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Abstract 

Electromagnetic Acoustic Transducers (EMATs) are advanced ultrasonic transducers 

that generate and detect acoustic waves in an electrically conducting material 

without making physical contact with the material unlike its counterpart, the 

piezoelectric transducers (PZT). The conventional EMAT consists of copper coil that 

generates the dynamic field when excited with a sinusoidal current, a permanent or 

electromagnet that provides the bias field and the conducting material specimen. 

The complex interaction between the bias field and the Eddy current induced within 

the skin depth of the conducting material by the dynamic field gives rise to the 

acoustic wave that then propagates within the surface of the material.  

Within the research a finite element EMAT model was developed using commercial 

software Comsol Multiphysics, to study and compare the Eddy current density and 

Lorentz force density generated by three EMAT configurations: The Meander-line, 

Spiral and Key Type EMAT configuration respectively. It was observed that apart 

from the ease of fabrication and simplicity of connectivity when stacked in layers, 

the Key Type coil EMAT showed a high tendency to generate higher amplitude of 

Eddy current and Lorentz force test materials especially when stacked in layers. Also, 

the effect of varying some key EMAT parameters was investigated to determine the 

optimal performance of Key Type EMAT configuration on CS70 pipe steel plate.  

The research further developed a coupled finite element model using the same 

software, Comsol Multiphysics to account for the generation, propagation and 

detection of acoustic wave by the Key Type EMAT configuration on CS70 grade of 

pipe steel. The model can solve the magnetostatic, electrodynamic and elastic 

equations that give rise to acoustic wave generation, propagation and detection on 

the test material. The developed coupled finite element model was validated both 

analytically and experimentally to establish the validity of the finite element model.  

The analytical and experimental results obtained were consistent with the numerical 

result with an average discrepancy less than 9 % percent. 
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Finally, the research developed a novel modelling strategy to decouple and quantify 

the various transduction forces in operation when normally-biased EMAT and 

magnetostrictive EMAT configurations are used on various grades of pipe steel 

materials. The strategy established the value of the critical excitation current beyond 

which acoustic wave is generated solely by the dynamic Lorentz force mechanism. 

The critical excitation currents when Magnetostrictive EMAT configurations are used 

to generate acoustic wave was found to be; 268A, 274A, 279A, 290A and 305A for 

CS70, L80SS, L80A, TN80Cr3 and J55 respectively. While for Normally-Biased EMAT 

configurations, the critical excitation current was found to be 190A, 205A, 240A, 

160A and 200A respectively. This work also compared the critical excitation current 

of the two EMAT configurations studied and established that normally-biased EMATs 

are more efficient in the generation of acoustic waves than their magnetostrictive 

counterpart due to their lower value of critical excitation current. 
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CHAPTER 1 

INTRODUCTION 

1.1        Background  

In the last decade, Non-destructive testing (NDT) has proven to be the primary 

method employed in addressing key maintenance challenges. This is because the 

method is non-invasive and does not compromise the integrity of the material under 

assessment; hence it provides a very good balance between quality control and cost 

value.  

The utmost goal of any industry is to maximise profits. A way of achieving this is by 

extending the life span of its plants, equipment and final product,  through 

implementing different maintenance strategies such as making repairs when there is 

a break-down (corrective maintenance) or by performing scheduled maintenance 

servicing (preventive maintenance) [1]. To choose a maintenance strategy, many 

factors that depend on the particular case need to be taken into consideration. 

One of the main objectives of NDT is to predict the performance and service life of a 

component or a system [2]. It is employed for quality control of facilities and 

products and to evaluate the remaining operational life of a plant component for 

example processing line, pipes, machines parts and vessels. The importance of 

applying NDT techniques is seen in the inspection of industrial equipment and 

engineering structures, especially power generation plants, petroleum and chemical 

processing industries, nuclear plants and transportation sectors. It provides 

important data needed to develop strategic plans for plant life extension and 

assessment services in the area of [1]: 

(a) Equipment integrity analysis 

(b) Corrosion monitoring in structures and equipment 

(c) Corrosion damage evaluation 

(d) Fatigue and creep damage prediction 
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(e) Fitness for service evaluation. 

The field of NDT is very dynamic and diverse; there is no specific technique that suits 

all environments or the varieties of specimen encountered in the field. In some 

cases, multiple NDT methods are combined to assess a particular specimen or 

structure.  In the next section (1.2) a brief review of some established techniques will 

be presented. 

1.2      Review of Non-destructive testing methods 

There are several NDT techniques available for use in industries. This section will give 

a brief description of the commonly used techniques in conjunction with details of 

typical applications, advantages and disadvantages. Some of the most common 

methods discussed include: Radiographic testing (RT), Ultrasonic testing (UT), Liquid 

penetrant testing (LPT), magnetic particle testing (MPT), magnetic flux leakage, Eddy 

current testing (ECT), visual/optical testing and EMAT, which is the subject of this 

research    (see section 1.2.2.2). 

1.2.1     Radiographic testing (RT) 

Radiographic inspection technique is one of the foremost NDT techniques in use for 

the detection of discontinuities such as cracks, voids and missing constituent during 

manufacturing processes and condition monitoring. This technique makes use of the 

ability of high energy photons to penetrate various materials as illustrated in Fig.1.1. 

There are three common methods of radiographic inspection; X-ray, Gamma-ray and 

Neutron radiography respectively and they differ from one another by their source 

of radiation. 
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Fig.1.1: Schematic representation of radiographic testing technique showing the 

radiation source, photographic film and the test material [3]. 

1.2.1.1  X-ray radiography 

Data can be obtained from X-rays in one dimension (gage measurement), two- 

dimensions (radiograph), or three dimensions (computed tomography). The most 

widely employed imaging method in NDT is the two dimensional radiography, mainly 

because it is applied in detecting cracks, inclusions and voids.  However, the 

introduction of computers made it possible to acquire a large number radiographic 

data at different angular orientations to the object, and made computed 

tomography a serious competitor especially when information is required in three 

dimensions. One of the numerous advantages of using X-ray is that complex shapes 

can be easily assessed, it is suitable for sensing changes in elemental composition 

(that is mass, density or thickness), it does not usually require expert  skills to 

analyse and interpret the data. Disadvantages are that it poses a serious safety 

concern due to radiation, high voltage are required to generate the X-rays, access to 

the opposite side of the test specimen is required, closed cracks are not detectable 

and flaws must be oriented parallel to the direction of radiation travel. Finally, X-ray 

machines especially the CT systems are quite expensive and measurement can be 

time-consuming depending on the computational capabilities. More details about 

the basic theories, general equipment and procedures can be found in [4-10]. 
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1.2.1.2    Gamma ray radiography 

The major difference between Gamma ray and X-ray is the source and penetrating 

power. While X-rays are produced electrically, Gamma rays are product of 

radioactive decay of unstable atomic nuclei; consequently, there is a continuous 

reduction in the intensity of emitted radiation with time. Thus, the selection of a 

radioisotope for a specific task is very important and is based on the radiation 

energy, the source size, and the output. Since very limited source of radioisotopes 

have the required properties (Iridium 192, Celsium137 or Cobalt 60, amongst 

others), there is much less diversity in application than for X-rays. However, when 

compared with X-ray sources for NDT, Gamma ray sources have the advantage of 

compactness, freedom from electrical power supplies, transportability and high 

penetrating power. Cobalt 60 emits gamma rays at 1.17 and 1.33 MeV, which may 

appear to be comparable to the output of a 1-MV X-ray unit; however this is not 

correct, in fact a 2-MV X-ray unit would be required to generate X-ray having the 

same penetrating power as Cobalt 60 [11]. There are also some disadvantages which 

include: the need to routinely change the radioisotopes due to constant decay cost 

of replenishing the radioisotopes when the dose rate falls below practical levels, 

special safety considerations are required due to constant emission of radiation, and 

licensing and personal training requirements. More information about the basic 

concepts, penetration capability and of recent applications of gamma rays for NDT 

can be found in [12-15].  

1.2.1.3    Neutron adiography    

Neutron radiography assesses the physical integrity of selected materials in a similar 

way to X-ray radiography. Their effectiveness depends on the relative attenuation of 

the incident radiation intensity in the test specimen. However, while the attenuation 

of X-rays increases with the atomic number that of neutron radiography is more 

complicated [11]. Neutron radiography compliment conventional x-ray radiography 

by having the capability of detecting flaws that cannot be effectively detected with x-

ray. The unique capability of neutrons is because they do not interact with orbiting 

electrons in the atoms of the test specimen. The main disadvantages of neutron 
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radiography are that practical neutron sources are very expensive; it makes use of 

large and heavy shielding materials, it requires more complex film exposure 

procedures and safety issues must be considered paramount in order to protect 

personnel from radiation. See [8, 9, 16-20] for detailed information on different 

neutron sources, equipment and state of the art on the application neutron 

radiography for NDT. 

1.2.2 Ultrasonic testing (UT) 

Ultrasonic inspection consists of the generation, propagation and detection of sound 

waves (typically greater than 20 kHz) through a material to measure either or both 

the time of travel (velocity) and change of intensity (attenuation) for a given 

propagation distance (see Fig.1.2). Using these features in ultrasonic waves, the 

elastic constants (Young modulus and Poisson’s ratio, etc.), density, and geometry of 

a material can be determined. The position, shape and size of a flaw can also be 

resolved using ultrasonic testing [21]. Some advantages of ultrasonic methods are 

that they can be deployed for almost all type of materials including biological, 

metals, and ceramics. UT method offers contact as well as non-contact approaches, 

and only single-surface accessibility is required. Conversely, the disadvantages are: 

there can be difficulty in coupling to rough surfaces when contacting transducers are 

used and may require extensive surface preparation. The sensitivity is frequency 

dependent; special scanning systems may be required for inspecting large surfaces. 

More information on the application of ultrasonic waves can be found in chapter 2, 

as well as [8, 10, 19, 22-27]. 

 

Fig.1.2: Basic principle of operation of an ultrasonic transducer [28] 
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1.2.2.1  Long range ultrasonic testing (LRUT) 

In LRUT, low frequency ultrasonic guided wave (UGW), typically from 10 - 100 kHz is 

used. This range of frequencies has low attenuation and can propagate in tens of 

meters along the length of the material such as pipelines. This testing method 

employs an array of transducers to generate a tone burst signal with a certain wave 

mode rather than generating a pulse wave at the resonant frequency as in 

conventional UT. In order to maximally reduce dispersion, LRUT can generate a 

particular wave mode and suppress other modes by selecting a frequency according 

to the geometry and property of the test material. Fig.1.3 (A and B) a shows a 

Teletest® LRUT setup and a typical scan display for flaw detection on a pipeline. The 

setup consists of an array of transducer segments arranged in ring with 

approximately equal spacing between them to allow the axial symmetric wave 

modes generated by a tone burst signal to propagate in one direction [29]. One 

major disadvantage of the LRUT system is that it has a very complicated design, 

unlike the conventional UT systems. More information on LRUT can be obtained in 

[29-31].  

 

 

 

Fig.1.3: (A)  Teletest® LRUT equipment setup, (B) A typical A-scan display from the 

Teletest equipment showing an echo from a corrosion defect of 3% cross sectional 

area located 12 m from the transducers and 1 m in front of a weld [32]. 

Transducer ring 

Test 

material 

Teletest mark 3 

pulser/receiver 

unit 
PC 

(A) (B) 
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1.2.2.2 Electromagnetic acoustic transducers (EMAT) 

This section describes briefly electromagnetic acoustic transducers (EMATs) which is 

the main subject of this research. EMATs are advanced ultrasonic transducers that 

can generate and detect acoustic waves in an electrically conducting material 

without making physical contact with the material under test. As depicted in Fig.1.4, 

a conventional EMAT consists of copper coils and permanent or electromagnet in 

proximity to the test material. The coils are excited with a high-frequency tone burst 

pulse that creates a dynamic magnetic field and consequently generates a high- 

frequency Eddy current on the conducting material. The permanent or 

electromagnet magnet provides the static or bias magnetic field which interacts with 

the Eddy current to produce mechanical strain on the test material. This mechanical 

strain gives rise to the ultrasonic wave that propagates through the test material and 

can be used to detect discontinuities in the test material [33-35]. The main 

advantage of EMAT is that no couplant is required for it to function, hence does not 

have to make contact with the material making EMAT suitable for automated, high 

speed and in-line inspection. The main drawback of EMAT is its low transduction 

efficiency (i.e. low signal to noise ratio (SNR)) which has affected its widespread used 

since a complicated and costly electronic system is required to reduce the effect of 

the low SNR. 

  

Fig.1.4: Schematic of the basic principle of operation of an EMAT [36]. 
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1.2.3 Liquid penetrant testing (LPT) 

This is an NDT method that applies the principle of capillary action to detect surface 

discontinuities in a wide range of materials. It involves the use of liquids with high 

surface wetting and contrasting colours that can penetrate into extremely fine 

surface discontinuities (e.g. cracks or pitting) to reveal the outline of the 

discontinuities [1, 2]. In order to obtain reliable inspection results using this method, 

strict procedure (such as surface preparation, application of penetrant, removal of 

excess penetrant, developer application and post-cleaning) and specifications 

related to the materials being tested must be carried out as shown in Fig.1.5. The 

main advantages of LPT are that they are simple and inexpensive to perform and can 

be applied to materials with complex geometry. On the other hand, its 

disadvantages are that it is limited to detecting surface discontinuities, it cannot be 

applied to materials that are porous, it requires access to the material for surface 

preparation and excess penetrant removal before inspection, erroneous result can 

be obtained as a result of irregular material surface and finally, environmental and 

safety issue must be considered prior to applying this method as some of the 

inspection material may be corrosive. More information about some applications, 

advantages and limitations of this method can be obtained in [11, 37-41]. 

 

 

Fig.1.5: Principle of operation of Liquid penetrant inspection technique [42]. 
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1.2.4 Magnetic particle testing (MPT) 

This is an NDT method that employs the principle of magnetism. The sample is 

magnetised using a permanent magnet, electromagnet or an electrical current 

through a conductor. It involves the introduction of a dye impregnated with finely 

milled magnetic particles around the surface of the magnetised specimen. As 

depicted in Fig.1.6, a discontinuity or inclusions within the specimen under test will 

produce magnetic flux leakage field which attracts the magnetic particle to form 

clusters and patterns around the discontinuities or flaws [1, 2, 43, 44]. These 

patterns can be visibly detected by the inspector under good lighting condition. The 

MPT method is most suited for detecting surface flaws or discontinuities (e.g. cracks) 

on ferromagnetic materials. Some advantages of this method include: the method is 

low cost, the equipment are portable and easy to operate, and the method provide 

rapid results and is sensitive to surface and subsurface flaws and discontinuities. The 

disadvantages include; the application of the method is limited to ferromagnetic 

materials alone, it is not sensitive to internal defects, it requires power supply for 

magnetization, the material may be burned during magnetization and coating of the 

material can mask flaws or discontinuities. More information on some equipment 

and applications of this method can be found in [43-45]. 

 

Fig.1.6: Magnetic field lines and magnetic particles influenced by a crack [46]. 
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1.2.5 Magnetic flux leakage (MFL) 

Another method closely related to the MPT is the magnetic flux leakage (MFL) 

method. The method involves detecting flaws or discontinuities in a magnetised 

material by scanning the surface for magnetic leakage fields (magnetic perturbations 

produced by non-magnetic flaws, discontinuities or inclusions) using a magnetic flux 

sensor or sensors (e.g. coils, C-core yokes or solid state magnetic sensors) as shown 

in Fig.1.7.  This method is ideally suited for detecting of surface flaws, discontinuities 

and wall thinning in ferromagnetic materials. The advantages of MFL method are: no 

contact with sample and no specific surface preparation are required. The 

disadvantage of MFL is that its sensitivity is limited by ambient noise and background 

magnetic field, it can only be deployed on ferromagnetic and magnetically 

permeable materials, only surface and near surface flaws and discontinuities can be 

detected and access to the test surface is required. More details on the application 

of this method can be found in [45, 47-49]. 

 

 

Fig.1.7: In-line flux leakage test showing how the leaked flux due to a weld is 

detected by a magnetic flux sensor [50] 

1.2.6 Eddy current testing (ECT) 

Fig.1.8 shows the principle of operation of the Eddy current (EC) testing method, 

which operates on the principles of electromagnetism. It measures the response of 

Pipe weld line 
Steel pipe 

Magnetic 
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Magnetic flux sensor Display 

unit 
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materials to electromagnetic fields over a specific frequency range (typically from a 

few kHz to several MHz). From this response, material conditions such as thickness, 

presence of corrosion, hardness or defects (porosity and cracks) can be revealed. 

Primarily, Eddy current probes operate on electrically conducting materials, although 

some low conductivity materials such as graphite-epoxy composites can also be 

examined. Some advantages of this method are; the method can be automated and 

high speed scanning can be accomplished due to its noncontact nature, it is not 

expensive as surface preparation is not often required, depth of inspection can be 

controlled by adjusting the frequency of the exciting current, and finally, this is one 

of the few inspection methods used successfully in high temperature applications. 

The inspection method suffers from a number of draw backs which includes: depth 

of penetration is limited and is determined by the skin depth of the material, the 

sensitivity of the probe is affected by the lift-off distance and also special operator 

training is required to be able to interpret the result correctly. 

 

Recently significant progress regarding pulse Eddy current testing (PEC) method has 

been made. The main advantages of PEC over conventional EC methods are that it 

has a relatively simple circuitry when compared to that needed for broad band 

alternating current testing and a single transient response contains as much 

information as an entire spectrum of frequency domain excitation. However, data 

analysis is still a challenge and new methods to extract dominant features are been 

developed. Detailed information regarding the basic concept on generation and 

detection of EC and PEC, together with equipment requirement can be found in [47, 

49, 51-55]. 
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 Fig.1.8: Principle of operation of Eddy current testing technique [56]. 

 

1.2.7 Visual and optical testing 

This is a process of examination and evaluation of system components by use of 

human systems (e.g. eyes) and by mechanical enhancement (e.g. magnifiers, dental 

picks, statoscope, borescope etc.) [57], as shown in Fig.1.9. The visual testing 

method is the oldest and the most common NDT method available, it is the initial 

step in the examination of any part or specimen. Many NDT methods require visual 

intervention to interpret results, for example the penetrant, magnetic particle, 

radiographic methods all rely on the inspector’s ability to visually identify surface 

and subsurface flaws [58]. The main advantages of visual inspection method are its 

speed, simplicity, size of system to be inspected is not a hindrance and relatively low 

cost of inspection. On the other hand, its main disadvantages are that surface 

preparation is required in some cases and some internal and inaccessible areas 

cannot be inspected with this method [59]. 

In the case of optical inspection, various techniques are available for flaw detection 

and determining the stress condition of components, for example: holographic and 

speckle interferometer [60] as shown in Fig.1.10 and more recently, shearography 

(developed to address the limitations of holographic interferometer) [61, 62] and 

digital shearography [63]. The main advantage of interferometer method lies in its 

ability to examine an object at two different times and conditions. The advantage of 

these methods lies in the fact that the regenerated image can be used like a 3D 
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template of which any deviation in shape or dimensions of the object under 

investigation can be measured. The main disadvantage is that the method is 

relatively expensive since lasers are involved and requires great caution during 

operation. 

A detail discussion on the theories, applications equipment and state of the art of 

these techniques can be found in [60-69]. 

  

Fig.1.9:  Advanced video borescope used for remote visual inspection [70]. 

 

 

Fig.1.10: Basic principle of operation of an out of plane electronic speckle pattern 

interferometer [71]. 
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1.3 MOTIVATION  

Ultrasonic non-destructive testing technique (briefly described in section 1.2.2) is a 

well-known method used in modern industries. The need for early and prompt 

detection of flaws in critical components such as pipe lines (employed by oil and gas 

industries), power generation plants, aerospace industries etc., is very important. An 

undetected flaw in such components can lead to catastrophic failure resulting in 

fatalities, environmental pollution and great cost to the industries involved. Hence, 

the ability to detect, locate and size flaws in a component can guarantee their safety 

and allows the estimation of remnant life, thereby reducing the cost and 

unnecessary replacement of safe parts. 

 

The dominant technology in ultrasonic sensors is piezoelectric transducers. These 

transducers have some positive characteristics which include: high signal to noise 

ratio, linear behaviour, simplicity of hardware, ease of use and relatively low cost 

[72-75]. However, piezoelectric transducers require contact between the sensors 

and the materials. This contact is enhanced using a fluid couplant or high pressure 

coupling, implying that the transducers cannot be deployed for measurement in a lot 

of situations such as: high temperature environments and moving parts of machines 

etc. Errors can also be introduced in the measurement due to the coupling fluid [74-

77].  

Given these draw backs, a non-contact ultrasonic method has become imperatively 

more attractive. The main non-contact ultrasonic methods employed in NDT are the 

laser based techniques and the Electromagnetic Acoustic Transducers Systems 

(EMATS) [33, 35, 75, 78], the later will be the main subject of this work. 

Although EMATs present several advantages for ultrasonic non-destructive testing, 

two key problems that affects their deployment on ferromagnetic materials do exist: 

a good understanding of the mechanical coupling between the transducer and the 

specimen, which has given rise to low transduction efficiency (i.e. how efficiently 

EMAT converts electromagnetic energy to acoustic energy) and the undesired 

requirement of incorporating permanent (rare earth) magnetic in EMAT design.  
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EMATs as a transducer exploit the phenomenon of electromagnetic induction during 

operation; they consist essentially of a copper coil, permanent magnet and a 

conducting test specimen. The coil is excited with a high frequency tone burst pulse, 

which induces a high frequency Eddy current on the material. The interaction of the 

Eddy current and the bias field from the permanent magnet gives rise to ultrasonic 

wave on the material. One major way of minimising the poor transduction efficiency 

is by increasing the number of turns of the EMAT coil. This can be easily achieved by 

stacking the coils in layers. Due to connectivity problems it is practically impossible 

to stack spiral and elongated spiral coils which are some of the commercially 

available coils structure used in EMATs. A KT coil produced using PCB technology 

(which has the structural configuration of a spiral coil and current part of a meander 

line coil) can be stacked easily in layers to generate higher Eddy current on the 

material. 

Furthermore, to improve the performance and better understand the principle of 

operation of EMAT on ferromagnetic materials; researchers have developed several 

numerical models [79-87]. These researchers merely created simple models that 

were able to calculate the magnetostrictive and Lorentz force mechanism, implying 

that the effect of the DLF and SLF were lumped together as Lorentz force. Creating a 

numerical model to account for the three major transduction mechanism (static 

Lorentz force, dynamic Lorentz force and magnetostriction) exploited by EMAT has 

been a challenge to researchers. Analytical work carried out in [88, 89], accounted 

for the magnetostriction and Lorentz force in MS EMAT operating in ferromagnetic 

media and concluded that magnetostriction is the dominant mechanism. Ribichini 

[90], evaluated 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 is dominant. Ludwig [91, 92], pioneered the research 

that established theoretically the three main transduction mechanisms exploited by 

EMAT on ferromagnetic material. A more recent work by Wang [82], on NB EMAT 

operating on an aluminium specimen, established numerically the presence of 

dynamic and static Lorentz. 
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 The work presented in this thesis, developed and studied a novel EMAT coil 

configuration with a view of improving the SNR by increasing the Eddy current 

density induced on the material. It also investigates comprehensively the three 

major transduction mechanisms that both magnetostrictive (MS) and normally 

biased (NB) EMAT exploit when operating on ferromagnetic material with a view to 

better understanding and design of EMAT for better performance.  

1.4 AIMS AND OBJECTIVES 

The overall aim of this piece of research is to embark on an in-depth study of the 

operational mechanisms (by means of numerical modelling) of electromagnetic 

acoustic transducer systems and to develop a technique to mitigate the low SNR 

inherent in EMAT operation. The objectives of the study are as follows: 

 To develop a novel KT Type EMAT configuration that has the capacity to 

combine the characteristics of the conventional meanderline and spiral coil 

EMAT for optimal generation of sound wave 

 To conduct a comprehensive comparative study of a novel (KT) coil and 

conventional EMAT coils with focus on the generated dynamic magnetic field 

Eddy current and Lorentz force density. 

 To investigate the performance of novel KT EMAT configuration with a view 

of improving the Eddy current and Lorentz force densities respectively. 

 To experimentally determine the magnetostrictive parameters of pipe steel 

material and incorporate them in to a comprehensive EMAT model to 

account for magnetostrictive effects when EMAT are used of pipe steel 

materials.  

 To develop a comprehensive modelling strategy to decouple and evaluate the 

transduction forces that exist when EMAT are used on pipe steel material, 

and to determine the CEC required for MS and NB EMAT configuration 

respectively to generate acoustic wave more efficiently using the DLF 

mechanism only.   

 To compare the critical excitation current (CEC) of both MS and NB EMAT 

configuration respectively to determine the configuration that is more 

efficient in generating acoustic wave on pipe steel materials.  
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 To experimentally and analytically validate the developed coupled finite 

element EMAT model (referred to in this thesis as coupled mechanical 

model). 

1.5    PROGRAM OF WORK 

The study started with an extensive review of relevant and related literature. The 

main focus of the literature review is to identify the gaps in knowledge in the area of 

modelling of EMAT transduction mechanisms. Four knowledge gaps were recognised 

after substantial literature search, namely: 

 Researchers have not been able to conclusively find a way around the low 

transduction efficiency inherent in EMAT. 

 There is a need to carry out comprehensive evaluation of the transduction 

mechanism as there is discrepancy as to which transduction force dominates 

when EMATs are used on ferromagnetic materials. 

 There is need to experimentally determine the magnetostrictive parameters 

of pipe steel materials and incorporate them to achieve a realistic model of 

EMATs behaviour on pipe steel materials.   

 There is a need to study the effect of increase of excitation current on the 

profile of the transduction mechanisms of both MS and NB EMATs. 

 

These four identified gaps formed the integral part of the studies carried out in the 

body of work reported in this thesis. The methodology employed in this study 

involved developing a 2D axisymmetric model implemented in Comsol multiphysic® 

software version 4.2. Three distinct model were created to the aforementioned 

concerns: 

(a) The magnetostic model which employs the magnetic field no current (mfnc) 

interface of Comsol, was use to study the static magnetic field generated by the 

permanent magnet in the stationary domain. 

(b) The electrodynamic model which employs the magnetic field (mf) interface of 

Comsol, was used to study the transient phenomenon in time domain which 
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includes the dynamic magnetic field and the Eddy current induced in the material 

by a time varying tone burst pulse signal. 

The coupling of the magnetostatic and electrodynamic model gave rise to the 

Lorentz force model, used to study the Eddy current and Lorentz body force 

generated with the skin depth of the material. 

(c) The structural mechanics model employs the solid mechanics (solid) interface of 

Comsol in time domain to study the vibration and deformation due to a body 

force in the material. When couple to the Lorentz force model, it gives rise to the 

coupled mechanical model that was used to study the generation, propagation 

and detection of acoustic wave by th novel EMAT configuration. 

