt. h 102 4

The coil is driven by the high-power rf bursts with 4@ - r g
duration, gated coherently, to generate the bulk waves whict g, - =
are propagated and reflected in the sample. The same co ’E) 107 'EJ
receives the reverberation made up with the overlapping 2 3 >
multiple echoes of various phases. The received signal is & , P
processed to acquire the spectroscopic response by meast A 2 i A
: . . . 10 N T 03
ing the amplitude as a function of the operating frequeficy. o Y n 1

Only at a resonance, many reflection echoes are received i
phase and their amplitudes are summed up to give an easil B3 (T)
measurable intensity, compensating in excess for the low ef:
ficiency with the EMAT. The resonant spectrum shows a

series of sharp peaks at the discrete resonant frequencie

which aref(M=nc/(2d) for a plate of thickness; c is the 10°
longitudinal or shear wave velocity amdthe integer repre-

senting the resonant order. The wave amplitudes are deter

mined from the peak heights of the resonant spectra. All the 107

(a) normal bias field

measurements were performed after cyclic demagnetization %0 :
that is, the magnetization always progresses along the initia 3 ]
magnetization curve. T ]
. = -2
Figure 4 shows an example of the measured resonan g 10
=¥

spectrum of the steel plate for the tangential bias field of 0.18
kOe. Measurement of the field dependences is made on th
resonant spectra of the fourth longitudinal resonant mode 1073
(f) and the eighth shear resonant moé§j for both bias 0 02 04 06 08
field cases. Figure 5 presents the field dependences of the Hy; (kOe)
amplitudes. The amplitudes have been normalized by the (b) tangential bias field
maximum shear-wave amplitude in the normal bias field
case. We have the foIIowmg 0bservatl0ﬁ$;the shear-wave FIG. 5. Field dependences of the spectrum-peak height for the steel plate.

amp”tUde__ f(?r the normal bias ﬁ_eld shows th_e Iarge_s'[_r_nagniPIotted are the response at the 4th resonant frequency for the longitudinal
tude and(ii) it has a small peak in the lower field regidiii) wave and the 8th one for the shear wave.

[a—y
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tization force mechanisms will cause the monotonous depen- 3
dence as characterized by the magnetization curve, it is ap- (@) i
parent that these mechanisms cannot explain the above
observations.

M (T)

IV. THEORETICAL ANALYSIS
A. Modeling

The basic equations governing the coupling of the elec-

tromagnetic field and the elastic deformatianare given 0
-8 (b b
by5 3F ®) ¢ measurement}H
d%u 2 —fitted curve _
p ===V -T+f, ) ]
ot ]
tE ® 2 .
rote=— —, N
g 2 ]
H D J 3 ]
rotR=¢ +J ©® 0 02 04 06 08 1
Ju Static Field (kOe)
_ -1
= +—X
E=o ot BO’ (4) FIG. 6. (a) Simplification of the initial magnetization curve and calculated
permeabilities, andb) magnetostriction curve based on the measurements.
B:,LLOILL(H_M0V'U)+e'EU, (5)

whereE is the electric fieldB the magnetic flux densityi

the magnetizing fieldD the dielectric displacemend, the  regjgual magnetization of 0.8[Fig. 6&)]. This is an accept-
current densityp the mass densityl the elastic stress ten- gpje approximation for the practical initial magnetization
sor, andf the body force per unit volume. They are all time- ¢ ,ve of a low carbon steel.
dependent quantitie®, and M are the bias magnetic flux With the magnetic anisotropy induced by the bias field,
density and_the bias magnetizatienand are_t_he electri-  the nonzero components in the permeability tensan Eq.
cal conductivity and the free-space permeability.e, and (5 are equal tu,, or w,, which is the permeability parallel
€" are tensors of the differential magnetic permeability, they, nhormal to the bias field, respectively. Generally, the an-
inverse-magnetostriction constants, and the strain caused t?é’otropy originates from the rotation of the magnetization
the ultrasonic, respectively. The terms involvin@nde" in - 514 the movement of the domain walls. But, because the
Egs.(4) and(5) are only considered in the receiving process.material is magnetized by the dynamic field with a high fre-
Some approximations are used for simplification. Thegyency and a small amplitude in the EMAT phenomena, the
rest of this section summarizes the formulation and the asjomain walls will not oscillate responding to the field vibra-
sumptions, including the magnetization curve, the anisogion QOnly the rotation of the magnetization is then consid-
tropic permeability, and the magnetostriction curve. ered. The anisotropic permeability tensor is calculated fol-
The electromagnetic and the elastodynamic fields arfowing Chikazumit® In a domain of a ferromagnetic metal

