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Thesis Summary 

The work conducted within this PhD investigated the general characteristics of 

removable magnetostrictive thin patches for the generation of guided waves in plates 

that can be used for defect detection in composite structures. Initial experiments 

measured the directivity of SH, S0 and A0 guided waves modes in a metallic plate 

while varying the applied static and dynamic magnetic fields. Multiple coil geometries 

and permanent magnets were used to vary the field parameters, so that both Lorentz 

and magnetostrictive forces could be created. It was demonstrated through this initial 

testing that guided waves patterns could be controlled by careful control of these 

parameters.   

Experiments were also conducted to investigate the vibrational characteristics of the 

magnetostrictive patch itself for variations in both the static and dynamic magnetic 

fields and the excitation frequency. It was demonstrated that the vibrations within the 

patch could be controlled and enhanced by varying the excitation frequency and by 

varying the direction and amplitude of the applied magnetic fields. Another finding 

was that for low frequencies, the natural frequency of the patch can contribute to the 

vibration enhancement. However, for higher frequencies of up to 250 kHz, it was 

shown that the magnetostriction is the main transduction mechanism generating 

vibrations within the patch.  

Finally, the magnetostrictive patch was used to inspect a lab-induced defect in a CFRP 

sample and then a delamination within a GFRP plate. The optimised excitation 

parameters were then used to generate guided waves within these composite samples, 

and images of the defects produced using the synthetic aperture focusing technique 

(SAFT) for image reconstruction. 
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𝜆0 Spontaneous magnetostriction  
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𝜆𝑠⫽ magnetostriction parallel to the main alignment 

direction 

𝜆𝑠⊥ the magnetostriction perpendicular to the main 

alignment direction 

𝛼𝑖 , 𝛽𝑖 cosine of directions as per equation 3.12 

Ω Ohm symbol 

|𝐴|,𝑀𝑎𝑔𝑉 , 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 𝜗𝑖 Magnitude of a vector 

A Vector potential of the magnetic field – modelling  

𝑉 Potential scalar of the electric field (elsewhere), 

Vanadium (chapter 6)  

𝑑𝐻𝑇
𝑇 , 𝑒𝐻𝑆 Peizomagnetic matrices 

𝑐𝐻 Stiffness Matrix  

𝑠𝐻 Compliance matrix 

𝑒, 휀 Strain generated through magnetostriction 

transduction mechanism 

 

∇∗ Nabla operator 

∇ Gradient operator 

∇x Curl operator  

∇. Divergence operator 

⊗ Matrices product symbol  
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Chapter 1: Introduction  

1.1. Motivation 

Non-Destructive Testing (NDT), also known as Non-Destructive Evaluation (NDE), 

is an inspection and quality checks method used across different sectors of industry 

[1, 2] such as in aerospace, automotive and renewable energy. Such testing is needed 

as it is important to detect defects and flaws early, in order to avoid major failures. 

This is especially the case for safety-critical equipment. NDT techniques are used in a 

wide range of industries, including construction, manufacturing, oil and gas civil 

infrastructure, power generation, transport and aerospace. A structural or mechanical 

failure of a component or structure in any of these industries might have significant 

economic impact but could also endanger human life. By implementing NDT either in 

the manufacturing process or in-service, the safety and the reliability of the component 

is improved. Early detection of failure may also reduce downtime for repairs and 

decrease maintenance costs.  

NDT can provide key information related to the health of the component and the 

presence of any defects, whose type, size and probability of detection will be assessed. 

In the process of NDT, the results are gathered typically via the transducers that are 

used during the test. These transducers can be different based on the testing being 

conducted, such as coils for eddy current testing or piezoelectric transducers in the 

case of ultrasonic testing or guided waves inspection.  It is necessary that these 

transducers are studied and developed, so that a good understanding is obtained of 

how they operate and how their sensing capabilities can be optimized.  