To obtain the true picture of EMAT operation on pipe steel material, a 

comprehensive model was created by introducing the magnetostrictive 

parameters of pipe steel material into the coupled mechanical model. This gave 

rise to the coupled magnetostrictive model, which accounted for the 

magnetostrictive phenomenon that occurs when EMAT is used on ferromagnetic 

materials. The coupled magnetostrictive model was used to study 

comprehensively, the transduction forces that causes the generation of acoustic 

wave when EMAT is used on pipe steel materials. 

Finally, the structural mechanics model was validated both analytical and 

experimentally. The analytical solution made use of classical electromagnetic 

equations to validate single bench mark models such as the Eddy current, static 

field and ultrasonic field models respectively. While the multiphysics model was 

validated experimentally due to the complexity of EMAT operation. The 

experimental validation was achieved by varying some key EMAT parameters 

(such as excitation current, excitation frequency and bias field) and comparing 

their results with their numerical counterpart from Comsol multiphysics. The 

comprehensive program of work is presented in Fig. 1.11. 
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1.6  THESIS OVERVIEW 

This thesis contains seven chapters. Briefly, the content of each chapter is described 

below: 

Chapter 2, a review of electromagnetic acoustic transducer is presented. The 

discussion will include its operation mechanisms, types of EMAT available for different 

purposes and their comparative advantages and limitations. The chapter will give 

further insight in to the historical development of EMAT including the state of the art 

in modelling and design. 

Chapter3 describes the underlying equation governing both the generation and 

detection mechanism in EMAT operation. The transduction mechanisms involved 

when EMATs operate on pipe steel materials are discussed, including the analysis of 

the dynamic and static components of magnetostriction. 

In Chapter 4, a 2D axisymmetric Lorentz force model is presented which was 

developed in Comsol multiphysics to study and compare the Lorentz force and Eddy 

current densities respectively generated by various conventional EMAT coil structures 

(i.e. the spiral and the meanderline coils) in one hand and a novel KT EMAT coil 

structure. Using the developed Lorentz force model, the chapter further investigated 

the performance of the KT EMAT structure on pipe steel material when certain EMAT 

parameters varied, with a view to improving the performance of the novel KT EMAT. 

This chapter is the basis for the published articles [93-96]. 

Chapter 5 describes the development of a coupled mechanical model which is made 

up of the Lorentz force model coupled to the structural mechanics module in Comsol 

multiphysics. The coupled mechanical model was used to study the generation, 

transmission and detection of acoustic wave by the novel KT EMAT structure. presents 

the validation of the finite element model used in this study. Furthermore, the 

coupled mechanical model was validated in two stages; the first stage of the 

validation involves splitting the EMATs model into its constituent modules (i.e. the 

magnetostatic, electrodynamic and acoustic modules respectively) and benchmarking 

them against known analytical solutions for simple configuration. The second stage 

involves validating the full multiphysics EMAT model (i.e. the coupled mechanical 
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model) against experimental results. Some of the results from this chapter and part of 

chapter five are the basis for the published article [98]. 

In Chapter 6, The coupled mechanical model was modified to study the transduction 

mechanisms of NB EMAT and MS EMAT respectively by incorporating the 

magnetostrictive parameters of some pipe steel materials. The chapter further 

highlighted some experimental procedures undertaken to determine the 

magnetostrictive parameters used in the aforementioned model to determine the 

effect of magnetostriction on acoustic wave generation. Finally, a novel algorithm was 

developed to decouple and quantify the transduction forces that lead to the 

generation of acoustic waves when NB and MS EMAT are respectively used on pipe 

steel materials. This chapter is the basis for the published articled [97, 98]. 

Chapter 7 presents the summaries of the main results of this study including 

suggestions for future work. 

1.7 CONTRIBUTION TO KNOWLEDGE 

To the best of my knowledge and since most of the concepts have been published, 

many findings from this work are considered significant and the following 

contributions to knowledge have been shown: 

 A novel KT EMAT coil configuration was designed and developed to be able to 

generate radially polarised surface and bulk wave modes by combining the structural 

characteristic of the spiral coil EMAT and current part of a meander line coil EMAT. 

The novel EMAT coil has the advantage of being easy and cheap and easy to 

manufacture using PCB technology and can be stacked easily to generate stronger 

Lorentz force density which leads to higher amplitude of acoustic and reduction of 

SNR. 

 It was observed in this work that there is a linear relationship between the Lorentz 

force density and the period number of the tone burst excitation current signal. This 

linear relationship was observed to peak around eleven periods per burst, beyond 

which no significant change was observed. This implies that the number of periods of 
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an excitation current signal determines the quantity of energy transferred from the 

power source to the coil. 

 The research showed that the novel KT-EMAT configuration has better lift-off 

characteristics up to 5mm. This is significant because conventional EMAT have a lift 

off limit of 3mm. It further implies that the hybrid coil when fully deployed can be 

used on insulated and rough surface with greater success compared to other coil 

configurations. 

 It was observed that the thickness of the insulation layer (Z1258 silicon baffle paint) 

between the stacked coils affects the density of the Lorentz force generated on the 

pipe steel material. The Lorentz force density decreases almost exponentially as the 

thickness of the insulation layer is increased. For optimal performance, an insulation 

layer of less than 1mm is recommended. 

 The research developed a novel numerical modelling technique that accounted for 

the magnetostrictive phenomenon in both MS and NB EMATs respectively. The 

model was able to decouple and quantify the three major transduction mechanisms 

(SLF, DLF and MF) that exist at any given excitation current when EMATs are used on 

pipes steel materials. This modelling method can also be extended to other 

ferromagnetic materials. 

 Hirao et al. [33], Ogi et al. [99], Thompson [88, 100] and more recently Ribichini et al 

[90, 101] in their respective works claimed that the Lorentz force mechanism due to 

the influence of static magnetic field is the dominant transduction mechanism in 

normally biased EMAT configuration, while magnetostriction is dominant in 

magnetostrictive EMAT. It is established in this research that the claim by these 

researchers is true as far as EMATs (both MS and NB) are operated below the critical 

excitation current (CEC) which is a function of the electrical and magnetic properties 

of the test material. When operated beyond the CEC, the dynamic Lorentz force 

becomes the dominant transduction force due to the saturation of the permanent 

magnet and an increase in the density of the dynamic magnetic field and induced 

Eddy current. This observation is a major departure from earlier knowledge on the 

operation of various EMATs configuration. 
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 The research has shown that because EMAT generates DLF more efficiently than 

other transduction mechanisms, and when driven with current above the excitation 

current the DLF becomes the major transduction mechanism it is possible to  harness 

this great attribute to develop a coil only EMAT. This kind of EMAT will operate 

based on the dynamic Lorentz force mechanism alone, thereby eliminating the 

undesirable effect of incorporating a permanent magnet in the construction of 

EMAT. With proper insulation of the coils, this benefit can be extended to 

developing miniaturised and robust EMAT that can operate in temperatures well 

above the Curie temperature of permanent magnet (NdFeB) which is about 4000C 
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CHAPTER 2 

REVIEW OF RELEVANT LITERATURES 

2.1  Introduction 

In this Chapter, EMATs and the principles of operation are introduced, a brief review 

of the historical development are discussed. Classification of various EMAT 

configurations and their different applications to industrial and scientific 

measurements, with their advantages and limitations are outlined.  

2.2 Principle of operation of EMAT  

An electromagnetic acoustic transducer is a non-contact technique used for non-

destructive testing of conductive materials. Basically, EMAT consists of a coil to 

induce a dynamic electromagnetic field at the surface of a conductive material when 

fed by a large dynamic current; usually a pulse or a tone burst current signal, a 

permanent or electromagnet to provide the static (bias) magnetic field and a 

conducting material as shown in Figure 2.1. To induce an Eddy current density, Je 

within the skin depth surface of the conducting material, the coil of the EMAT  

sensor is excited with a high dynamic pulse or a tone burst current, typically of the 

range of (40-50)A and placed underneath the magnet close to the surface of the 

conductive material [33, 35, 78, 88]. The interaction of the Eddy current density and 

the static magnetic flux density or bias field introduced by a permanent magnet or 

an electromagnet gives rise to a body force known as ‘’Lorentz force’’ on the 

conducting material. This force impacts motion on the surface of the material and 

launches acoustic vibration at the same frequency as the current in the coil. The 

principle involved in the generation of acoustic wave can also work in the inverse 

sense by converting acoustic vibrations into electrical signal [106], thus allowing 

EMAT to operate as an acoustic wave detector. The motion of the metallic surface in 

the magnetic field generates an Eddy current in the surface that is detected by the 

coil in close proximity to the material through the mechanism of electromagnetic 

induction across the air gap between the coil and the material. 
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The constitutive equation for Lorentz force is linear and is given as;  

FL = Je x B0       (2.1) 

 Where Je and B0 are induced Eddy current and bias magnetic flux respectively. 

 

 

Fig.2.1  Schematic of the basic operating principle of a Lorentz force EMAT consisting 

of a single wire and a magnet leading to the generation of Lorentz force. Diagram 

adapted from [107]. 

The Lorentz force created within the skin depth of the conducting material excites 

the material and generates acoustic wave, which propagates along the surface of the 

material, however, if the material is ferromagnetic, a further principle known as 

magnetostriction contributes to the generation of acoustic wave. The constitutive 

equation for magnetostriction is nonlinear and is given as [108]; 

{
𝑆 = 𝑓(�̃�, 𝐻)
𝐵0 = 𝑔(�̃�, 𝐻)

        (2.2) 

        

Where S and �̃� are the strain and stress tensors and 𝐵0 and H are the magnetic flux 

density and the magnetic field strength respectively. 
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These phenomenona are utilised in non-destructive testing (NDT) [33, 35, 87, 100, 

109]. 

2.3  Coupling mechanism 

In the study of EMATs, understanding the mechanism by which electromagnetic 

energy is converted to acoustic energy is of paramount importance. Previous studies 

reveal that the operation of EMATs is characterised by three major coupling 

mechanisms, namely; the magnetization force, the magnetostriction force and the 

Lorentz force [35, 78, 100]. It is very important in the study of EMAT to know which 

transduction mechanism dominates the operation of a given EMAT configuration 

and in a given   sample, since this affect the performance of the transducer when 

used on different materials. Studies carried out on this subject revealed that the 

Lorentz, magnetisation and magnetostrictive forces respectively are the three major 

coupling mechanisms in EMATs operating in a ferromagnetic media [78, 87, 88, 100, 

110-112], whilst the Lorentz force mechanism  is the only transduction mechanism 

that operates on non-Ferro-magnetic media [33]. 

 Further research also established that in a ferromagnetic medium,  the 

Magnetisation force and the Magnetostriction force mechanism are the main 

transduction mechanisms in EMATs  with a bias magnetic field parallel to the surface 

of the sample (see Fig.2.2) [78]. However, there are divergent opinions when the 

static bias field is normal to the surface of the sample, especially when Lamb waves 

are to be generated in ferromagnetic plate-like structures. Some researchers claimed 

that Lorentz force is the dominant mechanism [78, 110, 113], while some others 

claimed otherwise [99]. A more recent research by Ribichini et al [101] convincingly 

came to the conclusion that the Lorentz force mechanism has a much more 

significant effect on normal biased EMAT configuration on ferromagnetic material 

Fig.2.3). This is in line with claims made earlier by [78, 110, 113]. 
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Fig.2.2 Schematic of the basic operating principle of a magnetostrictive EMAT 

consisting of a meander line coil and a magnet leading to the generation of 

magnetostrictive strain, adapted from [111]. 

 

Fig.2.3 Simulated displacement as a result of the Lorentz force and magnetostriction 

in four steel grades and nickel as adapted from [90]. 
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2.3.1  Lorentz force mechanism 

The Lorentz force mechanism is as a result of the interaction between the static 

magnetic flux and the Eddy current as stated in equation (2.1). From the microscopic 

point of view and as presented by [35, 78, 87], the Lorentz force eve x B0 is 

generated when an electric field E created by the excitation current on the 

conducting material produces a coulomb force –eE on individual electrons and 

interact with a static magnetic flux density B0 . Here, ve and e denotes respectively 

the mean velocity of electron and the charge of the electron [33]. Considering the 

above report, the equation of motion of an electron is given as:  

 𝑚𝑣𝑒 = -e (E+𝑣𝑒 x 𝐵0)-
𝑚𝑣𝑒

𝜏
       (2.3) 

where m, e and 𝜏 denotes the mass of the electron, the charge of electron and the 

mean time of electron-ion collision respectively. 

Assuming that the harmonic oscillation is much slower than the mean frequency of 

electron, that is; ωτ≪1, the equation of electron motion in (2.3) reduces to 

 𝑛𝑒
𝑚𝑣𝑒

𝜏
 = -𝑛𝑒e(E + 𝑣𝑒 x 𝐵0)        (2.4) 

Where 𝑛𝑒 is the electron density. 

When the electrons collide with the ions of the metal, they transfer their momentum 

to the ions and the body force generated within the ions is written as; 

  f= 𝑁𝑍𝑒(E + φ x 𝐵0) + 𝑛𝑒
𝑚𝑣𝑒

𝜏
      (2.5) 

Where N, 𝑍𝑒 and φ denote ion density, charge and displacement respectively.  

 Assuming that ion displacement is insignificant when compared to the mean 

electron velocity, and that 𝑛𝑒e =𝑁𝑍𝑒, equations (2.4) and (2.5) reduces to [33]; 

f = -𝑛𝑒e𝑣𝑒 x 𝐵0         (2.6) 

Equation (2.6) is analogous to (2.1) as the term -𝑛𝑒e𝑣𝑒 is the electron Eddy current 

density. 
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2.3.2 Magnetisation mechanism 

The Magnetisation force mechanism is as a result of the oscillating magnetic field 

and the magnetisation of the fero-magnetic material. Researchers have revealed 

both experimentally [100, 111, 114] and theoretically [33] that in EMATs 

configurations with the bias field tangential to the material field, the Lorentz force 

component and the magnetization force in the direction normal to the sample tend 

to cancel out each other. This is because the two forces have similar amplitude but 

are out of phase to each other. For this reason, the magnetisation mechanisms are 

not able to generate significant acoustic wave in fero-magnetic material. 

It has also been shown in [33, 100], that the contribution of the magnetisation force 

to shear wave generation is very small. Therefore, researchers neglect its effect in 

the calculation of acoustic wave generation in fero- magnetic materials. 

2.3.3 Magnotostrictive mechanism 

The magnectostrictive mechanism is due to the piezomagnetic effect of the ferro-

magnetic material as shown in Fig.2.4.  

 

L ∂L

L+∂L

H=0

H≠0

 

Fig.2.4 Microscopic process of magnetostriction. magnetic field causes the 

magnectostrictive material to change shape. Here two phenomena occur; (i) the 
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migration of the domain walls within the magnetic material in response to external 

magnetic field H. (ii) The domains rotate in response to an external magnetic field H,   

adapted from [115]. 

Research has shown that there are two types of magnetostriction, namely 

spontaneous and induced magnetostriction [48]. Within the Currie temperature, if a 

magnetic field is applied to a ferromagnetic material, a preferred direction arises 

towards which the magnetic domains tend to align. The result is a net strain in the 

direction of the applied field. This is because a large number of close-by magnetic 

dipoles aligns to a given directions forming the magnetic domains. The alignment of 

the magnetic diploes within a domain results in a spontaneous magnetisation of the 

domain along a certain direction and this is associated with a spontaneous strain. 

The average deformation of the whole ferromagnetic material is the average of the 

deformation of the single domains, and is known as spontaneous magnetostriction. 

If the material is isotropic, this causes a change in the volume of the solid but not in 

the shape of the specimen. Above the Curie temperature, the magnetic dipoles are 

randomly aligned due to the thermal excitation. The second type of 

magnetostriction, that is, the field induced magnetostriction, causes pure strain with 

no change in volume below the Curie temperature [48, 116]. This is the operational 

mechanism employed by magnetostrictive EMAT. 

2.4 History of EMAT development 

This section presents a historical overview and background of the major steps in the 

development of EMATs. Numerous researchers in the field of non-destructive testing 

have proposed theoretical and analytical models to improve the understanding of 

the physics behind EMAT operation. Also, apart from the numerical studies, some 

experimental researches have been carried out on EMAT.  This has led to a 

significant improvement in the design, signal to noise ratio and deployment of 

EMATs. 

The physical principles underlying the operation of EMATs were known since the 

early studies of fundamental electromagnetism. In 1847, Joule [117] reported the 

phenomenon of magnetostriction on steel and iron. While in 1861, Maxwell 
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incorporated the Lorentz force phenomenon into the electromagnetic equation 

[118]. 

The first recorded study and application of EMAT for non-destructive evaluation was 

in 1939 by Randall et al. [119] who designed an experiment to detect the 

contribution of intercrystalline thermal currents to the internal friction of 

polycrystalline metals as shown in Fig.2.5. Here the specimen is supported by silk 

thread at the nodes of vibration. The driving force is obtained when the magnetic 

force produced by the permanent magnet (M) interacts with the Eddy current 

induced by the sinusoidal current in the driver coil. At the other end of the bar, an 

alternating electromotive force is observed in the detector coil as a result of the 

Eddy current created by the vibration of the atomic particles of the bar immersed in 

the magnetic field of a second permanent magnet (M’). This was followed in 1956 by 

Thompson et al. [120], when they used a similar magnet and coil configuration as 

used by Randall to study the effect of neutron radiation on single crystals of copper 

to determine the effect of radiation damage on the mechanical properties of metals. 

Grimes et al [121], in 1964 investigated the interaction between helicon wave and 

sound waves in potassium, this study gave rise to further studies on the behaviour of 

electromagnetic waves on materials. In the wake of this work, Gaerttner and his 

team examined quantitatively the ultrasonic wave generated by magnetic body 

forces on the Eddy currents in the skin depth of metals [122]. Further to this work, 

Dobbs in the early seventies, began an investigation in the ultrasonic wave 

generated by electromagnetic mechanism, in the cause of his work, he found out 

that the Lorentz forces was the main factor inducing ultrasonic wave on conducting 

material, and proposed the use of the ultrasonic signal generated  for non-

destructive testing [109].  
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Fig.2.5 Early use of electromagnetic induction to excite and detect longitudinal 

resonant vibration in a metal sample for measurement of Young’s modulus and the 

damping capacity of the sample. This is adapted from [119]. 

Thompson [89] in his work also in the early period of 1973 developed an analytical 

model of a meander-line coil EMAT and used it to generate and measure the 

efficiencies of Rayleigh and Lamb wave on both aluminium and steel plates. The 

research also formulated an analytical expression to predict the performance of both 

the transmitting and receiving EMATs. The classical electrodynamics equation 

describing the Eddy current induced on a metal surface by an infinite current-

carrying wire was used to model a single wire of the coil. Then, he adopted a special 

Fourier analysis to model a two dimensional meander line coil. He later concentrated 

his research on the study of the effect of magnetostriction and addressed the 

efficiency of the transduction mechanism on various ferromagnetic materials [88]. 

Furthermore, he investigated the effect of variation of the applied magnetic field on 

the generated wave amplitude and concluded that, for low magnetic field when the 

static magnetic field is parallel to the surface of the sample, the magnetostrictive 

mechanism is the dominant transduction mechanism and the relationship between 

the acoustic wave amplitude and the static magnetic field is highly non-linear and 

dependent on the test material. On the other hand as the magnetic field 

progressively increases, magnectostriction saturates and no longer contribute 

meaningfully to the elastodynamic force generation within the material. However, 

the elastodynamic force due to Lorentz force mechanism increases linearly with the 

magnetic field as seen in Fig.2.6. In this manner, he introduced a general equation 
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governing the operation of EMAT [100]. The equation highlighted a third 

transduction mechanism, the Magnetisation force which he showed to be very small 

when compared to the other two mechanism and can be neglected in the study of 

EMATs. Furthermore, in 1979 Vasile and Thompson [123] developed novel periodic 

permanent magnets (PPM) EMAT. This kind of EMAT differ from the previous 

configuration in the sense that it is made up of an axially wound coil and a number of 

permanent magnet arranged in such a way that the polarity alternates, establishing a 

periodic magnetic bias field. The axially wound coil and the periodic permanent 

magnet combines to produce a shear horizontal (SH) surface waves in plate-like 

structures. Experimental work in the area of guided wave EMATs for pipe inspection 

was first carried out by Mohr et al. in 1975 [124]. They used longitudinal and 

torsional modes to study the reflection characteristics of flaws in feritic and 

austenitic pipes. 

 

Fig.2.6 Schematic of the field dependence of the amplitude of the generated acoustic 

wave on applied magnetic field, adapted from [88]. 

In 1976, Kawashima [87], made a key improvement in the numerical study of spiral 

coil EMATs operating in ferromagnetic media. He modelled the coil as the 

superposition of several circular loops lying in planes parallel to the surface of the 

sample at a specific distance. This assumption allowed him to use the classical Dodd 

and Deeds model [125] proposed in 1968 to solve the electrodynamic equations in 

steady state conditions, using a magnetic vector potential formulation, together with 
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an axisymmetric geometry. Kawashima applied this relationship together with the 

experimentally measured magnetic flux density to predict the Lorentz force 

generated by a spiral coil EMAT. He further assumed that the forces acting on the 

specimen could be superficial rather than body forces as they are concentrated 

within the skin depth of the material, which is usually smaller than the wavelength of 

the electromagnetic wave. This made it possible for the piston source model to be 

used [126, 127]. Kawashima in 1984 [128], extended his analysis to transient 

excitation using Fourier analysis. Qualitatively, his predicted result showed good 

agreement with the experimental result, but the discrepancy was between 30% and 

50% when viewed quantitatively. This is as a result of the number of approximations 

he made in the theoretical analysis. Another important study was made by Mirkhani 

et al. [129], in the early eighties. Their study was based on a three part finite element 

model which was able to simulate the profile of the static magnetic flux, the profile 

of the Eddy current distribution and propagation of the ultrasonic pulse through an 

aluminium specimen. They were the first to compare a numerical model of an EMAT 

with absolute measurement of ultrasonic pulse magnitude and carried out a detailed 

calculation of the magnetic flux. This calculation is very important in the optimisation 

of EMAT design. Also, in the 1980s Wilbrand [110, 113] developed a 

magnetostrictive model to study the magnetostrictive effect in terms of elastic and 

electromagnetic constitutive equations linked by coupling terms accounting for the 

magneto-mechanical transduction, in analogy with piezoelectric equations. Similarly, 

Doniavi and Eskandarzade [111] developed a new analytical magnostrictive EMAT 

model for wave propagation based on the momentum conservation forms of 

Maxwell’s field equation. The model took into account the effect of the dynamic 

Lorentz force in a magnetostrictive environment. 

 Further work on planar spiral coil EMAT was carried out by Wilcox et al [130], to 

investigate the excitation and detection of Lamb wave using an aluminium plate 

acting as the wave guide. They developed a model that could calculate the modal 

content of the radiated Lamb wave field from a transmitting EMAT as well as predict 

the output voltage from a receiving EMAT when a Lamb wave is incident on it. The 

different effects and conditions that contribute to the generation of Lamb waves was 
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also studied within the model. Jian et. al. [131] developed a model of a spiral and a 

linear coil EMAT operating on the principle of Lorentz force. The model combines 

analytical solution with numerical calculation to predict the transient displacement 

of Rayleigh waves of arbitrary forces and also demonstrate how the orientation of 

the bias field can constructively and destructively affect the Lorentz force due to 

static and dynamic magnetic fields. 

Javier et.al. [132] theoretically modelled and simulated the performance of an n- 

turn, two layer planar rectangular spiral coil located on a semi-infinite, isotropic, 

non-ferromagnetic conductor and fed with a sinusoidal current (see Fig.2.7 ) .  

 

Fig. 2.7 Features of planner spiral rectangular coil modelled in [132] 

The second order vector potential approximation was employed to determine the 

influence of coil shape and size on the sensitivity to electrical conductivity of the 

material for the three modelling scenarios: the inductance of a coil as function of 

number of turns and width of the coil in free space for different coil inner shape 

factor; the impedance change, as a function of the product of the frequency and 

conductivity of the substrate for different shape factors; coil sensitivity to small 

changes in electrical conductivity of the substrate. They observed that inductance of 

the coil increases as expected with coil area (i.e. the number of turns and width of 
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coil), while the shape factor decreases with coil area. Also strong dependence on the 

sensitivity to change in the number of turns was observed when compared with the 

outer shape factor. They concluded that for better sensitivity and larger inductance 

in Eddy current tests, coils with larger number of turns and narrower coil width and 

spacing should be employed. 

An important parameter to be considered in the design of EMATs is the acoustic 

radiation pattern due to the coil configuration. Meander line coil configurations 

generate waves with broad radiation pattern with the consequence of reducing the 

sensitivity of the EMAT system and restrict its use in flaw detection. To mitigate 

against this draw-back, Wang et al. [133] with the insight from work done by Ogi et 

al. [112, 134, 135] (on line focusing EMATs), proposed a coil system able to generate 

acoustic wave in one direction using two meander-line coils driven by two burst 

pulse signals of equal amplitude and a phase shift of 900. This was achieved by re-

adjusting the spacing of the two meander-line coils and making the driving pulse 

signal in one of the coils to be out of phase with the other by 900. Thus, causing the 

generated wave to be suppressed in one direction and enhanced in the other 

direction. A numerical model was developed and used to calculate the directivity of 

the Rayleigh wave generated by the EMAT. The model was implemented in two 

separate parts: The Lorentz force phenomenon was implemented in Comsol 

multiphysics®, while the acoustic phenomenon was modelled using Abacus 

software®. 

2.5  State of the art in EMAT modelling 

In the past seven years, most developments in the modelling of EMAT were due to 

the effort of Dixon et. al.  [85, 85, 131, 136-139] and Cawley et.al. [90, 101, 140, 

141]. The work of Dixon et. al. focussed mainly on the Lorentz force mechanism due 

the dynamic field produced by the EMAT coils. In one study [137], they introduced a 

concept of generating ultrasonic waves in metals with a coil, pulse generator and the 

sample without a permanent magnet. A simplified equivalent coil circuit was 

introduced (which includes an internal electrical resistance, an equivalent inductance 

and an equivalent capacitance) to calculate the excitation current. The work 
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demonstrated that due to the Eddy current and magnetisation mechanisms, the 

equivalent inductance is dependent on the magnetic susceptibility, the electrical 

conductivity of the metal sample and the configuration of the coil. Also, the 

sensitivity of the lift-off is related to coil shape, size and number of turns. 

Furthermore, taking advantage of the dynamic magnetic field interacting with the 

induced Eddy current, the researchers generated acoustic waves without requiring a 

permanent magnet. This was achieved by enhancing the induced Eddy current 

generated by the coil using a ferrite back plate [85]. 

In another work [131], a finite element model that combines analytical and 

numerical methods to compute Rayleigh waves generated by EMAT was developed. 

The model computes the transient force distribution and further decomposes it into 

several force components that can be solved analytically. They observed that the 

contribution of the Lorentz force due to the dynamic magnetic field is greater than 

that due to static field especially in the generation of Rayleigh waves. This is a major 

deviation from previous reports [134, 135] which claimed otherwise.   