variables in the two-dimensional space of #ie-xz plane.  yjith the cubic crystallographic symmetry, the magnetic en-
The half space 0%;>0 is filled with a ferromagnetic metal, ergy is expressed by

in which thex; —x, plane defines the interface with vacuum.
The bias field is homogeneous being normal or parallel to the  U=K; coS(¢o— ¢)Sirt(do— ¢)—MH cos ¢, 7)
surface. The magnetostriction causes no volume chésge
volume); this is true for an isotropic polycrystalline metal, when the magnetization rotates in the plane involving an
because the randomly oriented easy axes average out tRasy axisK; is the first magnetic anisotropy constant and
anisotropy of the magnetostriction of individual magnetic Mg is the saturation magnetizatiosh.and ¢, are angles be-
domainst* We also assume that the displacement current i¢ween the field and the magnetization and between the field
neglected because of the relatively low frequency range anand the easy axis. The stable direction is determined by mini-
the magnetic states are reversibly changed through the rotasizing the energy, that ispU/d¢=0. The magnetization
tion of the magnetization. parallel and normal to the external fiel is obtained by
The formula presented by Potter and Schufidés used Mg cos¢ andMj sin ¢. The values fow, and ., are given
to express the static response of the magnetizatiorTj to by differentiatingM, and M, with respect toH, that isu,
the field H:kOe): =d(Mg cosd)loH and w,=d(Mg cos¢)/dH. Because a
. polycrystalline metal is composed of the randomly oriented
M=2.2(0.27-0.73 tank0.38-8.6H)), ©) grains, the permeabilities are determined by averagipg
which is derived as the initial magnetization curve of theand u, for all possible angles ob,. Figure &a) shows the
material with the saturation magnetization of 2.2 T and thepermeabilities thus calculated.
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lo
coil e AP o gurent (Ie™) Kow=m=3 & |( [ " emi)
XXX X X X X e 0 0 0 0
= a X sin| a km)sin KmX1 |, (13
vacuum X, 2
0 metal wherek,,, = 27(2m + 1)/D is characteristic to the spiral-
coil dimensions. Substituting EE) into Eq.(3), and elimi-
nating the electric field with Eq4), we find that the mag-
X

3 netic fieldHY in vacuum satisfies Laplace’s equation. It is
easily solved with the boundary condition bf\l’zK/Z at
FIG. 7. Two-dimensional model to explain the electromagnetic phenomenxs= —h. In the metal region, a similar procedure reduces the
caused by driving the spiral elongated coil. simultaneous Eqs(2)—(5) to a second-order differential
equation forH, by usinga®H,/dx2=—k2H,. The general
solution of H; contains a complex amplitude that is deter-
Magnetostriction éy,s) is measured with the steel plate mined by the continuity of the tangential field at the bound-

used in the field-dependence experiment and is apprommatéﬁy between the vacuum and metal regi¢hy=H at x3
=0). Hs is also obtained frontH,; by Egs.(2) and(5). The

by solutions thus derived consist of a series of terms including
ems=8H3%.1.797 110,75, (8) e 2m@m+1D and they decrease as becomes larger. For
whereeys is in unit of microstrain andH in kOe. Figure 6o) ~ focussing on the primary effect, the terms in the higher or-
compares the measurement and the fitted function. ders (n>0) are neglected in the following analysis. This is
allowable for a large liftoff. The resultant expressions be-
come
B. Generation mechanism Hi=— ﬂ sm(i w)eqx3e1koxle‘k0h, (14)
The elastic wave field excited in the metal is governed D
by Eg. (1) with an electromagnetic body forde which can w11 Ko 210 a .
. H X3alKkoX1a—Kkoh
be expressed by the summation of the Lorentz fétce the He=—"— 2, SN p W)eq sglfoXig 0N,
magnetization forcefM), and the magnetostriction force Has G
f(MS)38 a5 ko=2m/D, q=—(a+ja /65,
fH=JcxBo, ©) o=\2owpomr), a=\(kod) 2 urilps9/2+1.
FM) = (VH)- Mo, (10 (15

