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Abstract

A model has been developed for the detectiottr@isonic waves using electromagnetic
acoustic transducers (EMATs). EMATSs are particle veyosénsors, which can be designed
to have sensitivity to in-plane and/or out-of-planéragionic displacements, by suitably
arranging the magnetic field in the receiving EMATSs re@tio the orientation of the coil.
Good agreement between the results from the modeling takdar and experimental
measurements has been demonstrated.
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1. Introduction

Ultrasonic field measurements are of grearastein transducer development, material
evaluation and non-destructive testing (NBT) The in-plane and out-of-plane components
of the particle velocity of bulk waves (longitudinahda shear) are always in phase.
However, the in-plane and out-of-plane particle veiesibf guided waves such as Rayleigh
waves or Lamb waves are not in phage The ratio of the amplitude of the in-plane particle
velocity to that of the out-of-plane particle velgcis dependent on the material elastic
properties (and particular wave mode for the Lamb walkehas been reported that the
responses from defects for in-plane and out of-plat@sainic wave displacements are
different”’. Thus it is reasonable to speculate that a particuldicleavelocity component
may have an optimal sensitivity for specific defexdpiection and sizing applications.

EMATSs generate and detect ultrasonic waves etreimagnetic coupling between the
EMAT and the metal samples. They operate via the rtardéorce or magnetostriction
mechanisms or the use of both simultanedlily EMATs are non-contact devices, and
therefore ultrasonic waves can be measured with mirdisairbance to the ultrasonic wave
itself or to the material. However, the relationshipween an EMAT and a metal sample
does have an influence on the wave generation or detedhamacteristics. EMATs are
inexpensive, inherently safe and highly portable, but arky fasensitive when compared to
piezoelectric based devices.
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It has been reported that the EMAT generatifioiency can be enhanced by arranging
the magnetic field correctfy or by means of a ferrite back-plate The ultrasonic field
generated by a circular coil EMAT can be modeled to aeatilie influence of the various
parameters of the EMAT design upon the ultrasonic gdéoaratechanisti*?.

2. Theory

A model for the calculation of the ultrasosignal induced in an EMAT detection coil is
presented, which is useful for both general EMAT designtdédoring an EMATs to a
specific NDT application.
21LargeEMATSs

Generally, the thickness of the test speciaueth the magnet in the EMAT is much
larger than the electromagnetic skin depth at the sporeding frequency of the detected
ultrasonic waves. Figure 2 shows schematic diagraph falysis of a receiving EMAT,
where zone 0 is the air gap between the magnet andsthepecimen, and is the region where
the receiving coil of the EMAT is located. Zone 1 cgpoaxs to the magnet, which is usually
an electrical conductor and zone 2 is the electricallyductive test specimen. The magnetic
permeability and electrical conductivity of the magneing 1) are defined gs& ando;
respectively. The magnetic permeability and electricainggvity of air (zone 0) are defined
asuo andeo respectively. The magnetic permeability and electrcadductivity in the test
specimen (zone 2) are defineduiasndo, respectively.

Ultrasonic waves induce particle vibration intés specimen as they propagate through
it. Eddy current is induced in the test specimen in thegmmee of a static magnetic field,
produce time-varying magnetic fluxes though the receivingarall generate a voltage across
the coil. The induced eddy current sheet at a depih the test specimen, which is due to the
particle vibration, is given by

Jea(Z0) = 0,V(2)) X By (2,) 1)
Wherev(z)) andBo(z) are the vectors of the particle velocity and maigrfetld at depthz,
in the test specimen respectively. Here and elsewhehésipaper, variables in bold denote a
vector.
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Figure 1 Current sheets in an electrically conductive dpstimen, generateagnetic
vector potentials in the air above the conductor.



