Chapter 2
Analytical Method of EMAT Based
on Lorentz Force Mechanism

The energy conversion mechanism of EMAT that is used in non-ferromagnetic
metal material is the Lorentz force mechanism. The corresponding EMAT is called
the Lorentz force-based EMAT. For the Lorentz force-based EMAT, there is a
relatively complete ultrasonic mathematic model that is used to describe the exci-
tation and receiving of EMAT. But because of the coupling between the electro-
magnetic field and mechanical field in the complete energy conversion process, it
can be very difficult to achieve its numerical simulation. In EMAT, the spiral coil
and meander coil are widely used, and with the improvement of the coil’s pro-
duction process, those two kinds of coils are generally designed as the complex
structures of multilayer or multisplit. Another alternative approach for theoretical
analysis is making analytical models of EMAT with those two kinds of coil
structure, and calculating its coil impedance and pulse response. Considering that
most excitation power supplies of EMAT are voltage-sourced, while almost all the
analysis of the existing mathematical models use current excitation to do the
analysis of EMAT, it is necessary to propose the analytical method of EMAT under
the excitation of impulse voltage. This chapter mainly concerns the simulation
analysis of the entire process of EMAT based on the Lorentz force mechanism finite
element method. The analytical calculation method of the EMAT has the spiral coil
and meander coil structure under the excitation of pulsed voltage.

2.1 Multifield Coupling Equation of EMAT Based
on Lorentz Force Mechanism

The EMAT based on the Lorentz force mechanism consists of the biasing magnet,
coil, and non-ferromagnetic specimen. The biasing magnet is used to provide a bias
magnetic field, the coil is used to produce a pulsed magnetic field, and the specimen
is used for the excitation and reception of the ultrasonic waves. The static magnetic

© Tsinghua University Press and Springer Science+Business Media Singapore 2016 43
S. Huang et al., Electromagnetic Ultrasonic Guided Waves, Springer Series
in Measurement Science and Technology, DOI 10.1007/978-981-10-0564-0_2



44 2 Analytical Method of EMAT Based on Lorentz Force Mechanism

field, pulsed eddy current field, and mechanical field are involved in the multifield
coupling. The numerical simulation analysis of the whole energy conversion pro-
cess of EMAT means solving the multifield coupling problem. In this work, the
equations used to describe the physical fields that include the excitation and
receiving processes of EMAT ultrasonic waves are given first.

2.1.1 Magnetic Field Equation of a Permanent Magnet

The magnetic field generated by a permanent magnet belongs to the static magnetic
field. In the magnetic field of a permanent magnet, there is no free current, which
means the current density is J = 0, as expressed in (2.1).

V x H=0 (2.1)

In the above equation, H is the magnetic field intensity and can be represented as
the gradient of a scalar function, as shown in (2.2).

H=—-Vo, (2.2)

In the above equation, ¢,, is the scalar magnetic potential.
Considering the existence of the permanent magnet, (2.3) can be obtained.

B = uH + pyMy = uH + B, (2.3)

In the above equation, x is the magnetic permeability of the magnetic medium;
U 1s the magnetic permeability of the vacuum, M, is the residual magnetization;
B is the intensity of the magnetic induction, and B, is the residual magnetic intensity
in the permanent magnet.

Substituting (2.2) into (2.3), from V - B = 0, (2.4) can be obtained.

:uvzq)m = _Hov "My (24)

According to the magnetic charge model of the computational electromagnetism,
the spatial magnetic field is produced by magnetic charge. The magnetic field
generated in the space by a permanent magnet with a limited size can be taken as
the superposition of the magnetic field generated in the space by the magnetic
charge that is distributed with a certain rule; that is, the permanent magnet with a
limited size can be taken as the magnetic charge distribution with a certain rule. The
relationship is shown in (2.5).

Pm = —toV - Mo (2.5)
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In the above equation, p,, is the magnetic charge density; for the permanent
magnet magnetizing uniformly with a certain direction, M, is a constant vector.
Therefore, (2.6) can be obtained.

P =0 (2.6)

For the permanent magnet with a uniform magnetization, there is no body
magnetic charge density, only the surface magnetic charge density o, exists. Then,
(2.4) can be expressed by (2.7).

120, =0 (2.7)

The interface condition between the magnetic pole surface of the permanent
magnet and any other medium is listed in (2.8).

om = oMo - n (2.8)

2.1.2 Dynamic Magnetic Field Equation of the Pulsed Eddy
Current [1]

There is no free charge in a system that consists of an EMAT coil and a specimen. If
the effect of displacement current density is overlooked, the dynamic magnetic field
of the pulsed eddy current can be expressed by (2.9).

1o
'uV A—oc % Js (2.9)

In the above equation, A is the vector magnetic potential; o represents the
material’s conductivity, and J; is the density of the source current.

The right part of (2.9) is the density of the source current. In the simulation of
EMAT, the excitation current and voltage are generally provided. The current
density should be determined by the given value of electric current or voltage.
When the coil’s skin effect and proximity effect can be neglected, the distribution of
the average current density in the coil can be approximately solved by electric
current, as shown in (2.10).

J, i 2.10
S S ( : )

In the above equation, i is the total current and S is the cross-area of the coil
conductor.

Because the excitation frequency applied in the EMAT’s coil can be very high
from KHz to MHz and the distance between the coil conductors, as well as that from
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the coil conductor to specimen, are all very small, the coil’s skin effect, proximity
effect, and eddy effect are all very significant. It is unnecessary to figure out the
accuracy of the theoretical calculation that can be reduced if those effects discussed
above are overlooked. Actually, the total current density is expressed in (2.11).

0A

J:JY Je:Js_ a,
Al 7 or

(2.11)

The total current can be expressed by (2.12).

//J,ds =i (2.12)

N

Then, (2.13) can be obtained.

i1 0A
Js—g'f'g//GEdS (213)

And (2.14) can be obtained by substituting (2.13) into (2.9).

1, 0A 1 [[ oA i

VA-—c 4 [ oD = L 2.14

0V 08t+S//68tds S (2.14)
S

The relationship between E (the electric field intensity of each location) and
vector magnetic potential is expressed in (2.15).

0A

E:—E

(2.15)

The eddy current density inside the coil and specimen is expressed in (2.16).

0A
Jo=—0— 2.16
e g or ( )
From the definition of Lorentz force, the force density in the skin depth of the
surface of a non-ferromagnetic specimen is related to the magnitude of the static
magnetic field provided by the biasing magnet and the eddy current in the surface of
the non-ferromagnetic conductor; it can be expressed by (2.17).

fi =By x J. (2.17)

In the previous literature, the static magnetic field has uniform distribution. So
the force on the surface of the non-ferromagnetic specimen extends in one
single-direction, but this does not conform to the specific circumstances. In the
practical application of EMAT, the value and direction of the static magnetic field
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provided by the permanent magnet are not uniform nor in a single-direction; thus, it
will inevitably bring errors if the static magnetic field is assumed to have uniform
distribution and one single direction.

The boundary condition must be satisfied on the outer boundary. That is the
vector magnetic potential A, = 0.

In the interface of two kinds of magnetic medium, the following interface
conditions listed in (2.18) are satisfied.

A=A (2.18)

1 1
;(V XAl')t—Tl(v XA[+1)T: ‘,Sl' (219)
i i+

In the above equations, subscript i represents the adjacent magnetic medium;
subscript ¢ represents the tangential direction of the interface, and Jy; is the surface
current density in the adjacent interface.

2.1.3 Motion Equation of Particle in the Specimen

The tested specimen is isotropic material, so it can be assumed as having linear
elasticity and continuity. The elastic deformation occurs inside the specimen under
the Lorentz force. The motion equation in the specimen is expressed in (2.20).

82
V~G+fL:pa—lI; (2.20)

In the above equation, o is the stress tensor; u is the displacement matrix, and p is
the specimen’s bulk density.

Considering the relationship between ¢ and u, (2.20) can be expressed using the
displacement, as in (2.21).

82
GV2u+ (G+K)V(V - u) +f, = pa—: (2.21)

In the above equation, G and k are Lame constants.
The traction-free boundary condition should be satisfied such that stress is zero
and the strain is not zero on the surface of the specimen.
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2.1.4 Receiving Equation of Ultrasonic Signal

When the ultrasonic wave in the specimen propagates to the receiving coil of
EMAT, the charged particle will generate a dynamic current under the function of
the external bias magnetic field; its current density is expressed in (2.22).

Jp=o0v X By (2.22)

The current density in the specimen will generate a dynamic magnetic field
inside and around the specimen. The coil of EMAT in the dynamic magnetic field
will generate an induced electromotive force, which is the coil’s receiving signal.

In the signal receiving process of the coil, the magnetic field in the solving area
is provided by the eddy current density in the specimen and the source current
density. Generally, the receiving coil is in an open circuit state and the total current
of the receiving coil is zero. The governing equation satisfied in the area of the
receiving coil and specimen can be expressed in (2.23).

1_, A o0
Q.

After solving the vector magnetic potential of each region using the above
equation, the induced electromotive force of the coil can be calculated. The induced
electric field in the coil can be expressed by (2.24).

0A

E:—E

(2.24)

The conductor’s electromotive force at some point of the coil can be obtained by
using the line integral of the electric field intensity, expressed in (2.25).

OA
Voo = [ = dl (2.25)
!

Thus, the output voltage of the coil can be obtained by averaging the electro-
motive force of the point conductors in the coil, expressed in (2.26).

_ fQ VpOUIdQ

Vo = 22750 (2.26)
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2.2 The Weak Form of the Coupling Field Equations

The analysis and simulation of the EMAT based on the Lorentz force mechanism
aim at the specific physical model in combination with the corresponding boundary
condition, solving the partial differential equations (2.7), (2.14), (2.21), and (2.23).
The finite element method is an effective numerical method to solve this problem.
When it comes to solving those equations using the finite element method, in fact,
the solutions are the weak solutions, also referred to as the “weak form.” Thus, it is
necessary to derive the weak form of the above equations, that is, to derive the weak
forms of (2.7), (2.14), and (2.21) based on the principle of virtual displacement.
Since the weak forms of (2.23) and (2.14) are similar to each other, they will not be
given any more. According to the differences in the EMAT’s structure in the
analytical process, the weak form of various field equations under the
two-dimensional Cartesian coordinate system and axisymmetric coordinate system
is needed, which are derived, respectively, as below.

2.2.1 The Weak Form of Coupled Equations Under
Two-Dimensional Cartesian Coordinates

In the finite element analysis of EMAT, where the coil consists of linear conductors
(such as the meander coil EMAT and rectangular spiral coil EMAT), all the factors
in the conductor’s length direction (assumed to be the direction of the Z axis),
including the difference of the field characteristics among the permanent magnet,
coil, and specimen, can be neglected. So the EMAT can be simplified into a
two-dimensional model on the coil’s cross section. Thus, among the field variables,
the components of the x axis and y axis are the only factors that need to be
considered.

2.2.1.1 The Weak Form of the Static Magnetic Field Equation
of the Permanent Magnet

In the two-dimensional Cartesian coordinate system, the static magnetic field
equation of the permanent magnet is expressed in (2.27).