More recent works on modelling of EMATs transduction mechanisms was carried out 

by Cawley [90, 101, 140, 141]. The different transduction phenomena are influenced 

in different ways by the material properties (such as the conductivity and relative 

permeability) and operational conditions (e.g. the bias field and the driving 

frequency). For example, the Lorentz force mechanisms is very sensitive to 

electromagnetic properties, while magnetostriction is non-linear and its contribution 

to wave generation and reception depends highly on the bias magnetic field and the 

physical properties of the material under test. Their works established that the 

Lorentz force mechanism is the dominant transduction mechanism in operation 

when EMATs are used on non-oxidised structural steel material. This agrees with 

earlier claims made by [78, 110, 113], but contradicts claims by Ogi et al. [112, 142]. 

An experimental assessment of the performance of some EMATs configuration 

(magnetostrictive EMATs and periodic permanent magnet EMATs) in terms of shear 

and torsional wave generation on some grades of structural steel plates (EN24, EN3, 

EN32B and BO1) was carried out by [143] and observed that the magnetostrictive 

EMAT performed poorly comparatively with low wave amplitude, while the periodic 
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permanent magnet EMAT generated intermediate wave amplitude. The poor 

performance of magnetostrictive EMAT was shown to improve when a layer of 

highly magnetostrictive material is attached on the structural steel, however this 

contradicts the main benefit of EMAT as contact with the material under 

investigation is requires. The work was extended to include magnetostriction in the 

finite element code to assess the effect of magnetostriction when magnetostrictive 

EMATs (normal and nickel bonded) and periodic permanent magnet EMAT are used 

on various grades of structural steel. 

2.6  Types of EMAT 

Various types of EMATs configurations have been proposed for different applications 

depending on the type of wave mode required [33, 35, 78, 144]. This section will 

discuss some of the more popular and useful types of EMATs commonly found in the 

industry. 

2.6.1  Bulk wave EMATs 

These EMATs can generate and detect simultaneously shear and longitudinal waves, 

propagating perpendicular to the surface of the material. The shear wave has a 

polarisation parallel to the surface of the material. Bulk wave EMATs are popular in 

practical and scientific applications due to their compact structure, broad bandwidth 

between 0.1 to 50MHz and high transfer efficiency. In these EMATs the permanent 

magnet produce a bias field normal to the surface under the unidirectional coil 

elements and the tangential fields around the centre and edges of coil elements. 

Due to the Lorentz force mechanism discussed earlier, this EMAT configuration 

excites only shear and longitudinal waves in a non-ferromagnetic material (Fig 2.8A). 

However, only shear waves are excited on ferromagnetic materials (Fig 2.8B), as the 

longitudinal wave is too small to be observed [33] . This phenomenon is due to the 

large difference in magnitude of the various components of the magnetostrictive 

force mentioned earlier in this chapter.  
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Fig.2.8: Mechanisms for the bulk wave generation by the Lorentz force in (A) and 

tmagnetostriction force in (B) [33]. 

Another configuration of bulk wave EMAT consists of a single permanent magnet 

and a planner spiral coil as shown in Fig. 2.9. The static field produced by the magnet 

has the radial and normal components, which interact with the Eddy current to 

produce the Lorentz force along the normal and radial directions (𝑓𝑧
(𝐿)
 𝑎𝑛𝑑 𝑓𝑟

(𝐿)
) 

respectively. The Lorentz force generates longitudinal and radially-polarised shear 

waves along the thickness of the material simultaneously. 

 

 

Fig.2.9: The Lorentz force mechanism for the generation of radially-polarised shear 

wave and longitudinal wave using a single permanent magnet and a planar spiral 

coil. The white arrow indicates the Lorentz for in the radial direction, while the dark 

arrow indicates the Lorentz force in the normal direction [33]. 

 

A B 
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2.6.2 Periodic permanent magnet EMAT (PPM-EMAT) 

Periodic permanent magnet EMAT (PPM-EMAT) generates shear horizontal waves 

with polarization parallel to the surface of the material on both sides. It consists of 

several permanent magnets placed in alternate magnetization directions over an 

elongated spiral coil (see Fig.2.10). The shear waves are launched simultaneously 

along the surface and deep into the material with a traction parallel to the surface 

and alternating with a period equal to twice the width of the magnets [35, 78, 123]. 

These EMATs generates shear horizontal (SH) wave by exploiting the Lorentz force 

mechanism and are particularly useful as they can be used to excite shear horizontal 

waves, which are generally difficult to excite with conventional piezoelectric 

transducers. Thinner magnets generates higher frequency SH waves which are more 

useful in detecting surface flaws. However, the efficiency decreases drastically if 

magnets are too thin and magnets with thickness greater than 1 mm are normally 

employed in the design of these EMATs. A similar concept has been applied 

successfully to detect surface flaws in gas pipelines [145]. 

 

       

Fig.2.10:  A typical structure of a periodic permanent magnet EMAT used for the 

generation of shear horizontal wave on conducting materials. This is diagram 

adapted from [33].  
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2.6.3  Meander-Line coil shear horizontal wave EMAT 

The design in Fig.2.11 is adapted for the generation of shear wave on ferromagnetic 

materials and consists of a meander-line coil placed within a tangential magnetic 

field. This EMAT configuration relies purely on the principle of magnetostriction for 

its operation [142, 146]. The SH-wave frequency is governed by the meander-line 

period, which can be controlled by fabricating the coil using a printed circuit 

technique [33]. The advantage of this EMAT is its ability to generate surface SH 

waves of higher frequencies. A major drawback of this EMAT is the requirement of 

very large biasing magnetic field when the static magnetic field is applied along the 

straight lines of the meander-line coil. However, using an oblique biasing magnetic 

field, the efficiency can be improved as demonstrated in [142]. 

 

 

Fig.2.11: Typical structure of a meander-line coil shear horizontal wave EMAT. 

Diagram adapted from [142]. 

2.6.4  Axial-Shear-Wave EMAT 

These EMAT configurations are designed to excite axially polarised shear wave 

propagating in the circumferential direction along a cylindrical surface of a circular 
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rod or pipe material. It can be designed to exploit either the magnetostrictive 

mechanism or Lorentz force mechanism on ferromagnetic and non-ferromagnetic 

material respectively [33]. The former consist of a solenoid coil that supply the 

biasing field along the axial direction and a meander-line coil surrounding the 

cylindrical surface (Fig. 2.12), whilst the latter consists of numerous permanent 

magnets arranged with radial polarity of alternating signs and a solenoid coil 

wrapped around the cylindrical surface [33, 147] (see Fig. 2.13). 

 

Fig.2.12: Structure of Axial-shear-wave EMAT consisting of a solenoid coil and a 

meander-line coil surrounding the cylindrical surface. The magnetostriction force 

mechanism causes an axial surface wave [148] 

 

Fig.2.13 (B): Structure of axial-shear-wave EMAT consisting of periodic permanent 

magnets with the alternating radial polarity and a solenoid coil surrounding the 
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cylindrical surface. The Lorentz force mechanism causes an axial surface wave. 

Diagram adapted from [147]. 

In the two forms of axial-shear-wave EMAT, the total fields oscillates about the axial 

direction at the same frequency as the driving currents and creates a shearing 

vibration resulting in the excitation of an axial shear wave. The application of this 

configuration is seen in the area of resonance frequency measurement focussed on 

the outer region of a cylinder [147, 149] 

2.6.5 Rayleigh- Wave EMAT 

The structure of this configuration of EMAT consists of a permanent magnet and a 

meander-line coil. The permanent magnet is positioned to produce a normal biasing 

field which interacts with the Eddy current induced by the meander-line coil to 

create the body forces (Lorentz force and magnetostrictive force), parallel to the 

surface as shown in Fig. 2.14. The orientation of the Rayleigh wave changes 

alternately with the period of the meander-line coil [33]. The body forces generate 

simultaneously the Rayleigh wave, longitudinal wave and the shear vertical wave. 

The Rayleigh wave propagates along the surface of the material, while the shear 

vertical and longitudinal waves propagate obliquely into the material. A major 

drawback experienced with this configuration is the difficulty in identifying the wave 

mode propagating at any time. 
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Fig. 2.14: Rayleigh wave EMAT consisting of a permanent magnet and a meander-

line coil. Diagram adapted from [135]. 

2.6.6  Line focusing EMAT 

The elastic wave generated by most EMATs propagate in nearly all directions 

generating a broad radiation, which decreases the ultrasonic energy and it is often 

difficult to distinguish the flaw signals from other signals [135]. To mitigate these 

drawbacks, a special design array of the meander-line coil allows concentration of 

the shear vertical wave within a line inside the material. This special EMAT design is 

termed the line focusing EMAT (LF-EMAT), and consists of a permanent magnet 

block and a meander-line coil, whose spacing is continually varied so that the excited 

shear vertical wave is consistent on a focal line after propagating in oblique paths 

(Fig.2.15)[112, 134].  

In this design, the non-uniformity of the meander-line coil spacing coupled with the 

effect of the transduction mechanisms associated with the materials creates 

shearing forces parallel to the surface of the coil segment. These forces in turn 

generate the shear vertical wave directed on a line inside the material.  
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Fig.2.15: Shear Vertical wave focusing with a permanent magnet block and a 

meander-line coil with the changing spaces [135]. 

2.6.7  Longitudinal –Guided wave EMAT for wires and pipes 

The EMAT configuration described in Fig.2.16 is used to excite and detect 

longitudinal guided waves on rods and pipes [33, 150-152]. It operates primary on 

the principle of magnetostriction and consists of an electromagnet or permanent 

magnet to create the biasing field along the material axis and a solenoid coil to cause 

the dynamic field to superimpose on the biasing field. Long range inspection up to 

100m, is possible with this type of EMAT configuration due to low damping rates 

which occur due to the low operating frequencies in the sub-megahertz range and 

also the guided wave energy generated is confirmed within the rod or wire [33]. 

However, this EMAT generates the longitudinal wave symmetrically in both 

directions in the material, which makes the signal interpretation complicated. 

Unidirectional generation with amplification is possible by arranging an array of 

generation coils with prescribed spaces as proposed in [144]. 
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Fig.2.16: A typical structure of magnetostrictive EMAT for generation of longitudinal 

waves in pipes. This diagram was adapted from [33]. 

2.6.8 EMATs for high temperature measurement 

The structure of an EMAT configured to measure the elastic constant and internal 

friction of small specimens at elevated temperature is shown in Fig.2.17. It consists 

of a solenoid coil made with a Nickel-alloy wire and held by ceramic cement to 

enable it operate at elevated temperature typically above 10000C [33]. The specimen 

is inserted within the solenoid coil located within a stainless steel cylindrical 

chamber; a central line heater supplies the heat to the coil and specimen. The static 

magnetic field required for the electromagnetic excitation and detection of acoustic 

wave is provided by a pair of permanent magnets. This type of EMAT generates 

acoustic waves either by the Lorentz force mechanism or the magnetostrictive 

mechanism depending on the orientation of the biasing field and nature of the 

specimen. 
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Fig.2.17: Detailed structure of an EMAT for high temperature measurement [33]. 

2.7  Advantages and limitations of EMAT 

The mechanism of operation of EMATs does not require the transducer to make 

direct contact with the material under test. This great advantage is exploited in high 

temperature measurement as well as measurement of moving samples. Since no 

contact is needed, couplant fluids are not required; this advantage minimises the 

cost associated with surface preparation and simplifies the operation of the 

transducer. Also, more reliable and accurate measurement can be achieved since 

errors due to the couplant are eliminated. EMATs as a transducer have been 

successfully deployed in different industrial applications. High temperature thickness 

gaging of seamless steel pipes have been achieved during manufacturing process 

using water cooled permanent magnet [33]. Furthermore, specially designed EMATs 

have been employed in steel rolling mills to detect anisotropy in the elastic and 
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electromagnetic properties of steel materials. The non-contact nature of EMAT can 

be harnessed to measure the speed of sound at different angles from the rolling 

direction, yielding important information on the formability of the metal sheet [153, 

154]. A major advantage of EMAT over other ultrasonic transducers is its ability to 

generate a wide variety of wave modes. Careful design of the geometry of the EMAT 

coil and magnet and their relative position allows the excitation and detection of 

complex wave modes, such as bulk longitudinal and shear waves, Lamb and shear 

horizontal waves in plate-like structures as well as torsional, flexural and longitudinal 

modes in pipes and wires [33, 35, 78, 150]. 

A major limitation of EMAT stems from the fact that due to the non-contact nature 

and the operating principle, the transducer is extremely inefficient in generating 

acoustic wave when compare to other traditional ultrasonic transducers, for 

example, the piezoelectric transducers. The signal to noise ratio is very poor and 

they require special electronics and careful design for them to be deployed for 

measurements [155]. Another disadvantage of EMAT is the variation of their 

performance with the electromagnetic properties of the sample under test. Also, the 

transducers can only function properly when used on a good electrical conducting 

material. Table 2.1 summarises the applications, advantages and limitations of 

various configurations of EMATs used in NDT. 
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Table 2.1 Summary of EMAT types and their typical applications in NDT. 
 

Types of EMAT 
 

Advantages Disadvantages Application 

Bulk Wave EMAT 
 
 

Simultaneously 
generates shear 
and longitudinal 
wave 

Does not generate 
surface waves. 

Measurements of 
in plane 
anisotropy in 
rolled sheets 

Longitudinal 
Guided Wave 
EMAT 
 

Detect flaws in 
wires of 100m or 
more 

Not ideal for flat 
metal sheets and 
irregular shapes 

Long range 
inspection of wires 
and pipes  

Periodic-
Permanent EMAT 
 

Generate and 
lunches shear 
waves along the 
surface and inside 
the material 

Operates at low 
frequencies  

Surface flaw 
detection 

Meander-Line Coil 
SH-Wave EMAT 
 

Generating 
surface SH wave 
of higher 
frequencies.  

A large biasing 
magnetic field is 
needed when  the 
static field is applied 
along the straight 
line of the meander 
line coil 

Surface flaw 
detection 

Axial Shear Wave 
EMAT 
 

Resonance 
measurements 
focused on outer 
regions of 
cylinders 

Not suitable for non-
cylindrical materials 
shapes 

Cylindrical surface 
of circular rod, 
pipes and bolt 
heads. 

Rayleigh Wave 
EMAT 
 

Simultaneously 
generates surface, 
longitude and SV 
waves 

It is difficult to 
identify the mode 
from the observed 
echoes  

Surface defects 
and defects inside 
the material 

Line Focusing 
EMAT 
 

Specially designed 
array of the 
meander-line 
elements allow 
focusing of the 
shear vertical 
waves on a line 
inside the martial 

It is difficult to 
defect faults deep 
inside. The shear 
vertical  wave 
amplitude drops 
rapidly beyond 
certain angles 

Surface flaw 
detection 

EMAT for High 
Temperature 
Measurements 

Works at elevated 
temperature.  Up 
to 1000oC can be 
achieved  

Not ideal for testing 
of materials below 
certain 
temperatures  

For welds and high 
temperature 
scenarios  
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2.8  Summary 

This chapter presents a general introduction to EMATs, describing in detail their 

principle of operation and history of development. Various configurations of EMATs 

including their applications, advantages as well as their limitations in the field of NDT 

were discussed. Also in the course of the review some and challenges and gaps in 

knowledge were observed such as: 

(a) The signal to noise ration of the output signal of EMAT is still a major souce of 

concern in the field of EMAT and researchers have not been able to conclusively 

develop a method to mitigate it. 

(b) There is still the problem of decoupling and quantifying the transduction forces 

that generate acoustic wave when EMATs are used on ferromagnetic materials. 

(c) Researchers in the field of EMAT have not been able to develop a numerical 

model that can account for the magnetostatic, electrodynamic and acoustic 

phenomenon together. Current models are able to couple the magnetostatic and 

electrodymic phenomenon while the acoustic phenomenon is treated separated 

using the piston source model. 

(d) Incoporating the effect of magnetostriction has been a problem in the numerical 

modelling of EMAT. The first attempt was made by Remo Ribichini at Imperial 

College, but the model did not decouple and quantify the static and the dynamic 

Lorentz which plays a major role in the generation of acoustic wave in EMAT. 

These gaps formed the bases for the study carried out in Chapters 4, 5 and 6. 
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CHAPTER 3 

FUNDAMENTAL THEORY OF EMATs OPERATION 

3.1 Introduction 

This chapter presents the theoretical background for the governing electrodynamic 

equations of EMATs. The equations are further extended to account for the 

derivation of magnetic and acoustic field equations in terms of the magnetic vector 

potential (MVP) and the displacement vector respectively. Furthermore, the study of 

EMATs is divided into the transmitting and the receiving mode. In the transmitting 

mode, three forces; the Lorentz force, magnetization and magnetostriction 

mechanism are formulated as a function of the MVP for ferromagnetic materials. 

Whilst, the induced voltage in a receiving coil, is computed as a function of the MVP 

in the receiving mode. 

 3.2 Governing equations 

The governing electrodynamic equations are presented in terms of the magnetic 

fields, electric fields and the strain as stated in [33, 99, 110, 113, 156]. These 

equations will be stated in terms of the MVP and the displacement vector so that the 

finite element methods can be applied to the equations. In general, the total 

magnetic field vector �⃗⃗� 𝑇  can be stated in terms of the static magnetic field vector, 

�⃗⃗� 0 and the dynamic magnetic field vector, �⃗⃗� 𝑑 as: 

�⃗⃗� T = �⃗⃗� 0 + �⃗⃗� 𝒅        (3.1) 

The dynamic field has a high frequency and small amplitude (i.e. |�⃗⃗� 𝒅| ≪ |�⃗⃗� 𝟎|). Here 

it is assumed that the dynamic magnetic field for ferromagnetic material is linear and 

the losses due to hysteresis effect are negligible, hence they are not included in the 

formulation. The electromagnetic phenomena leading to the generation of elastic 

wave by EMATs can be described by Maxwell’s equation [33, 48, 99] as: 

 ∇ × �⃗�  = - 
𝜕�⃗⃗� 𝒅

𝜕𝑡
        (3.2) 
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 ∇ × �⃗⃗� 𝑑 = 𝐽  +ϵ 
𝜕�⃗⃗� 

𝜕𝑡
       (3.3) 

 ∇. �⃗� 𝑑 = 0        (3.4) 

 ∇. �⃗⃗�  = ρʋ        (3.5) 

Where �⃗�  is the electric field intensity vector, �⃗⃗� 𝑑is the dynamic magnetic field 

intensity vector, �⃗⃗�  is the electric flux density vector, 𝐽   is the total current density 

vector, ϵ is the permittivity and  ρʋ is the volume electric charge density.  

Assuming that ρʋ = 0, since the excitation frequency of a typical EMAT does not 

exceed 10 MHz and neglecting the time derivative in equation (3.3), equations (3.3) 

and (3.5) can be given as: 

 ∇ × �⃗⃗� 𝑑 = 𝐽         (3.6) 

 ∇. �⃗⃗�  = 0        (3.7) 

The coupling between the dynamic fields in EMAT is described by the following 

constitutive equations [110, 156]: 

 𝐽  = σ�⃗�  + σ
𝜕�⃗⃗� 

𝜕𝑡
 × �⃗� 0       (3.8) 

 �⃗� 𝑑 =  𝜇2×2 (�⃗⃗� 𝑑- �⃗⃗� 0∇.�⃗� ) + �⃗� 𝑀𝑆     (3.9) 

Where σ and 𝜇2×2 are the conductivity and the differential magnetic permeability 

matrix of the material respectively. �⃗⃗� 0 and �⃗�  are the bias magnetisation and particle 

displacement vectors.  The components of the magnetostrictive field vector, �⃗� 𝑀𝑆, 

are determined by: 

 𝐵𝑀𝑆= 𝑒3×1 𝑆6×1       (3.10) 

Where 𝑒3×1 and 𝑆6×1 are the magnetostrictive matrix, and the column matrix of 

strain respectively, caused by the ultrasonic waves. The vector �⃗� 𝑀𝑆 is computed 

from its components as: 

 �⃗� 𝑀𝑆 = 𝐾𝑇𝐵𝑀𝑆        (3.11) 
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Where 𝐾𝑇 is the transposed column matrix K containing the basic unit vectors, 

 K = [

𝑎𝑥
𝑎𝑦
𝑎𝑧
]        (3.12) 

The components e and μ depend on the static magnetic field 𝐵⃗⃗  ⃗0. The terms involving 

�⃗�  and S are small with respect to other terms in (3.8) and (3.9) and are considered 

only in the receiving mode [99]. 

The strain column matrix expressed as a function of the displacement vector, �⃗� , in an 

xyz Cartesian co-ordinate system, can be stated as  

 S = ∇𝑢u        (3.13) 

Where u is a column matrix containing the components of the displacement vector 

(�⃗�  = 𝑢𝑥𝑎𝑥 + 𝑢𝑦𝑎𝑦 + 𝑢𝑧𝑎𝑧) and operator ∇𝑢 is the displacement gradient matrix given 

as: 

 ∇𝑢 = 

[
 
 
 
 
 
 
 
 
 
 
 
 

0

0

0

00

00

00

xy

xz

yz

z

y

x


































]
 
 
 
 
 
 
 
 
 
 
 
 

       (3.14) 

The relationship between the dynamic magnetic field flux (�⃗� 𝑑) and the MVP (𝐴 ) is 

given by  

 �⃗� 𝑑 = ∇×𝐴         (3.15) 
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3.3 Magnetic field equation 

To derive the transient magnetic field equations for a two dimensional EMAT model, 

equation (3.15) is substituted into (3.2) and (3.9) to obtain a comprehensive 

equation in terms of the MVP [157] (see appendix (A.1) for more detail): 

 ∇ × (𝑣∇ × 𝐴 ) = -σ
𝜕𝐴 

𝜕𝑡
 + 𝐽 𝑠 + 𝐽 𝐿 +𝐽 𝑀 + 𝐽 𝑀𝑆    (3.16) 

𝐽 𝑒 = -σ
𝜕𝐴 

𝜕𝑡
        (3.17) 

Where 𝑣 is the inverse of the permeability matrix,  𝐽 𝑠 is the source current density 

(SCD) vector,  𝐽 𝑒 is the Eddy current density, 𝐽 𝐿 is the Lorentz current density, 𝐽 𝑀 is 

the magnetisation current density and 𝐽 𝑀𝑆 is the magnetostrictive current density.  

3.3.1 Lorentz current density (𝑱𝑳) 

This phenomenon occurs in both ferromagnetic and non-ferromagnetic materials. It 

is as a result of the interaction between the time dependent particle displacement 

vector and the static bias field. The direction and intensity of the Lorentz current 

density is determined by equation (3.18) [157]. 

 𝐽 𝐿 = σ 
𝜕�⃗⃗� 

𝜕𝑡
 × �⃗� 0        (3.18) 

3.3.2 Magnetisation current density (𝑱𝑴) 

The magnetisation current density is found only in ferromagnetic materials. It is due 

to the unequal dislodgement of the positive and negative charges that constitute the 

magnetic dipoles. The dislodgement is created by the interactions between the 

spatial variation of the particle displacement vector and the magnetisation vector. 

The intensity (𝐽 𝑀) can be determined by equation (3.19) [157] 

 𝐽 𝑀 = -∇ × (�⃗⃗� 0∇.�⃗� )       (3.19) 
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3.3.3 Magnetostrictive current density (𝑱𝑴𝑺) 

This is due to the interaction between the static magnetic field and the spatial 

variation of the particle displacement vector. The individual domains of 

ferromagnetic material experiences physical deformation under the influence of 

static magnetic field. The intensity of 𝐽𝑀𝑆 is calculated from equation (3.20).  

 𝐽 𝑀𝑆 = ∇ × �⃗⃗� 𝑀𝑆        (3.20) 

The magnetostrictive field intensity vector �⃗⃗� 𝑀𝑆 is given as 

 �⃗⃗� 𝑀𝑆 = 𝑣 �⃗� 𝑀𝑆        (3.21) 

In a 2D model of EMAT, the MVP has only z-orientation given as 

𝐴   = 𝐴𝑧 𝑎𝑧          (3.22) 

This implies that 𝐽 𝐿, 𝐽 𝑀 and 𝐽 𝑀𝑆 have only the z component respectively. Substituting 

equation (3.22) into (3.16) the MVP becomes 

 - 𝑣∇2𝐴𝑧 + σ
𝜕𝐴𝑧

𝜕𝑡
 = 𝐽𝑠𝑧 + 𝐽𝐿𝑧 + 𝐽𝑀𝑧 + 𝐽𝑀𝑆𝑧    (3.23) 

More details on equations (3.16 to 3.21) are given in Appendix A.1. 

3.4 Elastic wave generation 

In the generation of acoustic wave by EMAT, a current carrying coil placed in close 

proximity with the material creates the dynamic magnetic field flux. The sinusoidal 

excitation current flowing inside the coil gives rise to the source current density 

(SCD) in the z direction (𝐽𝑠𝑧). In equations (3.8) and (3.9), the term �⃗�  and S are small 

compared to other terms in the equations and are not considered in wave 

generation. Since the current densities (𝐽𝐿𝑧,  𝐽𝑀𝑧 and  𝐽𝑀𝑆𝑧) contain terms in u and S , 

they are ignored in the equation for SCD. Therefore, the SCD in terms of total current 

of the 𝐾𝑡ℎ conductor 𝑖𝑘(𝑡) and the z component of the MVP (𝐴𝑧) is expressed as  

 𝐽𝑠𝑧(𝑡) = 
𝑖𝑘(𝑡)

𝑆𝑘
 + 

𝜎

𝑆𝑘
 
𝜕

𝜕𝑡
∬ 𝐴𝑧𝑑𝑠𝑅𝑘

      (3.24) 
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Where 𝐽𝑠𝑧 and 𝑆𝑘 = ∬ 𝑑𝑠
𝑅𝑘

 are the constant SCD of the 𝐾𝑡ℎ conductor in the z 

direction and the cross-sectional area of the 𝐾𝑡ℎ conductor respectively. 

To obtain a complete equation for the SCD, equation (3.23) is substituted into 

equation (3.24) to give 

 - 𝑣∇2𝐴𝑧 + σ
𝜕𝐴𝑧

𝜕𝑡
 - 
𝜎

𝑆𝑘
 
𝜕

𝜕𝑡
∬ 𝐴𝑧𝑑𝑠𝑅𝑘

 = 
𝑖𝑘(𝑡)

𝑆𝑘
    (3.25) 

To excite EMATs a tone burst signal is required, the transient current of the 𝐾𝑡ℎ 

conductor (𝑖𝑘(𝑡)) can be described as a tone burst signal by 

 𝑖𝑘(𝑡) = 

{
 
 

 
 (−1)

𝑘𝐼𝑝𝑠𝑖𝑛
2 {

𝑤0𝑡

(2𝑛)
} cos(𝑤0𝑡)

𝑓𝑜𝑟 0 ≤ 𝑡 ≤
(2𝑛𝜋)

𝑤0

0    𝑓𝑜𝑟 𝑡 ≤ 0 𝑎𝑛𝑑 𝑡 ≥
(2𝑛𝜋)

𝑤0
 

    (3.26) 

Where  𝐼𝑝, 𝑤0=2π𝑓0 and n are the amplitude of excitation current, current angular 

frequency and the number of cycles per tone burst signal.  