Among the ultrasonic sensors used in NDT, piezoelectric transducers (often using PZT 

(lead zirconate titanate) active elements) are very common because of their 

advantages: simplicity of use, high signal to noise ratio, and the ability to generate 

relatively high amplitude ultrasonic waves [1]. However, this type of sensor requires 

coupling to the testing specimen through a coupling agent, which limits the 

applications in which they can be used, e.g. in high temperature environments [2]. 

Another drawback is that the PZT is commonly designed and optimized for specific 
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frequencies, and is often limited in terms of frequency range that can be used to test 

for defects. 

In order to overcome these disadvantages, interest has been directed toward 

contactless ultrasonic sensors for NDT. Examples of non-contact NDT techniques 

include laser-based sensors and Electromagnetic Acoustic Transducers (EMATs) [1,3] 

which can be used for high temperature inspection [4]. One limitation of these sensors 

is the requirement for an electrically conductive specimen or a specimen that has a 

coating of a magnetostrictive material, such as magnetite (iron oxide) found on high 

temperature pipework. More details of EMAT design, construction and performance 

are given in Chapter 2. The ability to inspect non-conducting samples using 

components similar to those used in EMATs will be the main subject of study in this 

thesis, via the magnetostriction effect. Particular emphasis will be on the inspection of 

composite samples such as those used in the aerospace industry. 

1.2. Common Non-Destructive Testing (NDT) techniques 

There are numerous NDT techniques used to assess safety critical components without 

damage [5, 6]. The components can be monitored and inspected either while in service 

or during manufacture. The idea behind performing such tests is to ensure that the 

component is functioning safely, and that the possibility of failure during service is 

minimised. NDT is commonly used for defect detection [7,8], defect classification and 

thickness gauging [9, 10]. In addition to ultrasonic testing, other common techniques 

include visual inspection, radiography, thermography and electromagnetic testing 

methods [11]. Each technique is suitable for a limited number of applications. Some 

are sensitive to surface defects, including visual inspection, magnetic particle 

inspection (MPI) or magnetic flux leakage, while are others are suited for detection of 

defects inside the material itself (e.g. thermography). It is of interest to briefly discuss 

some of these methods. 

1.2.1. Visual and optical inspection 

Visual inspection is considered the oldest and most basic NDT technique [12]. 

However, a qualification process and proper training are required in order to consider 

the results reliable and to correctly assess the health of any components [11]. This 

method is deemed to be the first choice when a quick and simple inspection is required. 
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The defects that can be detected should be surface defects with a moderate size. The 

surface should be cleaned and prepared to avoid wrongful interpretation and 

understating of the output of the inspection. Although visual inspection is easy and 

rapid, it has many disadvantages. It is limited in terms of the type of the defect that 

can be detected (typically the defect must be at the surface for an opaque sample). The 

technique itself is highly dependent on human factors which decreases the 

repeatability significantly.  

As part of the visual inspection methods applied in NDT, dye penetrant inspection [13] 

is an advanced and established visual technique. It is often using fluorescence 

substance applied to the surface being inspected to reveal defects. This technique is 

slightly different from conventional visual inspection as it uses an additive that needs 

to be applied to the surface of the tested structure. Surface preparation is necessary 

and it has difficulties when the surface is rough or where there is paint or a coating 

present. It is also dependent on the operator which limits the repeatability [14].    

1.2.2. Radiography 

The radiography technique is a widely-used technique in NDT, especially for thick 

metallic components [15]. Radiography involves the use of typically either an X-ray 

or a γ-ray source, where radiation travels through the material of the specimen. The 

transmitted energy is then captured using either a radiographic film or, more recently, 

a digital imaging system. A sketch of the experimental configuration used to perform 

radiography is shown in figure 1.1.  

 

 

Figure 1.1. Diagram of the experimental apparatus used for radiography 
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Radiography is based on absorption of the emitted signal, and the recorded image 

represents the attenuation levels of the energy projected on the film [16,17]. In fact, 

the energy level at the film would be altered if passing through a defect, and thus 

different colour nuances on the same image would reveal the defect size and location. 