1. Lorentz force and magnetization force
fMS=V.(e-H), (12)

_ _ The Lorentz force(™) and the magnetization ford&")
whereJ, is the eddy current density ards the tensor of the are obtained by substituting Eq44) and(15) into Egs.(3),
magnetostriction constants. The traction fofcg’ normal 9). and(10):

to the surface per unit area due to the bias magnetization also

ntributes to the wav neration: dH, JH oH
contributes to the wave generatio FO 4 M= o 28 - Lo Xs_(Bos_Mos) axs'
1 3 1
T4 =— MoaMy, (12) (16)
Mo I
where M, denotes the normal component at the surface of -+ fM=(c{)+C ) +c ng

the magnetization of the metal. This term occurs as a result

of the steep change of the electromagnetic field near the sur- 3
face of a magnetized metHl.Because the forces in Egs. +(Bort+Moy) e
(9)-(12) are caused by the electromagnetic fields in the !
metal, the calculation of the wave amplitude starts with de-  C!}=Bg;, CY'=—Bg,
riving the fields in the metal induced by the driving current.

We consider the electromagnetic transduction with a  Ci3'=—(uss/m10Mor, C§’=Mgy, and
harmonic excitation in a two-dimensional half-space occu- C 'V”—M 17)
pied by an isotropic polycrystalling=ig. 7). Coil elements 03
are located near the surface with a liftdéff and driven by ~ whereC;j; represents the coefficient of the body fof¢ero-
the current ol ;€' !, w being angular frequency. The expres- portional todH; j/ x5 or the gradient of the dynamic field;
sion ofel“! is omitted hereafter. Analogous procedure to thein the x; dlrectlon The terms involvingH3/dx, are small
previous worR leads to the Fourier transform expression ofenough compared with others; they will be neglected in the
the sheet currenK(x,,—h) per unit length along the;  following discussions. Considering that; is much larger
axis: than H; in magnitude and the well known relation &,

3944 J. Appl. Phys., Vol. 82, No. 8, 15 October 1997 Hirotsugu Ogi



= uoH+My, we find thatf{") and f{ act in the opposite 011= 0}, Sil? 0+ 0} cog 6,
directions andf{™) cancels the major part df{-), that is,
CH+CM=— uoHo,. The magnitude ofugHo; is much
smaller tharM o in the field region used in the experiments,
implying the small contribution of P+ ™) to the elastic
wave generation. This cancellation has been pointed out bfor a normal bias field, and
Thompson experimentally and by I'll and Kharitonétheo-
retically.

033= 011 COS O+ ahg SIN? 6, (20)

o13= (01, 033)Sin 6 cos 0,

011= 01, COS O+ obg Sir? 6,
033= 071, SI? 6+ 043 cOZ 6, (22)
2. Magnetostrictive force o13= (01— 053)Sin 6 oS 6,

In case of the magnetic metals, the magnetization leadfr a tangential bias field. The magnetostriction constants
to the dimensional change in the magnetization directionekij are obtained from Eq$18)—(21) for each of the normal
which is called magnetostriction. Magnetostriction changesind the tangential fields:
with the dynamic field, resulting in the ultrasonic source. (i) normal bias field