From Maxwell's equations, the magnetic vegiotential differential equations in zones
1, 0 and 2 aréi, Ap andA,, and are given respectively by,

DZAl = jwﬂlalAl (2)
E]ZAO = _a)zﬂOgOAO (3)
DZAz = jaﬂzazAz (4)

where «. is the frequency of the changing magnetic field, and J-1.
Taking the boundary conditions into accotim following solutions are obtained. The
magnetic vector potential in zone 0, due to a stwetnt at a deptlzy is given by,

A= e D () + e ) ©)

1+
where d, andk, are the skin depth and the wave number of therelmagnetic wave of
frequency,a , in the test specimen respectively.
Integrating over the thickness of the tgmcimen, the total magnetic vector potential in
zone 0, due to the eddy current sheet in the eef$tespecimen is obtained as,

1
vV, xB 6
jo- ko, 12) 0 ©

The total voltage induced in a linear coil Mfturns and lengthy in the receiving EMAT is
given by

v :—4NW|0 v, XBy) @

The voltage signal detected by the EMATereer is proportional to the cross product of
the vector of particle velocityyy and the vector of the magnetic fielBy, and is not
dependent on the lift-off between the coil and & specimen. This is therefore a particle
velocity sensor. It is noted that the detectedastinic signal by a practical EMAT is
dependent on the lift-off between the receiving EMa#nd the test specimen.

In the case that the eddy current inducethé magnet is ignored, the detected voltage

signal is given by
V:‘ZNW% [{vo *xBy) (8)
2.2EMATsof finitesize
Only particle vibrations within the skinpth of the electromagnetic wave can produce
an effective contribution to the induced voltaggnsil™ °*°. An equivalent currenleq in air
that generates an identical magnetic field in tbé of the receiving EMAT to what is

generated by the current shekt, at depttw, is assumed and is given by,
Jmmmwﬁf%Jm (9)

Considering the magnetic source of sizevpfvide andly long with its centre at the
origin of the coordinate system, the static magnietid B, is mainly limited to this area. The
magnetic field,B, at point &, y, 2) produced by the current sheet element due tqainkcle
vibration within the area betweeny/2 to /2 in x-axis and k/2 to H/2 in y-axis, where

Bo has significant amplitude, is given by



&Jedxr

0,
B= 622"
Hae J."’dy P4 r?

el (10)

wherer is the dlstance between the eddy current elementheniietd point .

Considering that the particle velociy,is in thex-axis direction, and the magnetic field
Bo is in thez-axis direction, the eddy current shegiy therefore is in theg-axis direction.
Assuming that the coil is arranged in the middle of tf@gnet in thex-axis direction, the
magnetic fieldB that is induced byeq the eddy current sheet in the test specimen, lseir-t
axis direction due to the symmetry and this is given by,

B, = 6220 1_,_2] ,uj,;;o J’i J’ JeaBo (Z Zo) yo (11)

After some manipulations, the voltage of the detectedadnic signal may be given by,

—JﬁNl W, B, (12)

2.3 In-plane and out-of-plane ultrasonic waves
The in-plane and out-of-plane particle vépcomponents of the Rayleigh waves can be
given by?

Rl 2 ~SRZ\ al (Kgx—77
V,(2) = Agkg(e™™ —%e 2) gl (ke-7r/2) (13)
R
= ~arZ 2kR2 —SeZ\ A jKgX
R

The out-of-plane particle velocity of theayReigh waves within the skin depth is of
phasen/2 ahead of the in-plane particle velocity. The hiumge ratio of the out-of-plane
particle velocity to in-plane particle velocitydependent on the material of the test specimen.
For a test specimen of Aluminum, the former quaritdas amplitude which is larger than the
latter.

3. Experimental measurements
3.1 Measurement set up

Two generations of EMATs are consideredhia paper. The linear generation EMAT
has a linear coil of 16 turns, 20 mm wide and 5 wiae, and is used for the generation of
Rayleigh waves. The spiral generation EMAT hasibkpancake coil of diameter of 30 mm,
and is used for the generation of Rayleigh waves.

