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Abstract 

Phased array ultrasonic NDT is an important technique for flaw inspection and material characterisation in 

industries. With prescribed time delays, ultrasound waves can be controlled to focus at a specific point or steered 

at an arbitrary angle. Due to their non-contact nature, electromagnetic acoustic transducer (EMAT) ultrasonic 

techniques have advantages in applications where surface contact is not possible or desirable. There has been 

little research in quantitative analysis of EMATs particularly for arrays. This paper presents a method which 

combines electromagnetic simulation and ultrasonic simulation to build EMAT array models. For a given coil 

and DC-biased-magnet configuration, Lorentz forces are calculated using the finite element method (FEM), 

which then can feed through to ultrasonic simulations. The propagation of ultrasound waves is numerically 

simulated using finite-difference time-domain (FDTD) method to describe their propagation within homogenous 

medium and their scattering phenomenon by cracks. In all, combining FEM and FDTD simulations can produce 

performance parameters for an EMAT array, such as radiation patterns, facilitating the optimum design of such 

sensors. 
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1.  Introduction 

 
There are a variety of non-destructive testing (NDT) techniques employed in industries, such 

as magnetic particle inspection (MPI), electromagnetic methods (EM), eddy current methods, 

and ultrasonic methods [1-4]. Due to its advantages of good penetration depth and mechanical 

flexibility, the piezoelectric ultrasonic method is widely used for thickness measurement, flaw 

evaluation and material characterization [5-7]. The transducer frequently used for the 

conventional ultrasonic non-destructive testing is piezoelectric ceramics or crystals [8-10]. 

However, one primary disadvantage of the piezoelectric ultrasonic testing is the need to have 

good sonic contact with the test piece, typically by means of a couplant for acoustic 

impedance matching [11].  

Electromagnetic acoustic transducers (EMATs) are becoming increasingly popular due to 

their non-contact nature [12, 13]. An EMAT sensor typically consists of a permanent magnet 

providing a large static magnetic field, a coil carrying an alternating current, which are placed 

next to the test piece [14-16]. There are two EMAT interactions which can produce 

ultrasound, magnetostriction for magnetic materials and the Lorentz force mechanism for 

conducting metallic materials [13, 15, 17]. Because an EMAT generates ultrasonic waves 

directly into the testing piece instead of coupling through the transducer, an EMAT has 

advantages in applications where surface contact is not possible or desirable [6, 18]. Another 

attractive feature of EMAT is a variety of waves modes can be produced based on different 

combinations of coils and magnets [13, 19]. In this paper, only EMAT based on Lorentz force 

mechanism to generate Rayleigh waves is discussed. 
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Considerable works have been reported on EMAT modelling [20-24]. All of these papers 

used finite element method (FEM) or finite-difference method to numerically model the 

EMAT, and [25] proposed an improved FEM method by using complete equations. Because 

most of the previous work were 2-D, and did not consider the effect of the dynamic  magnetic 

field, [14] proposed a 3D modelling method based on the finite element method with a 

consideration of the dynamic magnetic field, which makes the results more reliable. In 

addition, [24] combined  analytical and numerical solutions together to analyse EMAT 

performance, but analytical solution is only available for simple uniform force distributions 

[24]. 

Consequently, this paper proposes a method using the finite-difference time-domain (FDTD) 

and finite element method (FEM) to model EMAT arrays. The FDTD approach is used to 

describe the propagating behaviour of ultrasound waves, such as steering, focusing and 

scattering phenomenon. The FEM method is employed to calculate the Lorentz force field 

distribution for a given coil and DC biased magnet configuration, which can be feed through 

to ultrasonic simulations to model EMAT arrays. 

2.  Ultrasonic simulation 

2.1 Elastodynamic Equations and the FDTD method 

Elastodynamic equations are a set of partial differential equations describing how material 

deforms and becomes internally stressed as shown in Equation (1) and (2), [26] [27]. 

 ���� ���

��
��, 
� � ∑ ���

���
��, 
��

��� � ��  ��, 
�………………….... (1)     

 
��

��
� ∑ ∑ �������� �

���
���

���

�
��� � �����, 
�.……………………… (2)  

where � is the mass density and ����� is the 4
th

 stiffness tensor of the testing sample, �� and ��� 

are the force source and strain tensor rate source respectively. The parameters to be calculated 

are the velocity �� and stress tensor�. Equation (1) is Newton’s Second Law: when a force is 

applied to a testing sample, stress and deformation are generated, as well as particle 

displacement. Equation (2) is, based on Hooke’s Law, describing the relationship of stress 

tensor rate and strain tensor rate when deformation occurs.  