0 (,9Pm), O ( 0Pu) _
8x<’u 8x)+6y(ﬂ 8y>_0 (227)

The virtual displacement function d¢,, is multiplied at both sides of the equation
at the same time, and the integral is calculated to obtain (2.28).
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9, 9m\, O ( OPun _
[ e (15 )+ 5 () Jouta =0 228)
Q

In the above equation, Q indicates the solution domain and dA indicates the
surface element.
Carrying out partial integration for the left-hand side of the equation, we obtain

(2.29).
n
Q r

Ox Ox dy 0Oy

In the above equation, I" indicates the boundary of the solution domain and d/ is
the boundary element.

2.2.1.2 The Weak Form of the Coil’s Pulsed Eddy Current
Field Equation
In the two-dimensional Cartesian coordinate system, the vector magnetic potential

only has the component of the Z direction. The equation of the coil’s pulsed eddy
current field can be expressed in (2.30).

0 (1044 9 (104, aAZ 0A,
. o 4 2.
ox (u Ox ) dy <u dy ) // T (2:30)

Multiplying the virtual displacement function dAz of this equation and carrying
out the integration is expressed by (2.31).

8 [10A)\ 0 (10A\ OA, 1// A,
/ 6x(u8x> 8y(u8y>+63t T )] oo ds| oA
Q S
:/JszéAZdA

Q

(2.31)

Carrying out partial integration for the above equation using Green’s function as
in (2.32).
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/ 10Az 96Az | 10A, 00A,
u Ox Ox u Oy dy

/aZ(SAdA—i-/ //a%déAdA (232)

1 0A

+ /JszéAsz+ /f@(m dl
o

Q r

2.2.1.3 The Weak Form of the Specimen’s Wave Equation

The problem of the specimen’s particle displacement caused by the Lorentz force
can be simplified as a plane-strain problem in the elasticity mechanics. For the
plane-strain problem, the desired characteristics of the geometry and external forces
are listed as follows: The sample is very long along one direction and all of the
cross sections that are perpendicular to this direction are the same; the conditions of
displacement and support are also same; the surface traction and body force are
both perpendicular to this direction and will not change with the length.

For the problem of a plane-strain condition, the direction of the length is sup-
posed to be along the Z coordinate axis. Because the sample is very long, the
sectional dimension and external force will not change with the length. The stress
and strain also have no change along the Z coordinate axis. Thus, the factors to be
concerned with are the stress, strain, and displacement components including &,, &,
Exys Oy, Oy, Oy, U, and v,

In the two-dimensional Cartesian coordinate system, the equilibrium equations
of each point along the direction of x and y in the specimen are expressed in (2.33)
and (2.34).

o, Doy &*u

=p—= 2.
ox oy THTPe (2:33)
doy Do, %
il 2.34
o oy P Pop (2:34)
The geometric equation is expressed in (2.35).
6 = Ou . ov Ou Ov (2.35)

_a;~y:a—y;8/¥y:8—y+a

The physical equation is expressed in (2.36).
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1—12 I
— P _ M
x = E (GX = Oy
il o 2.36
& = E Gy — l_—‘upax ( . )
2(1+u,)
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In the above equation, E represents the material’s elastic modulus and g, is the
Poisson ratio.

For the equilibrium equation, the virtual displacement functions du and ov were
used to obtain (2.37).

[(aa" ‘%;y + fx> du+ (aixy Loy fy> 5\)]

0%y
:/( 5u—|—pW5v>dA
Q

Carrying out partial integration for the above equation and submitting it into the
geometric equation as in (2.38).

(2.37)

& u v
/ (axéax + 0,08, + ox},ésxy)dV + / < Er Y su +p— o 5v>
@ v (2.38)

= / (fidu+f,0v)dA + / (T ou+ Tyov)di
Q

T

In (2.38), T and T, indicate the elastic sample’s internal forces on the boundary.
Because the specimen satisfies the boundary condition of traction free, the integral
value on the right hand of the equation is zero.

2.2.2 The Weak Form of Coupled Equations
in the Axisymmetric Coordinate System

For the spiral coil or EMAT used for the testing of the pipeline in the axial
direction, the coil’s structure and specimen satisfy the axisymmetric condition. In
this case, the problem of three-dimensional analysis can be transformed into a
two-dimensional problem in the axisymmetric coordinates. In the axisymmetric
coordinates system, the vector magnetic potential and eddy current only have the
component of @ direction and the other variables of various fields only have the
components of r and z directions.
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2.2.2.1 The Weak Form of the Permanent Magnet’s Static Magnetic
Field Equation

In the axisymmetric coordinates, the permanent magnet’s static magnetic field
equation is expressed in (2.39).

1o ([ 0¢,\ , 0 00\ _
ror (,urw> * oz 0z <,u 0z ) =0 (2.39)

In this equation, the virtual displacement function d¢,, is multiplied and the
integral is calculated to obtain (2.40).

1o ( 0¢,\ 0 /( Op, _
Q

Using Green’s equation, partial integration is carried out on the left part of the
above equation as in (2.41).

99,009, 09, 900, / ¢,
/M< or or T 9z 0z = [ ur on 0 dl (2.41)
Q I

2.2.2.2 The Weak Form of the Coil’s Pulsed Eddy Current Field

Under the axisymmetric coordinates, the equation of the coil’s pulsed eddy current
field can be expressed by (2.42).

0 (1 0Ay 0 (104 0Ay
_E<EW)_&<M—Z> // Gy B (242

Multiplying the virtual displacement function d¢,, into the above equations, and
carrying out the integration, (2.42) can be stated using (2.43).

d (1 04y d (10Ay 8A0 0Ay
/ or (r,u or ) 0z <,u 0z ) // ds| 0AdA
o
= /Jso5A0dA (2.43)

Q

Using Green’s equation, partial integration is carried out on the left part of the
above equation, to obtain (2.44).
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L[ 0AgOSA)  O0AgDSAY | A
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(2.44)

Q

2.2.2.3 The Weak Form of the Specimen’s Wave Equation

In the axisymmetric coordinate system, the deformation states are all the same in
each radial plane of the object, that is, both of them have no relation with 8; thus,
the displacement components in the radial, tangential, and axial direction of each
point in the object are expressed in (2.45).

u=u(r,z);v=0w=w(z) (2.45)

In this way, the geometric equation satisfied by the elastic body is expressed in
(2.46).

Ou Ou u ou Ow

5;8128_1;80:;;8”:8_14_5 (2.46)

& =

According to the generalized Hooke’s law, the stress—strain relationship can be
expressed by (2.47), (2.48), (2.49), and (2.50).

b = 2[00 — plon+02)] (2.47)
b = é (00 — it (07 + 02)] (2.48)
6 — é l0- — 1y (0 + 0)] (2.49)

b = M% (2.50)

In the above equations, o,, oy, and o, represent the positive stress of each axis
direction, respectively. o,, is the shear stress.
The equilibrium equations of particle motion are listed in (2.51) and (2.52).

do, 06, a6,—ay B 0%u
or 0z + = or?

(2.51)
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(2.52)

In the above equations, f, and f, represent the body forces existing on the
specimen and p represents the bulk density of the specimen.

The principle of virtual displacement is used on the equilibrium equation to get
(2.53).

86,, 80’,Z+6,,7699 wf Yout 06,, 0oy Urz +ﬂ swld
r or az

82
/( 5u+pav;5 )dW
v

Partial integration is carried out on the above equation and the geometric
equation is used to obtain (2.54).

(2.53)

2
/(O-rr(ssrr‘f'o'zzégzz“ro-rzégrz dV+ / ( &H—pg;é )
\%4

14

:/ [(fﬂuf)a +((’r’z +f:)ov|av + /(T,ézH—TZ(Sv)dF

Vv r

(2.54)

In the above equation, T, and T, indicate the internal force of the specimen’s
boundary. Since the specimen satisfies the boundary conditions, both 7, and T, are
zZero.

2.3 Finite Element Simulation of EMAT by COMSOL
Multiphysics [2]

2.3.1 Simulation Procedure of EMAT by COMSOL
Multiphysics

The COMSOL Multiphysics was used to do the modeling analysis of the problem
described by the PDEs. There are two optional ways and one of them is the direct
modeling for the PDEs. According to the expression form of the PDEs, it can be
divided into three kinds: coefficient form, general form, and weak form. At the
condition for which the parameters of the varied forms are given and their boundary
conditions are satisfied, inputting those parameters and values of the boundary
conditions means the modeling work of the physical model can be completed.
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Another way is in using the analytical modules of the physical fields that are
generally used, which are built into the COMSOL Multiphysics. Eight modules were
included in the 3.5a edition of COMSOL Multiphysics, including AC/DC module,
radio frequency module, acoustics module, chemical engineering module, geo-
science module, heat transfer module, microelectromechanical system (MEMS)
module, and structural mechanics module. No matter which module is selected, the
essence of the finite element method using COMSOL Multiphysics is to solve the
partial differential equations of the actual physical problems by transforming the
equation set into the weak form with interface and boundary conditions. Therefore,
the weak form is more widely used in carrying out the modeling work for the
multiphysics coupling problem, for the reason that it is not only the clear essence of
the FEM calculation of the multiphysics field, but also that it can be used to resolve
the insoluble problem with the built-in module.

By using the COMSOL Multiphysics, the numerical methods and steps for the
whole energy conversion process of EMAT based on the Lorentz force mechanism
are listed as follows:

(1) Selecting the coordinate system that needs to be solved. If the
two-dimensional analysis is adopted, the 2D rectangular coordinate system or
axisymmetric coordinate system can be selected. It is necessary to note that the
2D axisymmetric coordinate system does not support the modeling of the
weak form by itself. In the process of weak form modeling, the coordinate
system is transformed into a rectangular coordinate system.

(2) The solving form was selected as the weak form. In this way, 4 set of equa-
tions should be selected.

(3) Setting the geometric model of each component of EMAT. A solution domain
should be given when the numerical simulation of the electromagnetic field is
done. Thus, a solution domain should be defined beside the model.

(4) According to those weak forms and boundary conditions of the various fields,
the solution domain and boundary condition are set, respectively. For the
EMAT based on the Lorentz force mechanism, besides the calculation of the
coil’s magnetic field when the skin effect and proximity effect are considered,
the built-in modules of COMSOL Multiphysics can also be used in the cal-
culation of the static magnetic field and mechanical field. Because the mul-
tifield coupling is involved, the coupling variable needs to be set. The product
of the static magnetic induction intensity obtained from the solution of the
static bias magnetic field, the specimen’s magnetic permeability, and the
particle’s velocity is set as the density of the pulsed eddy current source when
calculating the coil’s ultrasonic wave. Because the induced electromotive
force of each coil conductor should be calculated when calculating the
ultrasonic signal received by the coils, the variables of the integral coupling
should be set to calculate the induced electromotive force of each step length
of the solution.

(5) Meshing for the solution domain. In the process of meshing, two points are
important in improving the accuracy of the calculation: One is that the
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elements of the mesh should be more than 2 under the skin depth of the
specimen’s upper surface; and the other is guaranteeing that there are more
than 7 elements of mesh within the wavelength of the excited ultrasonic wave
inside the specimen.