The magnetostriction constant;gin Eq. (11) represents
\

the dynamic response of the magnetostrictive stwgsto the 3 ) 2 2 6Geyq S0
field Hy. Using the magnetostrictiog,, which depends on 8.1~ 3«G Sin 6(2 it 6=cos 6) + == cos” § sin 6,
the total field, g;; is expressed as follows:’ 3Ge),
€1 15= 9xG sir? 0 cos 0+ cos ¥ cog 6,
((90'”) ( (90'” (ﬁsmn (18) H03 ,
&.ij= = ) 6Ge;
DoV oHe) | demn =o' IHk/ ;0 €35~ 3G sin §(2 co$ 6—sir? §)— — 2 cos 6 sin 6,
03
where @oij/demn)-o Can be replaced by the elastic stiff- e;;,=—3«G, ;,3=0, e33=6«G

ness. In Eq.(18), the summation convention is implied. 1
Equation(18) indicates that the strain due to the magnetic‘g:tan (H1/Hog) (22
field (i.e., magnetostrictionis regarded to be equivalent to (i) tangential bias field

the strain caused by the stresses without the field.

It is difficult to determine g;; by experiments. II'in and e, 1,=6«G, €,15=0, & 3= —3xG )
Kharitonov and Wilbrand used a rough approximation for _ _ 6
it: ThompsoA derived it from the slope of magnetostriction 811~ 3«G sin 6(2 cos' §—sin’ 6)—
response to the bias field. The present analysis, however, _ 3Ge),
takes account of the magnetostriction change responding & 15= 9«G sin’ 6 cos 6+ Hy CO° 2 cos 6,

the total field, which is very important for the wave genera- 6Gel,

!
Geygq

cos 6 sin 6,
HOl

tion as will be shown later. €335= 3xG sin 6(2 sirf §—cog 6)+ cos 6 sin @
When the dynamic field is superimposed on the bias ot /
field, the total field is inclined from the original direction. #=tan ‘(Hz/Hgy). (23

Because the magnetostriction tends to occur in both the par-
allel and normal directions to the total field, we should con-
sider the principal coordinate system to calculate. Con-
sidering a new systenx{,x;,x3) where the total magnetic ngS):(ggij 19%;=8&ij(IH ] 9%;), (24)
field lies along thex; direction andx;=x,, only three prin-

cipal stressedo;, oy, andoly) exist. Because of the iso- a@nd we can define coefficieng]*® like in Egs. (16) and
volume magnetostriction, the magnitude of the magnetostrict17) as follows

tion along the applied field is twice larger than those in the aa

perpendicular directions, being in the opposite sign. Supposiy®=e, 13, CM9=-"F¢

ing debldH;=debl dH,=— (€}, /oH})2 and using K11

Hooke’s law, Eq.(18) is reduced to

The body forcd™®) due to the magnetostriction effect is
determined by

MS) _ MS) _ H33
cYy =€133, CYf )—93,33— o €113

do1/IH{=6kG

doylH = —3kG } | (19 normal bias field, (25
dozyd IH; = —3kG
MS) _ M33
whereG is the shear modulus aned = de;,/dH; is a func- Cit¥=0, Ciy¥=- i €111 €313,

tion of the total field and given from the slope of the mag- MS) MS) '
netostriction curve in Fig. ®). Introducing the direction co- Ca1 =€133  C33™ =€333

sine Q;; between thex/ and x; axes, we haveg;

= 0mQmiQn; - In the present two-dimensional mode;; tangential bias field. (26)
are calculated using an angldetween the total field and the It should be noted that if the inclination of the total field
bias field, and we have was ignored §,3=0), the expressions for,g would be

J. Appl. Phys., Vol. 82, No. 8, 15 October 1997 Hirotsugu Ogi 3945



quite different from the above results; especially; #vould
vanish in the case of the normal bias field. However, in the

T T T T TTTTI T T T TTTTT

. . . 10° E ——— S-wave (Bo3) | 3
present model, 6 ;takes a large value even in the high field 3 .. L_wave(B‘(’)’s) 3
limit of & = 0 in Eq.(22) and contributes t¢{"". r —— Swave Bop)
--== L-wave (B o)
10

3. Wave amplitude
Body forces obtained in Eq€16), (17), and (24) are

|

uMs)/ u3(L)

coupled to the bulk waves in E¢l). Taking the longitudinal 10' b 4
wave for example, Eq(1) is reduced to the second-order : 3
differential equation by noting?us /x4 = — kaus: i ]

