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Abstract 

Normally Biased Electromagnetic Acoustic Transducer System (NB_EMAT) is one the most popular EMAT 

configurations for the generation of surface wave on conducting media. It require a static magnetic field normal 

to the surface of the test specimen for the magneto-elastic phenomenon (leading to wave generation) to take 

place. With the goal of improving the performance and better understanding of the transduction mechanisms 

involved in the generation of surface acoustic wave on ferro-magnetic material, a comprehensive modelling 

technique for NB-EMAT is proposed. The technique accounts for the static Lorentz force (SLF), dynamic 

Lorentz force (DLF) and the magnetostrictive force (MF). The study established that beyond certain excitation 

current of 190A, the NB-EMAT operating on CS70 grade of pipe steel generate surface acoustic waves more 

efficiently by employing the dynamic Lorentz force mechanism. This implies that beyond this current, the 

permanent or electromagnet (which is a major drawback for EMAT in high temperature measurements) can be 

effectively eliminated from its operation. The model used for this study has been experimentally validated and 

the model predictions shows good agreement with the experimental result. 

. 
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1.  Introduction 
 

Electromagnetic acoustic transducer is a noncontact ultrasonic transducer used for the non-

destructive testing of electrical conducting materials. There exist other types of ultrasonic 

transducers, prominent amongst them is the conventional piezoelectric transducers (PZT). 

Some of the main advantages of EMAT over the PZT include; that no couplant and surface 

preparation is required during measurement; thus, irregularities that arises from the use of 

couplant and cost of surface preparation during measurement is eliminated. EMAT as a 

transducer has some inherent deficiencies which affects and limits its operation; one such 

deficiency is its relatively low transduction mechanism when compared with the conventional 

PZT. This deficiency gives rises to low signal to noise ratio observed during measurement [1-

4]. 

To improve the performance and better understand EMATs operation in non-destructive 

testing, researchers have developed several numerical models [5-13]. These models have not 

been able to account for all the transduction mechanisms that take place when NB-EMATs 

are employed on ferromagnetic material. These researchers merely created a simple model 

that is able to calculate the magnetostrictive mechanism and Lorentz mechanism, implying 

that the effects of static and dynamic fields are lumped together as the Lorentz mechanism. 

For better understanding of the operation of NB-EMATs on ferromagnetic material it is 

important to calculate separately the quantities of each transduction mechanism. 

To account for the three major transduction mechanisms operating in EMAT has been a 

challenge to researchers for years; Thompson [14, 15] , in his work separated analytically the 
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magnetostriction (MF) and the Lorentz force (F) in a magnetostrictive EMAT operating of 

Ferromagnetic material. He concluded that the magnetostriction is the dominant transduction 

mechanism. Ribichini et al. [16] further evaluated by both numerically and experimentally the 

magnetostrictive and Lorentz force density in an NB EMAT operating on various grades of 

structural steel with a conclusion that Lorentz force mechanism is the dominant transduction 

mechanism on ferromagnetic materials. Ludwig [17, 18], pioneered the research that 

established theoretically the three main transduction mechanism that EMATs exploits when 

operating on a ferromagnetic material. He achieved this fit by applying the momentum law to 

describe EMAT operation. A more recent research by Wang et al [8], on NB EMAT operating 

on aluminium specimen, separated and compared numerically the displacement due to 

dynamic and static Lorentz force at various excitation currents. 

This research will investigate a novel technique to quantify and compare numerically, the 

three main transduction mechanisms operating simultaneously on NB EMAT on CS70 grade 

of commonly used pipe steel as shown in table 1. 

 

Material Carbon(%) Other 

Elements (%) 

Relative  

Permeability (µr) 

Conductivity , 

σ [MS/m] 

CS70 0.65-0.75 0.7Mn 59 3.77 

 

Table 1: Measured Electromagnetic properties of Pipe steel material and their constituent 

Elements. The Electromagnetic properties were measured via an Alternating current potential 

drop (ACPD) technique [16]. 

 

A typical schematic of a normally biased and magnetostrive EMAT using a KeyType (KT) 

coil is depicted in figure 1. 