If the material is assumed to be an isotropic solid with electrodynamic force density, 

the inhomogeneous elastic equation according to Newton’s law is stated as  

 𝑓 𝑡𝑜𝑡𝑎𝑙  = ρ 
𝜕2�⃗⃗� 

𝜕𝑡2
         (3.27) 

Where 𝑓 𝑡𝑜𝑡𝑎𝑙, ρ and �⃗�  are total force per unit volume, material density and particle 

displacement vector respectively. 

The total force density can also be expressed as 

 𝑓 𝑡𝑜𝑡𝑎𝑙  = 𝑓 𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 + 𝑓 𝑏𝑜𝑑𝑦      (3.28) 

Where 𝑓 𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 and 𝑓 𝑏𝑜𝑑𝑦 are surface traction and body force respectively. 

The body force density is also stated as 

 𝑓 𝑏𝑜𝑑𝑦 = 𝑓 𝐿 + 𝑓 𝑀 + 𝑓 𝑀𝑆       (3.29) 
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Where 𝑓 𝐿,  𝑓 𝑀 and  𝑓 𝑀𝑆 are Lorentz, magnetisation and magnetostrictive force 

densities respectively and are explain as follows: 

3.4.1 Lorentz force density (�⃗⃗� 𝑳) 

The time variable SCD,  𝐽𝑠𝑧(𝑡), flowing in the EMATs coil induces an Eddy current 

density 𝐽𝑒 , in the conducting material, opposing the original current in accordance to 

Faraday’s law (see equation 3.2). The induced current is confined in a superficial 

portion of the material known as the electromagnetic skin depth (δ). For a sinusoidal 

plane electromagnetic wave of frequency 𝑓0, impacting on a material with 

conductivity (σ) and permeability (𝜇0𝜇𝑟), the electromagnetic skin depth is given as 

[48]. 

 δ = 
1

√𝜋𝑓0𝜎𝜇0𝜇𝑟
        (3.30) 

The Eddy current interacts with both the static magnetic and dynamic magnetic field 

to yield a body force known as the Lorentz force. The direction and intensity of the 

Lorentz force is given as 

 𝐹 𝐿 = 𝐽 𝑒× (�⃗� 0 + �⃗� 𝑑)       (3.31) 

 𝐹 𝐿 = 𝐹 𝐿𝑠 +𝐹 𝐿𝑑  = ( 𝐽 𝑒 × �⃗� 0) + (𝐽 𝑒×�⃗� 𝑑)      (3.32) 

 𝐹 𝐿𝑠 = 𝐽 𝑒 × �⃗� 0        (3.33) 

 𝐹 𝐿𝑑 = 𝐽 𝑒×�⃗� 𝑑        (3.34) 

Where 𝐹 𝐿𝑠  and 𝐹 𝐿𝑑  are the Lorentz force density due to the static magnetic field flux 

and the dynamic magnetic field flux respectively. 

3.4.2 Magnetisation force density (�⃗� 𝑴) 

The interaction between the dynamic magnetic field �⃗� 𝑑 and the bias magnetization 

vector �⃗⃗� 0  in a ferromagnetic material creates a reorientation of the magnetic 

dipoles, which give rise to the magnetisation force. The intensity of 𝑓 𝑀 is described 

as [78] 
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 𝑓 𝑀 = (�⃗⃗� 0 . ∇) �⃗� 𝑑       (3.35) 

When the bias magnetic field of EMAT is tangentially oriented (i.e. �⃗� 0𝑧 = 0), the z 

component of the Lorentz and the magnetization forces respectively act in opposite 

direction hence the z component of magnetization force cancels a large part of the 

Lorentz force. Thus, the Lorentz and the magnetisation forces are not effective in 

generating longitudinal wave mode in ferromagnetic materials [33, 100] . 

  3.4.3 Magnetostrictive force density 

This phenomenon is due to the physical deformation of the magnetic domain in 

ferromagnetic materials when immersed in an external magnetic field. The individual 

magnetic domains are spontaneously deformed by their internal magnetization [78, 

113]. 

Coupling between the elastic and magnetic fields for a ferromagnetic material can be 

assumed to take a similar form as that for a piezoelectric material [33]: 

 𝑆𝐼 = 𝑃𝐼𝑗
(𝑀𝑆)

𝐻𝐽 + �̃�𝐼𝐽
𝐻 �̃�𝐽. (I, J = 1, 2,……,6; j = x, y, z)   (3.36) 

Where  𝑆𝐼, �̃�𝐼𝐽
𝐻 and �̃�𝐽 are component  of strain, component of the compliance matrix 

at a constant field and component of stress respectively. 𝑃(𝑀𝑆) is the piezomagnetic 

strain coefficient and can be described as [22]: 

 𝑃𝐼𝑗
(𝑀𝑆)

 = (
𝜕𝑆𝐼

𝜕𝐻𝑗
)
|�̃�

       (3.36) 

With reference to (3.36), the strain field can be written in terms of the stress 

component and the magnetic field as: 

 𝑆𝐼 = 𝑃𝐼𝑗
(𝑀𝑆)

 × 𝐻𝑗       (3.37) 

When H = 0, the relationship between the strain and stress field is given as 

 �̃�𝐾 = 𝑐𝐾𝐼
𝐻  𝑆𝐼        (3.38) 

Where 𝑐𝐾𝐼
𝐻  is the elastic stiffness coefficient at a constant field, �̃�𝐾 is the stress field 

and 𝑆𝐼 is the strain field. 
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Substituting equation (3.37) into equation (3.38) yields the magnitude of stress 

required to cause magnetostriction in a ferromagnetic material 

 �̃�𝐾 = 𝑐𝐾𝐼
𝐻  𝑃𝐼𝑗

(𝑀𝑆)
 𝐻𝑗       (3.39) 

If the magnetic field changes with time or vibrate with a high frequency, a negative 

stress field component (-�̃�𝐾) known as magnetostrictive stress will be created in the 

material and can be described as  

 �̃�𝐼
(𝑀𝑆)

 = - 𝑐𝐼𝐽
𝐻  𝑃𝐽𝑗

(𝑀𝑆)
 𝐻𝑗 = - 𝑒𝐼𝑗

(𝑀𝑆)
𝐻𝑗,     (3.40) 

With the converse piezomagnetic stress coefficients as 

 𝑒𝐼𝑗
(𝑀𝑆)

 = 𝑐𝐼𝐽
𝐻 𝑃𝐽𝑗

(𝑀𝑆)
 = - (

𝜕�̃�𝐼
(𝑀𝑆)

𝜕𝐻𝑗
)
|𝑆

     (3.41) 

The constitutive equation accounting for stress, strain and the magnetic field can be 

stated as 

 �̃�𝐼 = - 𝑒𝐼𝑗
(𝑀𝑆)

𝐻𝑗 + 𝑐𝐼𝐽
𝐻 𝑆𝐽       (3.42) 

Equation (3.42) is analogous to the piezoelectric stress equation. The body forces 

due to magnetostrictive stress can be given as [33] 

 

{
 
 

 
 𝑓𝑥

(𝑀𝑆)
= 

𝜕�̃�1
(𝑀𝑆)

𝜕𝑥
+
𝜕�̃�6

(𝑀𝑆)

𝜕𝑦
+
𝜕�̃�5

(𝑀𝑆)

𝜕𝑧
 

𝑓𝑦
(𝑀𝑆)

= 
𝜕�̃�6

(𝑀𝑆)

𝜕𝑥
+
𝜕�̃�2

(𝑀𝑆)

𝜕𝑦
+
𝜕�̃�4

(𝑀𝑆)

𝜕𝑧

𝑓𝑧
(𝑀𝑆)

= 
𝜕�̃�5

(𝑀𝑆)

𝜕𝑥
+
𝜕�̃�4

(𝑀𝑆)

𝜕𝑦
+
𝜕�̃�3

(𝑀𝑆)

𝜕𝑧

     (3.43) 

A combination of equations (3.27) and (3.43) yields the acoustic field generated by 

magnetostrictive forces when the piezomagnetic coefficients (𝑃(𝑀𝑆) and 𝑒(𝑀𝑆)) are 

known. The piezomagnetic constants depend highly on the magnitude and the 

direction of the applied field. However, they can be estimated from the 

magnetostriction curve.  
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3.5 Elastic wave detection 

In the acoustic wave detection mode of EMAT, a dynamic deformation caused by an 

acoustic wave creates dynamic magnetic field in a conducting material subjected to a 

steady magnetic field. The dynamic magnetic fields will pass through the material/ 

vacuum boundary and induce a voltage in a pickup coil above the material. 

Therefore, the analysis of the detection mechanisms of EMAT must include three 

main factors [33], [156]: 

(i) The electromagnetic fields within the material due to the elastic wave 

(ii) Moving boundary at the material surface, through which the fields 

pass into a vacuum. 

(iii) The electromagnetic fields in vacuum where the fields are located, 

where the pickup coil is located. 

Since the pickup coil is modelled as an open circuit coil, the total current in the coil 

conductors (𝑖𝑘(𝑡)), is taken to be zero. Therefore, equation (3.24) is resolved to 

become 

  𝐽𝑠𝑧 = 
𝜎

𝑆𝑘
 
𝜕

𝜕𝑡
∬ 𝐴𝑧𝑑𝑠𝑅𝑘

      (3.44) 

Substituting equation (3.44) to the MVP equation in (3.23) yields 

 - 𝑣∇2𝐴𝑧 + σ
𝜕𝐴𝑧

𝜕𝑡
 - 
𝜎

𝑆𝑘
 
𝜕

𝜕𝑡
∬ 𝐴𝑧𝑑𝑠𝑅𝑘

 = 𝐽𝑧𝐸      (3.45) 

Where 𝐽𝑧𝐸 =  𝐽𝐿𝑠 + 𝐽𝑀𝑧 + 𝐽𝑀𝑆𝑧       (3.46) 

Solving equation (3.46) for 𝐴  = 𝐴𝑧𝑎𝑧 in the space above the specimen based on 

Faraday’s law and Stoke’s theorem, the induced voltage in the pickup coil is given as 

[158]: 

 Emf = - 
𝑑∅

𝑑𝑡
 = - 

𝜕

𝜕𝑡
 ∬ 𝐵𝑑. 𝑑𝑠𝑆

 = ∮ 𝐸.⃗⃗  ⃗
𝐶

 𝑑 𝑙    (3.47) 

Where �⃗�  can be computed by 𝐴  and 𝐽 𝑠 as 

 �⃗�  = - 
𝜕𝐴 

𝜕𝑡
 + 

1

𝜎
 𝐽 𝑠     (details in Appendix A)    (3.48) 
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3.6 Summary 

This chapter presents the physical principles that governs the magnetostatics, 

electrodynamic and acoustic equations of EMATs. It also extends these equations to 

the derivation of the magnetic and acoustic field equations in terms of the magnetic 

vector potential and the displacement vector respectively. The formula for 

calculating current and force densities were also presented. The analysis of EMAT is 

separated into the transmitting and the detection mode. The expression for force 

and current densities were obtained based on the Lorentz, magnetisation and 

magnetostriction mechanisms. The equations and the formulations are the basis for 

the finite element model created in Chapters 4 and 6 respectively. 
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CHAPTER 41 

DEVELOPMENT AND EVALUATION OF A NOVEL KT- EMAT 

CONFIGURATION BASED ON LORENTZ FORCE MECHANISM. 

4.1 Introduction 

The purpose of this chapter is to develop a Lorentz force finite element EMAT model 

(see Fig.1.11) using a commercial software (Comsol Multiphysics®), to study and 

compare the eddy current and Lorentz force densities generated by two 

commercially available EMAT coil configurations (meanderline and spiral coil 

configurations), and a novel KT coil configuration operating on CS70 grade of pipe 

steel. The model will couple the magnetostatic and electrodynamic phenomenon to 

generate Eddy current and Lorentz for on the surface of CS70 grade of pipe steel 

material. The Model will be used to compare the Eddy current and Lorentz force 

densities generated in order to ascertain the configuration that generates greater 

density under any given condition. Finally, the performance of the novel EMAT 

configuration will be investigated by studying how some EMAT design parameters 

influence the density of Lorentz force generated. The parameters investigated 

includes: coil dimension, static magnetic field, coil internal diameter, excitation 

frequency, lift-off, coil stacking, insulation layer thickness and the number of cycles 

per burst of excitation current. 

4.2  Numerical simulation 

The core of EMATs operational mechanisms consist of body forces created in the 

material by the interaction of the static and dynamic fields with the Eddy current 

induced in the material. As described in section (2.2), the Eddy current is produced 

by the time varying excitation current while the bias field is produced by a 

permanent or an electromagnet. The body forces cause the generation of acoustic 

wave in the conducting material. Therefore, the modelling process of EMAT is split 

into the magnetostatics, electrodynamics and the mechanical/elastic part.  

                                                           
1
 The bulk of this chapter has been published by the author in [93-96] 
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The most accurate method to solve the electrodynamic and elastic problem is to 

invoke the differential form of Maxwell’s equations (Ampere’s law and Faraday’s law 

of induction) with the appropriate boundary conditions taken into account (see 

section 3.2). The most suitable solution to these problems is to use numerical 

techniques to find an approximate solution to the partial differential equations 

(PDE). The three commonly used techniques to solve PDE’s are: the finite element 

method (FEM), the finite volume method (FVM) and the finite difference method 

(FDM) [159]. Amongst the three methods, FEM is often regarded as the most 

common and most accurate approximation technique employed in solid based 

simulations and structural mechanics. FVM and FDM employs slightly different 

method of finding solutions to PDE’s, by discretising the problem to large number of 

grids and are widely used in computational fluid dynamics (CFD). In FEM, the 

geometry and the domains are discretised into a set of finite elements (mesh 

generation) and the final solution is the sum of the discrete solutions in each discrete 

element, hence the accuracy of the solution can be increased by increasing the 

number of discrete elements in the domain.  

For a 2D geometry, the subdomains are partitioned into triangular or quadrilateral 

mesh elements. In a curved boundary, the elements represent only an 

approximation of the original geometry. Similarly, in the 3D geometry the 

subdomains are partitioned into hexahedral or prism and tetrahedral elements. The 

geometry edges are partitioned into edge elements [159]. There are several 

commercial simulation software based on FEM modelling techniques for solution of 

PDE’s such as Comsol multiphysics, ANSYS, Abacus, ADINA and ALGOR. Comsol 

multiphysic is used in this research because of the following fetures:  

(i) Comsol multiphysics is very robust and versatile in the coupling of different 

physics which gives room for modelling of the actual phenomenon that take 

place in the operation of EMAT (i.e. the conversion of electromagnetic energy  

into acoustic energy and vice versa).  

(ii) The software makes use of Maxwell’s equation in FE approximation method 

to solve electrodynamic problems. A unique feature of Comsol multiphysics is 

that the underlying equations for electromagnetics are automatically 
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available in all other application modes, making coupling of different physics 

much easier between different application modes. 

(iii) The software has predefined physics interfaces which gives room for the 

control over the definition of constants, the use of the material properties 

and the boundary conditions. 

(iv) Comsol multiphysics give room for models to take advantage of symmetry 

where possible to reduce computation time and exploit available memory. 

4.2.1 Model implementation in Comsol multiphysics 

The design of the model in Comsol multiphysics started with the selection of 

appropriate modules related to the physics involved in EMAT operation. The AC/DC 

module and the structural mechanics module where used to solve the 

magnetostatics, electrodynamics and the elastic problems respectively. Figure 4.1 

shows the block diagram of the processes involved in modelling EMAT for the 

generation of Eddy current and Lorentz force. 

The simulation carried out in this chapter involves different shapes/structures of 

copper coil (i.e. meander-line coil, spiral coil and KT coil). The spiral and KT coil were 

simulated in 2D axisymmetric mode, while the meander-line coil was simulated in 2D 

mode. The 2D axial symmetric application mode is not suitable for the simulation of 

non- circular coil structure, hence the meander-line coil was model in the x and z 

plane with some appropriate assumptions. 

 The application mode used for the simulation is the magnetic field (mf) and the 

magnetic field no current (mfnc). The mf describes the quasi-static magnetic field 

system for conducting, magnetic and dielectric materials. This feature is used for 

easy excitation of coils and other conducting structures. The dependent variable in 

this application mode is the vector magnetic potential in the Cartesian coordinate 

(Ar, Aphi and Az) and electric current can be used as input in the model subdomain 

setting. The Lorentz force and other magnetic parameters are calculated from the 

vector magnetic potential. 
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To simulate the effect of the bias magnetic field generated by the permanent 

magnet, the application mode; magnetic field no current (mfnc) was employed. It 

describes the magnetostatics of conducting and magnetic material. The dependent 

variable in this application mode is the magnetic scalar potential (Vm). 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Fig 4.1 Block diagram showing the steps involved in FE modelling of the generation 

Eddy current and Lorentz by the novel KT- EMAT configuration. 

 

Comsol model navigator 

Space dimension: [2D axi-symmetry] 

Geometry setting: [EMAT geometry (Coil, permanent 

magnet and material specimen)] 

Material setting: [Coil- copper; Magnet- Iron; 

Material – pipe steel and air]. 

Physics setting: [magnetic field (mf) and magnetic field no 

current (mfnc)]. 

Subdomain conditions Boundary  conditions 

 Mesh: physics controlled mesh 

Result: Post processing and plot 

Study: Time dependent and stationary solver 

Physics : AC/DC module 

Axis and Grid setting 

Study: [Time dependent (mf) and Stationary (mfnc)  
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4.3 Comparative study Of EMAT coil configurations 

This research compares the induced current density and Lorentz force generated by 

two commonly used conventional EMAT coil configurations on one hand and the key 

type configuration on the other hand, on CS70 grade of steel used in the 

construction of oil and gas pipelines. The most important disadvantage of the 

conventional EMAT coil configurations (i.e. circular spiral and meander line coil) is 

the fabrication complexity regarding electric connection from the middle end of the 

coils. To overcome this problem, a novel design known as the Key-Type coil is 

proposed (see Fig.4.2C) for use in EMATs. The novel design combines the structural 

property of a planar spiral coil (Fig.4.2B) and the current path of a meander-line coil 

(Fig.4.2A) to generate radially polarised Rayleigh and bulk wave. In the novel KT coil, 

the coil patterning and the electric connections can be made in the same layer 

making it very easy to fabricate and stacked in layers to generate greater Eddy 

current and Lorentz force densities. The electrical and magnetic property of this pipe 

steel is given in table 4.1.   

Table 4.1: Measured Electromagnetic properties of pipe steel material [90] 

Designation of pipe 
steel 

Conductivity σ 
[S/m] 

Relative permeability     
μr 

CS70 3.77×106 59 
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Fig. 4.2 Schematic of EMAT coil configurations.(A) Meander-line coil, (B) Spiral coil, (C) 

Proposed Key-Type coil. A Combination of the current path of (A) with the  structural 

configuration  of (B) gives a novel coil configuration (c).    

The cross sectional view and the structural parameters of the EMAT configurations 

under investigation is given in Fig.4.3 (A, B and C) and Table 4.2 respectively. It 

consists of a static magnetic field, a steel plate used as the test specimen and a coil. 

The transient magnetic field for the transmitting EMAT is expressed in terms of 

magnetic vector potential (MVP) A, and source current density (SCD). If we assume 

that the test material is infinitely long, the current densities 𝑗𝑠𝑘 and MVP have only 

longitudinal, and z-component [160-162] and is represented by the differential 

equation given in equation (3.25). 

 

 

 

 

(A) (B) 

(c) 
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Table 4.2 Parameters used in the simulation of various EMATs configurations 

s/n Parameter name Abbreviation  size 

1 Permanent magnet NbFeb 5x12mm 

2 Steel plate CS70 6x18mm 

3 Coil thickness tc 0.2mm 

4 Coil width cw 1.5mm 

5 Coil distance cs 1mm 

6 Lift off distance H 0.5mm 

7 Internal diameter din 4mm 
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Fig.4.3 Cross sectional view of EMAT structure with dynamic field, static field, effective 

magnetic field and current path shown. (A) Meander-line coil over pipe steel specimen. 

(B) Planar spiral coil over pipe steel specimen. (C) Proposed Key-Type coil over pipe 

steel specimen. Figure not drawn with scale.      

 

For time varying magnetic field analysis, the source current density is expressed as 

[162].                

 𝑗𝑠𝑘  = 
𝑖𝑘(𝑡)

𝑠𝑘
       (4.1) 

Where 𝑖𝑘(𝑡) and 𝑠𝑘   are total current and cross-sectional area of the Kth coil conductor. 

Applying the integral form of Maxwell’s equation, it is possible to include the effect of 

the dynamic field generated by the excited coils into the expression. Thus, the 

expression for the source current density 𝐽𝑠𝑘  in the z direction is given in equation 

(3.24)   

The source current density is a function of both the total current flowing through the 

conductor and the time derivative of the surface integral of the magnetic vector 

potential [162] and is given in the equation (3.25) 

Equation (3.25) takes into account the magnetic field generated by the coil and is a 

more accurate equation for modelling the scenario under consideration. 

The analysis in this section is based solely on the Lorentz force ( 𝐹 L) mechanism. 

Lorentz force is generated as a result of the interaction between the static magnetic 

(C)  

represents the in-plane current, while 

represents the out-plane current. 
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field �⃗� o produced by a permanent magnet or an electromagnet, and the eddy current 

density 𝐽 e   induced by a coil excited with a sinusoidal current. The Lorentz force causes 

the vibration of the atomic structure of the material, which then leads to the 

generation of acoustic wave inside the conducting material. The direction and density 

of the Lorentz force has been described in section (2.2). The acoustic field equation 

can therefore, be stated in terms of the particle displacement vector �⃗�   and the 

Lorentz force as: 

μ∇ x ∇ x �⃗�  - (τ+2μ)∇∇.�⃗�  + ρ
𝜕2�⃗⃗� 

𝜕𝑡2
 = 𝐹 L      (4.2) 

Where ρ is mass volume density and τ and μ are Lam�́� constants. 

4.3.1 Finite element formulation 

The simulation of the coupling of both the magnetostatics, electromagnetic and 

mechanical/elastic analysis of EMAT shown in Fig.4.1 is presented in the following 

stages:  

Stage1: Calculation of the static magnetic field (�⃗� 0) to solve the differential equation 

in (4.3). Static analysis is employed to calculate the magnetic scalar potential Vm, 

which leads to the calculation of static magnetic field; 

�⃗� 0 = -∇Vm        (4.3) 

In this model, �⃗� 0 is calculated using the magnetic field no current (mfnc) mode of the 

AC/DC module in COMSOL multiphysics and is assumed to be perpendicular to the 

current induced in the material specimen as seen in Fig.4.3. 

Stage 2: Transient analysis which employed mf mode of the AC/DC module is used to 

calculate the induced current (𝐽𝑒), which is time dependent. The coil is excited with a 

time varying sinusoidal current source 𝑖𝑘(𝑡) and the static magnetic field �⃗� 0 calculated 

in stage 1, is coupled to the mf mode in the subdomain. The result of the simulation 

obtained at the surface of the material within the skin depth is the induced current 

density (𝑗 e) described in equation (3.17). 
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It is assumed that the material specimen is infinitely long; hence 𝑗 e has only one 

component in the z direction as depicted in equations (3.22 and 3.23). 

Stage 3:  To calculate the Lorentz force (𝐹𝑙), the cross product of the induced current 

density (𝑗 e) and the static magnetic field �⃗� 0 is obtained, leading to the force 

component as described in equation (3.31). The direction of the force is also 

determined by equation (3.31). Due to the fact that the model is in 2D, the static field 

�⃗� 0 has x and y components, while the induced current (𝑗 e) has only one component in 

the z direction. This gives rise to two force components in x and y direction.  

4.3.2 Finite element mesh 

The finite element model in Fig. 4.4 was obtained by discretising the physical model in 

to numerous second order quadratic triangular elements consisting of 65454 elements 

for the ML EMAT, SP EMAT and KT EMAT. The mesh element was refined at about 

0.1mm around the skin depth surface of the steel material. This refinement of the 

model significantly improves its accuracy, though the number of elements as well as 

the solution time was greatly increased. The refinement is achieved by continuously 

comparing the calculated result at different degree of refinement until the result 

hardly changes with refinement.    

The time steps, relative tolerance and the absolute tolerance were adjusted for a 

more accurate calculation. 

To obtain an accurate record of the time variation of the extracted data from the 

simulation, the point probe was placed underneath the first turn of the meander-line, 

spiral, KT coil configurations respectively.  

 

(A) 
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Fig. 4.4 FE mesh; (A) meander- line coil EMAT, (B) Spiral coil EMAT, (C) KT coil EMAT. 

4.3.3 Simulation and analysis 

The driving current applied to the EMAT coil is a two cycle tone burst pulse signal 

(see equation 3.26). In a 2D scenario, the driving current is converted to current 

density by dividing the magnitude of the current by the cross sectional area of the 

coil (i.e. 
𝐼0

𝐴
 ). The plot of the external source current density employed in the 

simulation is given in Fig.4.5.  

(B) 

(C) 
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Fig. 4.5 Time history of the External current density for ML, SP and KT EMAT. 

Applying the external source current and the static magnetic field in the finite 

element model, equations (3.25 and 3.31) are solved to obtain the induced current 

and Lorentz force density respectively, within the skin depth of the CS70 grade of 

pipe steel. A point plot of the induced current and Lorentz force density is obtained 

close to the surface of the steel material for the ML, SP, single layer KT EMAT and 

multi- layer KT-EMAT respectively as shown in figures (4.14 and 4.15).   

4.3.3.1 Meanderline coil EMAT configuration 

Fig.4.6 shows the surface plot of the dynamic magnetic fields and the Eddy current 

density induced in the material when a meanderline coil EMAT configuration is 

employed. Turns 1, 2 and 5 represents the in-plane current while turns 2, 4 and 6 

represents the out-plane current. The implication of this configuration is that the 

dynamic magnetic field due to turns 2, 3, 4 and 5, tends to interfere with each other 

destructively thereby reducing the strength of the field and consequently reducing 

the density of the Eddy current generated by the central turns. However, the turns at 

the edge (i.e. turns 1 and 6) does not experience much of the destructive 

interference, hence the relative increase in the density of Eddy current experienced 

at the edges (Edge effect). The same phenomenon is observed with the Lorentz force 

generated on the material as shown in Fig.4.7. 
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Fig.4.6 Surface and contour plot of the induced current density and magnetic vector 

potential respectively for a mender-line coil EMAT acting on a CS70 pipe steel plate of 

6mm thickness. 

 

Fig.4.7: Surface plot of the Lorentz force density for a meander-line coil EMAT acting 

on a CS70 pipe steel plate of 6mm thickness. 
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4.3.3.2 Spiral coil EMAT configuration 

Fig.4.8 depicts the dynamic magnetic field and Eddy current induced in the test 

material when a spiral coil EMAT configuration is employed in the generation of 

acoustic wave. Turns 1, 2 and 3 indicates the in-plane current while turns 4, 5 and 6 

indicates the out-plane current. The advantage of this configuration is that the 

destructive interference of the magnetic field is very minimal, hence the induced 

Eddy current is evenly distributed in the material thereby eliminating the edge effect 

observed with the meanderline coil EMAT configuration. Also, the gap between 

turns 3 and 4 (coil inner diameter) contributes to the reduced effect of dynamic 

magnetic field cancellation, hence there is observed increase in Eddy current density 

when compared to the meanderline coil EMAT. The same phenomenon is also 

observed with the Lorentz force surface plot in Fig.4.9. 