02“3 2 2 f3 10° E

EE— + — = = — F

Pl U e Tl ;

(27) I

k3: w/CL 1 CL =V ()\ + ZG)/P: 10.110_2 ! ! 10" ’ 100

where \ is one of Lame’s constants. Particular solution is Static Field (kOe)

first obtained and then the general solution is expressed by

the summation of the particular solution and the homogeriG. s. calculation of the field dependence of the generated bulk-wave

neous solution. The general solution includes an unknowmamplitudes.

constant, which is determined by the stress-free condition at

X3 = 0 together with Eq(12). The resultant expression of

the general solution consists of two terms; one is proporsuggesting that the magnetostriction mechanism governs the
tional to e ®%'? and rapidly decays in the thickness direc- bulk-wave generation as a whole, regardless of the field di-

tion. The other term carries energy into the metal and reprerection. We also find the smaller generation efficiency in the

sents the generated ultrasonic wave. The expression of thiangential bias field than in the normal bias field. Especially,

term for the longitudinal wave is the efficiency of the shear-wave generation in the tangential
ol s bias field is the smallest. The shear wave amplithd¥®)|
o SiN(aw/D) | [ u11 2 2 . L . .
Ugm— [(_ Ag(AZ—AZ—2)Cy3—4Cy in the tangential field case is nearly proportional Ag
amK(A+2G) [\ psa3 (=kod). The neglect of the higher-order terms in the Fourier
(o . , transform expression of the dynamic field has smoothed out
+j| = Ap(A5—AG+2)Cysat+ 2(A3 the steep change of the field around the center region of the
K33 coil elements x,~0). This decreask, and therefore under-
) (=K ko) estimates the shear wave amplitude. But the field dependence
—AQ)Cay| | T, (28) s not so affected by this neglect because it mainly depends

on the field dependence of the permeability, the magnetiza-

— _ _ 1,2 2 H R ..
whereAo=kod, Az=k38, andK*=k3—kg. A similar pro-  tion, and the magnetostriction response.

cedure leads to the solution for the shear wave.

The ultrasonic amplitude thus derived will be in the form o _
ui=ui(L>+ui(M)+ui(MS) i1 o3 29 C. Recelvmg. mechanism | | | |
The excited ultrasonic wave travels in the thickness di-
and the contribution of each mechanism for the elastic waveection, is reflected at the bottom surface, and then returns to
generation can be discussed separately. Figure 8 shows thes incident surface. Because of the inverse magnetostriction
field dependence of the bulk-wave amplitudes due to thfect, the elastic deformation due to the ultrasonic wave
magnetostrictive effect normalized by the Lorentz force conyjsturbs the electromagnetic field, giving rise to the dynamic
tribution for the longitudinal wave|(("|/|u§”]) for each fields. The coupling occurs at the boundary between the
bias field. Used parameters are as follows;4 MHz, D metal and vacuum regions and the excited field are detected
=20mm, a=4.5mm, h=0.5mm, 1,=50 A, G=80GPa, py the coil element placed in the vacuum region. Iin and
\=120 GPa,o=3.3x10° S/m, anduo=1.26<10"° H/mM,  Kharitono¥ calculated the electric field in the vacuum re-
which are Compatible with the experimental condition. Thegion induced by the Ray|e|gh waves. Their procedure is ap-
contributions of the magnetization mechanism and that of thgjied here for calculating the electric field induced in the
tangential Lorentz force are not included in Fig. 8 because ofacuum region by the bulk waves, although the derivation of
the similarity to the vertical Lorentz force casif”|~[(\  the inverse-magnetostriction constants has been modified
+2G)/G]|u§?], [u§| ~ugP] [ul™] <[ u§)). from their analysis.
Figure 8 indicates a much larger contribution of the  The inverse-magnetostriction constaeis; in Eq. (5)

magnetostriction effect than the others, especially in theepresent the generation ratio of the magnetic flux deiBity
lower field region. As the external field increases, the contriinduced by the elastic straig), 17

butions of the Lorentz force and the magnetization force be- B H
come considerable. The bias field exerted by a permanent ¢ i_:(ﬂ k>: kk(‘; k

