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Mechanism study on electromagnetic acoustic transducer
for ultrasonic generation in ferromagnetic material

Lei Huaming Que Peiwen  Zhang Zhigang Huang Jing
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Abstract: Based on the proper assumptions and approximations, the coupling mechanism of the
electromagnetic acoustic transducer (EMAT) for ultrasonic generation within ferromagnetic material has been
studied by analyzing the eddy current distribution, Lorentz force, magnetostriction force and magnetization
force. Some useful numerical calculations are presented to explain the EMAT behavior with general geometric
arrangements. It is indicated that for the ferromagnetic material the magnetostriction effect dominates the
EMAT phenomenon for ultrasonic wave generation in low magnetic field intensity, while the material has not
reached its magnetizing saturation. But, with the bias magnetic field increasing and saturation, the
magnetostrictive terms will make no contributions to the ultrasonic generation and the Lorentz force becomes
the only exciting mechanism. It is important to determine both the Lorentz and magnetostriction forces and
select the appropriate working manner for achieving an optimized design.
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Electromagnetic acoustic transducer (EMAT) has their directions which are coupled in ultrasonic

been proved to be powerful for industrial purposes
because of its robustness, its omission of surface
preparations and its capacity for simple measurement

in a short time'' 7. Many researches have
emphasized the modeling and application of EMAT.
Previous works'®®" have concluded that three

mechanisms are responsible for the coupling. They are
the Lorentz force mechanism due to the interaction
between induced eddy current and the bias magnetic
field, the magnetization effect due to the bias
magnetization, and the magnetostriction mechanism
due to the piezomagnetic effect.

For nonmagnetic metal, ultrasonic generation is
well understood as the Lorentz force mechanism only
and its amplitude is proportional to the static field
strength. However, for a ferromagnetic metal, the
signal amplitude is no longer proportional to the static
field strength since the magnetostriction becomes
important, especially in the low magnetic field region,
and even phase inversion may occur "', As the
mechanism of EMAT for ferromagnetic metal NDT is
complex and not very clear, it creates an obstacle to
the proper design and effective use of EMAT. It is
important to study the mechanism of the EMAT to get
the maximum transduction.

Fig.1 shows the different kinds of forces and
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generation. The elastic wave field in the ferromagnetic
metal is based on an electromagnetic body force f of
per unit volume, which can be expressed as the

summation of Lorentz force f, , magnetization force f,,
and magnetostriction force fy,i-*°",
f:fL +fus +fM (1)
fo=J.xB, @)
Su=(VH) - M, 3)
Sus=V + (e H) @)

where J, is the eddy current density caused by the
source current density J in the EMAT coil, e is the
tensor of magnetostriction, B, and M, are the static
magnetic flux density and static magnetization vector,
and H is the magnetic field.
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Fig.1 Ultrasonic generation mechanisms of EMAT

The acoustic field equation can be stated in terms
of a particle displacement vector u and the body force
f as follows:
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where p is the mass volume density, A and y are the
Lamé constants, ¢, and ¢y are the longitudinal and
shear sound velocities, respectively.

1 Assumptions and Approximations

A meandering planar coil EMAT with parallel
wires and static magnetic field, which is normal to the
surface, is shown in Fig.2.
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Fig.2 Geometry used for the theoretical calculation.

(a) Solid view; (b) Cross section and coordination system

The inspected metal is assumed to be a semi-
infinite ferromagnetic conducting medium (e. g. low
carbon steel). The coil is located near the surface with
a lift-off h, and driven by radio frequency (RF)
current / = /,exp (jwt), where ® is the angular
frequency. For simplification, the edge effect of the
meandering coil is assumed to be omitted, the wire
width d is much smaller than the wire space b, and the
metal is an isotropic metal. The bias field is
homogeneous being normal to the surface and the
magnetostriction causes only iso-volume change.
Another assumption is that the system is considered as
quasi-stationary case because the physical size of the
system is much smaller than the electromagnetic
wavelength. Based on the approximations, the
following parts discuss the coupling mechanisms of
the EMAT.

2 Eddy Current Distribution, Lorentz Force
and Magnetization Force

In order to determine the Lorentz force in Eq.(2),
it is essential to firstly establish the eddy current
density distribution. When only considering the
ultrasonic exciting process, the eddy current density

distribution can be expressed as

J.=cE )
For solving the electromagnetic field, the magnetic
vector potential A is introduced as

B=V xA ®)

According to Maxwell theories and the vector
principle, the electric field can be expressed in terms
of the time derivative of the magnetic vector potential,

0A

E=-2 ©)

A parabolic partial differential equation about A
is obtained as

VA 0A

o TaT
The induced eddy current density distribution J,

-J (10)

in the metal is
0A

J.=-0 o (1)

The boundary conditions in terms of the normal
and tangential components of the magnetic induction
and magnetic field can be expressed as vector
potentials as follows:

it + (B —B,;) =0 (12)

it x (H o —Hy) =J (13)
where J, is the surface current density on the metal
surface.