 

 

Fig.4.8 Surface and contour plot of the induced current density and magnetic vector 

potential respectively for a spiral coil EMAT acting on a CS70 pipe steel plate of 6mm 

thickness. 
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Fig.4.9: Surface plot of the Lorentz force density for a spiral coil EMAT acting on a 

CS70 pipe steel plate of 6mm thickness. 

4.3.3.3 Novel Key Type EMAT configuration 

As already discussed in section (4.3), the novel KT coil EMAT combines the structural 

characteristics of the spiral coil EMAT and current part of the meanderline coil 

EMAT. This feature is visualised in the surface plot presented in Figs.(4.10 and 4.11). 

In the KT coil EMAT configuration, the in-plane current flows through turns 1, 3 and 5 

while the out-plane current flows through turns 2, 4 and 6 like the meanderline coil 

EMAT configuration. However, due to the cancellation of the dynamic magnetic 

fields around turns 1 and 3, and turns 4 and 6; a reduction of the Eddy current and 

Lorentz force density is observed around turns 2 and 5 while an increase is observed 

around turns 1 and 6 (Edge effect). Furthermore, by introducing air gap (coil internal 

diameter) between turns 3 and 4 the density of Eddy current and Lorentz force was 

also observed to increase around turns 3 and 4. The significance of this phenomenon 

is that the overall Eddy current induced in the material and the Lorentz force 

generated by the novel KT coil EMAT is observed to be higher than that generated by 

the meanderline coil EMAT, but not as high as that generated by the spiral coil 

1 2 3 4 5 6 

Point probe 

position 
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EMAT. The reduced Eddy current can be compensated when the novel KT coils are 

are stacked in layers and connected in series (see Figs.4.12-4.15).    

 

Fig.4.10: Surface and contour plot of the induced current density and magnetic vector 

potential respectively for a KT coil EMAT acting on a CS70 pipe steel plate of 6mm 

thickness. 

 

Fig.4.11: Surface plot of the Lorentz force density for a KT coil EMAT acting on a CS70 

pipe steel plate of 6mm thickness. 
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Fig.4.12: Surface and contour plot of the induced current density and magnetic vector 

potential respectively for a double layer KT coil EMAT acting on a CS70 pipe steel 

plate of 6mm thickness. 

 

Fig.4.13: Surface plot of the Lorentz force density for a double layer KT coil EMAT 

acting on a CS70 pipe steel plate of 6mm thickness. 
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Fig.4.14: Comparison of the FEM result for induced current density generated by ML, 

SP, single layer KT and double layer KT coil EMAT acting on a CS70 pipe steel plate of 

6mm thickness. The plot was extracted from the surface of the material underneath 

the first coil turn. 

 

Fig.4.15: Comparison of the FEM result for the Lorentz force density generated by 

ML, SP, and single layer KT and double layer KT coil EMAT acting on a CS70 pipe steel 

plate of 6mm thickness. The plot was extracted from the surface of the material 

underneath the first coil turn. 
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Futhermore, the result in figures (4.14) and (4.15) shows that there is a correlation 

between the source excitation current, the induced current and the Lorentz force 

density respectively. This phenomenon is expected as the induced current is due to 

the source excitation current and the Lorentz force depends on the induced current 

as expressed in equations (3.17) and (3.32). The difference observed in the value of 

amplitude of the source excitation current, induced current and Lorentz force is due 

to the energy lost during electromagnetic energy conversion. This result is in good 

agreement with published work [163].  

4.4   Investigation of the performance of novel KT-EMAT configuration 

Several methods of optimising the performance of EMAT system have been 

proposed by various researchers [80, 81, 95, 129, 163-166] . One of the methods 

used to improve the strength of acoustic wave generated by any EMAT system is by 

improving the density of Eddy current generated, which translate to higher Lorentz 

force density.  

This section studies the response of the KT EMAT to variation of various key EMAT 

parameters with a view of improving the Lorentz force density generated. The key 

EMAT parameters studied includes: the influence of the lift-off distance, the 

influence of coil stacking or layering, the influence of coil internal diameter, the 

influence of static flux density, the influence of insulation layer thickness, the 

influence of period of excitation current, the influence of the excitation frequency 

and influence coil dimension on the Lorentz force density. 

4.4.1  The influence of coil dimension on the Lorentz force density 
 
The effect of coil width on the density of Lorentz force generated by KT EMAT coil 

configuration was investigated. The Lorentz force density was calculated at fixed 

current amplitude of 20A, static magnetic flux (B0) of 1.2T, coil thickness of tc of 

0.5mm and an excitation frequency of 500KHz. The value of K-factor (the ratio of coil 

width (Cw) to coil thickness (tc)) is calculated and presented in Table 4.3. 

Different simulations were carried out by varying the coil width using the K-factor 

and the result obtained is shown in Figs.(4.16) and (4.17).  
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Table4.3: Ratio of coil width to coil thickness. 
 

Coil width (wc) Coil Thickness (tc) K-factor (
𝑤𝑐

𝑡𝑐
) 

1mm 0.5mm 2 

1.5mm 0.5mm 3 

2mm 0.5mm 4 

2.5mm 0.5mm 5 

3mm 0.5mm 6 

3.5mm 0.5mm 7 

4mm 0.5mm 8 

4.5mm 0.5mm 9 

5mm 0.5mm 10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.16: Visualisation of the magnetic flux density at K factor (A) 2, (B) 3 and (C) 4. 
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Fig.4.17: Plot of the variation of the K-factor on the Lorentz force and magnetic flux 

density respectively. 

The result in Fig.(4.17) shows that as the value of the K-factor is increased, the 

Lorentz force and magnetic flux density also increases. This is expected because 

when the coil dimension is increased while the current density is fixed, the total 

current is increased and this gives rise to a stronger magnetic flux at the surface of 

the material. 

4.4.2  The influence of lift-off distance on the Lorentz force density 

The performance of the three EMATs coil structure on CS70 grade of pipe steel was 

investigated by varying the lift-off distance from 0.5mm to 8mm above the surface of 

the steel specimen. The measurement of Lorentz force density was extracted at 

0.1mm below the surface of the material specimen around the first turn of the coil. 

The results shown in Fig.(4.18) indicates that the Lorentz force density decreases 

exponentially with the lift-off distance, with the four layered KT-EMAT configuration 

having the best lift off characteristics, followed by the three, two and one layered 

configuration. This observation is in good agreement with work carried out by [19 

80, 167]. In general, the result further indicates that the improvement in the lift-off 

characteristics is a function of the Lorentz force density, which depends on the 

number of layers of coil employed. 
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Fig.4.18 Plot of the influence of lift off distance for 1 to 4 layer KT coil structure on 

CS70 grade of pipe steel. 

4.4.3 The influence of coil stacking on the Lorentz force density 

The most important disadvantage of planar spiral coil used in EMAT is the fabrication 

complexity regarding the electrical connection from the middle end of the spiral. This 

in effect makes it very difficult and expensive to have more than one coil on a planer 

surface. This draw-back is eliminated by modifying the spiral coil to a novel KT coil 

(see Fig.4.2C in section 4.2), which is a novel coil combining the structural 

configuration of a planar spiral coil and the current part of a meander-line coil. The 

KT is easy and less expensive to fabricate and allows the coils to be stacked one on 

top of the other using a suitable insulation in-between each stack.  

Fig.(4.19), shows the value of the density of Lorentz force for various numbers of 

coils in a stack. The plot shows that density of the Lorentz force in the materials 

increases exponentially with the increase in the number of layers of coils and 

saturates when the number of coils increases beyond ten coils per layer. Any further 

increment beyond this point does not yield any significant increase in the result. This 

is expected since an increase in the number of layers of coils, translates to an 

increase in the total dynamic magnetic flux. This gives rise to an increase in the 

induced current and Lorentz force densities respectively in the material specimen. 
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Also, it is worthy to note that the KT coil configuration performs optimally when the 

number of coil layers does not exceed twelve. This is as a result of the reduced effect 

of the magnetic field of the additional coil. 

 

Fig. 4.19: Plot of the influence of coil layers on the Lorentz force generated by the 

novel KT EMAT configuration. 

4.4.4 The influence of coil internal diameter (din) on the Lorentz force 

density 

Figure (4.20) shows a relationship between the internal diameter and Lorentz force 

density generated by a KT EMAT. As the internal diameter is increased the Lorentz 

force also increases up to about 16mm, where any further increment has a negligible 

effect on the Lorentz force density. This is due to the fact that as the internal 

diameter is increased, the interaction between opposing dynamic magnetic field 

created by the opposing current direction in the inner coil turns is reduced. This 

continues up to a point where there will be little or no effect of the opposing field. 

Therefore, for optimal performance of this coil configuration, the internal diameter 

must not be less than 15mm. 

0

500

1000

1500

2000

2500

3000

3500

4000

1 4 7 10 13 16 19

Lo
re

n
tz

 f
o

rc
e

 d
e

n
si

ty
 [

M
N

/m
^3

] 

Number of layers 

maximun of coil 
layers for optimal 
performance 



87 
 

 

Fig.4.20: Plot of the influence of coil internal diameter on the Lorentz force density 

generated by the novel KT EMAT configuration. 

4.4.5 The influence of the static flux (B0) on the Lorentz force density 
 
As shown in equations (3.8), (3.18) and (3.31); the static flux is an important factor 

that influence the density of Lorentz force, hence the need to investigate its effect 

on the Lorentz force generated on the material specimen. 

Fig.(4.21) shows the result of the simulation obtained by varying the static magnetic 

field from 0.5T to 2.0T. As expected, the result shows that by increasing the static 

magnetic flux, the Lorentz force generated in the material specimen also increases 

and vice versa. At 0.5T, the peak to peak value of the Lorentz force is 1.2x109 N/m3 

while the value of 2.0T produced the highest LF of 2.7x109 N/m3. The result is in 

good agreement with published work of [80, 84].    
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Fig.4.21: Time history of the influence of static magnetic field on the Lorentz force 

generated on the material by the novel EMAT configuration. 

4.4.6 The influence of insulation layer thickness (Tin) on the Lorentz 
force density 
 
As mentioned in section (4.2), one of the major advantages of the key type coil is 

that it allows coils to be stacked on one another. To prevent short circuiting and 

increase adhesion, the coils are bathed in an insulation material. The insulation 

material used in this simulation is Z1258 anti-rust silicone baffle paint. The 

performance index of Z1258 insulation material is listed in Table 4.4 and has the 

following properties [168]; 

(i) Good heat resistance 

(ii) Firm adhesion 

(iii) Short drying period 

(iv)  High dielectric strength of 30x106 Vm-1. 

Fig.4.22 shows the result of the simulation. The result implies that, the Lorentz force 

density decreases exponentially with increasing insulation thickness. The highest 

value of Lorentz force density of 5.2x109 Nm-3 was obtained at insulation thickness of 

0.1 mm while the least value of 1.3x109 Nm-3 was obtained at a thickness of 3 mm. 
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Therefore, for optimal performance of the KT coil, the insulation thickness must not 

exceed 1mm.  

 

Table 4.4:  Performance index of Z1258 anti rust silicone baffle paint [168] 

No Index name Unit Index 

1 Appearance  The film becomes bright after drying 

2 Viscosity cP ≥40 

3 Content of solid (10g 
paint, (23±20C/h) 

% 55±5 

4 Drying time under 
room temperature 

H ≤24 

5 Dielectric strength MVm-1 ≥30 

6 Volume resistivity Ω-m ≥ 1x108 

7 Fineness(scrapper 
fineness meter 

µm ≤45 

8 Adhesion coil grade 1~2 

 

 

Fig.4.22: Plot of the influence of insulation layer thickness on the Lorentz force 

density generated by the novel KT EMAT configuration. 
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4.4.7 The influence of the period of the excitation current on the 
Lorentz force density 
 
The period number of a tone burst signal determines the quantity of energy 

transferred from the power source to the coil [167]. This has a direct effect on the 

Lorentz force density and mechanical energy generated by the EMAT. Consequently, 

more period number gives rise to more excitation energy and excitation time. In the 

previous results, the coils were excited with a two period tone burst signal (see 

Fig.4.5). To understand the impact of period number on the Lorentz force generated 

by the KT-EMAT configuration under an excitation current amplitude and frequency 

of 20A and 500 KHz respectively, the period number of the tone burst signal was 

varied in the following sequence (2, 3, 4, 5 and 6) with all other EMAT parameters 

remaining unchanged. The result shows that an increase in the period, leads to an 

increase in the width of the Lorentz force wave packet (see Fig.4.23). Analysing the 

result further, a quadratic relationship was established between the Lorentz force 

density and the number of periods of the excitation signal as shown in Fig.(4.24).  

 

Fig. 4.23: Time history of the influence period number on the Lorentz force density 

generated by the novel KT EMAT configuration. 
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Fig.4.24: Plot of the influence of period number for 1 to 4 layers KT EMAT coil on the 

Lorentz force density generated on the test material. 

4.4.8: The influence of excitation current frequency on the Lorentz 
force density 
 
To investigate the influence of excitation frequency on the density of the Lorentz 

force generated by the proposed KT-EMAT configuration, the static field and the 

excitation current amplitude were maintained at 1.2T and 20A respectively. 

The excitation frequency was varied from 500 KHz to 8MHz, and the corresponding 

change in Lorentz force generated in the material specimen was calculated. 

Fig.(4.25) shows that the Lorentz force density increases as the excitation frequency 

is varied from 0.5MHz and peaked at about 6.5MHz, thereafter it decreases sharply. 

This implies that any increase in frequency beyond 6.5MHz has a negative effect on 

the density of the Lorentz force generated in the material specimen. Hence for 

optimal performance of this EMAT configuration, the right excitation frequency 

required is between 0.5 and 6.5MHz. This result is in good agreement with work 

published by [167]. 
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Fig.4.25: Plot of the influence of the excitation frequency for 1 to 4 layers KT EMAT 

coil on the Lorentz force density generated on the test material. 

4.5 Summary 

A finite element model in the time domain has been successfully developed and 

used to study and compare two commercially available EMAT coil structures (the 

spiral and meander-line EMAT coil configurations) and a novel KT EMAT coil 

configuration. The study was carried out in three stages: the first stage involves 

calculating the induced current and Lorentz force density respectively generated by 

the three EMAT configurations on CS70 grade of pipe steel plate of 6mm thick. The 

result is then compared to ascertain the configuration that generates the greatest 

induced current and Lorentz force density respectively on the pipe steel plate. As 

expected the result showed that the KT coil when stacked in layers generated 

greater Eddy current and Lorentz force density, followed by the spiral coil EMAT 

while the meander-line coil generated the least.  

The second stage of the study investigated the robustness and efficiency of the novel 

KT EMAT configuration. The parameters investigated includes: Lift-off distance, coil 

stacking in layers, coil internal diameter, static flux density, insulation layer 

thickness, excitation current period, excitation current frequency and coil dimension. 

The result of the investigation gave a benchmark for optimizing the Lorentz force 
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density and consequently the strength of acoustic wave generated by the KT EMAT 

configuration. 

Finally, this chapter has demonstrated that the KT EMAT configuration has a great 

potential for use in long range ultrasonic testing due to the high Lorentz force 

density it can generate especially when the coils are stacked in layers. 
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    CHAPTER 5 

DEVELOPMENT AND VALIDATION OF COUPLED FINITE 

ELEMENT MODEL FOR THE NOVEL KEY-TYPE (KT) EMAT 

CONFIGURATION. 

5.1 Introduction   

This chapter will develop a comprehensive finite element model to study the 

generation, propagation and detection of acoustic wave by the novel EMAT 

configuration. The couple mechanical model will be developed by coupling the 

magnetostatic model to the electrodynamic model in time domain to generate body 

forces which gives rise to acoustic wave generation (see Fig.1.11). The model will 

also detect acoustic waves by exploiting the ‘Valerie’ effect. Furthermore, the 

validity of the developed coupled mechanical model will be investigated by 

comparing its predictions with analytical and experimental results.   

5.2  Modelling of novel KT- EMAT configuration as an acoustic wave 

transmitter and detector 

A 2D cross- sectional representation of EMAT transmitter and receiver model is 

shown in Fig. (5.1), the model consists of a complete EMAT system acting as the 

acoustic wave generator/transmitter and same EMAT system acting as the acoustic 

wave detector. Both transmitter and receiver EMATs are placed in close proximity 

(lift off of 0.5mm) to a CS70 grade of pipe steel plate of thickness 3mm. The 

transmitting EMAT generates acoustic waves as described in section (3.4). The 

generated wave propagates along the material and can be detected by the receiver 

EMAT. 
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Fig. 5.1: Cross sectional representation of the transmitter and receiver EMAT system 

employed in the model. 

Before proceeding to the analysis of wave generation, propagation and detection in 

the transmitter and receiver EMAT, a convergence test of the computational model 

was carried out to minimise errors due to size of the mesh. The next stage of the 

analysis is the calculation of transient magnetic fields around the coils, followed by 

the calculation of shear stress and transient particle displacement in the pipe steel 

material. This gives rise to the calculation of the acoustic wave generated and 

propagated within the pipe steel material and the induced voltage around the open 

circuited receiver coil. 

5.2.1  Model setup 

The EMAT transmitter and receiver model consist of KT coils with four turns each, 

immersed in a magnetic field of 1.2T generated by an NbFeB bar magnet. The setup 

on the left hand side is the transmitting EMAT while the setup on the right hand side 

is the receiver EMAT. The parameters used to create this model are as follows: 

(a) Coil width (Cw) = 1.5mm 

(b) Coil thickness ( tc) = 5μm 

(c) Distance between coil or coil spacing (Cs) = 1mm 

(d) Internal diameter (din) = 8mm. 

(e) Distance between coil and material or lift off (h) = 1mm 

10cm 
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(f) Centre to centre distance between the transmitter EMAT and the receiver EMAT 

is 10cm 

The coils are excited with a 20A, 8 cycle tone burst current oscillating at 1.8MHz. The 

frequency of the excitation current was chosen arbitrary since UT use of frequencies 

between 500 kHz and 50 MHz with majority of industrial UT testing performed 

between a frequency of 1MHz and 10MHz. The physical quantities displayed in the 

material as depicted in the surface plots are: the dynamic magnetic field and the 

magnetic vector potential (MVP) shown in Fig.(5.2), the shear stress and the 

transient particle displacement as shown in Fig.(5.3) and the electric field around the 

transmitting and receiving EMAT as shown in Fig. (5.4).The surface plot shows a high 

concentration of the quantities around the transmitting section and a low 

concentration around the receiving section of the model. This is expected as the 

amplitude of the shear stress and particle displacement attenuates as the wave 

propagates along the material. 

 

Fig. 5.2: Contour and surface plot showing the dynamic magnetic fields and the 

magnetic vector potential respectively of the transmitting and receiving coils with the 

bar magnet hidden. The position of the point probe is indicated with a dark arrow. 

Point probe 



97 
 

 

Fig. 5.3: Surface and contour plot showing particle displacement and shear stress at 

the surface of the transmitting and receiving EMAT. The point position is indicated 

with a dark arrow. 

 

Fig. 5.4: Contour plot of the electric field around the EMAT transmitter and receiver 

showing the point probe position with the bar magnet hidden. The position of the 

point probe is indicated with a dark arrow. 

Point probe 

position 

Probe position 
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 5.2.2  Convergence test 

Fig.5.5 shows the finite element mesh of the EMAT model used to study the 

generation, propagation and detection of acoustic wave. The mesh consists of 9534 

second order quadratic triangular elements and refined around the skin depth of the 

material below the transmitting and receiving EMAT coil. The refinement is 

necessary to enhance accuracy since the result will be extracted from this region. 

The mesh density of the model will be varied to obtain the best result without 

necessarily increasing the computation time. 

The convergence of the numerical model is investigated by varying the triangular 

element size to determine the convergence of the Von Mises stress; this will also 

ensure the convergence of all other physical quantities. The mesh is then refined 

from 1000 to 18000 elements at interval of 3000 and for a time step of 0.01μs. To 

obtain the result, a point probe was placed almost at the surface of the material 

(skin depth) underneath the transmitting EMAT. The result in Fig. (5.6) shows how 

the Von Mises stress reaches its convergence from 10000 elements, which indicates 

that all simulations can be run with this amount of triangular elements without 

affecting the accuracy of the simulation result. The result further indicates that 

increasing the number of elements beyond 10000 elements does not have 

commensurate increase in the amplitude of Von Mises stress generated as the 

computation time and computer memory is increased. 

  

Fig. 5.5: Finite element mesh of the transmitter and receiver EMAT. The mesh 

consists of 9534 second order quadratic triangular elements. 
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Fig.5.6: Variation of finite element triangular mesh from coarse mesh (1000 

elements) to Extra fine meshes (18000 elements). The red line indicates the number 

of elements adopted in Fig.5.5. 

 5.2.3  Calculation of external current density 

In the transmitting EMAT, the external current density in the coils can be calculated 

by applying the excitation source current of 8 cycle tone burst signal with a centre 

frequency of 1.8MHz and excitation current amplitude of 20A. The transient 

excitation current in the coil is given as: 

 𝐽𝑒𝑥𝑐 = 𝐼0(𝑠𝑖𝑛𝜔𝑡)[0.5(1 + 𝑐𝑜𝑠(𝜔𝑡))] for 0≤ t≤4.5 μs   (5.1) 

Where 𝐼0 is the excitation current amplitude, 𝜔 = 2πf is the angular centre 

frequency. The coil is immersed in a constant magnetic field of 1.2T generated by a 

permanent magnet. To obtain the external current density, the point probe is place 

at the centre of the first coil turn in the transmitting EMAT. The result in Figure 5.7 

with a peak to peak value of 2.4×108 (Am-2) is the external current density obtained 

after the excitation current has been applied. The result shows a similarity with the 8 

cycle tone burst source current in equation (5.1). 
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Fig. 5.7: Time history of the external current density at the transmitting coil. 

5.2.4  Calculation of induced current density 

Figure 5.8 shows the time history plot of the z component of the induced current 

density on the material with a peak to peak value of 1.2×108 (Am-2). The plot is 

obtained by placing the point probe within the skin depth of the material 

underneath the first turn of the transmitting coil as shown in Fig. (5.2). There is a 

great similarity between the shape of the induced current density and external 

current. This is expected as the induced current density is as a result of the external 

current density. However, some differences were observed; the orientation of the 

induced current plot is opposite to that of the external current density, this is 

expected since the induced current density is a mirror image of the excitation 

current [33, 88]. Also, the peak to peak amplitude of the induced current density is 

less than that of the excitation current. The difference stems from the transduction 

energy loss during the electromagnetic conversion which is a function of the lift-off 

and other coil parameters such as coil impedance. 
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Fig.5.8: Time history of the induced current density in the material under the 

transmitting EMAT coil. 

5.2.5: Calculation of Particle Displacement  

The particle displacement at the surface of the material under the transmitter and 

the receiver EMAT is calculated based on the constitutive equation described in 

section (3.4). The coupled electromagnetic and mechanical model was run and the 

result extracted by placing the point probe at the skin depth surface of the pipe steel 

plate material (about 0.05mm) underneath the first turn of the transmitting and 

receiving EMAT as shown in Fig.(5.3). The result in Figs.(5.9) and(5.10) shows that 

there is a reduction of the peak to peak amplitude of the particle displacement from 

9.4nm at the transmitting EMAT to 3.3nm at the receiving EMAT. The reduction in 

displacement amplitude is as a result of damping and scattering of the wave signal in 

the material. 
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Fig.5.9: Time history of the displacement at the surface of transmitting EMAT. 

 

 

Fig.5.10: Time history of the displacement at the surface of material under receiver 

EMAT coil. 

5.2.6  Calculation of shear stress  

To calculate the amount of shear stress generated when particles are displaced in 

the material, a post processing tool inbuilt in the structural mechanics module of 

Comsol multiphysics allows the particle velocity due to the body forces to be 

converted to shear stress. The plot in Figures (5.11) and (5.12) shows the time 
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history of the vertical shear stress at the surface of the material due the transmitter 

and receiver EMAT respectively. 

 

Fig.5.11: Time history of the shear stress at surface of material under the transmitter 

EMAT. 

 

Fig.5.12: Time history of shear stress at surface of material under the receiver EMAT. 

5.2.7  Calculation of magnetic vector potential (MVP) 

Following the calculation of the particle displacement and shear stress in the 

material beneath the receiver EMAT, the next physical quantity to be calculated is 

the magnetic vector potential around the receiver coil. By placing the point probe 
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under the coil of the receiver EMAT model and employing a special post processing 

tool in the AC/DC module of Comsol multiphysics, the magnetic potential in Wb/m 

can be calculated. Fig.(5.13) shows the time history of the magnetic potential around 

the coil of the receiver EMAT. The result shows that the shape of the wave form is 

similar to that of the excitation current, the particle displacement and shear stress. 

This proves that the MVP is as a result of the particle displacement and shear stress 

in the material. 

 

Fig.5.13: Time history of the magnetic potential at surface of material underneath 

the receiver EMAT coil. 

5.2.8  Calculation of open circuit voltage at the receiver end of EMAT  

The acoustic wave generated by the interaction of the static magnetic field 𝐵0(𝑦, 𝑧) 

and the induced eddy current 𝐽𝑒𝑧 arrives at the receiver. If ϑ(y,z,t) is the particle 

velocity and σ is the conductivity of the material, a free conducting current density 

distribution 𝐽 is formed at the surface of the specimen under the receiving EMAT. 

This is due to the interaction of acoustic vibration in the material and the static 

magnetic field generated by the permanent magnet as illustrated in equation (5.2) 

[33, 169]. 
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This phenomenon gives rise to a time varying MVP A(y,z,t) in and around the 

material specimen as calculated in section (5.2.7), which can be detected as an open 

circuit voltage in the receiver EMAT coil as shown in Fig.(5.14).  

The first step in calculating the open circuit receiver voltage is to calculate the 

transient particle displacement (previously explained in section 5.2.5) in the 

material, then the result is used as a source term to calculate the magnetic vector 

potential (𝐴𝑧) around the receiver coil. This leads to the calculation of the induced 

emf in the coil based on the evaluation of Faraday’s law, which relates the induced 

emf to the flux density(𝐵0).  

According to [169], the induced voltage at the receiver coil can be defined as: 

 𝑉𝑅(𝑡)= 
∬𝑉𝑝(𝑦,𝑧,𝑡)𝑑𝑦𝑑𝑧

∬𝑑𝑦𝑑𝑧
       (5.3) 

Where, 𝑉𝑝(𝑦, 𝑧, 𝑡) is the induced voltage due to a point is receiver coil and is defined 

as: 

𝑉𝑝(𝑦, 𝑧, 𝑡) = - 
𝜕

𝜕𝑡
 ∬𝐵. 𝑑𝑆 = - 

𝜕

𝜕𝑡
∬(∇ × 𝐴). 𝑑𝑆 = -∫

𝜕𝐴

𝜕𝑡𝑐
. 𝑑𝐿.   (5.4)  

The block diagram in Fig.(5.15) summarises the numerical processes involved in the 

analysis of the generation, propagation and detection of acoustic wave using the 

novel EMAT configuration.  