Three linear receiving EMATSs are furthensiolered in this work. The first has a coil of
5 mm in width and 20 mm in length and containsraudéar magnet of diameter of 25 mm.
The second is used for the measurement of in-plétn@sonic waves and the third for the
measurement of the out-of-plane ultrasonic wavedh Bhe second and the third receiving
EMATS contain a rectangular magnet and a colil & mm wide and 25 mm in length. The
orientations of the magnet in the second and tird tlceiving EMATs are different. The
perpendicular component of the magnetic field af thagnet used in the first receiving
EMAT is 0.25 Tesla whereas the perpendicular corapbrof the magnetic field of the
magnet used in the second receiving EMAT is 0.358laleThe parallel component of the
magnetic field of the magnet used in the third reng EMAT is 0.25 Tesla.
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Two aluminum test specimens are used in his wallkgf which have propagation
velocities of the longitudinal and shear waves of 6310 and 3i80and a propagation
velocity of the Rayleigh wave of 2920 m/s. The firdttepecimen is a large aluminum test
block for the measurement of both longitudinal and Rglglevaves whereas the second test
specimen is an aluminum sheet of thickness 0.125 mm.

3.2 Influence of Liftoff

Figure 2 shows the ultrasonic wave response adgtiaoft measured in the aluminum
block. The line “LLR” represents the Rayleigh waves gateel using the linear generation
EMAT with a fixed liftoff and received using the first ed¢ing EMAT with varied liftoff.
The line “LLG” is the Rayleigh waves generated by thedr generation with varied liftoff
and received using the first receiving EMAT with a fixed liftafthe separation between the
generation EMAT and the receiving EMAT for both lines “U'L&hd “LLG” is 250 mm. The
line “SLR” represents longitudinal waves generated by fhiealsgeneration EMAT with
varied liftoff and received by the first receiving EMAT tlvifixed liftoff. The separation
between the generation EMAT and the receiving EMAT25 mm and the measured
longitudinal and Rayleigh wave amplitudes decrease watlhiftbff.
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Figure 2 Measured ultrasonic wave amplitude on axis agdinrsffli

The line “Model” is the result of the calcidd based on equation 12. The calculated
amplitude of the signal also decreases with liftoff botyever, it is found that the “Model” is
more sensitive to liftoff than is the measurement bexéues magnetic field is also a function
of liftoff.

3.3 Measurement of in-plane and out-of-plane velocities

Figure 3 shows the structure of the receiving EBIASF out-of-plane ultrasonic wave
detection (top) and for in-plane ultrasonic wave detectbottom) based on equation 12.
Rayleigh waves in the aluminum test block are measurédshown in Figure 4. The lines



“In” and “Out” denote in-plane and out-of-plane ultrasowaves. The line “Out” is about 1.7
times larger in amplitude than that of the line “Imidat has phase ai/2 ahead of the latter.
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Figure 3 Schematic structure of EMAT receivers for aytlane (a) and in-
plane (b) particle velocity detection, where the mapstatic magneti
fields in the specimen supplied by the magnet in the EM&ESIn-
plane and out-of-plane respectively.
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Figure 4 Measured in-plane and out-of-plane particle vglad¢iRayleigh
waves. The out-of-plane particle velocity isT® phase ahee
of the in-plane particle velocity.

4. Conclusion and discussion

A model has been developed which allows for thleutation the ultrasonic signal
picked up using EMATs. Receiving EMATSs are seen as part@&lecity sensors, detecting
mainly the ultrasonic waves with the skin depth of #hectromagnetic wave in the test
specimen at the frequency interested. The influencé&af lon the detection of the ultrasonic
plane wave is dependent on the size of the coil andya taceiving EMAT is less subject to
the issue of liftoff.

By arranging the static magnetic field of thagnet in the EMATSs perpendicular to the
surface of the test specimen, the EMATSs pick up thelanepparticle velocity of incident
ultrasonic waves. By arranging the static magnetik fgarallel to the surface of the test
specimen, the EMATSs pick up the out-of-plane particlecig} of incident ultrasonic waves.



The defect response of an in-plane particle is diffef®m the out-of-plane particle velocity
where one may carry more information on the defean thhe other for a specific inspection.
The capability of selective detection of the in-plame out-of-plane particle velocity is

sometimes very useful for defect evaluation using guidecesvauch as Rayleigh waves or
Lamb waveS®. However, for more general applications, receiving ENdAre designed to

pick up both in-plane and out-of-plane particle velocities enhance the detection
sensitiveness of the receiving EMATSs.
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