: . P -— (30)
magnet in a low carbon steel is usually less than 0.5 ¥Oe, €] Je€jj
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Summation is not implied by the repeated indices. Uniformconsidered, and the complex amplitudleis determined by

bias field causes the orthogonal anisotropy in the magnetisubstituting it into Eq.31). The general solution takes the

properties of a ferromagnetic material that is originally iso-form of E,=(Ce®s+AeksXs)elko1 with unknown C. On

tropic. One of the principal axes coincides with the fieldthe other hand, Eq(31) takes the following form in the

direction. Therefore, only three inverse-magnetostrictiorvacuum region

constants have to be taken into account. They are denoted by

€33, €31, andes. €33 is the constant for the parallel mag-

netic induction to the bias field due to the principal strain (92E\2’

along the bias fieldes; the constant for the parallel magnetic —— kgE\z’:o, (32

induction due to the principal strain normal to the field, and X3

e,5 the constant for the normal magnetic induction to the bias

field due to the shear straig;. e3; is approximated by

— €33 by NotingdH 3/ de1,= (IH 3/ dez9) (Jessl de1q), where  and the solution i€y = Deko*sel X1, The unknown complex

v is Poisson’s ratio. amplitudesC andD are determined by the boundary condi-
Considering the bias field direction and the wave modetion at the surface, which moves responding to the elastic

the calculation of receiving efficiency is carried out for four wave:

cases:
(i)  u=(uelkexs™kox) 0,0) andB=(0,0Bz) y v
(i) u=(ueikexst*ox1) 0,0) andB=(Bg,,0,0) NoX (EY—E)=V3(By—By), (33

(i) u=(0,0uze!s*s ko)) andB= (0,082
(iv) u=(0,0ugelkes*kox1)y and B=(B,,,0,0)-

For example, casé) is explained in the following. This is NoX (HY=H)+n"x (Hy—Hq)=0, (34)

the case that the shear wave polarized inxhelirection is

impinged on the surface region where the normal bias field is

present. In the metal region, substituting E8).into Eq.(2)  wheren, is an outward unit vector normal to the surface and
and eliminatingH, andH3 using Eqs(3) and(4), we obtain  n’ is the one when the surface is displaced by the ultrasonic

a differential equation foE;: wave.V; is the normal component of the particle velocity at
PE, aa the boundary. From these relations, we have the electric field
5 —q2E2=Bo3wu1—j[ k3eis— — kf) EY and it is expressed by the contribution of each mecha-
X3 K11 nism:
+kfuyM 03] wUy, (31
u Ey=EBggt EMM g+ EMSVe o+ EMS2e,,, (35
28812, &
M1 ! 5

The particular solution in the form d,=Ae(®stkox) js  where

EC=— 5e [~ mx+20) +i(Ex+2m) Jouy

sy _ A3 A A i(—20kA Ag—4l
E 4z [(2nKAs+ {kxAz+4B)+](—2{kAz+ nkxAz—4la)|wu;

e | b (36)
EMS2—— Lo ) +i(— 28+ my) ]wuy
48 pas
(M) TA%,LL]_l .
EM=—"""[(29+Ix)+j(—2¢+ nx)]wu; )
and
M1
=A3+ "= AL r=(L+xAH 7Y E=p2+a?
X=A43 a3 7=(1+x/4) §=p"ta @7

n=aBftyat, (=1-By, B=a+ppd;, y=a ‘+Ag
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Similar analysis allows us to calculafg in other cases.

The field dependence of the coefficients in E2f) are
calculated with the parameters used in Fig. 8. Their results
are summarized as follows. For all casgs")| or [EM)| is
about ten times larger thg&™SY)| or |[E(MS?)] in the lower
field region, but all of them get closer as the field increases.
However, noting Bo~My<Mg and eg3, €=M for

10!

T T T T T T T T T T T T T T ?