 

 
 

Fig.1: Schematic of a typical Normally Biased EMATS showing the orientation of the 

magnetostrictive strain, Dynamic Lorentz Force and Static Lorentz Force due to the 

magnetostriction, Dynamic field and the Static fields respectively. The permanent magnet 

responsible for the static field is not shown in the diagram 

 

2.0 Theoretical Background: 

A unified Electromagnetic formulation describing the electro-acoustic transduction process 

governing an EMAT involves combining the momentum conservation form of Maxwell’s 

equation in the quasi-static limit, and Cauchy’s law of motion. This method creates separate 

subsystem for the electrical, mechanical and material phenomenon, where the mutual 

coupling between the systems is facilitated through force densities [17]. This approach 

inspired by Chu [19, 20], achieves the coupling of the field tensors as part of an additional 

material subsystem instead of the conventional technique of accounting for the 



electromagnetic material interaction by direct combination of mechanical stress and magnetic 

flux by means of their constitutive relation.  

This mathematical formulation established by Ludwig [17], accounts for both the 

magnetostictive force, Lorentz force due to the static field, Lorentz force due to the dynamic 

magnetic field and magnetization.  

 

2.1 Subsystem combination 

The momentum conservation law can be employed to construct a unified formula to account 

for acoustic wave generation by EMAT. The unified formula must account for the three 

subsystems involved in the generation of acoustic wave in the transducer. A mutually coupled 

EMATs system has no additional external force operating on it, hence the total force densities 

add up to zero; 

 + +  = ∇.(  -  =0  (1) 

Equation (1) can be written the form; 

 = -∇.(  -     (2) 

After linearizing and expanding to its first three terms, equation (2) becomes  

 = .∇H+ . : ∇H+  (3) 

If the third rank magnetostrictive tensor defined as [23]; 

 -  = +       (4) 

is invoked ( where the superscript T denote transpose), equation (3), yields the  four force 

mechanism in operation when EMAT is employed in a ferromagnetic material. Thus, equation 

(3) becomes; 

 =   (5) 

Where the first term represents the Lorentz density due to the static magnetic field, the second 

term is the Lorentz force density due to the dynamic magnetic field, the third term is the 

magnetostrictive force density while the last term is the magnetization force density.  

Equation (5) can be used to resolve completely the problem of acoustic wave propagation in 

ferromagnetic material. It is has been reported in [15, 24-27] that for an EMAT configuration 

where the bias field is tangential to the sample as seen in NB and MS EMATs,  the 

contribution of the magnetization force to acoustic wave generation is very small and can be 

neglected. This is because the components of the Lorentz and magnetization force in the 

direction normal to the sample have similar amplitude but out of phase, hence the two forces 

tend to cancel each other.  

 

3.0  Modelling technique: 

A numerical modelling technique using finite element commercial software, COMSOL multi-

physics
®  

is proposed, see Fig (2). The technique involves creating a Whole EMATS model 

(WEM) that accounts for the DLF and SLF, a magnetostrictive model (MEM), that accounts 

for MF, DLF and SLF and a dynamic model that accounts for only the DLF, see Table (2). 

 
Whole Model       

( WEM) 

Full EMAT model comprising of a static magnet that generates the 

static magnetic field or bias field, a copper coil that generates the 

dynamic magnetic field and the pipe steel material specimen. 

Magnetostrictive 

Model (MEM) 

This includes every component of the whole model plus the 

magnetostrictive parameters obtained by experiment. It describes the 

complete working of EMAT on ferromagnetic material. 

Dynamic Model 

(DEM) 

This is the whole model without the permanent magnet. That is the 

model consists of on the copper coil and the pipe steel material 

specimen.  

 



 

The model solves simultaneously, the electrodynamics problems which account for the eddy 

current induction and elastic phenomenon that gives rise to wave generation. The 

magnetomechanical coupling is achieved by the influence of the total Lorentz force ( ) and 

magnetostrictive force. The total Lorentz force ( ) is implemented as a sum of the dynamic 

and static Lorentz forces. The dynamic Lorentz force ( ) is the vector product of the induced 

eddy current (   and the dynamic magnetic field, while the static Lorentz force ( ) is the 

vector product of the induced eddy current (   and static magnetic field (  as reported in 

equation (5).  

In the case of magnetostriction, the constitutive equation is modified in such a way analogous 

to piezoelectricity; 

      (6) 

where ε, σ, , B, s, ϑ and µ represents strain tensor, stress tensor, magnetic field, compliance 

matrix, piezomagnetic coefficient  and magnetic permeability respectively.  

