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Enhancement of EMAT and eddy current using a ferrite back-plate
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Abstract

Electromagnetic acoustic transducers (EMATs) often have an electrically conducting surface behind the coil which we refer to as a back-plate,
which could be there to act as an electromagnetic screen or could be a permanent magnet which is part of standard EMAT design. Eddy current
probes can share many design features with EMATs, and both are designed to generate an eddy current in the electromagnetic skin-depth of a
sample. In this paper we present an analytical solution for a quick and accurate calculation of the eddy current generated by a spiral coil and for the
case of EMATs we also calculate the resultant Lorentz force which leads to ultrasonic generation. The Lorentz force can arise from an interaction of
the eddy current with either a dynamic magnetic field from the coil or with a static magnetic field from a permanent of electromagnet. Theoretical
predictions have shown that in the presence of a ferrite back-plate, the eddy current and the Lorentz force are enhanced greatly, and this has been
verified experimentally. These developments will lead to improved EMAT and eddy current probe design.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

When considering the operation of an electromagnetic acous-
tic transducer (EMAT) for ultrasonic generation, one needs to
consider the system as a whole to include the current pulse
generator, the coil and the metal sample [1–6]. The generation
efficiency of the transducer and the frequency characteristics
of the generated ultrasonic waves are not determined by the
coil alone but are dependent on the whole system [6]. In addi-
tion to the components of the system, the lift-off between the
metal sample and the generating coil has an influence on the
mutual inductance between the coil and the metal sample, and
the equivalent coil inductance [6], so that lift-off also determines
the characteristics of the EMATs operation.

Several publications have investigated the generation of eddy
currents and ultrasonic waves based on a sinusoidal excitation
current flowing in the coil [1–5,7–9]. An analytical solution of
the eddy current produced by an EMAT coil carrying such a
current, above a metal has been developed [8] and the ultrasonic
generation mechanism has been discussed [1–5,7,9]. EMAT-
generated ultrasonic waves have also been investigated exper-
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imentally using an EMAT as a particle velocity sensor and a
laser interferometer [10]. Finite element methods (FEM) have
also been used to simulate pulsed eddy currents and the subse-
quent ultrasonic waves generated by EMATs [7,11,12].

Eddy current induction [5] and ultrasonic generation [6] can
be achieved using a coil alone where current is pulsed or mod-
ulated in the coil. However, it is of interest to investigate the
eddy current induction and ultrasonic generation in the pres-
ence of an electrically conductive back-plate as, certainly for the
EMAT, such a back-plate is a common design feature. Where
an EMAT is used in a send-receive mode, a thin metal screen
if often positioned between the coil and permanent magnet to
prevent ultrasonic generation in the magnet. In the case where
the coil is directly next to the permanent magnet, the permanent
magnet itself may provide an electrically conducting plane or
back-plate.

Eddy current induction in a metal sample is due a change in
the magnetic flux [1–12] in the sample. The ultrasonic genera-
tion efficiency of an EMAT is much lower than that of a PZT
transducer and there is an ongoing drive to try and increase the
efficiency of EMATs.

Analytical calculations have revealed that eddy current and
ultrasonic generation efficiency can be increased in the presence
of a ferrite back-plate. We need to distinguish the fact that this
is not a core as such and coils are not actually wrapped around
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the ferrite. Experimental measurements confirm the theoretical
findings, providing an improvement in the design of EMATs,
being applicable to both a coil with or without a permanent
magnet. This paper is organized such that we firstly describe the
underlying theory and develop analytical solutions for the mag-
netic vector potential, the eddy current induced in the sample,
the Lorentz force generated in the sample skin-depth and the coil
inductance. Results are then presented and discussed, comparing
theoretical predictions with experimental measurements.

2. Theory

2.1. Vector potential analytical solution

The magnetic vector potential is introduced by:

B = ∇ × A (1)

The differential equation for the vector potential, A, in an
isotropic, linear and inhomogeneous medium due to an applied
sinusoidal current density i = i0ejωt is given by [9]:

∇2A = −μi + μσ
∂A
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)
× (∇ × A) (2)

where μ is the magnetic permeability, ε the electrical permittiv-
ity and σ is the electrical conductivity of the medium. Therefore
the vector potential is of term has a temporal dependent form
of ejωt. Most coils used for eddy current and ultrasonic genera-
tion have axial symmetry, as shown in Fig. 1 for a circular flat
‘pancake’ coil.

For a better description, we call the material in zone 1 a back-
plate. The vector potential is symmetric about the axis of the coil.
As there is only a θ-direction component of excitation current
density i, the vector potential, A, also only has a θ-direction
component. For simplicity, we still use A for Aθ in the following
arguments. Expanding equation (2) and canceling out the term

Fig. 1. A coordinate system with a circular coil. The z-axis overlaps with the
axis of the coil and the XOY plane overlaps with the surface of the bottom metal.
The circular coil is parallel to the surfaces of both top and bottom metals, called
back-plate and metal sample respectively with corresponding air gaps of z1 − z0

and z0 between the coil and the two metals respectively. The circular coil is of
radius r0 with its axis overlapping with z-axis.
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Assuming the vector potential in zones 1–4 as A1, A2, A3 and
A4 respectively, which are obtained after laborious manipulation
and are given below [9],
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where J1(αr0) and J1(αr) are Bessel functions of the first kind.
Rij and Tij are reflection and transmission coefficients, and are
given by:
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where

αi ≡
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α2 + jμiσiω − μiεiω2 (11)
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