10°

Transduction Efficiency (L-wave)

Transduction Efficiency (S-wave)

steels!!’ it is considered that the contributions of the mag- AR L-Wave 4 107
netostriction mechanism to the reception will be larger than - /’ Npmm=o oo T T 3
the Lorentz force and the magnetization force mechanisms. "~ N
We also find thatE™SY)| for the shear wave in the normal 1 ) SSPREP E  E S—— V)
field [case(i)] is the largest amontEMSY)| and |[EMS2)|., 0 0.5 1 L5
The detailed calculation of the field dependence of the Bos (T)
(a) normal bias field

receiving efficiency requires the dynamic response at a

bias field. Unlike the magnetostriction constants, the re-
sponse of the inverse-magnetostriction constants are not eas
ily estimated from the experimental data, because it is diffi-
cult to measure the magnetic induction due to a deformation

10!

—
<
LB ILLLLIL

[N |

~
~

in a static field. Furthermore, the dynamic response of the 102 O
induction caused by the small deformation due to the elastic =N
waves will not be measurable. In this situation, the magne- C
tostriction data in Fig. @), which is useful for calculating 10° 10°

the generation efficiency, is still used to estimajeandes;;
in following discussion.

Consider that the external fieldy; is applied to thexg 0.2 0.4 06 03
direction and the stralg,‘)3 is introduced by the longitudinal Hy; (kOe)
wave. The total strain along th&; direction becomes (b) tangential bias field
ems(Hoa) + €33, Whereeys(H) is the magnetostriction along
the total field. This is considered to be equivalent to theFIG. 9. Calculation of the field dependence of the bulk-waves generated and
strain that arises when the perturbation fillgloccurs in the ~ then detected by the EMAT.

Xz direction and the magnetostriction is changed to
ems(HostHg) without the elastic wave. IH; is small
enough compared withiy;, we havees,=dess/dHz, and  D. Efficiency of the bulk-wave EMAT

Transduction Efficiency (S-wave)
Transduction Efficiency (L-wave)

10"

S

[

then The product of the generation efficienay/(,) from Eq.
Jess) L . (29) and the receiving efficiencyE, /u) from Eq. (35) pro-
€33= toMas| J.| = MoMasK (3g)  vides the field dependence of the total transduction efficiency
3 with the EMAT. Figure 9 shows the transduction efficiencies

Next, consider the shear straie{, caused by the elastic of the four cases, which are normalized by the efficiency of

wave. This is again equivalent to the strain that arises wheH'® sk?ear wave E(‘jt th_ehn(;]rmal bias field of 1.5 I-:r Tgeiﬁ Lesultr;s
the perturbation fieltH, occurs normal to the bias field with- €20 € compared with the measurements in Fig. 5. Althoug

out the elastic deformation and the principal coordinate syst-here are some discrepancies, t_he general fealiretv)
observed in Fig. 5 are well explained by the present model.

tem rotates from the original. The strain due to the magne " L ;
tostriction in the principal coordinate system will hd, -tl)—iges ﬁgl'g['i?cy g(%g]tigené??g\l,tgggfl C"Z)‘:}’earga \t/t/]i?ht;r:agrigtil
=eus(H') and e},= — €442, whereH’ = \HZ,+ H2. In the 19 2 : y compar o

-V ; S surement in Fig. 5 in the lower field region. This will be
original coordinate system, the shear strain is expressed baﬁtributed to the rough estimation of the inverse-
€15= (€1,— €49 cosdsin 6, where = tan'(Hy/Hga). Assum- magnetostriction constants.

. g i
Ing €15= €13, We derive Figures 5 and 9 provide an explanation for the unsolved
3 behavior with the bulk-wave EMAT, that is, much smaller
€13= — > ems(H')sin 6 cos 6. (399  transduction efficiency of the longitudinal wave, and its de-
pendence on the sample thicknébgy. 2). The efficiencies
for the longitudinal wave for both bias fields are quite small
compared to that of the shear wave for the normal field case,
especially in the lower field region, indicating that the longi-
2  Hgs tudinal wave is hardly detected. The efficiency, however,
157 T HoM 3 e (Hoa) (400 increases with the bias field. For a thick plate, the field is not
strong enough because of the larger volume of the material
Equationg38) and(40) allow us to calculate the field depen- to be magnetized and the shear wave are considerably larger;
dence of the receiving efficiency on the basis of Bj). while for a thinner plate, the magnetic field is forced to con-