(6) Solving the model. The solution of the static bias magnetic field is a
steady-state solution, while other fields are transient solutions. The transient
solution needs to be set to the step length and the relative and absolute error of
the solutions. Because the adoptive pulsed excitation signal is a tone-burst
signal with high frequency, the step length should be set smaller to ensure the
smoothness and stability of the solutions. Since the value of the displacement
is small, the absolute error of the solution should be small enough during the
process of solving the displacement of the internal points to ensure the cor-
rectness of the solution.

(7) Postprocessing of the results, including the exhibition of the variables’ surface
plots of the various fields and transient waveforms.

2.3.2 Example of the Numerical Simulation
and Experimental Verification

To verify the correctness of the derived mathematical model that is used to rep-
resent the EMAT’s character and the effectiveness of the COMSOL Multiphysics
based on the numerical simulation of EMAT’s working process, an example of the
modeling of EMAT was conducted and the calculation result was verified by
experimental results.

2.3.2.1 The Parameters of the Simulation

The meander coil was used to excite Lamb waves within an aluminum plate.
Because of the dispersive nature of Lamb waves, before the fabrication of the
EMAT the phase velocity and group velocity dispersion curves of Lamb waves
should be calculated based on the elastic modulus, Poisson ratio, and the thickness
of the aluminum plate. The appropriate wave mode was selected according to the
dispersion curves. The EMAT coil was designed based on the chosen point. The
parameters of the aluminum plate are listed in Table 2.1.

Using the calculation software of the dispersion curves, the dispersion curves of
phase velocity and group velocity for the Lamb waves in the aluminum plate under
different frequency-thickness products are listed, respectively, as follows (Fig. 2.1):

The frequency-thickness product of the aluminum plate with a thickness of
3 mm was selected as 1100 m x Hz. That is, the exciting frequency is 366.7 kHz. It
is found that there are two modes of Lamb waves that can be generated at this
condition: Ag mode and Sy mode. The phase velocity and group velocity of the Ag
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Table 2.1 The dimension and parameters of the tested aluminum plate

Name Value
Length 500 mm
Width 350 mm
Thickness 3 mm
Conductivity 35 xe’ S/m
Elasticity modulus 70 Gpa
Poisson ratio 0.33
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Fig. 2.1 The phase velocity (a) and group velocity (b) dispersion curves of Lamb waves in the
aluminum plate
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Fig. 2.2 The double-layer and double-split meander coil

Table 2.2 The coil’s dimensions and material’s parameters

Name Value

Substrate thickness 0.500 mm

The width of the copper layer 0.720 mm

The thickness of the copper layer 0.035 mm

The line spacing 0.905 mm

The fold spacing 3.25 mm

The magnetic permeability of the copper layer 4m x 1077 H/m
The electric conductivity of the copper layer 2.667 x 107 S/m

mode are 5287 and 5044 m/s, respectively. The adopted double-layer and
double-split meander coil is shown in Fig. 2.2, with the distance between the
adjacent folds being 6.5 mm (Table 2.2).

In the experiment, as shown in Fig. 2.3, excitation and receiving probes of
EMAT were used for the excitation and receiving of ultrasonic waves. The exci-
tation probe was installed 90 mm away from the left end of the aluminum plate, the
receiving probe was installed 120 mm away from the left end, and the
center-to-center spacing of the two probes was 140 mm. The liftoff distance
between the two probe’s coil and the aluminum plate was 1 mm. A permanent
magnet with a residual magnetic flux density of 1 T was located above the bending
coil and the distance between them was 0.5 mm. The arrangement of the probe is
shown in Fig. 2.3:

2.3.2.2 Experimental Setup

In order to verify the effectiveness of the simulation results, the pulse excitation and
receiving device RPR-4000, produced by RITEC, was employed as the exciting
source of the EMAT to produce the RF tone-burst signal. The amplitude and
frequency of the signal can be adjusted arbitrarily to meet the requirements.
Between the RPR-4000 and the excitation coil, an impedance matching device was
used to complete the matching of the coil impedance and that of the exciting
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Fig. 2.3 A diagram of the arrangement of the probes for Lamb waves

source’s output. The filtering and amplification of the receiving signal can be
achieved using the RPR-4000. The bandwidth and amplification factor of the filter
are also adjustable. The matching of the coil impedance and the input impedance of
the RPR-4000 is achieved by the connection of the receiving coil and the impe-
dance matching device, so that a greater power output can be achieved. The signal
received by the RPR-4000 was displayed on the oscilloscope and was processed by
the data acquisition software Wave Star for Oscilloscopes to collect the data. The
final waveform was displayed on the PC. The setup of the experimental system is
shown in Fig. 2.4.

2.3.2.3 The Process and Result of Calculations

The waveform of the tone-burst current excitation signal with a frequency of
366.7 kHz and 5 cycles is shown in Fig. 2.5.

(Pulser and receiver)
A
v
v
Impedance Impedance Computer
Matching circuit Matching circuit
A
v
Trigger Receiving
probe probe
Specimen

Fig. 2.4 The setup of the experimental system
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Fig. 2.5 The waveform of 207 T T : : : . -
the excitation signal
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The excitation current was input into COMSOL Multiphysics for simulation.
The maximum element size in the meshing process inside the specimen was set as
one-eighth of the wavelength of the Lamb waves, that is, 0.8125 mm. The time
step is 0.00000002 s. In order to observe the obtained result, the observation
points A and B inside the specimen were selected, with the location of point A
just below the left-most conductor of the excitation coil, 0.01 mm below the top
surface of the specimen under test. The location of point B is just below the
center point of the receiving coil, 0.01 mm below the top surface of the specimen.
A viewing zone C was selected, with its line segment located just below the
exciting probe, 0.01 mm below the specimen’s top face. Its width is 60 mm along
the direction of the specimen’s surface—the center of this line segment—in the
horizontal coordinate, corresponding to the center of the meander coil and the
permanent magnet.

Figures 2.6 and 2.7 show the x and y components of the static magnetic
induction intensity generated by the permanent magnet in area C. In Fig. 2.6, the
x components of the magnetic induction intensity are distributed symmetrically
along the center of the area, with the values increasing from the center to both sides.
The maximum value is located at the edge of the magnet. In Fig. 2.7, the y com-
ponents of the magnetic induction intensity have a saddle-type distribution across
the region. It is approximately a constant in the center of the area, with the values
increasing from the center to both sides. The maximum value is also located at the
edge of the magnet. It is found that, when the permanent magnet is reasonably well

Fig. 2.6 The x component of 04
the static magnetic induction z
intensity 2T 02
22
Z2 o
o .3
5.5
g 2-02
E -
= 04

“0 0.01 0.02 0.03 0.04 0.05 0.06

The position on the specimen (mm)
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Fig. 2.7 The y component of the static magnetic induction intensity

designed, the y component of the bias magnetic field within the coil’s area can be
taken as a constant.

Figure 2.8 shows the equipotential line plot of the vector magnetic potential
generated by the meander coil at a time of 10 pus when the tone burst is applied on
the coil. With the pulsed magnetic field, the coil’s induced eddy current and its
distribution within the skin depth of the specimen’s top surface are shown in
Figs. 2.9 and 2.10. It is illustrated that, since the current direction of the two
adjacent wires of the meander coil is opposite to each other, the direction of the
induced eddy current inside the specimen is also opposite, below the meander coil,
and the values of the eddy current density below each of the coil’s line segments are
approximately equal. The bias magnetic field, as shown in Figs. 2.6 and 2.7, which
is affected by the pulsed eddy current, as shown in Fig. 2.10, can be used to
generate Lorentz force inside the specimen. The force will be applied to the internal
point of the specimen. At the moment of 10 s, the distributions of Lorentz force in
area C are shown in Figs. 2.11 and 2.12. Figure 2.11 shows the x component of the
Lorentz force and Fig. 2.12 shows the y component of the Lorentz force. It is shown
that, even if the densities of the eddy currents below each bending section of the

Fig. 2.8 The equipotential line of the vector magnetic potential

Fig. 2.9 The eddy current distribution inside the specimen at a time of 10 ps
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Fig. 2.10 The eddy current x 107
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Fig. 2.12 The y component
of Lorentz force on area C at
the time of 10 ps
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coil are equal to each other, there is a big difference in the Lorentz force inside the
specimen below each fold line of the coil for the reason that the force is generated
under the bias magnetic field with a non-uniform distribution. Therefore, if the
magnet is poorly designed, the approximate average area of the magnetic field
generated by the magnet will be smaller than the coil’s width. It will bring a large
calculation error with the assumption that the bias magnetic field is of uniform
distribution.
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Fig. 2.13 The temporal X 10°
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Figures 2.13 and 2.14 show the characteristics of a temporal variation of the
Lorentz force’s components x and y at the viewpoint A. Under the effect of the
pulsed eddy current and bias magnetic field, the duration of the Lorentz force
generated inside the specimen and that of the pulse are the same. The particles
inside the specimen will generate vibration, exciting the ultrasonic wave, and the
ultrasonic waves will propagate along the aluminum plate to be tested.

Figure 2.15 shows the x component of the internal particle’s displacement of the
specimen at the moment of 0, 10, 30, and 50 ps. It shows the process of the
ultrasonic wave propagation in the specimen. At the moment of 0 s, the excitation
is still not applied on the coil, and there is no ultrasonic wave generated; at the time
of 10 s, the ultrasonic wave has been already generated, and it begins to propagate
in two different directions; at the moment of 30 ps, the coil’s excitation has already
completed and the ultrasonic wave continues to propagate in two different direc-
tions. At this moment, two kinds of ultrasonic wave (Ag and Sj) are excited inside
the specimen. At the moment of 50 ps, the ultrasonic wave of the S, mode that
propagates to the right side has already passed the receiving probe, while the
ultrasonic wave of the Ay mode has also arrived at the receiving probe. Meanwhile,
the ultrasonic waves of the Ay and Sy mode, which propagate to the left side at first,
are reflected from the left end of the specimen and change their direction of
propagation to the right side of the specimen.

Fig. 2.14 The temporal x10°
.. oy A 1L

variation curve of the Lorentz =

force’s y component at

point A
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component
=)

0 2 4 6 8 10 12 14
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Fig. 2.15 The temporal variation of particle displacement component x

Fig. 2.16 The equipotential line of the magnetic vector potential generated by the particle motion
inside the specimen

When the ultrasonic waves propagate to the receiving probe, the particle motion
inside the specimen will generate a dynamic magnetic field under the effect of the
bias magnetic field. An induced electromotive force will be generated inside the
receiving coil, thus realizing the signal reception. At the moment of 50 ps, the
equipotential lines of the magnetic vector potential are generated by the particle
motion inside the specimen, as shown in Fig. 2.16.

Figure 2.17 shows the normalized waveform of the receiving signal from the
receiving coil within 120 ps after the excitation from the probe. As illustrated in
Fig. 2.17, the receiving probe receives 5 wave packets within the first 120 ps. For
convenience, in the analysis each wave packet is named separately as Sor, Aor, SoLRr»
SoL, and Ao g, according to the ultrasonic mode and the direction of their propagation.
Sor is the Lamb wave of the Sy mode that propagates to the right side in the earliest
stage; Agr is the Lamb wave of the Ay mode that propagates to the right side in the
earliest stage; Sorr represents the Lamb wave of the Sy mode that propagates to the
right side in the earliest stage and then propagates to the left side after the reflection at
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Fig. 2.17 The induced electromotive force of the receiving coil

the right end of the specimen; Sory represents the Lamb wave of the Sy mode that
propagates to the left side in the earliest stage and then propagates to the right side
after the reflection at the left end of the specimen; and Aqy g is the Lamb wave of the A,
mode that propagates to the left side in the earliest stage and then propagates to the
right side after the reflection at the left end of the specimen.