The selection of which type of radiographic source to use is related to the penetration 

required, with γ-rays being of higher energy than X-rays. This method is easy to use, 

and the operator has significant control of the process [18,19]. A radiography test 

requires a highly qualified operator to ensure a high level of safety due to the use of 

ionising radiation, and this sometimes restricts its use in an industrial setting [20]. 

Furthermore, the equipment used for radiography is expensive, and interpretation of 

images can sometimes be difficult [18, 19].     

1.2.3. Active and Passive Thermography 

Thermography is a well-developed technique in NDT and attracts both research and 

industrial interest. In fact, thermography consists of using a source to generate thermal 

energy which propagates within the inspected structure. The propagation of the energy 

is conducted through diffusion. This technique proved its efficiency in detecting 

internal flaws in a component while scanning large areas as defects were detected at a 

depth of 1mm with a dimeter ranging from 0.25 to 30 mm both in steel and in carbon 

fibre reinforced polymers samples [7]. The thermal energy would interact with the 

defect as a thermal gradient is noticed due to the differences of the thermal coefficients 

between the defect area and the material. This gradient is used to evaluate the defect.  

Thermography is widely used to inspect layered structures such as composite 

materials. It is used to detect delaminations [21] or damage that has occurred following 

an impact, which is particularly of interest to the aerospace industry [22]. Active 

thermography uses external heating sources such as lamps to generate thermal changes 

within the sample. Resultant surface temperatures can then be detected as a function 

of time using an infra-red camera, allowing defects to be revealed. A typical 

measurement is shown in Figure 1.2, where the active heating is performed by placing 

a heat lamp as shown, and then monitoring the change in temperature at the surface. 
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Figure 1.2. Schematic diagram of a thermography experiment to 

detect a volumetric defect 

    

1.2.4. Electromagnetic methods 

Magnetic Flux Leakage 

Magnetic flux leakage (MFL) is a well-established technique, having been used by a 

wide range of industries since the 1960s [23], e.g. as an inspection technique for the 

oil and gas, transportation and energy industries [23, 24]. It can be used to detect 

corrosion in piping during manufacture and in-service [25]. Figure 1.3. is a schematic 

diagram showing a conventional magnetic flux leakage test. Within this configuration, 

a magnetic field is applied to the test part. The magnetic field can be generated using 

a Yoke magnetic field generator. As the inspected part is ferromagnetic, the magnetic 

lines are saturated and no leakage would occur in the case no defect is present. In the 

presence of a defects, the magnetic lines will be leaked and the magnetic flux density 

of the magnetic field intensity can be detected by placing a magnetic sensor such as a 

Hall effect sensor in proximity of the tested part.   
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Figure 1.3. Diagram showing the detection of a defect using the 

magnetic flux leakage method. 

 

The magnetic field lines would follow a closed path through the ferromagnetic steel if 

the specimen was defect free and the sample was not magnetically saturated. When a 

loss of material reduces sample thickness, this can cause magnetic saturation within 

the sample and will tend to expel more magnetic flux from the steel, which can be 

detected by a magnetic field sensor. Magnetic flux leakage will occur in the vicinity 

of the defect. The method does not require contact, but is only applicable to 

ferromagnetic and magnetically permeable materials. Another limitation is that this 

technique is well suited only for surface defects or near surface defects for thick 

structures. Nevertheless, this limitation is not considered in the case of thin structure 

or in the case of reaching the magnetic saturation for the defect free sample. 

Background noise is a problem and new studies are looking at better post-processing 

methods to deal with this [26,27].  