Based on the aforementioned assumptions, the
electromagnetic fields will be approximated to be
governed by the classical skin effect. They consist of
a static magnetic field (H,Z) and dynamic fields. The
electromagnetic field generated with each straight wire
which is in j direction can be calculated using the
superposition principles. The components of dynamic
field intensity of point P(x, y, z) in the metal can be
approximately expressed as

2w Iyexp(jon)exp(~ (1 +))z/8)

k-1
H, = -1Hm
) ;A( ) M+ 41y
( y +1/2 B y =12 )x—r]
Y+ (y +172)% Y+ (y = 1/2)? Y
z=0 (14)
i Iyexp(jot)exp( = (1 +j)z/8)
PR TR -
= Uiy %) 4y
y +1/2 B y =12 )z+h]
Y+ (y +1/2)? Y+ (y =1/2)? Y
z=0 (15)
H =0
where y :«/(x )+ (z+h), r=b(2m +1)/2,
(m= -k, -, k—=1), 2k is the total turns of the

coil, u, and u, are the relative permeabilities of the air
and metal, respectively, and § is the electromagnetic
skin depth given by
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8 =./2/ (om0 ) (16)

where ¢ is the electrical conductivity.
The dynamic magnetization and eddy current
density can be written as

M:r :Iu’Ol'LxHx (17)

M: :MOMZHZ (18)
oH oH, oH oH

SV xH=""2+(C2 )5 0 (19

L % 8yx+( 0z ax) ayz (19

and from Egs. (2) and (3), the Lorentz force and
magnetization force can be written as
oH.

) oH, oM.\,
f= —MHO( )y +MH0( : ——)x (20)
dy 0z ox

oH._ oH.. oM.
fu =Mo(f'fc+ 5+ z) @1)
ox Ay 0z

These forces transfer to the lattice and generate elastic
waves through collision and interaction.

3 Magnetostriction Force

The magnetic anisotropy is induced under the
bias field by reason of the rotation of magnetization
and the movement of magnetic domain walls. As an
inspected metal, such as low carbon steel, its
magnetization and magnetostriction properties are
demonstrated by Egs.(22) and (23) and Fig.3[8].

Magnetization M to the field H:
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Fig.3 Magnetization and magnetostriction curves for a
low carbon steel

A change in the magnetization of a ferromagnet
in a magnetic field causes a deformation in it.
Magnetostriction changes with the dynamic field,
resulting in the ultrasonic source. The magnetostriction
constant e, . represents the dynamic response of the
magnetostriction stress ¢; to the field H,. Using the
magnetostriction &, which depends on the total field,
e, ; 1s expressed as

_0do; doy

L0 0H, " oe

ag”l"
n=0 0,

24)

o=0

mn

O

where can be replaced by the -elastic

Emn | H=0
stiffness.

When the dynamic field is superimposed on the
static bias field, the total field is inclined from the
original dynamic
electromagnetic amplitude is much smaller than the
static ones, and the static bias field is in z direction,

direction. Because the

only three principal stresses (o,,, 0,,, and o;;) exist.
On the iso-volume magnetostriction and small
ultrasonic amplitude assumptions, the magnitude of
the magnetostriction along the applied field (z) is two
times larger than those in the perpendicular direction
(x, y), being in the opposite sign. Eq.(24) is reduced

to
9oy
=6kG
oH,
92 a6 25)
oH, ~
0033
= = —3kG
aHl
. dey,
where G is the shear modulus and k£ = oH
1

function of the total field and given from the slope of
the magnetostriction curve in Fig. 3. The
magnetostriction constant can be obtained for the
normal field as

61,11=6kG, .13 =0
e 5= =3kG, ey = -3kG (26)
€3 13 =0, €3, 33 =6kG
The magnetostriction force is determined by
- do; oH,
=—L=e, — 27
Sus ox, €k, i on, 27)

According to Egs. (1) and (5), once the body
force is obtained, the ultrasonic amplitude u can be
obtained through a numerical way according to Eq.

6).
4 Numerical Calculations

All  numerical calculations are conducted
according to the aforementioned equations. The
conductor width d is ignored compared with wire
space b (d<b).
method for eddy current and Lorentz force calculation,

the total number of turns is 2k = 10, and other

When applying the numerical

parameters are as follows: f=2 MHz, b =2 mm, [ =20
mm, h =0.5 mm, /[, =30 A, G =80 GPa, ¢ =3.3 MS/
m, u, = 1.26 },LH/m,,u,l = 1,#2 =2 200, and Ho =1 Oe.