In the experiment, the parameters used for EMAT are the same as those of the
computational model, and the impulse excitation of the same frequency and number
of periods is applied in the experiment. The normalized waveform of the received
signal from the receiving probe in the experiment is shown in Fig. 2.18. Comparing
Fig. 2.17 with 2.18, it can be found that the corresponding time of either the
ultrasonic waves or of the wave packet received in the experiment is relatively
comparable with that of the simulation results. This verifies the correctness and
effectiveness of the numerical simulation method of the whole energy conversion
process of the Lorentz force-based EMAT discussed in this book.

Based on the ultrasonic wave propagation distance for a certain time period, the
group velocities of the Lamb wave of the Sy mode and Ay mode obtained from the
numerical simulation and experiment can be calculated. A comparison of these
values with the theoretical values is given in Table 2.3.

Table 2.3 shows that the differences among the theoretical, simulation, and
experimental values of wave velocity are negligible and so proves the correctness
and effectiveness of the simulation results and the experimental results.

The received signal
amplitude
(Mormalization)
R o — IS

t

40 60 80 100 120
Time (us)

o

Fig. 2.18 The measured results from the receiving probe
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Table 2.3 The comparisons of wave velocities

67

Wave Theoretical wave Simulation wave Experimental wave
mode velocity (m/s) velocity (m/s) velocity (m/s)

So 3148 3102 3147

Ay 5044 5291 5263

2.4 Analytical Modeling and Calculation of EMAT
with Spiral Coil [3]

2.4.1 Configurations of the EMAT with Spiral Coils

Spiral coils can be used to excite and receive ultrasonic bulk waves inside the
specimen. The typical configuration of the bulk wave EMAT is shown in Fig. 2.19.
The permanent magnet or electromagnet is used to provide a static bias magnetic
field which is perpendicular to the spiral coil and specimen. The spiral coil is placed
above the specimen. When the spiral coil is supplied by the pulsed excitation with
the desired center frequency, the ultrasonic wave could be generated by Lorentz
force or magnetostrictive effect and propagates perpendicularly to the surface of the
specimens. The echo wave could be detected in terms of the inverse process of
generation.

In practical applications, the spiral coils are made by a printed circuit board
(PCB) or flexible plate (FPC) technique for accurate design of the dimensions,
compact configuration, and convenient application. The coil could be designed with
single-layer or double-layer configurations, which consist of rectangular spiral
copper wires on a fiberglass substrate. The sectional view schematic diagrams of the
coils are shown in Figs. 2.20 and 2.21.

Fig. 2.19 The structure of
EMAT: permanent magnet,
spiral coil, and specimen

Magnet

Specimen ?

Ultrasonic wave

Spiral coil
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Fig. 2.20 The single-layer planar spiral coil

Upper coil

Base plate

Lower coil

Fig. 2.21 The double-layer planar spiral coil

2.4.2 Frequency-Domain Solution

To analytically express the solutions, the following derivations and calculations are
based on some assumptions:

(1) The mediums in all solution domains are linear, isotropic, and homogeneous.

(2) The proximity effect and skin effect for the copper wires are neglected, i.e., the
distribution of current density is uniform in the copper wires.

(3) The displacement current is neglected because of its small value.

(4) The spiral coils are viewed as a superposition of concentric circles carrying the
same current.

For the frequency-domain calculation of the magnetic field, the cylindrical
coordinate system is used to model the EMAT. Thus, the magnetic vector potential
(MVP) in each solution domain only has circumferential components. The physical
model of the EMAT with a double-layer spiral coil in the cylindrical coordinates is
illustrated in Fig. 2.22. The spiral coil is viewed as the arrays of N-concentric
copper wire circles. The radiuses of the circles are as follows: ryy, 12y, 712, 122, ...,
r1n> F2n- The dimensions of the spiral coil in the z direction are [, I, I3, and I4. The
thickness of the specimen is c. A conducting half-space is below the specimen.
When the spiral coil is a single layer, the model can be simplified by deleting the
terms containing /3 and /4 in the analytical expression. Seven solution domains are
partitioned along the z direction and indicated as a = 1, 2, ..., 7, for calculation.
Because the substrate of the coil has the same permeability and conductivity as air,
we view it as air in the derivation process. The conductive specimens are
non-magnetic.
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Fig. 2.22 Double-layer spiral AZ
coil at a distance above a
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2.4.2.1 The Magnetic Vector Potential of a Delta Function Coil

To begin with, the MVP of a delta function coil d(r — r¢)d(z — z¢) above a specimen
is calculated. The schematic diagram is shown in Fig. 2.23, in which four solution
domains are partitioned. The frequency-domain differential equation of the delta
function coil above the specimen can be expressed as shown in (2.55); the solution
area is 4.

? 10 & . Al )

— + 4+ —— =5 —jou,oc w, 7,2

o2 T ror o g JOHa%a)RdO T (2.55)

= —Hi(@)(r = r9)(z — 20)
Fig. 2.23 Delta function coil Az
at (ro, Zo) above a conductive
specimen and an infinite r
half-space a=1 _,|
.......................... ° ® e — J{

L
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In the above equation, A (w, 7, z) is the MVP; i(w) is the excitation current
density; u, and o, are the permeability and conductivity, respectively, and a = 1, 2,
3, 4 represent the solution domains.

At the boundaries between adjacent domains, the boundary conditions as shown
in (2.56) should be satisfied.

Aa(w,r,zu) :Aa-H(warvza) (2'56)

1 94,

o 1 8Aa+l
Ha Oz

=z Hat1 0z

—i(w)d(r — ro)o(z — 20) (2.57)

i=Za

The solutions in each domain can be obtained by the method of separation of
variables, and they can be expressed by (2.58), (2.59), (2.60), and (2.61).

Ay(r,2) ,uot )ro / J1(kro)J (kr)e ™ (e + Py ) dk (2.58)
0
As(r,2) :%,uoi(a))ro / (ko) (kr)e ™ (¢ 4 Pre) dk (2.59)
0
50
A;(r,2) = pyi(w)ro / Ji(kro)Ji (kr)e ™ (P,e5* 4 Pye %) dk (2.60)
0
o0
Ay(r,2) = poi(w)ro / Ji (kro)Jy (kr)e ™M Pye %4 dk (2.61)
0

In the above equations, Ji(x) is the first kind and first order of the Bessel
function. Other related parameters can be expressed as follows:

K, = /K> +jou,a,

(k—|— K’;)(K’; - K4) + (k - K3)<K4 —|—K3)€2K3e

P =

' (k= K3)(Ks — Ka) + (k + K3) (Ky + K3 )e2Koe
P, — k(K3 + K4)€2K3e

27 (k= K3) (K3 — Ka) + (k+ K3) (Ks + K3)e2Koe
b k(K3 — Ky)

T k= K3)(Ks — Kg) + (k+ K3 ) (K4 + K3 )e2Koe

2K keKs +Ka)e

P, = -

(k — K})(K3 — K4) + (k + K’;)(K4 + K3)€2K3e
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2.4.2.2 The MVP of the Spiral Coil

For the rectangular section planar spiral coil, we choose one circle to consider first.
Then, the overall MVP can be calculated by the superposition theorem. As far as
the circles with the radiuses ryy, 71, and heights [, [, are concerned, the MVP in
each solution domain is the superposition of those of the delta function coils and
can be calculated by (2.62).

2 12

Al(w,r,z) = /Aa(w,r,z, ro, lp)ds = / /Aa(w,r, zZ, 10, lo)drodl (2.62)

N rl 11

In the above equation, A,(w, r,z) is the MVP of the delta function coil posi-
tioned at (ro, ly).

The integration is performed and the MVP of the chosen circle is expressed in
(2.63), (2.64), (2.65), and (2.66).

. 1o f . I
A‘1,2,3(w7 rz) = E,uol(w) / & I(kry, kry)Jy (kr)e ke [eklz — M —p (e ko _ o "l')}dk
0

(2.63)

A5(00,1,2) = () [ 51tk ko)) [(e 4 = ) (€5 -+ Pre) ok
0

k?
(2.64)
1
Ai(w,r,z) = ﬂoi(w)/ﬁl(krla’%)]l (kr) [(e70 = &) (PyeX1% 4 Pye617) | dk
0

(2.65)

A (0 /Ocle a1 ()

r,z) = —J(kry, kr r
7 ) Z /’LOZ k’; 1,RI2)J1 (266)

(e*kll _ e*klz) 4eKzzdk

In the above equations, the superscript ¢ represents the MVP of the chosen circle
and Ky and K5 take the place of K3 and K, in Py, P,, P3, and Pj.
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X2

I(x1,x2) = /x]l(x)dx

);; (2.67)
= 5 {x2 [JO(XZ)HI ()Cz) = (XZ)HO()Q)]

= x1[Jo(x1)Hi (x1) — J1(x1)Ho(x1)]}

In (2.67), H, represents the Struve function.

(2.65) and (2.65) are valid for the domains above the coil and below the coil,
respectively. The MVP in domain 4 can be obtained by substituting /; = z in (2.64),
and adding (2.68).

Ay(o,r,2)

o0

1
,uol(w g I(kry, kirp)Jy (kr) |2 — ekeh) _ pklz=h) + P (efkl‘ — eiklz)esz} dk
0

(2.68)

On the basis of the MVP of a single coil, the MVP of other n — 1 circles in the
lower-layer coil could be obtained in the same way. We add all the MVPs of each
circle to obtain the MVP of all the lower-layer coils, as shown in (2.69).

N

Afl(w7 r, Z) = ZAIHU(O)y r, Z) (269)

i

In the above equation, the superscript ! represents the lower-layer coil. In the
same way, replacing /; and I, with /5 and 4, we get the MVP of the upper-layer coil,
as shown in (2.70).

A%, r,2) ZA”" 0,1,72) (2.70)

In the above equation, the superscript u represents the upper-layer coil. Thus, the
MVP of the double-layer spiral coil is expressed in (2.71).

In the above equation, the superscript d represents the double-layer coil. Here,
what we are concerned with are the MVPs in domains 2, 4, and 6 in Fig. 2.22. They
are derived in (2.72).
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Ag(e,r,2)

k3

i

I . .
= ppi(w / — I (kryi, kryi)Jy (kr) (efkl‘ —e M ek eik“) (PzeK“ + P3e7K“)dk
0

(2.72)

1 1
M(0,1.2) = 5 10i(0) [ 153 krkra) o)
0

[2 = M) _ gHeh) | kel) _ k) 4 py (o kh _ pmke g k) e—kz} dk
(2.73)

1 1
Al(w,r,7) = E,uoi(w)/ k—321(kr1,-,kr2,-)11 (kr)

[2 _ Meh) _ gkeh) y pokeh) _ k) 4 p, (e—kll S e e—kh,)esz} dk
(2.74)

2.4.2.3 Analytical Expression of Magnetic Flux Intensity, Pulsed Eddy
Current and Input Impedance

The dynamic magnetic flux density in the specimen can be calculated according to
(2.75).