Eddy current (EC) inspection 

Eddy current (EC) inspection can be used for coating or sample thickness 

measurement and surface and sub-surface defect detection. Eddy currents are 

generated by placing an alternating current (AC) passing through a copper coil near 

the surface of the component, which generates an alternating magnetic field. An 

induced electrical current is then generated within the skin of depth of the tested 

sample [28]. The current induced will generate a magnetic field that is generally 

opposed to the one generated by the energised coil. Figure 1.4. represents a basic 
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schematic diagram of EC testing, showing the dynamic field generated from the coil, 

the eddy current generated in the specimen and the opposing dynamic field generated 

from the induced currents. The new generated magnetic field will interfere with the 

coil’s magnetic field which results in impedance reduction of the main coil or a 

secondary coil if a two-coil probe is used [29]. 

A diagram of the EC technique is illustrated in figure 1.4. If a flaw exists either at the 

surface or within the skin depth, the eddy current distribution will change, which 

results in disruption of the dynamic field generated from the induced current. This 

leads to changes in the amplitude and phase of the received signal [30]. By capturing 

the amplitude and the phase of the received signal, the defect can be located and sized.  

 

 

Figure 1.4. The Eddy current method 

 

The EC technique can be applied in various ways, such as pulsed eddy current sensors 

[31-33], eddy current arrays [32] and numerous variations of coil types and 

arrangements for various applications. The pulsed eddy current can offer an alternative 

to the fixed frequency and skin depth issue [33]. The method uses a range of 

frequencies, which offers a scan for different depths, while keeping a good sensitivity 

for defects developed on the surface [34, 35]. The transient signal of the pulsed eddy 

current contains a vast amount of information that can size and analyse a given defect. 

However, the data processing is still challenging, generating very different responses 

depending on whether the component is conductive or ferromagnetic [36].   
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1.2.5. Ultrasonic testing 

Ultrasound and ultrasonic waves describe the key elements used to perform ultrasonic 

inspection to reveal any potential defect in samples. The ultrasonic range is covering 

the frequency spectrum beyond the audible range. Usually, ultrasonic waves are 

generated with an excitation frequency exceeding 20 kHz and can reach higher 

frequency range exceeding 200 MHz. Ultrasound in general is used in multiple 

applications such as industrial inspection of in-service parts, defect detection during 

manufacturing, and medical applications (e.g. imaging) [37, 38]. In NDT, the 

ultrasonic waves have different modes that can be distinguished based on direction of 

motions of particles, particle velocities and the direction of propagation of the 

ultrasonic wave [39, 40]. 

In order to define the ultrasonic waves, an isotropic material with no boundary 

conditions is considered [40, 41]. As these waves are used in non-destructive 

applications, the generated waves amplitudes should remain as low as not to exceed 

the elastic range of the test sample. The waves can be also defined as stress and strain 

applied to particles within the structure. The relation between stress and strain can be 

given as: 

𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙𝜖𝑘𝑙  (1.1) 

Where 𝜎𝑖𝑗 describes the stress tensor and Cijkl is the stiffness tensor. 

As discussed earlier in this section, ultrasound waves, in the bulk of a material, can 

manifest as two distinct wave modes, either longitudinal waves or shear (transverse) 

waves. This statement was derived from the general wave mode given as: 

∇(
𝜕2𝜙

𝜕𝑡2
− 𝑐11∇

2𝜙) + ∇ × (𝜌
𝜕2𝜓

𝜕𝑡2
− 𝑐44∇

2𝜓) = 0 (1.2) 

where 𝜙 and 𝜓 are scalar potential and vector potential respectively. 𝑐11and 𝑐44 are 

defined as follows: 

𝑐11 = 𝜆 + 2µ (1.3) 
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𝑐44 = µ 

where λ and µ are Lamé constants. 

