IEEE TRANSACTIONS ON MAGNETICS, VOL. 37, NO. 4, JULY 2001 2821
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Abstract—Electromagnetic acoustic transducers (EMATS) op- In [1], an analytical solution has been obtained for a differen-
erating in transmitting mode are examined. Two different finite el-  tjia| equation which is based on @mcomplete equatiofor the
ement formulations, derived for two different definitions of source  g-p A time domain solution has been derived from afrequency

current density, are compared in order to show the importance of . . - . . -
skin and proximity effects. An EMAT consisting of six source con- domain solution by substitution giv with the Laplace variable

ductors is modeled as an example. Results obtained with an earlier s- In general, the steady-state solution in the frequency domain
method are compared with new FEM results at two different fre-  is equivalent to the particular solution in the time domain. The

quencies. The effect of lift-off and distance between conductors is quthors of [1] did not use initial conditions and did not compute
investigated. the homogeneous solution of the differential equation.
Index Terms—EMAT, finite element method, NDE, time domain In [6], the authors made use of 1D analytical solutions to val-
analysis. idate FEM numerical results. In this paper, a practical EMAT
example containing six source conductors is modeled. Results
|. INTRODUCTION obtained with an earlier method are compared with new FEM re-
sults at two different frequencies. Finally, the effects of lift-off

LTRASOUND as a means of searching for flaws ™nd distance between conductors on the Lorentz electromag-

gtructur_al materlal_s plays an important role in nond‘?tietic force inside a test sample are investigated.
structive testing/evaluation (NDT/NDE). A noncontact way o

generating ultrasonic waves in an electrically conducting test
specimen is by means of EMATs. EMATs are used not only II. MAGNETIC FIELD EQUATIONS

for flaw characterization but also for thickness measurementsThe transient magnetic field for a transmitting EMAT may be

‘F’.md the study .Of many fupdamentgl phy5|c_al p_ropertles glfated in terms of the MVP and SCD by the following diffusion
linear and nonlinear materials. Their operation is based

the combination of eddy currents with ultrasound tec:hniquegsauatlon [41, [51:

Although EMATs present several advantages for ultrasonic 1 0A, .

NDT, the efficiency of the transduction mechanism is low. _dlvﬁ grad A, T o T sk @)

Thus, design optimization of EMAT configurations is desirable

to achieve an acceptable signal-to-noise ratio. wherey, o, A, andj, are the permeability, conductivity, MVP,
Transient electromagnetic field effects in EMATSs consist ¢ihd SCD of thekth source conductor, respectively. In [4] and

skin and proximity effects and eddy current phenomena, whif#l, the above equation is solved for a given SCD. In genetal,

are governed by the diffusion equation. In earlier works [1]-[3fndjsx are unknown. On the other hand, in some applications

the two-dimensional (2D) finite element method (FEM) wathe total currents are known. In [4] and [5], it is not clear how

used to solve for the magnetic vector potential (MVP) for Be SCD is determined from total current. For time domain field

given source current density (SCD). In [1] and [2], the SCD @nalysis just like in the case of static field analysis, the following

treated as a known function of total current. However, accordiginple equation foys, is used [1], [2]:

to electromagnetic theory, the SCD is also a function of the time .

derivative of the MVP. In this paper, tttomplete equatiofor Joke = ﬂ 2)

the SCD is considered and a 2D time-domain FEM is used to Sk

solve the resulting system, which now includes, in addition {gnere;, (¢) ands, are the total current and cross-sectional area
eddy currents, skin and proximity effects. of thekth source conductor, respectively. In this paper, the above
equation is referred to as tircomplete equatiofor the SCD.
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where R, represents the cross-sectional region of#ttecon- Air )
ductor. By substituting (4) into (1), the differential equation EMAT Meander Coil
becomes b d
1 ) aty ﬂ@“ & l/ oy
dlv—gladA 4o ;—S—a// Ads— (5) ¥
k R, —BPO Q
Static Magnetic Field
[ll. AcousTICFIELD EQUATION
The Lorentz force produces an acoustic wave inside the test .
. . h . . Al Specimen
material. This force is caused by the interaction between the

electric current density, which is induced through the eddy curig. 1. Meander coil, static magnetic field and aluminum specimen.
rent coil, and the static magnetic field. In general, the direc-

tion and intensity of the forcg, is determined by the vector 150 , , ‘ , , ,
equation | | | | |