B=VxA (2.75)

Because A only has the component ¢, B will only have the » component and
Z component.

B, (w,r,z) =
LW
— Woi(w) / k—321(kr1i, kry;)Jy (kr) (e’kl‘ — e M 4 o e’kl“) (PzKleK“"‘ — P3K1e”(“"')dk
5 i
(2.76)
B.(w,r,z) =

& ,
oi(e) / 12 D ki ko (kr) (e — e 7 — ¢7H0) (Paeie - Py 1%) dik
0

i

(2.77)
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The pulsed eddy current is induced in the skin depth of the specimen. In terms of
the relationship between the eddy current J and the MVP in the frequency domain,
ie., J = —jwoA, the pulsed eddy current can be obtained by substituting (2.72).

J(w,r,z) =
Il . k.
— joospyi(w /ﬁ I(kry;, kry;)Jy (kr) (e—kl1 LMy, ku)(PZeK,urPSe Ku)dk
0

i

(2.78)

Before calculating the input impedance, the induced voltage should be obtained first.
The induced voltage in the rectangular cross-sectional circle coil is expressed in (2.79).

V(o) = L // rA(w,r,z) (2.79)

coilcross section
coilcrosssection

The induced voltage of the double-layer coil is obtained by adding all the circles
and can be expressed by (2.80).

V()

N
2 2
g jwﬂ: //rAzwrzdrdz+ jo2m //rA (w,r,z)drdz
12_1 rZL_rll (14_13 rZL_rll

(2.80)

Substituting (2.73) and (2.74) into (2.80) and adding the direct current resistance
of the coil, the expression of the coil’s input impedance in terms of Ohm’s law can
be obtained.

Z(w) =

i—1 "21

N x° N N
2
Zy+ Z{ , ljwﬂo t / I(kryi, kra;) Zl(hurm Zl Tiy 2i)
2 - 1 Vh i=1 i=1

[2k lz —l )+2( k(b—1) _ 1)_,’_( —kly _ —klz)(eku _eklz)
+Pl( —kly _ —k12+e—k13 _ —kl4)( —kl _e—klz)]dk

. (2.81)
jco,uOZn 1 ul
2 ﬁ (r1is 2 Zl Fiiy 12i)
0 i=1
h) _

(Is — 13)* (rai — 1)
[2k(ly — I3) +2(e7HU8) 1) 4 (e781 — e7H2) (M — oMh5)

Py (e — oM Tk gy (ks g
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In the above equation, Z, is the direct current resistance of the coil.

. Y m(rai + i) (rai 4 117)
Zy = Z |:(7'2i —ri)(L=1) + (o — 1) (s — 1) (2.82)

2.4.2.4 Series Expressions of Flux Density, Eddy Current,
and Input Impedance

In the expression of magnetic flux density, pulsed eddy current, and input impe-
dance, the infinite integration is difficult to implement because the integrand is too
complicated and contains double integrals of the one-order Bessel function. To
lower the calculation difficulty, the approximate series expression of the magnetic
flux density, pulsed eddy current, and input impedance is proposed by the
truncated-domain eigenfunction expansion (TREE) method. Although the number
of series terms and truncated distances bring about calculation errors, the errors can
be readily controlled.

By setting the solution area as 0 < r < 0o instead of 0 < r < R, the infinite
integration can be transformed into the sum of an infinite series. When the chosen
R is large enough, the calculation results will be consistent with the real results.
According to the physical significance of MVP, it is bounded in the solution area
and a magnetic insulation boundary condition is exerted.

Al <g| <00 (2.83)
Al,<r=0 (2.84)
Then, the general solution of MVP can be expressed by (2.85).
(@,7,2) =Y (Am(kn)e"” + By (k)e™ %) Cpn (ki) J1 (k) (2.85)
m=1
According to (2.84), we can get (2.86).
Ji(k,R) =0 (2.86)

It is found that K,,,R is the mth zero root x,, of J;(x). Thus, (2.87) can be obtained.

X
km = — 2.87
i (287)

After a series of derivations, in a similar manner to the above sections, the
ultimate series expressions of magnetic flux density, pulsed eddy current, and input
impedance are expressed by (2.88), (2.89), (2.90), and (2.91).
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B, = —2p,i(w ZZZ krii, krai)Jy (Kinr)

k4 R2J2 (k,R)
i=1 m=1
(el — el 4 ghnls — gmhnls (P, Ky peKint — Py Koo 57

N oo
I krl,,krg, ]0 k r)
B (w,r,z) = 2pgi(w Z;Z:l R (nR)

(e¥ — M g o7Hs _ oKy (py K7 4 Py e7Ki2)

N
Jo(w,r,z) = =2jwaoeuyi(w Z

i=1 m=1

L(kry;, krai)Jo (k)
k& R2J2 (kR)
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N oo ( J2mopeI(riisra) 3o I(kry, krai)
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zZI: mz { L — 1) (ra — rli)sznszg(ka)
[ (lz _ ll) _~_2(efk(lzfll) _ 1) + (efkll _ efklz)(eklz‘ o ekl3)
+Pry(e — oM pomhs oK) (oKl pmh))]

N
J2meopol (rii,rai) 3 1(kryi, krai)

(s — 13)*(rai — 1) kL, R2JZ (K R)

+ 2(I4 — 13)]

N
J2meouol (i, r2i) Z I(kry;, kra;)

" (Is = 13)*(rai = rul) k! R2J2 (knR) 2k =)

m

+2( (14 lw) _ 1)+(e—k11 —e kl2)(ekl4 _ ekl3)

4 Py (e — o7k o7k _ o7kl (oK e_"“)]}

2.4.3 The Time-Domain Solutions

(2.88)

(2.89)

(2.90)

(2.91)

Pulsed excitations and responses can be expressed as the superposition of a series of
sinusoidal signals with different frequencies. When the frequency-domain expres-

sions of magnetic flux density and pulsed eddy current are known,

their

time-domain expressions can be obtained by the inverse Fourier transformation.

obtained.

For (2.88), (2.89), and (2.90), the corresponding time-domain expressions can be
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17 .

B (kD) =5 / B, (0, k, 2)e dov (2.92)
17 .

B2 =5 [ Bloraeao (2.93)
17 4

witrs) =5 [ o2 (2.94)

(2.92), (2.93), and (2.94) are difficult to analytically implement for the infinite
integration of the integrands B/ w, r, z), Bw, r, z), and J.(w, r, z) with such
complex expressions. The FFT and IFFT methods are good choices for their cal-
culation. The procedure is that the time-domain current excitation signal is trans-
formed to the frequency domain by FFT, and then, the magnetic flux densities and
eddy currents at chosen frequencies are calculated according to (2.88), (2.89), and
(2.90) and summed. Lastly, the time-domain responses of the magnetic flux density
and pulsed eddy current are obtained by IFFT of the summed frequency-domain
signals.

When the pulsed eddy current in the skin depth of the specimen is known, the
Lorentz force can be calculated using (2.95).

fu(t,r,2) = By X J(t,1,2) (2.95)

In the above equation, f; (¢, r, z) represents the Lorentz force and B represents
the bias static magnetic flux density.

2.4.4 Results Comparison and Discussion

In order to validate the proposed analytical model and calculation method, an
example is demonstrated. Moreover, the results are compared to those of the
TSFEM method and experiment.

A double-layer PCB spiral coil, shown in Fig. 2.24, is used for the calculation.
The specimen is an aluminum plate. The liftoff distance between the coil and
specimen is 0.5 mm. The infinite half-space below the aluminum plate is air. The
dimensions and properties of the coil and specimen employed in the simulation and
experiment are shown in Tables 2.4 and 2.5.

Generally, the EMATS are supplied by narrow pulses or modulated tone-burst
signals, which are generated by the function generator and amplified by the power
amplifier.

The modulated tone-burst current signal can be expressed using (2.96).
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Fig. 2.24 Double-layer PCB

spiral coil above the specimen . .
PCB Spiral coil

Aluminum specimen |

Table 2.4 The width of the  p, . eter name Value
double-layer spiral coil and -
the material parameters Substrate thickness 0.500 mm
Copper wire width 0.254 mm
Copper wire thickness 0.050 mm
i 2.921 mm
21 3.175 mm
The conductor’s ring space 0.254 mm
Number of turns 29
Copper wire’s magnetic permeability 4m x 1077 H/m
Copper wire’s electric conductivity 2.66 x 107 S/m
Table 2.5 The specimen’s Parameter name Value
dimension and the material’s Speci s thick 5.00
parameters pecimen’s thickness .00 mm
Magnetic permeability 4m x 1077 H/m
Electric conductivity 3.571 x 1077 S/m
Ih(1 — cosZ)coswr 0<r< 2m
i(r) = . (2.96)
nm
0 >

In the above equation, w = 2zf. Here, Iy = 20A, n = 2, and f = 1 MHz were
selected; the waveform of the pulsed current signal is shown as follows (Fig. 2.25):

In the calculation process, the truncation radius is R = 696 mm and the sum-
mation number is 50. The sampling frequency and data number used in the
FFT-IFFT method are chosen as 32 MHz and 64, respectively. Then, an impedance
analyzer is used to measure the resistance and inductance of the coil above the
specimen, so that the input impedance of the EMAT can be obtained. The
time-domain response of the magnetic flux density and pulsed eddy current cal-
culated by the TSFEM method is implemented through the FEM analysis software.
To improve the accuracy, a denser mesh is used in the coil cross section and surface
of the specimen. The number of the overall triangular elements is 13,193.
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Fig. 2.25 The waveform of 40,
the tone-burst signal supplied

to the spiral coil. The center

frequency of the signal is 20+
1 MHz and the number of

periods is 2

i(A)
=

0 05 1 15
Time ( £5)

b2

To design the matching circuits for the EMATS, the impedance of the coil at the
center frequency needs to be determined. Here, for validating the input impedance
expressions as (2.81) and (2.91), the input impedance at frequencies 0.5, 1, and
1.5 MHz are calculated and then measured by the impedance analyzer. The results
are shown in Table 2.6.

As shown in Table 2.6, the calculated results and measured results are in
agreement, which validates the validity and accuracy of the input impedance
expressions and the TREE method.

The transient time-domain signals of B,, B,, and J, from both the proposed
method and the TSFEM method are presented in Figs. 2.20, 2.21, and 2.22.

As shown in Figs. 2.26, 2.27, and 2.28, the results from the proposed method are
consistent with those from the TSFEM method. The small discrepancies are that as
follows: (1) B, and B, from the proposed method are a little larger than those from
the TSFEM method, while J, has the opposite relationship, and (2) the peak value
times and the waveforms in the initial stage have certain differences. An evaluation
of the errors of peak values and peak value times is shown in Table 2.7.

Assuming that the bias magnetic field is uniform and equals 1 T, we calculate the
Lorentz force on the surface of the specimen according to Eq. (2.95). The Lorentz
force inside the specimens under different liftoff values is shown in the following
figure.