To make it easier to represent in Comsol multiphysics
® 

equation (6) becomes; 

      (7) 

where ,   and  denotes the effective initial stress, the effective 

remnant flux density and  the effective stiffness coefficient respectively.  

In (7), the first equation represents the ‘Joule effect’ or direct magnetostriction which occurs 

when magnetostrictive materials are strained as a result of exposure to magnetic field, while 

the second equation known as ‘Villari’ effect is employed in the detection process when a 

mechanical stress changes the magnetization or magnetic flux density of the material in the 

presence of a bias magnetic field. 

Here, 

  =     (8) 

And the piezomagnetic stress coefficient (h)  is given as 

 h=     (9) 

this transforms to 

h =      (10) 

where  c =  and  I = 6×6 Identity matrix. 

The peizomagnetic strain coefficient (ϑ), given as [1]; 

 ϑ =         (11)      

     for a normally biased EMAT  



ϑ=        (12)    

      for a magnetostrictive EMAT 

 

Here, γ denotes the slope of the experimental curve of the magnetostrictive strain versus 

applied bias field, while Ɛ is assumed for simplicity to be the peak experimental curve of 

magnetostrictive strain versus applied field. In calculating the stiffness coefficient to be 

imputed into the model reference compliance matrix (s) for structural steel was assumed [33]. 

 

 

3.1  Model Implementation: 

 The model assumes that: 

(a) The excitation coil is a homogenous current carrying domain where the individual 

wires are not resolved. 

(b) The strain in the material is small. 

(c) The material properties of individual samples are isotropic. 

(d) All material properties are constant over the operating range of magnetic field and 

stress. 

(e) Temperature effects are not included 

The model was implemented using the ACDC and structural mechanics module. A 2D 

axisymmetric model was obtain by discretising the model into 38467 triangular element for 

NB EMAT, the strength of the permanent magnet     (NbFeB) employed is 1T, the width and 

length of the pipe steel material are 0.5mm and 10mm respectively, the distance between the 

coil and the material (lift- off) is 0.5mm. An 8 cycle tone burst current shown in Fig. 6, with 

centre frequency of 2MHz and peak to peak current amplitude ranging from 20(A) to 400(A) 

was used to drive the coil. The elastic properties used were the same for all grades of pipe 

steel employed; Young modulus 200GPA, Poisson’s ratio 0.33, density 7850Kg/m
3
.  

In the material domain within the skin depth, full magnetostrictive and Lorentz constitutive 

equation was employed to simulate the transduction process. An absorbing region with finite 

damping constant surrounds the elastic domain to avoid back scatter reflections from the 

boundary of the model. 

The result of a typical finite element simulation for NB- EMAT configuration is shown in 

figure 3 A. The displacement amplitude produced by the model on the pipe steel material was 

obtained by means of a point probe tool incorporated in the software. 

To obtain the distribution of the transduction mechanism at various excitation current for 

NB EMAT, the following steps were carried out: 

STEP 1: 



(a) Run the MS and NB models with full magnetostriction and Lorentz 

parameters using a driving current ranging from 20A to 400A for all 

five grades of pipe steel.  

(b) Obtain the particle displacement due to the combined transduction 

mechanism using the point probe plot parameter in Comsol 

multiphysics.  

(c) Obtain the peak-peak value of the displacement amplitude for the 

conditions in (a). 

The result gives the particle displacement due to a combination of 

magnetostriction (MF), Static Lorentz force (SLF) and Dynamic Lorentz 

force (DLF) for the EMAT configuration under investigation. 

STEP 2: 

 Repeat the procedure in step 1 but this time disabling the magnetostrictive 

parameters in the structural mechanics model.  The result gives the value of 

the displacement amplitude due to the static and dynamic Lorentz force 

alone. 

STEP 3: 

Repeat the procedure in step 2 but with the permanent magnet domain in the 

magnetic field module disabled. The result obtained gives the value of the 

displacement amplitude due to dynamic Lorentz force. 

Likewise the difference between the value of the displacement amplitude 

obtained in step 1 and step 2 gives the value of the particle velocity due to 

magnetostriction (MF). 

The difference between the values of the displacement amplitude between 

step 2 and 3 gives the value of particle displacement due to Static Lorentz 

Force (SLF). Step 3 gives the value of the particle displacement due to 

Dynamic Lorentz Force (DLF). 