T
: : : : : Cgiamplete Equation
e = 100+ R AN
fo=4J x Bo (6) s D ¢ s

whereJ and B, represent total current density and static mag
netic flux density, respectively. In generdljs given by
. - 94
J=J;—o—. 7
sTog (7)
It is assumed thaf has only az-component,/., which can be
computed from

-------------------------------------------------------

T — R - S S~ JOU
' ; \ : Incomplete Equatlon

Lorentz Force Density (M N/m3)

0A. -100
J,=— . 8
p T (8)

Note_tha_ttfs is zero inside the specimen. The static magnet 150,z 75 5 25 5 a5 1
field inside the specimen is produced either by a permane Time (us)

magnet or a DC electromagnet. The acoustic field equation qﬁ@ 2. Comparison of FEM results for force density at 500 kHz.

be stated in terms of a particle displacement vegtand the

Lorentz force as follows:
- V. EMAT EXAMPLE

o1
PV XNV X il = (A4 20) YVl + pos I¢2 =t © Fig. 1 depicts a meander coil EMAT configuration containing
wherep is mass volume density addand: are Lamé constants. six identical conductors of rectangular cross section and dimen-
sion a by b. Parameterd andh are the distance between the
IV. EINITE ELEMENT FORMULATION source conductors and lift-off, respectively. The transient exci-
tation current of théith conductori; (¢), is assumed to be given
The discretized finite element (FE) equivalent of (3) becomgg,
4]
x (—=1)*Io[1 — cos((wot)/n)] cos(wot)

oriA 1 SA T, (10) in(t) = for0 <t < (2nm)/wo  (14)
dt 0 fort > (2n7)/wo
Sn xn andT, ., are FE coefficient matrices. The discretize@vhere
FE equivalent of (5) becomes [6] Iy is a constant current,

o = 27 fy isthe angular center frequency, and
n is the number of cycles.
To solve the ordinary dlfferentlal equation (11), a pure |m—he parameters used in this example fre= 500 KHz, n = 2,
plicit scheme is applied Ip=100A,By=1T,a=0.1 mm,.b_O. mm,d_o.o mm
andh = 1 mm. Meshes based on first-order triangular elements
<£ + 5) A, R S A,_, +QP7'I(t,) (12) Wwere used with the authors’ FE codes to model the EMAT ex-
At T At ample. The meshes consist of about 800 nodes and 1500 ele-
where the matrixR,, « . iS given by ments. Identical meshes have been used for both formulations.
_ The outer boundary is assumed to be a closed boundary, which
R=o(T-QPQ"). (13) is located sulfficiently far from the sources.
It is simple to prove thaf? is symmetric. Comparisons between FEM results obtained withitigem-
In (6), numerical results obtained with the above finite elglete equatiorand thecomplete equatioappear in Figs. 2 and
ment formulation were shown to be in good agreement with 1®where the force density under the third source conductor from
analytical results. the right and near to the surface of an aluminum test sample is

o(T —QP~ Q) + SA QP'I(t). (11)
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Fig. 5. FEM results based on tikemplete equatiofor the SCD: The effect

Fig. 3. Comparison of FEM results for force density at 2 MHz.
of conductor spacing (fo = 500 kHz, h = 1 mm).

2000

1500 VI. CONCLUSIONS

An EMAT example with six source conductors is modeled
with 2D finite elements. FEM results are compared for both the
incompleteand thecompleteequation for the SCD at two fre-
guencies. Results show that when proximity and skin effects are
ignored, errors as large as 75% in the magnitude of the generated
ultrasonic wave may occur for 0.1 ms 0.5 mm rectangular
conductors. The error increases with conductor dimensions and
input current frequency. The effects of lift-off and distance be-
tween conductors are also shown for the EMAT example. The
results indicate that the force computed inside the specimen is
a nonlinear function of lift-off and the distaneebetween the
EMAT coil conductors.
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