The finite-difference time-domain is a numerical method to solve differential equations by 

discreting the differential form to the finite difference form [28]. In this paper, forward 

difference and centre difference methods are used to calculate the unknown parameters 

velocity �� and stress tensor � [26]. 

2.2 Phased array techniques 

 

Figure 1. Steering and focusing behaviour based on phased array techniques. 



  

For a multiple elements transducer, phased array means ultrasound waves can be controlled to 

steer at an arbitrary angle or focus at a specific point with prescribed time delays [29, 30].  

Phased array techniques offers attractive features like mechanical flexibility, enlarged swept 

area, and optimum beam shape. Steering and focusing are two phased array phenomena as 

shown in Figure 1.  

2.2.1 Steering and focusing 

 

Figure 2(a) and (b) describes the geometry of the steering and focusing simulation, where the 

testing sample is a steel plate, the element array is placed on the top of the steel plate, ɵ is the 

steering angle, and the focal point is placed at the centre of the steel plate. x and y axis are 

shown in space step, where one space step equals to 0.1 mm.   

 

Figure 2. The geometry of steering and focusing simulation. 

Figure 3 shows the steering behaviour: the wavefront can be steered to an arbitrary angle, 

from these diagrams, steering allows the beam to be swept without moving the transducer, so 

it enlarges the sweep area. Due to this feature, steering has advantages in circumstances where 

mechanical moving is limited. Figure 4 describes the focusing behaviour at different times: 

the wavefront becomes narrower before arriving at the focal point and becomes wider after 

arriving at the focal point; in other words, the wavefront is focused on the focal point. 

Because focusing allows the beam shape to be controlled and the acoustic energy to be 

concentrated on the expected defect location, it further optimizes the detection capability.  

                 



  

                 

Figure 3. Steering behaviour: by firing elements at different times, the wavefront is 

steered at 0 degree, 30 degree, 60 degree, and 90 degree, respectively. 

              

               

Figure 4. Focusing behaviour: the wavefront is concentrated on the focal point 19 us 

after firing. 

2.2.2 Radiation pattern and beam features 

In order to further study steering and focusing, it is necessary to analyse the beam features. 

The radiation pattern, which defines the acoustic energy distribution within the testing sample, 

is used for analysing beam features [29, 30]. As shown in Figure 2, the simulation geometry 

contains 1000*1000 points, where each point on the geometry has a time series signal. The 

max amplitude of the time series signal indicates the arrival time of the signal, and a 

conventional radiation pattern is formed by the max amplitude of the signal at each point [29, 

31]. In this paper, we define the radiation pattern by using the Hilbert transform to return the 

maximum value for the envelop of the signal at each point. The Hilbert transform is used to 

calculate the envelop of the signal (Equation (3), (4), and (5)), resulting in identification of the 

signal arrival time more clearly, as shown in Figure 5(a) and (b).  
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where ��
� is the time series signal, ℎ�
� is the signal after Hilbert transform, #�
� is the 

analytical signal, and %�
� is the envelop of #�
�. 

                
                                         (a)                                                                           (b) 

Figure 5. (a) The time series signal, (b) The envelop of the signal. 

Figure 6(a) shows the radiation pattern of the focusing behaviour as described in Figure 4: the 

beam is concentrated on the point (500,500) and the steering angle calculated is 27.5
0
. There 

are two beam features to be analysed, beam directivity and field distribution. Beam dire 

ctivity is, at a radial length from the centre of the array, the velocity or pressure distribution, 

as shown in the red circle in Figure 6(b). Field distribution is the velocity or pressure 

distribution along the steering angle, as shown in the green line in Figure 6(b). 

           

Figure 6. (a) Radiation pattern with a steering angle of 27.5
0
 and a focal length of 564 

space step, (b) Radiation pattern used for analysing beam features. 

              
Figure 7. Beam features: (a) beam directivity, (b) field distribution. 

The results of beam directivity and field distribution are shown in Figure 7. From Figure 7(a), 

the radiation pattern shows a good directivity and has the largest acoustic energy along the 
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steering angle, 27.5
0
. In Figure 7 (b), the maximum magnitude occurs at the focal length 

slightly small than 564 space step due to the effect of diffraction [29].   

2.2.3 Scattering simulation 

This part presents the scattering behaviours of the ultrasonic phased array. The geometry of 

the scattering simulation is the same as the focusing geometry in Figure 2(b), apart from a 

scatter, which is used to simulate a crack, is placed at the centre of the steel plate. By firing 

elements at the prescribed times, the beam is controlled to focus at the scatter. The ultrasound 

wave propagation is shown in Figure 8, where the ultrasound waves are scattered when they 

encounter the defect. The scattered ultrasound waves are received by the receiving array, 

which is placed at the top of the steel plate and is symmetrical with the transmitting array. 