 

Fig.5.14: Time history of the open circuit voltage at receiver coil. 
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Fig5.15: Illustration of the processes carried out in the analysis of the generation, 

propagation and detection of acoustic wave using the novel EMAT configuration 
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5.2.9 The influence of number of coil layers and lift- off distance on 

the received voltage. 

A major goal of the design of any EMAT configuration is to boost the generated and 

detected amplitude of the ultrasonic signal without a corresponding increase in the 

system noise. The signal to noise ratio (SNR) can be optimised by effectively 

increasing the received signal amplitude of the EMAT system. One of the key 

parameters that affect the received signal amplitude is the lift-off distance (h) 

between the coil and the test material. It is well established that the combined 

amplitude of the received signal increases with each additional coil layers as shown 

in Fig.(5.16), but the received signal of individual coil layers (𝑉𝑟𝑒𝑐 ) decreases due to 

the increase lift-off (h) and the relationship is expressed as [170]: 

   𝑉𝑟𝑒𝑐 = 𝑉0𝑒
(−2𝜋ℎ 𝑑𝑐

⁄ )
      (5.5) 

Where 𝑑𝑐 is the coil spacing and 𝑉0 is the amplitude of the received voltage when 

ℎ = 0.  

Fig.4.43 shows the relationship between the lift off distance (h) and the normalised 

received voltage for various layers of coil. The received voltage decreases 

exponentially to zero as the lift-off increases. 

It has been theoretically established in [170] that an additional coil layer will increase 

the amplitude of the received signal. However, in practice this is not the case; 

additional layers will increase lift-off distance, hence reducing the amplitude of the 

received voltage. To overcome this problem, the KT coil configuration is stacked with 

a thin layer of Z1258 insulation of about 0.01mm (see section 4.4.5 for more details) 

and connected in series. This yields a multi-layered KT coil EMAT configuration that 

minimises the effect of lift-off distance and maximises the received signal amplitude. 

The result in Fig.5.16 shows that the received signal amplitude increases with 

increase in the number of coil layers.  This trend is observed to continue to about the 

11th coil layer, beyond this point it is observed that there is no significant increase in 

the amplitude of the received voltage as the coil layer is increase. Hence, for better 

efficiency when KT coil is used as an acoustic wave receiver, the number of layers of 
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coils should be limited to a maximum of 10 coil layers per stack. The result also 

shows that when the coils are stacked in layers, there is a significant improvement in 

the lift-off characteristic of the KT EMAT as the number of layers is increased (see 

Table. 5.1, extracted from Figs. (4.16) and (5.17). 

 

Fig.5.16: Plot of the relationship between received voltage at the pick-up coil and the 

number of layer of coil. 

 

 

Fig.5.17: Plot of the relationship between received voltage for various layers of the 

pick-up coil and the lift off distance (h). 
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Table.5.1: Comparison of the lift-off characteristics of the stacked KT coil as an 

acoustic wave generator and receiver. 

Number of 

coil layers 

Significant lift-off distance for 

generator KT EMAT (mm) 

Significant lift-off distance 

for Receiver KT EMAT (mm) 

1 layer 0 - 3 0 – 4 

2 layers 0 - 4.5 0 – 5.5 

3 layers 0 – 5.5 0 – 6.5 

4 layers 0 – 6.0 0 -7.5 

 

5.3  Validation of coupled finite element model 

5.3.1 Introduction 

This section investigates the validity of the coupled finite element models developed 

in section 5.2, by comparing its predictions with analytical and experimental results. 

First, the single modules (electromagnetic and ultrasonic modules) were bench 

marked against known analytical solutions. The induced Eddy current when a time 

varying current is applied to an EMAT coil, the magnetic field due to a permanent 

magnet and the ultrasonic field generated as a result of the interaction of the eddy 

current with the bias magnetic field was modelled and the numerical results 

compared with the analytical results. This is followed by the validation of the fully 

coupled multiphysics numerical model against experimental results. The 

experimental validation involves numerically computing the particle velocity 

dependence on important EMAT parameters such as the bias field, the driving 

current amplitude and the excitation frequency. The validated model was carried out 

on CS70 grade of pipe steel plate and can be extended to design EMAT for any 

desired application.  
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5.3.2 Analytical validation 

To ensure the reliability of the software (Comsol multiphysics) the single modules 

that accounts for the static magnetic field, the induced Eddy and the ultrasonic field 

respectively, was compared with known analytical solutions. In section (5.3.2.1 and 

5.3.2.2), simple electromagnetic models to address the static field (created by the 

permanent magnet) and the induced Eddy current (produced by a time dependent 

current) were developed and validated against analytical solution. While in section 

(5.3.2.3) a simple mechanical model to address the ultrasonic field was developed 

and also validated against an analytical model (the piston source model proposed by 

Kawashima).   

5.3.2.1   Static magnetic field 

The magnetic flux density along the axis of a cylindrical rare earth (NbFeB) magnet, 

at distance x from its pole is given as [171]: 

 

𝐵𝑥 = 
𝐵𝑟

2
(

𝐿+𝑥

√(𝑅2 +(𝐿+𝑥)2)
−

𝑥

√(𝑅2+𝑥2)
)                    ( 5.6) 

 

where L and R are the length and radius respectively while Br is the remnant flux of 

the magnet, which is the flux density when the magnetic field is null, that is ( 𝐵𝑟= 

𝐵𝐻= 0). This relationship is only available and implementable for simple geometries 

as seen in Fig.5.18. A finite element model using Comsol multyphysics has been 

developed to compare the numerical results against the results obtained using 

equation (5.6). The numerical model was implemented using the magnetic field no 

current mode available in the AC/DC module of Comsol multiphysics. This solves the 

magnetostics problem by neglecting the field at the exterior boundaries of the 

computational domain. The equation in (5.6) is only used to verify the performance 

of the software as it does not hold when a ferromagnetic material is placed very 

close to the magnet. A 2D axisymmetric geometry shown in Fig.(5.18) is employed in 

the model and is expressed in {r,z,∅} cylindrical co-ordinates. The constitutive 

equation employed within the domain of the magnetic for the analysis is: 
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B=𝜇0𝜇𝑟H +𝐵𝑟        (5.7) 

Which combines the relationship between the magnetic flux density and magnetic 

field together with the equation (∇.B=0), to obtain an equation for the scalar 

magnetic potential 𝑉𝑚 given as; 

-∇ . (𝜇0∇𝑉𝑚 -𝜇0𝑀0)=0       (5.8) 

The model applies equation (5.8) by selecting magnetic field no current (mfnc) 

physics in Comsol and is solved using static analysis, since no time dependent 

phenomenon is involved. 

In the model, the magnet is surrounded by air, and the model assumes the 

continuity relations at the boundaries. 

For both the numerical and static analysis, a rare earth magnet (NbFeB) was used 

with magnetization of 750 kA/m along the along the x axis. The dimensions of the 

magnet are 20mm radius and 12 mm thick. A comparison of the result of the 

analytical formula in equation (5.6) and the Finite Element simulation is given in Fig. 

(5.19), and shows good agreement. 

 

 

 

Fig.5.18: 2D axial symmetry representation of a cylindrical rare earth magnet in 

Comsol at a distance x from the pole surface (where X>0) on the magnet’s centre line. 

Rare Earth Magnet 

Air 

Material specimen 
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Fig.5.19: Comparison of the FE simulation and analytical result of the magnetic flux 

density produced by a cylindrical rare earth magnet.  

 

5.3.2.2     Eddy current 

The bench mark model for the generation of Eddy current employs the classical 

Dodd’s and Deed’s model [125] for a circular coil placed above a conductive medium. 

The coil is modelled as a thin current sheet parallel to the surface of the material and 

placed at a distance h, known as the lift off (see Fig. 5.20). The model assumes an 

asymmetrical geometry and is expressed in cylindrical co-ordinates {r,z,∅}. The 

driving current is sinusoidal and has only a circumferential component J∅, thus 

simplifying the problem to a single differential equation with the circumferential 

component of the magnetic vector potential 𝐴ø(r,z) as the unknown. 

The dependent variable in this application is the azimuthal component of magnetic 

vector potential A, which obeys the relation; 

(𝑗𝜔𝜎 − 𝜔2𝜖)𝐴ø+ ∇ x (𝜇−1∇x 𝐴ø) = 𝑗ø
𝑒        (5.9) 

where ω, σ, μ and ϵ are the angular frequency, conductivity, permeability and 

permittivity respectively. 𝑗ø
𝑒 denotes external current density. 

The induced eddy current on the infinite material was computed using the formula; 

 𝑗𝑒= -jωσ𝐴ø,         (5.10) 
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Kawashima [128] , proposed an analytical solution to this problem by employing the 

classical Dodd’s and Deed’s formula for a geometrical parameter and material 

property of a coil with inner radius (r1) of 3mm, outer radius (r2) of 17mm, lift off (h) 

of 0.5mm and a driving current of 1A at a frequency of 1×106 Hz acting on an infinite 

half space with conductivity (σ1) of 36.5×106 S/m and relative permeability (μ1) of 1. 

Symmetric Axis

r2

r1

h

I, N

Aø(r,z) μ1, σ1

 

Fig.5.20: Analytical model of a flat pancake coil and a conducting half space used by 

to calculate electromagnetic vector potential, adapted from Kawashima [128]. 

The numerical model used to compare the theoretical model, was implemented 

using Comsol Multiphysics, the model employed the 2D axisymmetric magnetic field 

(mf) mode available in the AC/DC module with time harmonic analysis. The time 

harmonic analysis assumes that all variation in time occurs as sinusoidal signal. The 

numerical model solves the same differential equation solved analytically by Dodd’s 

and Deed’s using the same parameters as the analytical model, but with one main 

difference, the coil in the numerical model has a finite thickness. The numerical 

model assumes the conductivity of copper coil to be zero, to reproduce the 

homogeneous current sheet assumed in the theoretical model. The boundary 

condition employs the continuity of the tangential component of the magnetic field 

across different regions. The model was solved by means of an iterative algorithm 

and comprises of 14500 triangular elements. The result of the computation shows 

the radial distribution of modulus of the magnetic vector potential generated on the 
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metal surface (z=0). The discrepancy between the FE and the analytical result from 

Dodd’s and Deed’s is shown in Fig. (5.21) and is approximated to be 4.9%. 

 

 

Fig. 5.21: Comparison of finite element simulation and analytical calculation [128] of 

the radial distribution of the magnetic vector potential {𝐴ø(𝑟, 0)} on the surface of 

an aluminium sample.  

 

5.3.2.3     Ultrasonic field 

The numerical calculations for elastic wave produced by time varying vertical surface 

forces acting on the vertical surface and the radial horizontal surface force is 

summarised in [87];  

𝑈𝑧𝑧 =
𝑎1

𝜇
∫

𝛼1

𝑓0(𝛼)

∞

0
[(𝑘2 − 2𝛼2)𝑒𝑥𝑝(−𝛼1𝑧) + 2𝛼

2𝑒𝑥𝑝(−𝛼𝑘𝑧)] × 𝐽0(𝛼𝑟)𝐽1(𝛼𝑎1)𝑑𝛼   

(5.11) 

𝑈𝑟𝑧 =
𝑎1

𝜇
∫

𝛼

𝑓0(𝛼)

∞

0
[(𝑘2 − 2𝛼2)𝑒𝑥𝑝(−𝛼1𝑧) + 2𝛼1𝛼𝑘𝑒𝑥𝑝(−𝛼𝑘𝑧)]𝐽1(𝛼𝑎1)𝑑𝑎        (5.12) 

Where 𝑓0(𝛼) = (2𝛼
2 − 𝑘2)2 − 4𝛼2𝛼1𝛼𝑘, 𝛼1 = √(𝛼

2 − 1), 𝛼𝑘 = √(𝛼2 − 𝑘2) and 

 𝑘2 =
𝑘𝑠
2

𝑘𝑐
2 .  𝐽0 𝑎𝑛𝑑 𝐽1 are the Bessel function of the first and second kind respectively, 

 𝛼  is the radius of disk 
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Equations (5.11) and (5.12) are the same ones derived by Miller and Pursey [126] to 

solve cylindrical problems. Its numerical counterpart was implemented in COMSOL 

multiphysics using the structural mechanics module with axial symmetry, stress 

strain application mode. This module solves the Navier Stokes equation for isotropic 

elastic medium in cylindrical coordinate form {r, z, ∅}. This assumes that the 

displacement in the circumferential direction is zero and the loads are only in r and z 

direction and is independent of ∅. The model was implemented as an elastic half 

space with uniform time dependent stress applied over a circular area on its surface, 

in the direction normal to it. This model can describe the sound field due to a 

cylindrical piezoelectric transducer applying a force in the normal direction to the 

sample.  

 

Fig.5.22: Geometry of the piston source model on a half space showing the elastic 

and perfect matching region in Comsol multiphysics.  

In the calculation, a surface pressure with amplitude of 1 Pa is applied on a circular 

area of 10mm and a frequency of 1MHz as shown in Fig. (5.22). The material used is 

aluminium with Young modulus of 69GPa, Poisson’s ration of 0.33 and density of 

2700kgm-3. In the numerical model, the semi-infinite model employed in the 

analytical counterpart cannot be implemented, hence a perfect matching region 
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[172-174] is introduced around the edge of the elastic region to prevent reflections 

from the boundaries. Figures (5.23) and (5.24) show the result of the computation of 

the amplitude of both the normal (Uzz) and the radial (Urz) respectively, plotted 

against the angle of symmetry on a hemisphere of 70mm radius. The result is 

consistent with the analytical solution found in Kawashima [87] . 

 

 Fig.5.23: FE simulation and analytical calculation of the normal displacement vector 

(Uzz) on a hemisphere of 70mm radius exerted by a vertical surface force uniformly 

distributed over a circular area of 10mm radius, this is known as the Piston Source 

model first proposed by Kawashima [87]. 

 

 

Fig.5.24: FE simulation and analytical calculation of the normal displacement vector 

(Urz) on a hemisphere of 70mm radius exerted by a vertical surface force uniformly 
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distributed over a circular area of 10mm radius, this is known as the Piston Source 

model first proposed by Kawashima [87]. 

5.3.3   Experimental validation 

Due to the complexity of the physics involved in EMAT’s operation, there is no 

known single analytical method that can account for the multiphysics phenomenon. 

Hence the multiphysics model (which couples the complex electromagnetic and 

elastic phenomena in EMAT) developed in Chapter IV is validated using experimental 

methods.  

The first stage in the experimental validation involves the fabrication of KT coil. This 

is followed by the actual experiments where some key EMAT parameters (such as 

excitation current, excitation current frequency and bias or static magnetic field) are 

varied and the resultant particle velocity is detected, recorded and used to compare 

against the result from the FE numerical model. Section (5.3.3.1 to 5.3.3.3.1) 

describes in detail the experimental methods used in the model validation. 

5.3.3.1    Coil fabrication  

The Novel KT EMAT coil used in this experiment was fabricated in-house by 

employing a simple and cost effective process proposed by Branson et al [175]. Here 

a double sided Bungard FR4 photoresist flexible board from Rapid Electronics was 

used. The thickness of the board, thickness of copper, thermal expansion, dielectric 

brake-down, volume resistivity are 0.125µm, 5µm, 5×10-5, >60kV, 5×108 - 5×109 

respectively. Other materials required for the fabrication are LaserJet printer, double 

sided UV exposure unit, NaOH solution,(NH4)2S2O8 solution and acetone. The 

following steps shown in Fig.(5.25) were taken to fabricate the coils. 

Step A: A Print masks of the coil was made at high resolution on drafting paper using 

a LaserJet printer as shown in Fig. (5.6). 
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Step B: The double layer photoresist board comprising of the photoresist, copper 

and FR4 layers respectively, was exposed to ultra-violet (UV) light for about 100s on 

both sides using the UV exposure unit. 

Step C: The UV exposed photoresist board was then immersed in a solution of 1.5g 

NaOH in 150ml DI H2O. This procedure removes the photoresist exposing the copper 

layer.  

Step D: The board was immersed in a solution of 33g of ammonium persulphate 

((NH4)2S2O8) in 100ml DI H2O at 38oC for about 20 minutes with gentle agitation. This 

removes the copper layer exposing the FR4. The board was rinsed in DI H20 to 

remove the excess ammonium persulphate. 

Step E: Finally, the board was rinsed in a solution of acetone to remove the 

unexposed photoresist and then rinsed again in a DI H2O before drying for about 10 

minutes in an oven at 500C. The finished double layer KT coil (Figs. 5.27 and 5.28) is 

bathed with silicone baffle paint for proper insulation. All chemicals used were 

purchased from Sigma Aldrich. 
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Fig.5.25: Schematic representation of the processes involved in the manufacture of 

the KT coil used in the experimental validation of the model. 
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Fig.5.26: Print mask of KT coils on drafting paper. 

 

 

Fig. 5.27: Finished double layer KT coil after copper etching and photoresist clean up. 

The KT coil employs the structure of planner spiral coil but with a current orientation 

of the meander-line coil. 

KT coil  

Drafting paper 
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Fig.5.28: Close-up view of the finished double layer KT coil with copper width (𝐶𝑤) of 

1.5mm and coil spacing (𝐶𝑠) of 1mm. 

5.3.3.2 Experimental setup 

The experimental validation of the model developed in Chapter IV was carried out in 

TWI Cambridge. The set up for this experiment consist of an EMAT system made up 

of a double layer KT coil fabricated in-house and reported in [96], a 24V DC 

electromagnet (Isliker magnets UK), a Teletest mark III pulser/receiver system (plant 

Integrity Cambridge), a magnetometer manufactured by AlphaLab Inc. USA, a laser 

Doppler vibrometer manufactured by Polytec Ltd UK, a resistor circuit 

(manufactured in-house) and a CS70 grade of pipe steel plate as the test specimen as 

shown in Fig.5.29 (A) and (B).  
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Fig 5.29: (A) Experimental setup used for model validation showing close up view of 

EMAT system comprising DC electromagnet, a KT copper coil sandwiched between 

the electromagnet and the pipe steel plate. (B) Schematic of the experimental setup.  
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5.3.3.2.1 EMAT setup 

The EMAT consist of a double layer KT copper coil (with internal diameter (din) of 

8mm, Outer diameter (OD) of 20mm, Coil width (Cw) of 1.5mm and coil spacing (Cs) of 

1m), a ø 40× 12mm DC ferrite electromagnet (with a rated voltage and maximum 

holding force of 24V and 400N respectively) and a CS70 grade of pipe steel plate of 

size 320×160×0.5mm as shown in Fig. (5.30). The KT coil is coated with Z1258 silicon 

baffle paint for electrical insulation and firm adhesion as described in section (4.4.5). 

The lift off of 0.5mm was used (this is the thicknesses of the silicon baffle paint 

insulating the coil from sample surface).  

 

Fig.5.30: Pictorial representation of the KT-EMAT configuration used in the 

experiment, showing the double layer KT coil connected in series, the electromagnet 

and the CS70 steel plate with a strip of reflective layer attached to its surface to 

reduce reflection and scattering of the laser beam. 

5.3.3.2.2     Teletest Mark III pulser / receiver unit 

The Teletest mark III pulser-receiver system shown in Fig. (5.31) is originally used for 

long range guided wave ultrasonics and consists of 24 fully independent transmit 

and receive channels with a maximum output of 150V peak to peak per channel. The 

system is fully backed with tooling wave scan software [32]. 
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Fig.5.31: Pictorial representation of the teletest focus mark III pulser/receiver system 

showing the 24 channel output and the trigger output to the vibrometer unit [32]. 

5.3.3.2.3     Laser doppler vibrometer 

The Polytec 3D scanning vibrometer provides 3-dimensional measurement, imaging 

and analysis of structural vibrations at acoustic frequencies [176]. The system 

consists of three scan heads made up of the geometry scan unit for 3-D 

measurements, the vibrometer controller for each scan head (remotely controlled by 

the data management system), a junction box that provides the interface between 

the three vibrometer controllers and the data management system, a tripod for 

positioning the scan head and a data management system (consisting of a PC 

mounted on a wheeled cabinet with cards to provide 3-channel signal generation, 4 

channel data acquisition and a system control function) as shown in Fig.(5.32). The 

vibrometer uses a class II He-Ne laser, 633nm (red) and 1mW per sensor [176].  
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Fig.5.32: Pictorial representation of the PSV-400-3D scanning vibrometer used in the 

model validation experiment [176]. 

5.3.3.2.4   High power resistor circuit 

The high power resistor bank in Fig.(5.33A) consists basically of three 40Ω, 25w 

resistors connected in parallel as shown in Fig.(5.33B). The aim is to regulate the 

peak to peak amplitude of the current at each channel to 2.6A since the maximum 

voltage obtainable at each channel is 150V at 500 kHz. Combining the current at 

each of the three channels, a maximum current of up to 7.8A can be obtained to 

drive the KT coil in the experiment. This technique is further explained in section 

5.3.3.3. 

 

 

(A) 
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Fig.5.33: Special in-house resistor bank used for impedance matching and to combine 

the current from each of the three channels of the Teletest® equipment. (A) Pictorial 

representation,(B) Circuit diagram. 

5.3.3.3     Experimental measurements 

In the experiment, the KT coil is sandwiched between the test specimen and the 

electromagnet. The electromagnet generates the bias field when driven with a 24V 

DC supply. The excitation current required to drive the KT coil is obtained by 

combining the three channels of the Teletest equipment and monitored using an 

oscilloscope. The bias field generated by the electromagnet is monitored via a 

magnetometer. The LDV being a particle velocity sensor [177], and triggered by the 

Teletest Focus Mark III equipment detects the particle velocity of acoustic signal 

generated on the pipe steel specimen.  

The coil was driven by a tone burst excitation produced by Mark III Teletest 

equipment. For this experiment, only three channels out of the 24 channels were 

utilised with each channel generating a maximum pulse of 150V and 3.8 A at 500 

KHz. The Teletest equipment has high impedance and operates at high voltage with 

low current while the coil has very low impedance, but operates at a high current 

and low voltage. To drive the coil with a current of up to 8.0A, a special high power 

resistor circuit (see Fig. 5.33) was developed and connected between the coil and 

the Teletest equipment. This serves two main purposes; it acts as a matching circuit 

(B) 
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to protect the equipment from over current and combines the individual currents of 

the channels to a single output of up to 7.8A while maintaining the voltage at 104V. 

More current can be obtained by combining more of the channels. Before 

performing the experiment, the Polytec-420 LDV was first calibrated and the test 

sample (CS70 grade of pipe steel plate) was coated with a reflective layer to reduce 

interference and reflection.   

5.3.3.3.1 The influence of excitation current on particle velocity 

To verify the effect of varying the driving current on the amplitude of the particle 

velocity, the scale factor in the software platform of the Teletest equipment was 

adjusted from 0.3 t0 0.9 at 500kHz. This procedure varies the driving current from 

3.15A to 7.80A (see Table 5.2). A constant bias magnetic flux (𝐵𝑎𝑖𝑟) of 2500 Gauss 

(0.25T) was generated by driving the electromagnet with a DC current of 2.5A while 

a centre frequency of 500 KHz was maintained throughout the experiment.  It is 

assumed that due to boundary conditions, the magnetic field within the thin pipe 

steel (CS70) plate is approximately the same as the magnetic field measured in air, 

(that is 𝐻𝑎𝑖𝑟 = 𝐻𝐶𝑆70) and the magnetic field in air is computed as 𝐻𝑎𝑖𝑟 =  
𝐵𝑎𝑖𝑟

𝜇0
 . This 

approximation has been verified numerically by Ribichini [90]  with an error margin 

of less than 5%.  

Table 5.2: Teletest software platform voltage adjustment to produce the excitation 

current.  

Scale 

factor 

CH.1 

(Voltage) 

CH.2 

(Voltage) 

CH.3 

(Voltage) 

CH.1 

(Current) 

CH.2 

(Current) 

CH.3 

(Current) 

Total 

Current 

0.3 42 V 42V 42V 1.05A 1.05A 1.05A 3.15A 

0.4 53V 53V 53V 1.33A 1.33A 1.33A 3.98A 

0.5 62V 62V 62V 1.55A 1.55A 1.55A 4.65A 

0.6 71V 71V 71V 1.78A 1.78A 1.78A 5.33A 

0.7 83V 83V 83V 2.08A 2.08A 2.08A 6.24A 

0.8 92V 92V 92V 2.30A 2.30A 2.30A 6.90A 

0.9 104V 104V 104V 2.60A 2.60A 2.60A 7.80A 
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To take measurement, the excitation current was varied and the amplitude of the 

particle velocity signal detected by the LDV was averaged and Fourier transformed. 

The ratio between the velocity and the excitation current spectra at the centre 

frequency gives the experimental particle velocity per unit current.  The numerical 

particle velocity computed using Comsol multiphysics is in good agreement with the 

experimental result with an average discrepancy of 8.8% as seen in Fig. 5.34. Shown 

in Figures (A.2.1-A.2.7) are the raw traces of the captured experimental particle 

velocity signal when the excitation current was varied from 3.15A to 7.8A. 

 

 

Fig 5.34: Comparison between calculated and measured particle velocity along sound 

beam when the excitation current is varied from 3.15A-7.80A. 

5.3.3.3.2 The influence of excitation frequency on particle velocity  

In order to further validate the model used in this study, the particle velocity signal 

obtained when the excitation frequency is varied from 200 KHz to 500 KHz, is 

compared with numerical simulation result. A fixed value of excitation current and 

bias magnetic field of 7.8A and 2500 Gauss (0.25T) respectively were employed for 

both the experimental and numerical study. 
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The set up for the experiment is as described in section (5.3.3.2). The excitation 

frequency was varied via the Teletest Focus Mark III software platform. The particle 

velocity signal detected by the LDV was obtained and the result averaged and 

Fourier transformed. To obtain the particle velocity at each frequency, the spectrum 

of the measured velocity was divided by the spectrum of the excitation current. This 

process is very necessary since the FE model was carried out in frequency domain. 

The amplitude of the measured particle velocity was compared with numerical result 

as shown in Fig.5.35. The results show good agreement with an average discrepancy 

of 11.3%. Figures (A.3.1-A.3.7) shows the raw traces of the captured experimental 

particle velocity signal when the excitation frequency was varied from 200 kHz to 

500 kHz. 

 

Fig.5.35: Comparison between numerical and experimental particle velocity along 

sound beam when the excitation frequency is varied from 200 KHz-500 KHz. 

5.3.3.3.3   The influence of static (bias) magnetic field on particle 

velocity 

The set up for this investigation is as outlined in section (5.3.3.2). The excitation 
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investigation is very important for the validation of the model as it has been 

reported in [33, 87, 89] that the bias magnetic field contribute significantly to the 
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current) fed to the electromagnet is proportional to the static magnetic field 

produced; hence, the bias magnetic field was varied by changing the driving current 

of the electromagnet producing the field. Also, as explained in section (5.3.3.3.1), the 

magnetic flux in air (𝐵𝑎𝑖𝑟) is a product of the magnetic field in air (𝐻𝑎𝑖𝑟) and the 

permeability of free space (𝜇0) and it is assumed that the magnetic field in air is 

proportional to the field in the pipe steel material used in this study. 