Figs.4 — 6 show the components of eddy current
density in x, y and z directions in the metal surface at
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t =1 s, respectively. Note the eddy currents in x and
z directions occur only at the two edges (front and
back) of the coil and are much smaller than those in y
direction about 50 dB which will dominate the EMAT
phenomena when only concerned with the Lorentz
force mechanism. This results in the Lorentz force
being much larger in x direction than those in y and z
directions. The resulting eddy current distribution
shown in Fig.5 reveals the increased magnitude of the
eddy current density at the two free ends (left and
right) of the meandering coil.
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Fig.4 x-component of induced eddy current on the metal
surface

Fig.5 y-component of induced eddy current on the metal
surface
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Fig.6 z-component of induced eddy current on the metal
surface
Fig.7 shows the y-component of induced eddy
current on the section of y =0 plane at ¢ =1 s, /=2
MHz, with a lift-off 0.5 mm. It is indicated that deep

into the inspected material the eddy current density
will decrease dramatically because of the skin effect.

According to Egs. (20) and (21), the x-component
of Lorentz force and magnetization force can be
calculated and then the corresponding stresses are
shown in Figs.8 and 9. Pay attention to that the stress
generated by the Lorentz force is much stronger than
the one due to magnetization force in this direction
and will make a main contribution for ultrasonic
generation. With the same numerical method, the
Lorentz force and the magnetization force in other
directions are obtained.

Fig.7  y-component of induced eddy current on the
section of y =0 plane

T "’_5 0
15715710 T
Fig.8 x-component stress generated by Lorentz force on
the metal surface

Fig.9 x-component stress due to magnetization force on
the metal surface
Once the magnetostriction force is obtained under
the condition that the magnetization curve of the metal
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is known, the corresponding stresses can be
calculated. Fig.10 shows the relation between
magnetostriction stress and bias magnetic field. It is
indicated that with the bias magnetic field increasing
the magnetostriction stress decreases nonlinearly and
vanishes when the magnetizing reaches saturation.
Another calculation of the magnetostriction stress on y
=0 plane at ¢ =1 ps, f =2 MHz, with a lift-off 0.5 mm
and bias magnetic field 200 Oe is shown in Fig.11.

Note the difference between Fig.11 and Fig.7.
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Fig.10 The relation between magnetostriction stress and
bias magnetic field
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Fig.12, where u, means the unit of ultrasonic
amplitude at B, = 1 Oe due to the Lorentz force
mechanism, indicates a much larger contribution of
the magnetostriction effect than others, especially in
the lower field region. As the external field increases,
the contributions of the Lorentz force and the
magnetization force become considerable. But, after the
metal reaches saturation, the Lorentz force effect will
not increase while the external field increases.

5 Conclusions

The numerical method has been used to evaluate
the eddy current distribution, body force and ultrasonic
amplitude for EMAT. Based on the discussion of the
mechanisms for EMAT phenomena, several useful
conclusions can be derived from the calculation.

1) The Lorentz force mechanism can be seen as
the only mechanism for nonferromagnetic material

—e— Magnetostriction
—a— Lorentz force (ferromagnetic)
—— Lorentz force (nonferromagnetic)

1 1
10° 10' 107 10°
Bias magpnetic field/Oe

Fig.12 Dependence of the ultrasonic amplitude generated
electromagnetically in a metal with the bias magnetic field
because the other two forces are very small and their
influences can be neglected, resulting in a good

linearity.

2) When inspecting ferromagnetic conducting
material, the electromagnetic field can change the
magnetostrictive coefficient of the material. The
magnetostriction force lies on not only the amplitudes
and directions of the bias static magnetic field, but also
the magnetic domain distribution of the material. The
magnetostriction effect can intensify the ultrasonic
while the intensity of the static magnetic field is low.
But, with the bias magnetic field increasing and
saturation, the magnetostrictive terms will make no
contributions to the ultrasonic generation. The Lorentz
force becomes the only exciting mechanism, and will
saturate when the material reaches its magnetizing
saturation. In this case, the only way for getting higher
ultrasonic amplitude is to increase the source current
density in the EMAT coil. It is important to determine
both the Lorentz and magnetostriction forces and select
the appropriate working manner for achieving an
optimized design.

3) As the skin depth for ferromagnetic material is
usually smaller than nonferromagnetic ones according
to Eq.(16), for example, the skin depth is 38 pm for
aluminum and 1.8 pwm for steel at a frequency 5 MHz,
the surface conditions, such as roughness, coating,
oxidizing, and so on, will affect the eddy current
distribution more easily. If the surface conditions are
not good, it is much harder to excite ultrasonic using
the Lorentz force mechanism. So, most EMATs for
ferromagnetic material inspection
magnetostriction effect.

Future work is to model EMAT receivers so that
the entire nondestructive inspection system can be

are based on

optimized for better detection and characterization of a
specified flaw type.
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