Number the receiving element from left to right 1
st
 receiver, 2

nd
 receiver ... and 8

th
 receiver. 

The receiving signal from the 1
st
 receiver and the 8

th
 receiver are shown in Figure 9: both the 

directly transmit signal and the scattered signal are received by receivers. However, the 

amplitude of the 1
st
 receiver is slightly larger than that of the 8

th
 receiver due to the 

attenuation of ultrasound waves. In addition, perfecty-matched layer (PML) is applied to the 

simulation boundary to model vacuum, so there are no waves reflected from the boundary. 

               

                

Figure 8. Wave propagation at different times: ultrasound waves are scattered by the 

scatter at 20us. 

                
Figure 9. Received signal from the 1

st
 receiver and the 8

th
 receiver respectively. 
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3.  EMAT simulation 

3.1 Electromagnetic simulation 

 

An EMAT sensor consists basically of a coil carrying an alternating current, a permanent 

magnet providing a large static magnetic field, and the test piece, as shown in Figure 10. The 

coil induces eddy currents ( in the surface layers of the testing material, and the interaction 

between the static magnetic field ) and eddy currents ( produces a Lorentz stress * based on 

Equation (6), which in turn generates ultrasound waves propagating within the testing sample 

based on elastodynamic equations, Equation (1) and (2).  The testing sample used is a steel 

plate, and the permanent magnet used is NdFeB35, whose size is 60×60×25 mm
3
. The 

meander coil carries a 50 A alternating current, the operation frequency is 500 kHz, and the 

skin depth calculated is 0.679 mm. The Rayleigh wave velocity is 3.033 mm/us in the steel 

plate used, so the centre-to-centre distance between two adjacent lines of the meander coil is 

3.033 mm to form constructive interference.  

* � ( + )……………………….………….……. (6) 

 

Figure 10. The configuration of a typical EMAT. 

Figure 11 describes the distribution of the static magnetic flux density B and the induced eddy 

currents J. From these diagrams, the maximum magnetic field occurs near the edges of the 

permanent magnet, and the induced eddy currents are mainly distributed along the meander 

coil.  

          

Figure 11. The distribution of the static magnetic flux density B (left) and the eddy 

currents J (right). 



  

Lorentz force density along x, y and z directions can be calculated from Equation (6). Based 

on the left-hand rule, the Lorentz force density is mainly distributed along y direction, which 

is the dominant reason why this setup produces Rayleigh waves; x component and z 

component of the Lorentz force density are not considered in this work. Assuming the surface 

of the steel plate contains 301*301 space steps, the y component of Lorentz force density is a 

301*301 matrix as well. By averaging the value of every row in the matrix, the 3-D model is 

simplified to a 2-D model. Figure 12 shows the distribution of Lorentz force density in y 

direction on the surface of the steel plate. It can be seen that the Lorentz force density on the 

outmost lines is larger than that on the inner lines; that’s because the maximum magnetic field 

occurs at the places corresponding to the edges of the permanent magnet.  

 

Figure 12. Lorentz force density distribution in y direction. 

 

3.2 EMAT array modelling 

As described before, the calculated y component of Lorentz stress is used as the excitation 

source to combine the electromagnetic simulation and ultrasonic simulation together to model 

EMAT arrays. Based on constructive interference, a Rayleigh wave is produced along the 

surface of the testing sample. The radiation pattern of the Rayleigh wave is shown in Figure 

13(a), which shows the beam is mainly directed along the subsurface of the steel plate, and 

this observation is further confirmed by the beam directivity plot shown in Figure 13(b). The 

field distribution along the propagation angle (80
0
) is shown in Figure 13(c): the maximum 

acoustic energy occurs at the position where the sensor is placed, and due to acoustic 

attenuation the acoustic energy becomes smaller with increasing radial length. 
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Figure 13. (a) The radiation pattern of the generated Rayleigh wave, (b) Beam 

directivity at a radial distance of 500 space step, (c) Field distribution along a steering 

angle of 80
0
. 

4.  Conclusion 
 

A method combining electromagnetic and ultrasonic simulations together to model an EMAT 

array is proposed. For ultrasonic simulation, FDTD is used to model ultrasound waves 

propagation. A new radiation pattern with Hilbert transform is employed to analyse the beam 

features, including beam directivity and field distribution. The results show that the maximum 

acoustic energy occurs along the steering angle and at a radical distance slightly smaller than 

the focal length. For electromagnetic simulation, the y component of the Lorentz force density 

is calculated by FEM. Finally, the y component of Lorentz force density is used as the 

excitation source in the FDTD ultrasonic simulation. Rayleigh waves are generated 

propagating along the subsurface of the testing sample using the EMAT array described.  
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