To obtain measurement in the experiment, the bias field was varied by adjusting the 

driving current of the Electromagnet and the particle velocity signal was captured by 

the LVD. Figures (A.4.1-A.4.7) shows the raw traces of the captured experimental 

particle velocity signal when the bias field was varied from 0.15T to 0.25T. The signal 

detected was averaged, Fourier transformed and the final result was used to 

compare the numerical prediction. The experimental result was observed to be 

consistent with the numerical prediction (see Fig.5.36) with an average discrepancy 

of 5.6%. 

 

Fig.5.36: Comparison between numerical and experimental particle velocity along 

sound beam when the bias magnetic field is varied from 0.15 [T] to 0.25T [T]. 
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 5.4 Reasons for the discrepancy observed in the result 

(i) One of the reasons for the observed discrepancy in the result is due to errors 

due to environmental noise and or as a result of vibration due to increase in 

temperature from the heating of the electromagnet during measurement.    

 (ii) Another most common sources of errors in modelling are the computational 

limitations. The model is extremely demanding, the number of element used was 

limited by the available computer memory. It is well known that the more the 

number of element used in the finite element mesh, the more accurate the result 

becomes and also the more computer memory required to run the simulation. A 

trade-off is required between the number of element used and the resolution of the 

skin depth and the wave length in the elastic region respectively. Four elements 

through the skin depth and 15 elements per wavelength were employed. This gives 

rise to a small but non-negligible error in the numerical results. 

 (iii) Physical variability of the magnetic properties of ferromagnetic materials is 

another common source of error in the model. From Eddy current inspection, 

flawless and apparently homogeneous ferromagnetic materials show significant 

variability when spatial scans are performed on them [178]. This is attributed to the 

spatial variation of the magnetic permeability caused by different surface conditions, 

residual stress, magnetic histories and aging effect [178]. The implication of this is 

that the validity of the physical model of a perfectly homogenous ferromagnetic 

specimen used in the simulation is in context. For instance, it has been proposed 

that a thin surface layer (known as dead layer) between 10-100μm whose 

permeability is significantly lower than the bulk of the material exist in ferromagnetic 

materials [179].  

 (iv)  Another source of error in the model is related to the frequency dependence of 

the magnetic properties of ferromagnetic materials. In the model a constant 

magnetic permeability was used throughout the study, while in reality, the magnetic 

permeability varies with frequency. Experimental investigations with different 

methods like inductance measurement [180] and potential drop measurement [181] 
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have shown that the relative permeability of pure iron exhibits significant 

dependence on frequency. 

 The issues enumerated above show that most errors in the simulation are due to 

insufficient knowledge on the behaviour of ferromagnetic media on the variation of 

some physical parameters.  

5.5 Summary 

The FE model used in this study has been successfully validated by comparing its 

predictions with analytical and experimental results. Overall, the validation has 

demonstrated that the physics of the transduction mechanism involved in EMATs 

operation is well represented by the model. The FE model results (single bench mark 

and multiphysics models) when compared to both the analytical and experimental 

results yielded an average discrepancy less than 9%. The FE model was carried out 

on pipe steel plate, this can be extended to pipes by creating a ring of equally spaced 

KT EMAT probes supported by a collar wrapped around the pipe as can be seen in 

Chapter VI of this theses. Finally the validated FE model will be used in the next 

Chapter to study the transduction mechanisms involved in the operation of two 

major EMAT configurations (the MS EMAT and NB EMAT). 
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CHAPTER 62 

A NEW STUDY OF THE TRANSDUCTION MECHANISMS 

OF A NOVEL KEY-TYPE (KT) EMAT CONFIGURATION ON 

VARIOUS GRADES OF PIPE STEEL MATERIALS. 

6.1    Introduction 

This Chapter will develop a coupled magnetostrictive model which consists of the 

validated coupled mechanical model discussed in Chapter 5 with some modifications 

to account for magnetostriction (see Fig.1.11). The coupled magnetostrictive model 

will give a comprehensive picture of the mechanism of operation of EMAT when 

used on Ferro-magnetic materials. Also a novel algorithm will be developed in 

conjunction with the coupled magnetostrictive model to decouple and quantify the 

transduction forces (MF, DLF and SLF) operating simultaneously at various excitation 

current when NB and MS EMAT configurations are deployed on pipe steel materials. 

The chemical and electromagnetic properties of these grades of pipe steel are shown 

in Table 6.1. 

Table 6.1: Measured electromagnetic properties of Pipe steel material and their 

constituent elements. The electromagnetic properties were measured via an 

alternating current potential drop (ACPD) technique [90]. 

Material Carbon (%) Other Elements 

(%) 

Relative  Permeability 

(μr) 

Conductivity, σ 

[Sm-1] 

CS70 0.65-0.75 0.7 Mn 59 3.77x10
6
 

J55 0.40-0.50 1.00 Mn, 0.17Cr, 

0.09 Cu, Mo, Ni 

137 4.06x10
6
 

TN80Cr3 0.25-0.30 Mo, Cr, Ti 86 2.61x10
6
 

L80SS 0.25-0.30 Mo, Cr, Ti 67 4.19x10
6
 

L80A 0.25-0.30 1.0 Mn, 0.12Cu, 

Mo, Cr, Ti 

70 4.54x10
6
 

 

                                                           
2
 A substantial part of this chapter has been published by the author in [97, 98] 
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6.2  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 [91]. This approach inspired by Chu [182] and Engel [183], 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 [92], accounts for both the 

magnetostrictive force, Lorentz force due to the static field, Lorentz force due to the 

dynamic magnetic field and Magnetization. A typical schematic of a normally biased 

(NB) and Magnetostrive (MS) EMATs using a Key-Type (KT) coil is depicted in Figures 

6.1 (A and B). 
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Fig.6.1: Schematic of a typical EMAT showing the orientation of the Magnetostrictive 

strain, dynamic Lorentz force and Static Lorentz force due to the magnetostriction, 

dynamic magnetic field and static magnetic field respectively. (A) Normally biased 

EMAT configuration with bias magnetic field normal to the surface of the test 

material. (B) Magnetostrictive EMAT configuration with the bias magnetic field 

parallel to the surface of the test material.  

Conservation of momentum law of electromagnetic radiation states that: the total 

generated electromagnetic force is equal to the sum of the work done and the 

energy density [111]. This is expressed in the form of;  

∫ (𝑇. 𝑑𝑎)𝑑𝑎
𝑠

 = ∫ 𝑓𝑑𝑣+
𝜕

𝜕𝑡
∫

𝑆

𝐶2𝑣
𝑑𝑣    (6.1). 

where T , f, C and S are the Maxwell’s stress tensor, force density, speed of light  and 

the Poynting vector respectively.  
𝑆

𝐶2
  represents the momentum density. For 

simplicity, the physical model in Figs.6.1 (A and B) is divided into three mutually 

coupled sub-system; the electrical, the mechanical and the material subsystem 

formulation. 
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6.2.1  Electrical subsystem formulation 

Faraday’s and Ampere’s equation which forms part of Maxwell’s equation within the 

quazi-static field limit is of the form [92]: 

∇× E = -𝜇0
𝜕𝐻

𝜕𝑡
 -𝐽𝑚      (6.2) 

∇×H = 𝐽𝑓       (6.3) 

∇.H = - ∇.M        (6.4) 

Where the magnetic source density 𝐽𝑚 can be expressed in terms of magnetization 

and mechanical particle velocity through; 

 𝐽𝑚 = 𝜇0
𝜕𝑀

𝜕𝑡
 + 𝜇0∇×(𝑀 ×

𝜕𝑢

𝜕𝑡
)     (6.5) 

Where 𝜇0 and 𝑢 are absolute permeability and particle displacement respectively. 

The total free conducting current density 𝐽𝑓 is given as: 

𝐽𝑓= σ E +𝜇0 σ
𝜕𝑢

𝜕𝑡
×(𝐻 +𝑀) +𝐽𝑠     (6.6) 

with σ and 𝐽𝑠 denoting material conductivity and source current density respectively.  

The electromagnetic field equation in (6.2) and (6.3) can be expressed in the form; 

∇.𝑇𝑒 + 
𝜕𝐺

𝜕𝑡
 = 𝑓𝑒       (6.7). 

Equation (6.7) is analogous to the mechanical momentum conservation equation, 

where the negative part of the Maxwell’s stress tensor is given as: 

  𝑇𝑒 = 
1

2
𝜇0|𝐻|

2I         (6.8) 

Assuming that the electromagnetic moment of momentum due to the quasi-static 

field is zero, that is  

  
𝜕𝐺

𝜕𝑡
 = 𝜀0𝜇0

(𝐸×𝐻)

𝜕𝑡
 = 0      (6.9), 

Combining equations (6.7) and (6.9) yields 
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  𝑓𝑒= ∇.𝑇𝑒       (6.10) 

Substituting equations (6.8) and (6.10) yields the electromagnetic force density given 

as: 

  𝑓𝑒= - 𝐽𝑒×𝜇0H + H(∇. (𝜇0𝑀))     (6.11) 

with 𝐽𝑒 and M denoting the induced eddy current density and magnetization 

respectively  in the material under investigation. 

In EMAT’s operation, it is well-known that two types of magnetic fields cause stress 

on the material.  The fields are: the static magnetic field due to the bias magnetic 

and dynamic magnetic field due to the sinusoidal excitation of the coils. The effective 

field on the material is given as: 

   H = 𝐻𝑠 +𝐻𝑑       (6.12) 

where 𝐻𝑠  and 𝐻𝑑  denotes the static and dynamic field respectively. Substituting 

equation (6.12) in (6.11) yields: 

  𝑓𝑒 = - 𝐽𝑒×𝜇0(𝐻𝑠 + 𝐻𝑑) +(𝐻𝑠 + 𝐻𝑑) (∇. 𝜇0𝑀)   (6.13). 

6.2.2  Mechanical subsystem formulation 

When an ultrasonic wave propagates within a metal, it does not obey ‘Hooke’s law’ 

as a result of the strain generated in the metal [184]. A nonlinear approximation 

based on Cauchy’s first law of motion is employed to account for the acoustic wave 

propagating in the metal. In the propagation of elastic waves nonlinear effects may 

arise from many different sources, i.e. when the amplitude of an elastic wave 

becomes sufficiently large as to generate a finite strain on the material. The 

relationship between Cauchy’s stress tensor and the finite strain tensor gives the 

elastic properties of nonlinear materials and can be derived by invoking Cauchy’s law 

of motion [92]: 

  ∇.(𝐶: ∇𝑢) + 𝑓𝑘 =ρ
𝜕2𝑢

𝜕𝑡2
      (6.14) 
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where ρ is the density and 𝑓𝑘 is the source term which must be determined as a 

result of the magnetic field distribution. In the momentum conservation form, 

equation (6.14) becomes: 

  ∇.𝑇𝑘 + 
𝜕𝐺𝑘

𝜕𝑡
 = 𝑓𝑘       (6.15) 

where the negative kinetic stress tensor 𝑇𝑘 is defined by the linearized form of 

Hooke’s law: 

  𝑇𝑘 = -c:∇𝑢       (6.16) 

and the momentum density is given as 

  𝐺𝑘 = ρ 
𝜕𝑢

𝜕𝑡
       (6.17)  

The unified conservation law description of EMAT has been numerically 

implemented by Ludwig in [91]. 

6.2.3  Material subsystem formulation 

The material subsystem accounts for the coupling between the electrical and 

mechanical subsystem. The outflow of electromechanical energy from the 

transducer into the material and its subsequent conversion into acoustic energy 

depends on the geometry of the coil, the coil lift off, the properties of the material 

and the material coupling factor. Applying the conservation law (which takes into 

account all the parameters involved in acoustic wave generation and propagation), 

the material subsystem tensor is introduced as [92]; 

  ∇.𝑇𝑚 + 
𝜕𝐺𝑚

𝜕𝑡
 = 𝑓𝑚      (6.18) 

Where 𝐺𝑚  is the material momentum density and is equal to zero (𝐺𝑚) , 𝑇𝑚 is the 

material tensor while 𝑓𝑚  is the material dependent force.  𝑇𝑚  is created as part of a 

general  power series expansion 𝑇𝑔 with expansion coefficient 𝛼𝑝𝑞 in the form; 

  𝑇𝑔 = ∑ 𝛼𝑝𝑞𝑝,𝑞≥0 (∇𝑢)
𝑝𝐻𝑞     (6.19) 
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To convert equation (6.19) to index notation and account for the magnetised state of 

the material medium an additional tensor contribution (-𝜇0𝑀𝐻) is included, 

transforming the material subsystem tensor to; 

  𝑇𝑚 = ∑ 𝛼𝑝𝑞𝑝,𝑞≥0 (∇𝑢)
𝑝𝐻𝑞-𝜇0𝑀𝐻+𝛼10:∇𝑢   (6.20) 

Taking the divergence of (6.20) yields the material dependent force density;  

  𝑓𝑚 = ∇.𝑇𝑚 = - 𝛼01.∇H- 𝛼02𝐻𝑠 .∇H -𝜇0𝑀. (∇𝐻)  (6.21) 

6.2.4  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 EMAT system has no additional external force 

operating on it, hence the total force densities add up to zero; 

  𝑓𝑚+𝑓𝑒+𝑓𝑘 = ∇.(𝑇𝑚 + 𝑇𝑒 + 𝑇𝑘) - 
𝜕

𝜕𝑡
(𝐺𝑚 + 𝐺𝑒 + 𝐺𝑘) =0  (6.22) 

In the form of (6.16), equation (6.22) becomes; 

  𝑓𝑘= -∇.(𝑇𝑚 + 𝑇𝑒) - 
𝜕

𝜕𝑡
(𝐺𝑚 + 𝐺𝑒)    (6.23) 

Linearizing equation (6.20) and expanding to its first three terms, equation (6.23) 

becomes; 

  𝑓𝑘= 𝛼01𝛼01.∇H+ 𝛼02.𝐻𝑑: ∇H+𝐽𝑒 × 𝜇0𝐻 + 𝜇0𝑀. (∇𝐻) (6.24) 

If the third rank magnetostrictive tensor defined as [185]; 

  -𝑒𝑇 = 𝛼01+𝛼01. 𝐻𝑠      (6.25) 

is invoked ( where the superscript T denote transpose), equation (6.24), yields the  

four force mechanism in operation when EMAT is employed in a ferromagnetic 

material. Thus, equation (6.24) becomes; 

𝑓𝑘 = 𝐽𝑒 × 𝜇0𝐻𝑠 + 𝐽𝑒 × 𝜇0𝐻𝑑 − 𝑒
𝑇 . ∇𝐻 + 𝜇0𝑀. (∇𝐻)  (6.26) 
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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 (6.26) can be used in equation (6.14) to 

resolve completely the problem of acoustic wave propagation in ferromagnetic 

material. It has been reported in [89, 114, 142, 186, 187] 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 are out of phase; hence the two forces cancel each other.  

6.3 Determination of experimental  parameters for simulation 

The aim of the experiment is to obtain a magnetostrictive curve (magnetostrive 

strain versus magnetic field strength) for five grade of pipe steel plate shown in 

Table 6.1. The magnetostrictive parameter subsequently obtained from the 

magnetostrictive curve is fed into the numerical model to account for 

magnetostriction in EMATs. Fig.6.2 (A),(B) and (C) shows a close up view of the 

magnetic circuit and the block diagram respectively of the setup used for the 

experiment. Four Kyowa strain gauges (Sensor UK) with a gauge factor of 2.1 were 

connected in a bridge form (for optimal sensitivity) and mounted on the pipe steel 

plate using M-Bond 200 and AE-10 adhessive systems (HBM UK) [188], the strain 

gauges were placed between two 24V, 500N ferrite electromagnet of diameter 

50mm and height 30mm that generates the static field. Each of the electromagnets 

were connected to a  dual mode  adjustable DC power supply (RACAL DANA 9232) 

and then placed on  a pipe steel plate of (320 × 120 × 0.5mm) to form a magnetic 

circuit. The sensor tip of a DC magnetometer (Alpha Lab, USA) was placed 

underneath the electromagnet to measure the magnetic flux density generated on 

the surface of the material. The terminals of the bridge strain gauge were connected 

to a channel of strain measurement bridge amplifier instrument (Tinsley Sovereign). 

The strain measurement equipment provides the excitation voltage and amplifies 
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the output signal of the strian gauge, since the magnetostrictive strain (ε) caused by 

the magnetic field on the plate is very small (in micro strain).  

 The magnetic field strength inside the steel material can be calculated by assuming 

that  𝐻𝑎𝑖𝑟 = 𝐻𝑠𝑡𝑒𝑒𝑙 and the boundary condition for the magnetic field strength (H) 

sets the continuity of the tangential component at the boundary between two media 

[90], hence 

 𝐻𝑎𝑖𝑟 = 
𝐵𝑎𝑖𝑟

𝜇0
        (6.27)  

To be sure that the strain gauge is measuring the strain on the steel material and not 

the magnetic field on the surface of the steel material, the same experiment was 

conducted, but this time with a non-magnetic material (aluminum). The 

measurement on the strain measuring equipment was observed to be zero. This 

indicates that the strain gauge was unable to detect any variation of the magnetic 

field on the surface of the material.  
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Fig.6.2 (A) Pictoral view of the experimental setup to measure Magnetostrictive 

strain on pipe steel grade of materials. (B) Closeup view of the experimental setup 

showing the bridge strain gage circuit. (C) Block diagram of the experimental setup to 

measure magnetostrictive strain on pipe steel grade of materials.  

The magnetostrictive curve in Fig.(6.3) shows that on application of the magnetic 

field, the pipe steel sample  expands causing positive strain along the direction of the 

field where H<10 kA/m. Between 10 kA/m and 15 kA/m the magnetostrictive strain 

peaks (maxima) for all steel grades while compression sets in when H>15 kA/m. This 

result is consistent with work done by other researchers [88, 90, 112, 189, 190].  
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Furthermore, it is observed that although the shapes of the curves are similar, the 

position of the maxima (for which piezo magnetic strain equalls zero) differs 

significantly for each grade of pipe steal studied as shown in Fig.(6.3 ) 

 

Fig.6.3: Experimental magnetostrictive curve of five grade commonly used pipe steel 

materials. 

 

Fig.6.4: Chart of magnetostrictive strain obtained from the slope of each 

magnetostriction curve at H =8 kA/m for five grades of pipe steel. The slope of the 

curve deffer slighly due to the different relative permaeability of the samples. 
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6.3.1 Finite element modelling 

A numerical modelling technique using finite element commercial software 

(COMSOL multi-physics) is proposed. The technique involves creating a Whole EMAT 

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 (6.2). 

Table 6.2: Illustration of the composition of the proposed models. 

Whole EMAT 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 

EMAT model (MEM) 

This includes every component of the whole model plus 

the magnetostrictive parameters. It describes the 

complete working of EMAT on ferromagnetic material. 

Dynamic EMAT model  

(DEM) 

This is the whole model without the permanent magnet. 

That is, the model consists of only 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 magneto-mechanical coupling is achieved by the influence of the 

total Lorentz force (𝐹𝑇) and magnetostrictive force. The total Lorentz force (𝐹𝑇) is 

implemented as a sum of the dynamic and static Lorentz forces. The dynamic Lorentz 

force (DLF) is the vector product of the induced eddy current ( 𝐽𝑒)  and the dynamic 

magnetic field, while the static Lorentz force (SLF) is the vector product of the 

induced Eddy current ( 𝐽𝑒)  and static magnetic field as reported in equation (6.26).  

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

analogous to piezoelectricity; 
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 {
𝜀 = 𝑠𝜎 + 𝐷𝐻𝑑
𝐵 = 𝐷𝑇𝜎 + 𝜇𝐻𝑑

       (6.28) 

where ε, σ, 𝐻𝑑, B, s, 𝐷 and μ represents strain tensor, stress tensor, magnetic field, 

magnetic flux density, compliance matrix, piezomagnetic strain coefficient and 

magnetic permeability respectively.  

To make it easier to represent in the Comsol multiphysics equation (6.28) becomes; 

 {
𝜎 = 𝐶𝑚𝑜𝑑𝜀 + 𝜎0
𝐵 = 𝜇𝐻𝑑 + 𝐵𝑟

       (6.29) 

where 𝜎0 = β𝐵, 𝐵𝑟 = 𝐷
𝑇𝜎  and 𝐶𝑚𝑜𝑑 denotes the effective initial stress, the 

effective remnant flux density and the effective stiffness coefficient respectively.  

In (6.29), the first equation represents the ‘Joule effect’ or direct magnetostriction 

which occurs when magnetostrictive materials are strained as a result of exposure to 

a 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, 

 𝐶𝑚𝑜𝑑 = (𝐼 − 𝑐𝐷𝜇−1𝐷𝑇)−1𝑐      (6.30) 

where c = 𝑠−1 and  I = 6×6 Identity matrix. 

The piezomagnetic stress coefficient (β) is given as 

 β = −(𝐼 − 𝑐𝐷𝜇−1𝐷𝑇)−1𝑐𝐷𝜇−1      (6.31) 

which transforms to 

β = 𝐶𝑚𝑜𝑑𝐷𝜇
−1        (6.32) 

The peizomagnetic strain coefficient (𝐷), is given as [33]; 
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𝐷  =   

[
 
 
 
 
 
 0 0 

−𝑚

2

0  0  
−𝑚

2

0 0 𝑚
0  0 0
0 0 𝑛
𝑛 0 0 ]

 
 
 
 
 
 

        (6.33)  

  for a normally biased EMAT  

𝐷 =

[
 
 
 
 
 
 0 

−𝑚

2
 0

0  𝑚  0

0 
−𝑚

2
 0

0 0 𝑛
0 0 0
𝑛 0 0 ]

 
 
 
 
 
 

         (6.34) 

    for a magnetostrictive EMAT 

Where m = 𝑑22 = [
𝜕𝜀

𝜕𝐻
]
𝐻𝑠

 and  n = 𝑑61 = 
3𝜀

𝐻
 

 

 

Where m and n represents the two independent components of the piezomagnetic 

coefficients 𝑑22 and 𝑑61 respectively. 𝑑22 is related to the changing magnitude of 

strain while 𝑑61 relates to the changing orientation. The bias magnetic field 

generates the magnetic strain to a certain extent while the dynamic field makes the 

strain to oscillate around the static magnetostrictive strain. The two independent 

components of the piezomagnetic coefficient (D) to be fed into the model can be 

obtained as the slope of the experimental magnetostrictive strain curve. In 

calculating the stiffness coefficient to be imputed into the model reference 

compliance matrix (s) for structural steel was assumed [191]. 

 

6.3.2  Model implementation 

The model was implemented using the AC/DC and structural mechanics module. A 

2D axisymmetric model was obtain by discretising the model into 10353 triangular 

elements for NB EMAT and 10126 triangular elements for MS-EAMT as shown in 

Figs.6.7 (A and B) respectively, the strength of the field generated by the permanent 

magnet (NbFeB) employed is 750kAm-1, 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.(6.5), with 
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centre frequency of 2MHz and peak to peak current amplitude ranging from 20-400A 

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

pipe steel employed; Young modulus 200 GPa, Poisson’s ratio 0.33 and density 7850 

Kgm-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. 

 

Fig.6.5: Time history of 8 cycle tone burst  excitation current  with centre frequency 

2MHz. 

The algorithm in Fig.(6.6) depicts how the model was implemented in COMSOL 

multiphysics. 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 relatively 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) Effects of increase in temperature due to Joule heating are not included. 
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Magnetostrictive model  (Whole 

model + Magnetostrictive strain) 

Mesh discretisation 

2D axisymmetric  FE model 

FE calculation 

Distribution of composite forces (MF + 
SLF + DLF) 

(-) (+) 

Distribution of  MF 

Acoustic field calculation 

Displacement due to  MF 

(+) 
(+
) (+) 

Displacement due to SLF 

Acoustic field calculation 

Distribution of SLF 

(-) 

(+) 

Distribution of composite forces 
(SLF+DLF) 

FE calculation 

2D axisymmetric model 

Whole model 

Mesh discretisation 

Dynamic Lorentz force model  
(Whole model - static magnetic field) 

2D axisymmetric  model 

Distribution of DLF 

Distribution of DLF 

Displacement due to DLF 

Acoustic field 
calculation 

FE calculation 

Mesh discretisation 

Total displacement due to composite forces (MF +DLF +SLF) 

Fig.6.6  Novel modelling technique to decouple and quantify particle displacement due to various transduction forces. 
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To obtain the distribution of the transduction mechanism at various excitation 

current for NB and MS EMATs, the following steps (depicted in Fig.6.6) were carried 

out:   

STEP 1: 

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

parameters using a driving current ranging from 20-400A 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 step 1(a). The result gives the particle displacement due to 

magnetostrictive force (MF), SLF and 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 SLF and DLF 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 DLF. 

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 MF. 

The difference between the values of the displacement amplitude between step 2 

and 3 gives the value of particle displacement due to SLF. Step 3 gives the value of 

the particle displacement due to DLF. 

The result of a typical finite element simulation for both (MS and NB) EMAT 

configuration is shown in Figures 6.8 (A and B). The value of the displacement 
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amplitude produced by each of the models on the pipe steel material was obtained 

by means of a point probe tool incorporated in the software. Figures 6.9 (A) and (B) 

shows an example of the value of the displacement amplitude for an NB and MS 

EMATs respectively at 20A excitation current. These values are plotted against 

various excitation currents to obtain the CEC for both the NB and MS EMAT 

configurations under investigation.  

 

      

           

Fig.6.7: Finite Element mesh (A) Normally biased  model with 10353 triangular 

elements. (B) Magnetostrictive EMAT model with 10126 triangular elements 

 

A 

B 
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Fig.6.8: Surface plot of the z component of the displacement field on pipe steel (CS70 

grade). (A) NB-EMAT and (B) MS-EMAT. 

A 

B 
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Fig.6.9: Time history of the transduction mechanisms at 20A on a CS70 grade of pipe 

steel. (A) NB-EMAT, (B) MS-EMAT. The plot depicts the peak to peak value employed 

to compute the distribution of the transduction meachanisms. 
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6.4 Results and Discussions 

This section presents and intepret the distribution of transduction forces and the 

effect of Joule heating at elevated excitation current in the numerical model 

implemented in sections (6.3.1 and 6.3.2) for both the NB and MS EMATs. 

 6.4.1  Distribution of transduction forces in NB-EMAT 

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

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

steel is shown in Figs.(6.10-6.14). In the entire steel sample studied, prior to 

attaining critical excitation current as summarised in Table 6.3, 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, and 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 CEC. 

Microscopically speaking, 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 generate 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 

[101]. 

 𝜀𝑟𝑧  ∝  
3𝜀

𝐻𝑠
 𝐻𝑑𝑟        (6.35) 

Wang et al [82]  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 
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field is constant is due to the fact that the SLF is a vector product of the Eddy current 

and static magnetic field; 

  𝑓𝑠= 𝐽𝑒 ×  𝐻𝑠        (6.36) 

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

increases, thus the SLF increases proportionally. 