By differentiating Eq.(39) with respect toe}; and assuming
H, to be small enough, we have

e
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centrate within the thin thickness, resulting in the higherexplained the unsolved behavior of the bulk-wave EMAT.

field, and then the longitudinal wave becomes larger. The knowledge given here will help us to improve the trans-
duction efficiency of EMATs. For example, coating the sur-
V. CONCLUSION face with a thin film of substance having a large magneto-

The coupling mechanism between the bulk waves an&trlctlon constants may lead to the dramatical improvement

the electromagnetic field has been discussed, experimentalﬂ; the EMAT efficiency.
and theoretically. The EMAR technique made it possible to
measure the field dependence of the bulk-wave amplitudes in
a thin plate by means of the resonant peaks, which would notM. R. Gaerttner, W. D. Wallace, and B. W. Maxfield, Phys. RE84, 702
be realized with the conventional pulse-echo technique be—2(19§9-Th 3. Appl. Phyds, 4942(197
: : . B. Thompson, J. Appl. Phyd48, .
Cause of the overlapplng ‘?f echoes. T,he experlme_nts S,howe . B. ThompsonPhysical Acousticsedited by R. N. Thurston and A. D.
different features of coupling, depending on the direction of pjerce(Academic Press, New York, 1990/0l. 19, p. 157.
the bias fields and the wave modes. “B. W. Maxfield and C. M. Fortunko, Mater. Evatl, 1399(1983.
. . 5 H
A theoretical model was presented to explain the com-_R. B. Thompson, IEEE Trans. Sonics Ultras@iu-25 7 (1978.
lex field dependences in the carbon steel. in which the deri 1. V. Il'in and A. V. Kharitonov, Sov. J. Nondestruct. Ted6, 549(1980.
P ’ p o ! ; 7A. Wilbrand, New Procedures in Nondestructive Testireglited by P.
vation of the magnetostriction constants and the inverse- Hglier (Springer, Berlin, 1988 p. 71.
magnetostriction constants has been improved from théA. Wilbrand, Review of Progress in QNDEedited by D. O. Thompson
previous work. The inclination of the total field due to the ,ad D- E. ChimentiPlenum, New York, 1987 Vol. 7, p. 671.
d . is taken account in the present model and i&K' Kawashima, J. Acoust. Soc. ArB7, 681(1990.
ynamic one Is ) ) p . M. Hirao, H. Ogi, and H. Fukuoka, Rev. Sci. Instruf#, 3198(1993.
found to be essential. Using several assumptions, the mod&w. L. Johnson, B. A. Auld, and G. A. Alers, J. Acoust. Soc. /98, 1413

explains the field dependencies of the coupling efficiency_(1994.
observed by the experiments. 12H. Ogi, M. Hirao, and T. Honda, J. Acoust. Soc. A@8, 458(1995.

. . 134, Ogi, M. Hirao, and K. Minoura, J. Appl. Phy81, 3677(1997.
As a consequence, the magnetostriction effect dominatesg chikazumiphysics of Magnetizrtwiley, New York, 1964.

the coupling phenomena both for the normal and tangentigr. I. Potter and R. J. Schmulian, IEEE Trans. MabAG-7, 4 (1971).
bias fields to the surface in ferromagnetic metals. The effi-ﬁs- lida, New Electromagnetic Dynamickaruzen, 1975, in Japanese.

; ; : D. A. Berlincourt, D. R. Curran, and H. Jaffehysical Acoustigsedited
ciency of thg shear_ wave generation and detection for the by W. P. Mason(Academic, New York, 1964 Vol. 1A, p. 169.
normal bias is considerably larger than other cases, and tha Ogi, K. Minoura, and M. Hirao, Trans. Jpn. Soc. Mech. Eng., Ser. A

of the longitudinal wave is fairly small for both fields. This 62, 1955(1996, in Japanese.

J. Appl. Phys., Vol. 82, No. 8, 15 October 1997 Hirotsugu Ogi 3949