As shown in Fig. 2.29, it is found that Lorentz force will decrease with an
increase in the liftoff distance. If the Lorentz force is given, the particle’s

Table 2.6 Input impedance by calculation and measurement at different frequency

Frequency (MHz) Calculation value (Q) Measuring value (Q2)
0.5 12.51 + j30.64 13.03 + j31.34
1 13.19 + j60.34 13.89 + j63.25
1.5 13.71 + j89.87 14.75 + j93.80
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Fig. 2.26 Magnetic flux
densities in the r direction at
position (3.048 mm,

—0.001 mm) on the surface of
the specimen

Fig. 2.27 Magnetic flux
densities in the z direction at
position (3.048 mm,

—0.001 mm) on the surface of
the specimen

Fig. 2.28 Magnetic flux
densities at position

(3.048 mm, —0.001 mm) on
the surface of the specimen

Table 2.7 Errors of peak
value and peak value time
comparing two methods

&0 v d :
I
=
£
S
o°
60+ g
-o- Analytic method
—TSFEM method |
-100 : | '
0 0.5 1 L5 2
Time ( £45)
6
—e— Analytic method
4+ ——TSFEM method

1000 r
)
0
<
2 5w
,‘_‘_:'-‘J
-1000+ —e— Analytic method
—— TSFEM method
% 05 1 15 2
Time ( £5)
Error B, B, Je
Waveform peak 7.4 9.7 3.1
Waveform peak’s time 0.78 1.3 0.41
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Fig. 2.29 Lorentz force at 1000 — 'a
position (3.048 mm,

—0.01 mm) on the surface of
the specimen calculated by
the proposed method when
the liftoff distances are 0.5, 1,
and 2 mm

4 0..imm§
= Imm |
; =2mm

ra

Time (45 )

displacement can be calculated according to the theory of elasticity for Lorentz
force mechanism EMAT:.

Although the analytical expressions of magnetic flux density, pulsed eddy cur-
rent, and input impedance are complicated, they are valid and accurate when cal-
culated by TREE and FFT-IFFT method, which is entirely much simpler than the
TSFEM method. Moreover, the distinct mathematical expressions and faster cal-
culation speed are also advantages over the TSFEM method.

The following causes could result in errors between calculation results and
measurement results. The coil’s skin effect and proximity effect were overlooked in
the analytic model, which might cause certain errors in the circumstance of high
frequency; in addition, some errors could be caused by the TREE method itself.

2.5 Analytical Modeling and Calculation of the Meander
Coil EMAT [4]

In the field of nondestructive testing with EMAT under different static bias mag-
netic fields, the meander coil EMAT has an important position and is widely used
for generating and detecting various types of ultrasonic waves, such as the Lamb
wave, Rayleigh wave, and shear horizontal (SH) wave. The analytical model and
analysis of EMAT with a meander coil structure will be illustrated in this section.
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2.5.1 Meander Coil EMAT Configuration and Calculation
Model

Nowadays, with the development of printed circuit boards (PCB) or flexible print
circuit (FPC) techniques, the meander coil can be made more complex, accurate,
and portable to improve the performance of EMAT and facilitate its actual appli-
cation. The typical configurations of a meander coil are shown in Fig. 2.30.

The purpose of the multisplit configuration of a meander coil is to increase the
turn number of each fold. For the same reason, sometimes, the coil is designed into
a multilayer configuration, using the configuration of equidistance or non-
equidistance to control the excited ultrasonic wave modes through controlling the
coil’s spacing.

When used for ultrasonic wave generation and detection, the meander coils are
placed parallel above the surface of the specimen. If we neglect the ends connection
of the meander coil, the section diagram of the EMAT is as shown in Fig. 2.31. We
assume that the meander coil is an M-layer, N-conductor coil, and the number of
bends is 2Q. This model is the general model of the meander coil. The coil with an
equidistance structure is a special case.

(a) ( (c)

- b) —
L/

Fig. 2.30 Configuration of meander coils: a Isometric single-split coil; b Isometric multisplit coil;
¢ Non-equidistance multisplit coil

9=0
C T T T AN
= n=
""" | n‘:!'V?:‘l =M = ] s
| Ol w-2 memm | Coll
| D0 m-l .

The conductor under test
%////////////////////////////////////// _

Fig. 2.31 Model of a meander coil EMAT
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As shown in Fig. 2.31, according to the characteristics of the meander coil, the
current directions in the two adjacent bends of the coil are opposite to each other.
Therefore, the adjacent bends can be viewed as a closed coil. Thus, the M-layer,
N-conductor coil can be viewed as the group of M x N x Q single rectangular coils.

2.5.2 The Frequency-Domain Calculation of the Coil’s
Impedance and Magnetic Field

2.5.2.1 The Scalar Potential of the Rectangle 6 Coil

The schematic diagram of a J coil with current I above an infinite half-space is
shown in Fig. 2.32. The solution domain is divided into three subdomains: the
domain above the J coil R,, the domain between the J coil and the conductor R,
and the conductor domain R.. In Fig. 2.32, xy and y, indicate the half width and
length of the ¢ coil.

Because the frequencies in the EMAT nondestructive testing are generally lower
than 10 MHz, the displacement current and velocity effect can be neglected; thus,
the time-harmonic electromagnetic field governing equation is expressed in (2.97).

VZA+7°A = —uJ, (2.97)

In the above equation, A is the magnetic vector potential; J; is the source current
density; Y? = —jouo;  is the angular frequency; u is the medium permeability;
o is the medium conductivity, and V? is the Laplace operator.

In terms of Coulomb’s criteria V - A = 0, there is a second vector potential W,
which satisfies A =V x W, and W can be decomposed as two scalar potentials.
W can be expressed using (2.98).

W = uW, +u x VW, (2.98)

Fig. 2.32 Rectangle ¢ coil AZ
above the conductor
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In the above equation, W; and W, are scalar potentials and u is the vector that
meets the requirement.
We choose u = z, A can be expressed by the second vector potential W.
A=V x (Wiz+zx VW) (2.99)
Substituting (2.99) into (2.97), we can obtain (2.100).
V x [eVPWi 42 x V(V2W2) + 77 (Wiz+2 x VW,)] = —pJ, (2.100)

In the air domains R, and R,,, the source current density and conductivity are 0;
thus, we have (2.101), (2.102), and (2.103).

V2Wi(ap) =0 (2.101)
V2Waup) =0 (2.102)
Ap) =V X (Wiapz) = (2 V)VWap (2.103)

In the above equations, the subscript (a,b) represents the variables in domains
a and b; thus, we have (2.104).

o[ OWiap)
Bap) = V( 2 (2.104)

Therefore, we just need to calculate the scalar potential W, ), which is the
superposition of the coil’s scalar potential W, ;) and the eddy current’s scalar
potential W, p., as expressed in (2.105).

Witap) = Wib)s T Wilap)e (2.105)

Thus, we have (2.106).

Vz(VVI(a,b)s + Wl(u,h)e) =0 (2106)

In domain R,, according to the interface conditions, in interface z = 0, the Wy,
should satisfy (2.107).

Tt =0 (2.107)
Wiy =0

In the above equation, the subscript (c) represents the variables in domain c.
Since there is no source in domain R,, Wy, = 0; thus, we have (2.108).
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=V x (Wi(2) (2.108)
According to (2.100), we obtain (2.109).
VWi + YWy =0 (2.109)
Therefore, when we calculate the magnetic field of the J coil, we just need to
calculate W, in terms of (2.106) and (2.109).

The general solutions of (2.106) and (2.109) can be expressed as the forms of the
double Fourier integral, which are shown in (2.110), (2.111) and (2.112).

+00  +00
Wl(b)sZ/ /C(oc,ﬁ)e"zef“"eiﬁydocdﬁ (2.110)
+o0 +00 X 5
Wl(b)e = / / C(OC ﬁ)klur—H 7kz€1ax€]ﬁyd06dﬂ (2111)
+o0 +00
Wie) = / / Clf) 7 +’A ™ P dadfp (2.112)

In the above equations, a and f are integral variables; C(a, f) is the undeter-
mined coefficient; k = \/o2 + f%; and 2 = \/k2 + 2. From the above three equa-

tions, when the coefficients are determined, the scalar potential W; of the whole
domain can be calculated.
According to the Biot—Savart theorem, we get (2.113).

I [d
Bl = V x B }{ (2.113)

In the above equation, r = \/(x —x0)2 +(—vy)? +(z—2)* is the distance

between point (x, y, z) and point (xo, Yo, Z0); Mo is the vacuum permeability, and [ is
the integral path.
The Stokes theorem is used for the above equation, so that we get (2.114).

Blapy = “01//d v( ) (2.114)

In the above equation, Q represents the arbitrary curved surfaces encircled by
I. Comparing (2.103) and (2.113), we get (2.115).
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Wians) = //d v(/dz> (2.115)

In the above equation, we have the following relationship, as shown in (2.116).

+o0 +o00 ¥k(z—zo)
%:%/ / ¢ . ' /H0=20) + BO=v0)lg5d (2.116)

Substituting (2.116) into (2.115), we obtain (2.117) and (2.118).

I - g n(By)
Wias = s / / ¢ - sm(:%)xsm(gy())e’”dﬁydocdﬂ (2.117)

e k(z Z
Wl s 277:2 / / 0) Sln((xyo) Sln(ﬁﬂ)’o) e]ocxe][fvdadﬁ (2118)

o

2.5.2.2 Scalar Potential of Rectangular Single-Turn Coil

Firstly, considering the single-turn coil, the configuration is as shown in Fig. 2.33.
In Fig. 2.33, x¢ and y, represent the distance from the inner edge to the z axis in
length and width directions, respectively; w represents the width of the coil con-
ductor, and h; and &, represent the distance from the xoy plane to the upper and
lower edges, respectively.

The scalar potential of the single-turn coil can be viewed as the superposition of
those J coils. If we assume that the current density in the section of the conductor is
continuous, we can get (2.119).

Fig. 2.33 Rectangular Az
single-turn coil
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w
Wls(a,ms = / / Wi (a,5)sdz0dw (2.119)
0
In the above equation, the superscript S represents the single-turn coil.

Substituting (2.117) and (2.118) into (2.119), and calculating the integral, we
can get (2.120) and (2.121).

+o0o +
tol e ki P jox jp
Wias = 57277 E (¢ — My P dudf (2,120
1(a)s 27.52(],12 — hl)w / / 12 (e e )O(ﬁe adf ( )
I +o0o + ke p
s _ Ho e —kh —kh jox i
Wl(b)s = m / / _—kz(e Z—e I)EEI e ydadﬁ (2121)

In the above two equations, there is some relationship, as follows.

sin[(oc — B)w + axo — Byg] — sin(oxg — Byg)
2(x— ) o B
_ sinf(a+ B)w + aoxo + Byo) — sin(oxo + Byo)
p_ 2+ p)
w
5 cos[a(xo = yo)]
_ sin[a(2w +xo0 + o) — sin[e(xo + )] ©=p

4o,

(2.120) and (2.121) give the scalar potentials above and under the coil. For the
domain in the section of the coil, the scalar potential in an arbitrary point (x, y,
Z) can be obtained by superpositioning the scalar potential above and under the coil,
and then substituting 4, = z and h; = z into (2.120) and (2.121) separately, and
summing them, to get (2.122).