The DLF is seen to increase exponentially, this due to the fact that it is a vector 

product of the dynamic field and the Eddy current; 

  𝑓𝑑= 𝐽𝑒 ×  𝐻𝑑       (6.37) 

Therefore, any increase in the excitation current increases both the induced Eddy 

current in the material and also the dynamic magnetic field. Consequently, the 

frequency of the DLF is twice that of the SLF [82]. The percentage distribution of 

transduction mechanism of the NB EMAT on five grades of pipe steel is shown in 

Table (6.4). 

 

Fig.6.10: Distribution of the transduction forces of NB EMAT on TN80Cr3 grade of 

pipe steel.  
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Fig.6.11:Distribution of the transduction forces of NB EMAT on CS70 grade of 

pipe steel. 

 

Fig.6.12: Distribution of the transduction forces of NB EMAT on J55 grade of pipe 

steel. 
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Fig.6.13: Distribution of the transduction forces of NB EMAT on L80SS grade of pipe 

steel. 

 

Fig.6.14: Distribution of the transduction forces of NB EMAT on L80A grade of pipe 

steel. 
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6.4.2  Distribution of transduction forces in MS- EMAT 

As shown in Fig.(6.1B), the bias field in an MS EMAT is parallel to the surface of the 

material specimen; hence its mode of operation is slightly different from that of the 

NB-EMAT. The particle displacement plot for five grades of pipe steel (CS70, 

TN80Cr3, L80SS, L80A and  J55) shown in Figs.(6.15-6.19),indicates  clearly that prior 

to attaining  critical excitation current, the magnetostrictive effect is dominant 

followed by the DLF and the least is the SLF.  As the current is increased the dynamic 

magnetic field increases also, leading initially to positive strain on the material along 

the direction of the field. The deformation reaches a maximum and turns into a 

compressional strain and remains fairly constant at higher excitation current. The 

strain generated by the fields as shown in equation (6.35), vibrates the material 

causing the generation of sound wave. The particle displacement obtained in Fig.(6. 

15-6.19) due to magnetostrictive strain is consistent with earlier work done by 

Thompson [88].  

The particle displacement due to the DLF is seen to increase exponentially, this is 

due to the fact that it is a vector product of the dynamic field and the Eddy current 

as seen in equation (6.37); the increase continues until it becomes the dominant  

transduction mechanism beyond the critical excitation current.  

The SLF shows a linear increase as the excitation current is increased, in all the pipe 

steel material studied even as the bias field is constant at 750 kAm-1. This is due to 

the influence of the Eddy current. As the excitation current varies the eddy current 

also varies proportionally and since the SLF is a vector product of the Eddy current 

and the static field as shown in equation (6.36), a linear increase in the particle 

displacement due to SLF is observed. Table 6.3 shows the critical excitation current 

of both EMAT configurations. 
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Fig.6.15: Distribution of the transduction forces of MS-EMAT on TN80Cr3 grade of 

pipe steel. 

 

Fig.6.16: Distribution of the transduction forces of MS-EMAT on CS70 grade of pipe 

steel. 
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Fig.6.17: Distribution of the transduction forces of MS-EMAT on J55 grade of pipe 

steel. 

 

Fig.6.18: Distribution of the transduction forces of MS-EMAT on L80SS grade of pipe 

steel. 
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Fig.6.19: Distribution of the transduction forces of MS-EMAT on L80A grade of pipe 

steel. 

Table 6.3: Relationship between relative permeability, conductivity and critical 

excitation current for NB and MS EMAT. 

Pipe 

steel 

material 

Relative 

permeability 

Conductivity 

(Sm-1) 

Critical Excitation Current (A) 

MS EMAT NB EMAT 

CS70 59 3.77×106 268 190 

L80SS 67 4.19×106 274 205 

L80A 70 4.54×106 279 240 

TN80Cr3 87 2.61×106 290 160 

J55 137 4.06×106 305 200 

 

 

 

0

2

4

6

8

10

12

14

16

18

20 70 120 170 220 270 320 370 420

P
ar

ti
cl

e
 D

is
p

la
ce

m
e

n
t,

P
-P

 [
μ

m
] 

Excitation Current [A] 

Poly. (MF) Poly. (SLF) Poly. (DLF) Poly. (MF+SLF+DLF)

Point of CEC 



161 
 

6.4.3  Comparison of the CEC for MS and NB EMAT configurations 

The result, in Fig.(6.20) shows the comparison of the minimum electrical energy 

required by both EMAT configurations to generate sound waves efficiently using 

solely the DLF mechanism for five grades of pipe steel. It is observed that more 

current or energy is required by the MS-EMAT to attain the critical excitation 

current, hence the NB-EMAT is more efficient in generating sound wave solely by the 

dynamic Lorentz force mechanism. 

 

Fig.6.20: Comparison of the Critical Excitation Current (CEC) for MS and NB-EMATs. 
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Table 6.4: Percentage contribution of the transduction forces to acoustic wave generation at various excitation current on five grades of pipe steel materials 

for both NB and MS EMAT configurations. 

                                                             PERCENTAGE PARTICLE DISPLACEMENT 
  MAGNETOSTRICTIVE FORCE (MF)     DYNAMIC LORENTZ FORCE (DLF)     STATIC LORENTZ FORCE (SLF) 
NB- EMAT MS-EMAT  NB-EMAT MS-EMAT NB- EMAT MS- EMAT 

EXCITATION 

CURRENT (20A) 

CS70 12.2 62.4 25.5 24.0 62.3 13.6 

L80SS 12.1 59.4 25.3 25.6 62.7 15.0 

L80A 19.0 55.9 22.1 31.7 59.0 12.4 

TN80Cr3 13.3 59.7 24.1 26.3 62.2 14.0 

J55 12.7 63.7 24.8 22.6 62.5 13.7 

EXCITATION 

CURRENT (140A) 

CS70 11.8 61.1 36.9 25.5 51.3 13.5 

L80SS 13.0 62.7 34.7 21.5 52.3 15.8 

L80A 14.6 65.5 34.6 21.2 50.8 13.3 

TN80Cr3 14.2 69.3 39.7 18.2 46.1 12.5 

J55 10.1 68.9 43.5 18.3 46.4 12.8 

EXCITATION 

CURRENT (260A) 

CS70 8.4 39.4 54.8 39.8 36.8 20.8 

L80SS 10.6 41.6 47.8 36.8 41.6 21.6 

L80A 13.7 43.2 43.1 41.0 43.2 15.9 

TN80Cr3 8.9 46.8 62.6 32.5 28.5 20.8 

J55 9.1 46.2 50.8 38.2 40.1 15.6 

EXCITATION 

CURRENT (400A) 

CS70 7.0 27.2 65.7 52.2 27.4 20.6 

L80SS 27.1 23.7 65.8 57.8 27.1 18.5 

L80A 11.2 28.5 60.0 52.2 28.8 19.4 

TN80Cr3 7.2 22.1 67.4 62.6 25.5 15.3 

J55 7.2 31.7 64.1 49.1 28.8 19.2 
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6.4.4: The Effect of Joule heating on the excitation coil at elevated 

excitation current. 

The temperature profile of the EMAT coil driven with an excitation pulse ranging 

from 100–500A and at a duration of up to 10μs is shown in Fig.6.21. The result was 

obtained using the Joule Heating module of Comsol multiphysics. As observed in the 

plot, with reference temperature of 2930K the maximum temperature rise at 500A is 

0.90K. This implies that due to the short pulse duration, very small amount of energy 

is consumed, even at high current. Transmitting power circuits working in parallel 

and with the improvement in semiconductors, the amplitude of the excitation 

current can be increased. An excitation current of 300A at 500 KHz has been 

demonstrated in [82] by applying a tone burst signal on a narrow band meander line 

coil. Higher current amplitude up to 500A can also be achieved using single pulse 

excitation.  

 

Fig.6.21: Time history of the heat flux (in Kelvin) generated by the KT EMAT coils at a 

peak to peak pulse excitation current ranging from 100-500A. 
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6.5 Summary 

This research has established 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 (6.10 

– 6.19). In MS EMAT, the dominant transduction mechanism prior to attaining the 

CEC is the MF, while the DLF became the dominant mechanism afterwards. Table 

6.4, also shows the percentage particle displacement due to the three transduction 

mechanisms on the various pipe steel materials at a peak to peak pulse driving 

currents of 20A, 140A, 260A and 400A.  

The overall implication of this work is that beyond the CEC where the DLF dominates, 

EMATs can operates solely on coils eliminating the problem of using magnets on 

steel materials and also the structure of EMAT can be miniaturised and made more 

compact and robust for measurement in difficult and high temperature 

environment.  

Furthermore, the research has established quantitatively for both the NB and MS 

EMATs configuration, the value of the minimum excitation current required to 

generate acoustic wave efficiently by employing only the dynamic Lorentz force 

mechanism, on five grades of pipe steel. 

In general, the research has established that, the NB EMAT require less current 

(electrical energy) to reach its CEC than the MS EMAT. This can be interpreted to 

mean that at higher excitation current, the NB EMAT tends to be more efficient than 

the MS EMAT in generating acoustic wave on steel material. 

 

 

 

 



165 
 

CHAPTER 7 

   CONCLUSION AND FUTURE WORK 

 7.1  Thesis review 

In this research, the general operation of EMAT has been investigated through the 

development of numerical models. Chapter 1 gave a brief overview of some popular 

NDT methods used in the industries. This was followed by a comprehensive review 

of previous work done in the field of EMATs (the main subject of this Thesis) in 

Chapter 2. The review showed that the field of EMAT is an active research area as 

much research has been carried out in the modelling and optimization of the 

transducer. Most research on EMAT focused on the Lorentz force mechanisms while 

other important transduction phenomena like magnetostriction were only included 

in the ideal analytical models. Furthermore, the review showed that most research 

carried out on EMAT (Ribichini et.al. and Dixon et.al) lumped the Lorentz forces (DLF 

and SLF) together for easy analysis. This is not correct as in the ideal case the two 

Lorentz forces are produced by different mechanisms and they play different roles in 

the generation of acoustic waves by EMATs. This observation led to the development 

of a numerical model implemented in COMSOL Multiphysics and used as a prediction 

tool for arbitrary EMAT configurations. The theoretical basis for this model was 

described in Chapter 3, where the relevant equations that describe the physics of the 

transduction mechanisms involved in the process of generating, transmitting and 

reception of acoustic waves by EMAT were presented. The actual implementation of 

the governing electrodynamic equations in COMSOL Multiphysics was described in 

Chapter 4. Here the 2D model was used to study and compare the Lorentz force and 

Eddy current density generated by various EMAT coil configurations (i.e. ML, SP and 

a novel KT coil). The model was also used in section 4.4 to study performance of the 

novel KT EMAT on CS70 grade of pipe steel material by varying some key EMAT 

parameters and observing the density of Lorentz force generated. This was followed 

by the study of the generation, propagation and detection of acoustic wave by the 

KT EMAT configuration using coupled mechanical model in Chapter 5. The 
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effectiveness of the coupled mechanical model was also confirmed by comparing its 

predictions with the results from analytical (bench mark) models and experimental 

tests. The predictions of single numerical models such as Eddy current, static magnet 

field and ultrasonic models respectively were compared with the results of the 

analytical models, whilst the predictions of the coupled multiphysics model was 

compared with experimental results (particle velocity of the acoustic wave) by 

varying some key EMAT parameters such as excitation current, excitation frequency 

and static magnetic field. The analytical and experimental results show good 

agreement with the numerical result with an average discrepancy less than 9%.  

The validated model was used with relevant modification in Chapter 6 to study the 

transduction mechanisms (SLF, DLF and MF) of both NB and Ms EMAT configuration 

for five grades of pipe steel material. This was achieved by introducing the effect of 

magnetostriction in the model and developing a special algorithm (see section 6.3.2) 

to decouple and quantify the various transduction forces that gives rise to the 

generation of acoustic wave in EMAT. The magnetostrictive parameters were 

obtained experimentally (see section 6.3) and used as an input in the model to 

account for the magnetostrictive force.  

Furthermore, in comparison to other researches carried out in this field especially 

the research conducted by Remo Ribichini at Imperial College, this research: 

(a) Developed and studied numerically a novel KT EMAT configuration that combines 

the structure of a spiral coil and the current part of a meanderline coil EMAT 

configurations respectively to generate high amplitude of radially polarised 

Rayleigh and bulk waves. 

(b) Developed a comprehensive numerical EMAT model for the NB and MS EMAT 

that incorporated magnetostrictive effect inherent when EMAT is used on pipe 

steel. The model use to study characterise the transduction mechanisms of 

various EMAT configuration     

(c) Developed a novel algorithm to decouple the major transduction forces in 

operation when NB EMATs and MS EMATs are used on various grades of pipe 

steel materials. 
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(d) Numerically characterise the transduction forces when both NB and MS EMATs 

respectively are driven with higher excitation current ranging from 20-400A on 

pipe steel materials. 

(e) The experimental work in this research was used to validate the numerical model 

developed to study the generation, transmission and detection of ultrasonic 

waves on CS70 grade of pipe steel material. 

Finally, one weakness of this research in comparison to others in this field is that the 

research is centred on numerical modelling with the only experimental work being 

model validation and determination of the magnetostrictive parameters used as 

input in the coupled magnetostrictive model. Whilst other works especially the work 

of Remo Ribichini; apart from also developing a numerical model and validating it 

experimentally, investigated and compared qualitatively, the performance of some 

EMATs configuration for shear horizontal wave and bulk shear wave generation like 

the Periodic Permanent Magnet and nickel strip bonded/unbonded magnetostrictive 

EMATs respectively, on some structural steel materials (EN32B, EN3, BO1 and EN24). 

The author had private communication with Dr. Ribichini to access his model for 

comparison with the model presented in this thesis but unfortunately it was not 

available due to commercial confidentiality. 

 7.2  Suggestions for future work 

The FE model developed in this thesis can only solve EMAT problems in 2D; this was 

due to the limitations of the computer processor and the commercial software 

COMSOL multiphysics. The 2D model has 9000 to 11000 triangular elements, which 

is close to the limit of 8 Giga-bytes RAM. With the availability of high processing 

computers (grid computing), a more realistic 3D model of EMAT can be achieved 

with a different commercial software known as FLUX™ developed by Cedrat of 

Grenoble, France. The 3D model has the capacity to provide more accurate results 

and increase the understanding of EMAT system, though with a risk of increasing the 

complexity of the EMAT model which will include all the components of a practical 

EMAT such as the magnet, coils, back plate and casing. The 3D model if successfully 
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developed can be extended to study the transduction efficiency of other EMAT 

configurations. 

With the improvement of power electronics, a more robust pulser/receiver power 

supply can be developed to harness the advantage of EMAT generating acoustic 

wave more efficiently at higher excitation current (see section 6.4.1 to 6.4.4). At 

present the conventional EMAT system is driven by RYTEC pulser/receiver unit that 

can give up to 50A peak to peak tone burst supply. This research has shown that at 

high current of about 150-400A peak to peak, EMAT generates acoustic wave by DLF 

mechanism more efficiently and not much energy is consumed by the system since 

the duration of the excitation current is in micro seconds (see section 6.4.5). 

Presently, the amplitude of the driving current is enhanced by connecting the 

transmitting circuits in parallel. 

Further investigation should be conducted to ascertain the relationship between the 

CEC and the electrical and magnetic properties of pipe steel materials. This should be 

extended to other ferromagnetic materials. 

There is also a need to investigate and develop a miniaturised KT EMAT using MEMS 

technology to be used in a novel integrated metrology instrument to detect defects 

and measure the thickness of conducting fibres when coating hundreds of metres of 

fibre used in the manufacture of superconductors for energy storage. The 

miniaturised KT EMAT system will use a non-contact transduction mechanism to 

probe the thickness of the deposited layers and detect defects such as bubbles, 

cracks and beads. This will ensure that the super-capacitors are manufactured with 

uniform layer thickness and free of defects in order to predict the performance of 

the energy storage and to reduce material wastage.  

The need to develop a miniaturised EMAT that can be used in a high temperature 

environment which does not require the use of permanent magnet cannot be 

overemphasized. The KT EMAT configuration presents a good start in this direction 

since it can be easily stacked in layers to produce higher amplitude of acoustic wave 

and by exploiting the DLF mechanism which the KT EMATs configuration produce 

more efficiently at high excitation current. An EMAT system that does not 

incorporate a permanent magnet eliminates the problem of mobility when they are 
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used on ferromagnetic materials and can be used in an environment with 

temperature higher than the Curie temperature of rare earth magnets (i.e. greater 

than 4000C). 

Finally, further research should be carried out to adapt the KT EMAT for 

measurements on circular structures like pipes. This can be achieved by creating an 

array of KT EMATs in ring form around the pipe structure to generate torsional wave 

mode that can propagate circumferentially along the pipe.   
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APPENDIX A.1 

Derivation of equation for the magnetic vector potential (MVP) 

A detailed derivation of the MVP equation as a function of current densities is 

presented. The current densities are defined as a function of the displacement 

vector. 

Substituting equation 3.14 into 3.13, we obtain 
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   (A.1.1) 

 Let the magnetostrictive field intensity vector be given as 

  �⃗⃗� 𝑀𝑆 = 𝑣𝐵⃗⃗⃗⃗  ⃗𝑀𝑆        (A.1.2) 

 Multiplying  both sides of equation 3.9 by v = 
1

𝜇
 gives 

  �⃗⃗� 𝑑 = 𝑣�⃗� 𝑑+ �⃗⃗� 0∇.�⃗�  -�⃗⃗� 𝑀𝑆       (A.1.3) 

Where 𝑣 is the inverse of the permeability matrix μ. 

Taking the curl of both sides of (A.1.3) yields 

 ∇× �⃗⃗� 𝑑 = ∇ × 𝑣𝐵⃗⃗⃗⃗  ⃗𝑑+ ∇ × (�⃗⃗� 0∇.�⃗� ) - ∇ × �⃗⃗� 𝑀𝑆     (A.1.4) 

Substitute equation (3.15) into the right side of equation (A.1.4) and combining it 

with equation (3.6) to give 
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 ∇×(𝑣∇ × 𝐴 )+ ∇ × (�⃗⃗� 0∇.�⃗� ) - ∇ × �⃗⃗� 𝑀𝑆 = 𝐽     (A.1.5) 

Substituting equation (3.15) into equation (3.2) and cancelling the curl operator 

yields 

 �⃗�  = - 
𝜕𝐴 

𝜕𝑡
 + �⃗� 𝑠        (A.1.6) 

Where �⃗� 𝑠 is an unknown constant which can be computed as a function of the MVP. 

Substituting equation (A.1.6) into equation (2.8) yields 

 𝐽  = - σ 
𝜕𝐴 

𝜕𝑡
 + 𝐽 𝑠+ σ 

𝜕�⃗⃗� 

𝜕𝑡
 × �⃗� 0      (A.1.7) 

 𝐽 𝑠 = σ�⃗� 𝑠 and is known as the source current density (SCD).  

 Substituting the expression  �⃗� 𝑠 = 
1

𝜎
 𝐽 𝑠  into equation (A.1.6) yields 

  �⃗�  = - 
𝜕𝐴 

𝜕𝑡
 + 

1

𝜎
 𝐽 𝑠          (A.1.8) 

Substituting equation (A.7) into equation (A.5) gives 

∇× (𝑣∇ × 𝐴 ) = - σ 
𝜕𝐴 

𝜕𝑡
  + 𝐽 𝑠 + σ 

𝜕�⃗⃗� 

𝜕𝑡
 × �⃗� 0 - ∇ × (�⃗⃗� 0∇.�⃗� ) + ∇ × �⃗⃗� 𝑀𝑆   (A.1.9) 

The Eddy current density, 𝐽 𝑒, Lorentz current density, 𝐽 𝐿, magnetisation current 

density, 𝐽 𝑀, and magnetostrictive current density, 𝐽 𝑀𝑆 for a 2D EMAT model can be 

defined as: 

𝐽 𝑒 = -σ
𝜕𝐴 

𝜕𝑡
        (A.1.10) 

 𝐽 𝐿 = σ 
𝜕�⃗⃗� 

𝜕𝑡
 × �⃗� 0        (A.1.11) 

 𝐽 𝑀 = -∇ × (�⃗⃗� 0∇.�⃗� )       (A.1.12) 

 𝐽 𝑀𝑆 = ∇ × �⃗⃗� 𝑀𝑆        (A.1.13) 

Substituting equations (A.1.10, A.1.11, A.1.12 and A.1.13) into (A.1.9) yields 



172 
 

 ∇× (𝑣∇ × 𝐴 ) = -σ
𝜕𝐴 

𝜕𝑡
 + 𝐽 𝑠 + 𝐽 𝐿 + 𝐽 𝑀 + 𝐽 𝑀𝑆    (A.1.14) 

In a 2D model focused on the xy plane, the MVP is directed toward the z- axis, thus 

  𝐴  = 𝐴𝑧𝑎𝑧        (A.1.15) 

 Substituting equation (A.15) into (A.14) yields 

  ∇× (𝑣∇ × 𝐴𝑧) = -σ
𝜕𝐴𝑧

𝜕𝑡
 + 𝐽 𝑠𝑧 + 𝐽 𝐿𝑧 + 𝐽 𝑀𝑧 + 𝐽 𝑀𝑆𝑧 (A.1.16) 

By assuming that 𝑣 does not depend on position and ∇.𝐴𝑧 = 0, equation (A.1.16) 

becomes  

 -𝑣∇2𝐴𝑧 + σ
𝜕𝐴𝑧

𝜕𝑡
 = 𝐽 𝑠𝑧 + 𝐽 𝐿𝑧 + 𝐽 𝑀𝑧 + 𝐽 𝑀𝑆𝑧     (A.1.17) 

In the transmitting mode, the terms involving �⃗�  and S are very compared to other 

terms in equation (3.8) and (3.9), hence are considered only when EMAT is used as 

an acoustic wave detector [99].  𝐽 𝐿𝑧,  𝐽 𝑀𝑧 and  𝐽 𝑀𝑆𝑧 are neglected since they contain 

terms in  �⃗�  and S. therefore, equation (A.17) becomes  

 -𝑣∇2𝐴𝑧 + σ
𝜕𝐴𝑧

𝜕𝑡
 = 𝐽 𝑠𝑧       (A.1.18) 

Also since there is no acoustic wave in the EMAT coil, the displacement is assumed 

to be zero (i.e. σ 
𝜕�⃗⃗� 

𝜕𝑡
 × �⃗� 0 =0) at the surface of the coil, hence equation (A.1.7) 

becomes 

 𝐽  = - σ 
𝜕𝐴 

𝜕𝑡
 + 𝐽 𝑠        (A.1.19) 

In integral form, Equation (3.6) can be expressed as: 

 ∬ (∇ × �⃗⃗� 
𝑅

). 𝑑𝑠⃗⃗⃗⃗  = ∬ 𝐽 
𝑅

. 𝑑𝑠⃗⃗⃗⃗  = 𝑖(𝑡)     (A.1.20) 

By assuming that 𝐽 𝑠 is constant along the source conductor (A.1.19) and (A.1.20) for 

the 𝑘𝑡ℎ coil source conductor yields  

 ∬ 𝐽𝑧𝑑𝑠𝑅𝑘
 = 𝐽𝑠𝑧 ∬ 𝑑𝑠

𝑅𝑘
 - 𝜎

𝜕

𝜕𝑡
 ∬ 𝐴𝑧𝑑𝑠𝑅𝑘

 = 𝑖𝑘(𝑡)   (A.1.21) 
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Where 𝐽𝑠𝑧 is the constant SCD of the 𝑘𝑡ℎ conductor in the z direction. The SCD (𝐽𝑠𝑧) 

can also be expressed in terms of the total current of the 𝑘𝑡ℎ conductor, 𝑖𝑘(𝑡), and 

𝐴𝑧 as  

 𝐽𝑠𝑧(𝑡) = 
𝑖𝑘(𝑡)

𝑆𝑘
 + 

𝜎

𝑆𝑘
  
𝜕

𝜕𝑡
 ∬ 𝐴𝑧𝑑𝑠𝑅𝑘

     (A.1.22) 

Where 𝑆𝑘 = ∬ 𝑑𝑠
𝑅𝑘

 is the cross-sectional area of the 𝑘𝑡ℎ conductor. 

Substituting equation (A.22) into (A.18) yields  

 -𝑣∇2𝐴𝑧 + σ
𝜕𝐴𝑧

𝜕𝑡
  -
𝜎

𝑆𝑘
  
𝜕

𝜕𝑡
 ∬ 𝐴𝑧𝑑𝑠𝑅𝑘

  = 
𝑖𝑘(𝑡)

𝑆𝑘
    (A.1.23) 
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Appendix A.2 

 Experimental traces of particle velocity at various excitation currents 

 

F.g.A.2.1: Experimental time history of particle velocity at 3.15A 

 

 

Fig.A.2.2: Experimental time history of particle velocity at 3.98A 
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Fig.A.2.3: Experimental time history of particle velocity at 4.65A 

 

 

Fig.A.2.4: Experimental time history of particle velocity at 5.33A 
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Fig.A.2.5: Experimental time history of particle velocity at 6.24A 

 

 

Fig.A.2.6: Experimental time history of particle velocity at 6.90A 

 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

x 10
-3

-0.025

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0.025

Time[S]

ve
lo

ci
ty

[m
m

/s
]

Particle velocity at 6.24A

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

x 10
-3

-0.025

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0.025

Time[S]

ve
lo

ci
ty

[m
m

/s
]

Particle velocity at 6.90A

Measure 

range 

Measure 

range 



177 
 

 

Fig.A.2.7: Experimental time history of particle velocity at 7.80A 
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APPENDIX A.3 

Experimental traces of particle velocity at various excitation 

frequencies 

 

Fig.A.3.1: Experimental time history of particle velocity at 200 kHz. 

 

Fig.A.3.2: Experimental time history of particle velocity at 250 kHz 
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Fig.A.3.3: Experimental time history of particle velocity at 300 kHz 

 

 

Fig.A.3.4: Experimental time history of particle velocity at 350 kHz 
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Fig.A.3.5: Experimental time history of particle velocity at 400 kHz 

 

 

Fig.A.3.6: Experimental time history of particle velocity at 450 kHz 
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Fig.A.3.7: Experimental time history of particle velocity at 500 kHz 
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APPENDIX A.4 

 Experimental traces of particle velocity at various static magnetic fields 

 

Fig.A.4.1: Experimental time history of particle velocity at 0.15T. 

 

 

 Fig.A.4.2: Experimental time history of particle velocity at 0.17T 
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 Fig.A.4.3: Experimental time history of particle velocity at 0.19T. 

 

 

 Fig.A.4.4: Experimental time history of particle velocity at 0.2T 
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 Fig.A.4.5: Experimental time history of particle velocity at 0.21T 

 

 

 Fig.A.4.6: Experimental time history of particle velocity at 0.23T 
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 Fig.A.4.7: Experimental time history of particle velocity at 0.25T. 
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