These values are plotted against the excitation current in figure 4, to obtain the 

Critical Excitation Current (CEC) for the EMAT configuration under investigation.  



 

 
 

Fig 3: Surface plot of the z component of the displacement field of N-B EMATS on 

pipe steel(CS70 grade). 

 

 
 

 

Fig 4: Distribution of the transductio mechanisms of NB EMAT on CS70 grades of 

pipes steel. 

4.0 RESULTS AND DISCUSSIONS 

4.1  Distribution of Transduction mechanism in NB-EMAT. 

A typical plot of the particle displacement due to the transduction mechanisms with 

variation of excitation current from 20A to 400A for five grades of commonly used 

pipe steel is shown in fig 4. In the entire steel sample studied, prior to attaining 

critical excitation current as summarised in table 3, SLF appears to be dominant, 

followed by the DLF while Magnetostriction appears to be the least. This trend 



continues until at a certain excitation current (CEC) when it was observed that the 

DLF equals and becomes greater than the SLF. Also, a slight increase in the 

magnetostrictive force is observed, this is due to the effect of the radial component 

of the dynamic magnetic field. The current at which the particle displacement due to 

DLF equals that due to SLF for the purpose of the research is known as Critical 

Excitation Current (CEC). 

Microscopically, when the coil of the NB-EMAT is excited, the Eddy current is induced 

within the skin depth of the steel material, the dynamic and static field interacts with 

the eddy current to generated the static and dynamic Lorentz force respectively. The 

third force involved in the generation of sound wave is the magnetostriction which is 

due to the tiny radial component (r) of the dynamic field [34]. 

        (13) 

Wang et al. [8]  also corroborated this fact when they observed that the x component 

of the dynamic magnetic field in a 3D EMAT simulation is very small compared to the 

z component. As the current is increased the z and r components of the dynamic 

magnetic field also increases proportionally, hence the observed slight increase in 

magnetostriction. The increase in the SLF observed even when the static field is 

constant is due to the fact that the SLF is a vector product of the eddy current and 

static magnetic field; 

         (14) 

Hence as the excitation current increases, the eddy current induced in the material 

increases, thus the SLF increases proportionately. 

The DLF is seen to increase exponentially due to the fact that it is a vector product of 

the dynamic field and the eddy current; 

        (15) 

So, any increase in the excitation current increases both the induced eddy current in 

the material and also the dynamic magnetic field. This is the reason the frequency of 



the DLF is twice that of the SLF [8] . The percentage distribution of TM of the NB 

EMAT on five grades of pipe steel is shown in Table (4) 

Pipe steel material Relative permeability 

(μr) 

Conductivity (S/m) Critical Excitation 

current (A) 

CS70 59 3.77×10
6
 190 

 

Table 3: showing Relative Permeability, Conductivity and Critical excitation Current 

for NB EMAT operating on CS70 grade of pipe steel. 

 

Percentage particle displacement (%) 

Excitation 

current (A) 

MF DLF SLF 

20 12.2 25.5 62.3 

140 11.8 36.9 51.3 

260 8.4 54.8 36.8 

400 7.0 65.7 27.4 

 

Table 4: percentage particle displacement due to the three transduction mechanisms 

on CS70 grade of pipe steel materials at driving currents of 20A, 140A, 260A and 

400A.  

5.0 CONCLUSION 

In this work, we have been able to establish numerically that when NB EMATs are 

used on pipe steel material, the transduction mechanisms in operation are the MF, 

SLF and DLF. In all the pipe steel material investigated, the SLF was found to be 

dominant prior to attaining the CEC, while the DLF was the dominant mechanism 

afterwards as seen in figures 4. Table 4, also shows the percentage particle 



displacement due to the three transduction mechanisms on CS70 grade of pipe steel 

materials at driving currents of 20A, 140A, 260A and 400A.  

This research has established quantitatively for NB EMAT configuration, the value of 

the minimum excitation current required to generate acoustic wave efficiently by 

employing only the dynamic Lorentz force mechanism, on CS70 grade of pipe steel. 

Furthermore, the research has provided an insight on the quantity of current 

required by the NB-EMAT configuration to generate acoustic wave efficiently on steel 

material without the aid of a permanent magnet. Thus, making it possible for EMATs 

to be miniaturised and deployable in high temperature and ferromagmagnetic 

environment. 
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