+o00 +o0 1
Wicoilsection = — ¢ Ha=)
S 2wy~ hw h2 M / / ene | (2.122)

ke L i ibraap
o

When the center coordinates of the single-turn coil are (x', y', zo), we can
supplement the term e eI in (2.120), (2.121), and (2.122) according to
coordinate transformation.
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2.5.2.3 Scalar Potential of Meander Coil

When the scalar potential of the single-turn coil is obtained, the scalar potential of
the meander coil can be obtained by coordinate transformation and superposition.
For the configuration of the meander coil shown in Fig. 2.25, we assume the
center coordinate of group (g = 1) is (0, 0, z,,); thus, the center coordinates of group
(g=2 ~ Q) are (x;', 0, z,,). In each layer, there are N x Q single-turn coils; thus, the
scalar potential in the m layer can be expressed by (2.123), (2.124), and (2.125).

+oo 400

" Hof e . ZnPn v
Wi =saieiw | e =g D ey
(2.123)
+0o0 +o00
B u[ ekz K —KRm EQ] —jox, jox
Wiln)s :m / / ﬁ(e Kan gk ) xn=1 1 1 Ze 795, 6175 B doyd
(2.124)
I + 00 +ool
e Fo —k(z—ham —k(z—him
chm]sectmn _27'52(]'12—_hl)"V/ / E(Z—e (z 2)—6 (z 1))
B (2.125)

Zn lP Ze—/wﬁ e’“xe’ﬁvdadﬁ

In the above equations, there is some relationship, as follows, in which the
superscript m represents the layer.

sin[(o — B)w + oo, — Byoa] — sin(oxo, — Byon)
2(x—p)
a# P
_sin[(o + B)w + ouxon + Byoa] — sin(oxon + Byon)
Pn = 2+ p)
gcos[oc(x()n — Yon)]
3 sin[ot(2w + Xo, + Yo )] — sin[o(Xo, + yon)] x=F
4o

The scalar potential in domain R, can be obtained by the superposition of the
scalar potential of each area, as shown in (2.126).
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+o00 +o00

7kh,,, —khy,
Wi = 27r2h2 w/ /4@2 oe)

m=

1
X T E P, E e e P dudp
o
n=1 g=1

(2.126)

Comparing the above equation and (2.110), the coefficient C(a,f) can be
obtained, as shown in (2.127).

N [¢]
ol —kh ot m —joux!
C = m ! " I (2,127
(o, B) 27r2(h2 —hy) szaﬂz Z Ze ( )

n=1 q=1

Then, W, and W, can be obtained by substituting Eq. (2.127) into (2.111)
and (2.112), separately.

For the meander coil, it is worth paying attention to the magnetic field of each
layer of conductor coil. For each layer of coil, the scalar potential of the conductor’s
region is equal to the sum of the scalar potential generated by the layer itself and
coils of other layers; thus, the equation for the area of the coil of the mth layer is
listed in (2.128), in which the superscript m represents the layer.

+o00 +00
- —h k '7h7m’
W[coﬂsectlon - 27‘[2 h2 — h] W / {k2 —k(z=hyy) _ e (z=h,y )}
—~e " Ko kb e o—Kham —khym 2.12
+Zkz< el - Zlk—2< gt b (2.128)
m= m=m'+

1 & e .,
_ﬁz Ze ]”qe]”e]ﬁydotdﬁ

2.5.2.4 Eddy Current, Magnetic Flux Density, and Coil’s Impedance

The eddy current is induced into the tested conductor, which is necessary for the
electromagnetic ultrasonic testing. According to electromagnetic field theory, the
eddy current generated by the meander coil on the surface of the conductor can be
calculated by (2.129), in which J, represents the eddy current in the conductor.

Je = —ja)oA(C) (2129)

Substituting (2.102) into (2.129), we can obtain (2.130), in which x and y are
direction vectors.
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Joauyl / / e* Ky
JE = — X
7'[2(/’12 7]’11)W k k/lr+/1
M
x (B3 — jop) Z (efkth _ efkhlm) (2.130)

m=1
1 & e
X @ Z P, Z e_”que’”e’ﬁydocdﬂ
n=1 q=1

According to (2.104), (2.112), (2.125), and (2.126), the magnetic flux density
can be obtained within domain R, and R, as shown in (2.131) and (2.132).

+o00 +00

Hol 1 kz kp, — 2 —kz
B — - J—
®) = 22 (hy — hy)w / / Lk (e K, +2.°
kup, — A
x (jak +jB5) — (ekz + 7;1 - e—’“H (2.131)
M 1 & e .,
Z (e_khz”’ — e_k]“'") X oc_z " Z e‘f‘“fze’”e’ﬁydocdﬁ
m=1 n=1 q=1

+oo +o0
© 7212 (hy — hy)w —k k44
M
x (jok + B3+ 22)] (e Mn _ e—khlm) (2.132)

m=1
1 °o .,
P Z; P, 2 e e P dad
n= q=

The coil’s impedance can be expressed as the sum of the coil’s DC impedance,
the coil’s impedance in free space, and the impedance generated by the eddy current
induced by the conductor, as shown in (2.133).

Z=Z44+2Zy+AZ (2.133)

In the above equation, Z; is the DC impedance; Z; is the impedance in free
space, and AZ is the impedance generated by the eddy current.
Impedance Z; can be calculated by (2.134).

Zo=- (2.134)
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Therefore, if we want to calculate Zy, it is necessary to calculate the electromotive
force first. According to the idea of scalar potential calculation, the electromotive
force of the single-turn coil should be calculated first, as shown in (2.135).

VS — ﬁ / /B -ds | dArea (2.135)
2 — A w

coilcrosssection S

The electromotive force of the meander coil is the superposition of the elec-
tromotive force of all equivalent rectangular coils; thus, we have (2.136).

2 7 M +00 +o00
jou, / / (o — h
Y { -

n

3

=
n % [efk(hzm/fh,m/) _ 1} i Z%(ekhm _ ekhl,”)(efkh,m/ _ efkth/)
m=1

(2.136)
LA
+ Z . 7kh2,,, _ eikhlm)(ekhlm’ _ ekth’)}
m=, m’+l
1 Pro. 0
N2 ZPH Zeiﬂxq + Zeﬂx‘f dOCdﬁ
(Ofﬁ) n=1 g=1 q=1
Thus, according to (2.134), we can get (2.137).
2im + 00 + o0
Z() = (h J ,U() / / { h2m’ hlm’)
2 =
2k —hy) 1 HKhom k) (oK gl
+ e 71]+Z%< — ) (o — ¢
m=1
2.137
% 1 —kh —kh kh kh ( )
D (e — Ty (M —
m:m’+lk
| N 2o o
L (Son) (e Yo o
( ﬁ) n=1 q=1 q=1

(2.138) can be used to calculate the impedance AZ.
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+o0o0 +o00

AZ = AR+ AX_JS”Q“’/ /k3C(oc,/3)
bt L s (2.138)

ku, — A
x C(—oa, — L dod
(—a ﬁ>k,u,+}vaﬁ

Substituting C(a, ) into the above equation, we obtain (2.139).

+o0o +oo lM

2
_ Jza’ﬂo ki ki
7'52 hz - 2 / k Z (e ¢ )

m=1
N
<ZP,,> <Ze e ZW) « Ky *jdadﬁ
n=1

The meander coil’s DC impedance Z, is DC resistance, which can be calculated
by the coil’s dimension and electrical conductivity, as shown in (2.140).

(2.139)

L

Zg=————
d O'L-(hz —hl)w

(2.140)

In the above equation, L is the total length of the meander coil conductor and o,
is the electrical conductivity of the coil conductor.

2.5.3 The Calculation of the Time-Domain Pulsed
Magnetic Field

In the electromagnetic ultrasonic testing, the applied excitation is a pulse signal.
The pulsed magnetic field generated by the coil and the eddy current in the spec-
imen should be calculated, that is, the pulsed response should be calculated.

The pulsed excitation and the corresponding pulsed response can be expressed as
the superposition of a series of sinusoidal signals of different frequencies. For the
conditions of the expressions of magnetic induction intensity and eddy current, the
time-domain response can be obtained by the inverse Fourier transformation (IFT),
as shown in (2.141), (2.142), and (2.143).

oo
1 ,
Jet) = 5 / T, de (2.141)
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1 .
B(b)(t) = % / B(b)e"‘”dw (2142)
L
B(C)(l‘) = % / B(C)e]wtdw (2143)
-0

In the above equations, J,(t), B,(?), and B(.(?) represent the time-domain signals
of the eddy current and magnetic flux density, respectively.

However, it is hard to obtain the expressions of magnetic flux density and eddy
current in the time domain by calculating the IFT of (2.141) to (2.143) directly.

2.5.4 Example and Comparison of Results

In order to verify the effectiveness of the analytical expression and calculation, a
complete EMAT model, comprising a square permanent magnet with a perpen-
dicular magnetic field, was set up. The two-layer structure coil, with each layer
having eight meander belts, is taken as an example to perform the calculation. The
coil is placed above the specimen and the liftoff distance between the coil and
specimen is achieved using the non-magnetic and non-conductive thin liftoff sheet.
The value of the liftoff can be adjusted, as shown in Fig. 2.34.

In Fig. 2.34, the coil’s dimension and material’s parameters are shown in
Tables 2.1 and 2.2. In the experiment, a radio frequency (RF) power amplifier
(AG1024), which can provide a continuous sine signal and tone-burst signal, is
supplied to the meander coil. This radio frequency power amplifier can not only
generate a continuous sinusoidal signal, the frequency and amplitude of which is
continuous and adjustable, but can also generate the tone-burst signal, whose fre-
quency, amplitude, and cycle number are adjustable. In the experiment, the oscil-
loscope records the wave data used to measure the voltages of the coil and the 1 Q
sample resistance, which is connected in series with the coil. Thus, the current of
the coil can be obtained according to the voltage of the sample resistance. The
resistance and inductance of the coil can be calculated in terms of the measured
continuous sine voltage and current signal.

Fig. 2.34 The setup of the

e Lift off sheet
experiment Coi oy

=
Aluminum plate

-
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In the calculation of the coil’s pulsed magnetic field, the pulsed excitation should
be applied on the coil. The tone-burst voltage and current signals used for gener-
ating the acoustic waves can also be measured. When the liftoff value of the coil is
1 mm, a tone-burst signal with 500 kHz frequency is applied. The cycle number is
4. The voltage signal in the sample resistance (i.e., the coil’s current signal) is
shown in Fig. 2.35.

In order to compare with the numerical computation methods, the TSFEM
method is used for the calculation of the above model. Since the calculation of the
3D model is too complex, the influence of the coil’s end is neglected and it is
assumed that the length of the coil and conductor are infinite in their length
direction. The 2D model of the coil is calculated in this way. In the 2D model, the
calculation can only obtain the y component of the eddy current, not the x com-
ponent or z component of the magnetic flux density. The calculation is done using
the finite element analysis software Comsol Multiphysics.

The current signal shown in Fig. 2.35 is used as the excitation in the simulation.
Since the frequency of the excitation signal is very high, the skin depth is very
small. Meanwhile, the dimensions of the coil conductor are also very small. In order
to guarantee the accuracy of the results, it is necessary to draw a dense grid within
the conductor’s skin depth and the coil conductors. The total number of elements in
the TSFEM calculation model is 15,348, as shown in Fig. 2.36.

Fig. 2.35 Measured pulsed T T T T T e T
voltage and current signals X : . . : . . : : ]

2 3 & L NCHI 1V 25ws ]
T T AT P TEE PR ST FEEEE PR PR Feees

Fig. 2.36 The simulation
model of TSFEM
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Firstly, the coil’s impedance under different liftoff values was calculated.
According to (2.141), (2.142), and (2.143), a high-accuracy adaptive recursive
Simpson method is used to calculate the numerical integration. Since the expression
only contains the trigonometric function, but the Bessel function is included in the
spiral coil’s expression, the expression has a very good convergence, so the cal-
culation is much simpler.

The FFT-IFFT method was used to calculate the coil’s pulsed magnetic field and
the inductive coil in the specimen. For the current signal in Fig. 2.36, 1024 points
were selected to make the FFT process, substituting the amplitude corresponding to
each frequency into (2.130), (2.131), and (2.132), and calculating the eddy current
and magnetic induction intensity corresponding to each frequency using the
recursive adaptive method. Finally, we obtain the time-domain signal of the eddy
current and magnetic induction intensity by IFFT.

The analytical model’s calculated value of the y component of eddy current
density and the x and z components of magnetic induction intensity at the coor-
dinates (1.1725 mm, 11.665 mm, —0.1 mm) is shown in Figs. 2.37, 2.38, and 2.39,
respectively, as well as the calculated values by the TSFEM method. Figures 2.40
and 2.41 show the calculated values of the x and z components of the magnetic

Fig. 2.37 The y component 10
of the eddy current density at _ — nalytic method
the coordinates (1.1725 mm, s TSFEM method |

11.665 mm, —0.1 mm)

)

J_(MA/nT)

o 2 4 6 8 10 12 14 16

Time ( 445 )
Fig. 2.38 The x component 1
of the magnetic induction \ — dAnalytic method
intensity at the coordinates A\ £ TSFEM method
(1.1725 mm, 11.665 mm, A \
—0.1 mm)

0 2 4 6 8 10 12 14 16
Time ( (s )




96

Fig. 2.39 The z component
of the magnetic induction
intensity at the coordinates
(1.1725 mm, 11.665 mm,
—0.1 mm)

Fig. 2.40 The x component
of the magnetic induction
intensity at the coordinates
(1.1725 mm, 11.665 mm,
—0.1 mm)

Fig. 2.41 The z component
of the magnetic induction
intensity at the coordinates
(1.1725 mm, 11.665 mm,
—0.1 mm)
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induction intensity at the coordinates (1.1725 mm, 11.665 mm, —0.1 mm) by the
analytical model and the TSFEM method. The horizontal axis in Figs. 2.37 and 2.39
represents the time. It can be seen from these pictures that there is basic agreement

of time and amplitude of the calculated values between the analytical model and the
TSFEM method, even if a certain error does exist.
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Because the coil’s skin effect and proximity effect are neglected in the derivation
process of the analytical equation, inaccurate simulation results will definitely result
between the analytical equation and the actual physical model with the assumption
of equality of the current density in the conductor. Since it is difficult to evaluate the
skin effect and proximity effect in the coil’s analytical model, the neglecting of their
effect is a general practice for the derivation of the coil’s analytical model. The
calculated error caused by this issue is, in general, acceptable in practical engi-
neering applications. In addition, the concept of taking the meander coil equivalent
to the superposition of the single fold closing coil itself can also bring about some
calculation errors.

Compared with the numerical calculation, the advantages of the analytical cal-
culation are the clarity of the analytic equation’s physical meaning and the rapid
calculation process.

2.6 The Analytical Method of EMAT Under Impulse
Voltage Excitation [5]

In practical applications, most of the excitation power supply of EMAT is a voltage
source or a power source. If the Lorentz force in EMAT can be calculated when the
excitation of the pulsed voltage or power is given, it will be beneficial to the
analysis and design of EMAT. Based on the analytic calculation of the EMAT coil
impedance, the EMAT’s analytical analysis method under voltage excitation can be
obtained.

The EMAT analytic method of several coil structure’s EMAT can be achieved
when the pulsed current is given in advance. Actually, if the coil’s terminal voltage
or input power is already known, the pulsed voltage or power signal can be
transformed into a pulsed current signal through the coil’s impedance. Meanwhile,
it can enable the analysis of EMAT by using the aforementioned method. Thus, the
analytical problem of EMAT under the pulsed voltage can be transformed into the
current excitation problem if the EMAT coil’s voltage is given.

2.6.1 Calculating the Pulsed Current Using
the Analytical Equation

In the sinusoidal steady state, if the excited voltage of the coil is given, the excited
current of the coil can be expressed by (2.144).

(o) = 2 (2.144)
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For the pulse voltage excitation, the excitation of pulsed current can be calcu-
lated using the method of FFT-IFFT, specifically. Firstly, the pulsed voltage signal
is transformed into frequency domain using FFT, according to (2.144), and the
value of the current’s frequency domain under a specific frequency is calculated.
Then, IFFT is used to obtain the pulsed current of the time domain.

2.6.2 Calculating the Pulsed Current Using
the Field-Circuit Coupling Finite Element Method

Using the field-circuit coupling method, the pulsed current is calculated. No matter
what kind of voltage excitation is applied on the coil, narrow pulses, general
tone-burst signals, or windowed tone-burst signals, the excitation signal can be
expressed as the superposition of a series trigonometric function, as shown in
(2.145).

N
u(t) = Ukcos(ant+ @) 0<t<T (2.145)
k=1

In the above equation, k = 1, 2,..., N; Uy is the amplitude of the harmonic
component of order k, @y is the angular frequency of the kth-order component; ¢, is
the initial phase angle of the kth-order component, and T represents the duration of
the excitation signal.

In (2.145), U, wy, and ¢, can be obtained using the FFT process. If the
equivalent circuit parameters of the coil and specimen system can be calculated
according to Ohm’s law, the current excitation signal can be obtained through the
IFFT process.

Since the frequency of the excitation signal is very high, the eddy current, skin,
and proximity effects should be considered. Therefore, the alternating current
(AC) resistance and inductance of the coil will change with the excitation fre-
quency, the geometric configuration, and the electrical characteristics of the coils
and the specimen.

For a specific frequency, the resistance and inductance of the coil can be cal-
culated through sinusoidal steady-state analysis of the circuit-field coupling. For the
system of the coil and specimen, the capacitance value is very small and can be
neglected. Then, the system of the coil and specimen can be viewed as a two-port
network, as in Fig. 2.42. The excitation voltage of EMATS is the port voltage, and
the excitation current is the port current. Thus, the complex power can be expressed
by (2.146).

S = Uy = (R +jor L) i, = ReI? + jon LI (2.146)
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Fig. 2.42 Equivalent e ————
two-port network of coil O

In the above equation, Sy represents the complex power, Uy represents the port
voltage, ik is the port current, iz is the conjugate of 11“ and I is the effective value

of ik. Ry and L; are the equivalent resistance and inductance of the two-port
network—the AC resistance and inductance of the coil.

Neglecting the displacement current in the coil and specimen field, we obtain the
phasor notation of Poynting theorem, as shown in (2.147).

_// (Ex x Hy) - ds = ///é],fdv +j///couH,§dv (2.147)
s v ;

In the above equation, E is the electrical field strength phasor quantity, . % is the
conjugate of the magnetic field intensity phasor quantity Hy, Ji is the current
density, and H; is the magnetic field intensity. In (2.147), the left part of the
equation represents the electromagnetic complex power flowing into the field close
to the coil and specimen, the first term of the right part represents the dissipative
active power and the second term of the right part represents dissipative reactive
power.

Comparing (2.146) with (2.147), we obtain (2.148) and (2.149).

1 1
R =~ [[| =J?dv 2.148
= [l (2148)
\%4
1
L =5 /// pHZAV (2.149)
k
v

In the above equations, w is the angular frequency.

Therefore, when we calculate the impedance of the coil, we shall use the
time-harmonic field equation, considering the eddy current effect, skin effect, and
the proximity effect. By replacing the partial differential operator 0/0¢ with jo, the
expression of the time-harmonic field equation can be converted into (2.150) and
(2.151).
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1
jooA — =V*A = J, (2.150)

u
I://M+LMS (2.151)
Q.

Correspondingly, we get (2.152), (2.153), and (2.154).

Jo = —jwcA (2.152)

J=Jo+1, (2.153)
1

H=-VxA (2.154)
u

When J and H are determined, the resistance R, and inductance L, of the coil can
be calculated according to (2.148) and (2.149).

When the pulsed excitation of the coil is calculated using the FFT-IFFT method,
the characteristics of EMAT can be analyzed using the pulsed current, which was
given in the preceding part of the text.

Using the circuit-field coupling FEM method, the simulation methods and cal-
culated steps of the EMAT under the impulse voltage excitation are shown in
Fig. 2.43.

[ Pulse excitation voltage -
The finite element analysis of

the harmonic field

!

‘ ulewr) k=1,2,...n ‘ ‘ Zien) k=12, ..n ‘
v v
‘ i(wk) k=1,2,..n ‘
v
‘ IFFT ‘ FEM calculation of the
v permanent magnet s static
‘ i) ‘ magnetic field
¥ v
FEM calculation of the coil 5 | £ ()
pulse magnetic field step .

Fig. 2.43 The analytical procedure of EMAT under the pulsed voltage excitation
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The given theoretical analysis method under the pulsed voltage of Lorentz
force-based EMAT is also suited to the analysis of the EMAT based on the mag-
netostrictive mechanism

2.6.3 The Coil’s Current Calculation Examples Realized
Using the Circuit-Field Coupled Finite Element
Method

Following the setup shown in Fig. 2.34, calculations and experimental work are
performed. The parameters of the coil and the specimen are shown in Tables 2.1
and 2.2. In this work, the liftoff value between coil and specimen is 1 mm. In the
experiments, the tone-burst signal was provided by RF power amplifier. An
oscilloscope, which can record the wave data, was used to measure the voltages of
the coil and 1 Q sampling resistance, which was connected in series with the coil.
The tone-burst signals with 500 kHz frequencies and 3 period number were sup-
plied to the meander coil. The voltage and current signals used for generating the
acoustic waves can also be measured, as shown in Fig. 2.44.

In the calculation process, the measured voltage signal in Fig. 2.44 was used as
the pulsed voltage excitation. The signal was transformed into the frequency
domain by FFT. After that, the coil inductance and resistance of each point can be
calculated by the field-circuit coupled method. Then, the amplitude and phase
position of the electric current of each frequency point were calculated. Finally, the
time-domain waveform of the pulsed current was obtained by IFFT. The
time-domain pulsed current can be taken as the excitation source of the simulated
analysis for EMAT.

Fig. 2.44 The measured e e e
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Fig. 2.45 The calculated and measured current signals

The calculated and experimental measured current signals at the liftoff distance
of 1 mm are shown in Fig. 2.45. Comparing these two waveforms, we find that both
the amplitudes and phase positions are in agreement, which verifies the validity of
the proposed field-circuit coupled and FFT-IFFT method, and impedance calcula-
tion equations.
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