The main ultrasonic waves modes are longitudinal waves and transverse waves in a 

bulk material. The equations describing longitudinal waves and shear waves are:  

𝐶𝐿 = √
𝑐11

𝜌
= √

𝜆 + 2µ

𝜌
 (1.4) 

𝐶𝑇 = √
𝑐44

𝜌
= √

µ

𝜌
 (1.5) 

where CL is the wave longitudinal velocity while CT is the shear velocity in a bulk 

material. The shear motion of the waves has two orthogonal polarization components 

forming the shear vertical and shear horizontal direction of particle motion. It is 

important to report the fact that longitudinal waves are parallel to the direction of the 

wave propagation while transverse motion is perpendicular to the wave propagation 

direction. 

Ultrasonic testing (UT) using elastic waves within the ultrasound range is an 

established NDT method [42, 43]. In a typical test, the signal from an ultrasonic 

transducer is emitted into the sample, and the ultrasonic wave arrival is detected using 

the same device (i.e. it is used in the pulse-echo mode or a dual probe mode). This 

allows different parameters to be measured, such as material properties, sample 

thickness and the presence of a defect [44], as shown in figure 1.5. The most common 

ultrasonic mode used is the longitudinal wave. However, some inspections use shear 

waves, where the signal can be generated using different technologies. In fact, the 

signal can be generated using a compression wave that is passed through a polymer 

wedge [45] or cutting the quartz in a very specific direction leading to the generation 

of shear waves. The polymer wedge is very specific as it can result in the generation 

of surface waves rather than through thickness shear waves. Note that EMATs are also 

a good way of generating shear waves [46]. 

The ultrasonic method uses different geometries for different inspection scenarios. 

One example is time of flight diffraction (TOFD) [47], whereby the signal diffracted 
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by the crack tip is detected as well as a back-wall echo, using a separate source and 

receiver. Another is the increasing use of ultrasonic phased arrays [48].  

 

Figure 1.5. Typical pulse-echo ultrasonic measurement, 

represented in this case via rectified signals. 

1.3. Ultrasonic guided waves 

The ultrasonic testing described so far uses bulk wave modes i.e. longitudinal or shear 

waves. Guided waves exist in structures where the propagating waves interact with 

the boundaries of a material, e.g. in a plate or pipe [49, 50].  Amplitude and the phase 

are key parameters needed to identify different types of guided waves travelling 

through a material. In general, the guide-wave modes allowed for a particular parallel-

sided plate can be considered within two main groups: Lamb Waves and Shear 

Horizonal (SH) waves [51, 52]. In the following sections, an overview will be given 

regarding the different guided waves modes, with a focus on Lamb waves and SH 

waves, and how they can be preferentially generated or detected. In addition, a brief 

discussion of velocity analysis, attenuation and dispersion curves will be given.      

1.3.1.  General overview of Lamb Waves: 

Lamb waves are elastic waves travelling within a waveguide where the generated 

strain is interacting with both upper and lower boundaries of the plate. The in-plane 
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and out-of-plane strain is used to differentiate two types of Lamb wave mode: 

symmetrical modes and antisymmetric modes. The antisymmetric mode has a flexural 

type of wave motion, whereas the symmetrical mode is symmetrical with regards to 

the mid-plane (see figure 1.6). Both have particle motion in both the direction of travel 

and perpendicular to the plate surface [43]. 

 

 

(a) 

 

(b) 

Figure 1.6. Schematic diagram showing the particle motion for (a) the A0 mode 

and (b) the S0 mode in a plate for a given frequency 

Lamb waves are generally dispersive, meaning that the phase and group velocities are 

frequency-dependent. Understanding this dispersion is essential in any analysis of the 

received signal [51, 53]. Lamb waves can also exist at different modes such as the 

fundamental modes or higher order modes. Lamb waves can be identified through two 

distinct velocities: phase velocity and group velocity. The phase velocity is measured 

by determining the time of travel of a one chosen part of a signal, whereas group 

velocity measures the velocity of the whole wave packet [43] as can be seen in figure 

1.7. 



15 
 

The expressions for phase and group velocity are derived from the equations of motion 

for guided waves. A common approach to solve the general equation of displacement 

and the free plate problem is through the method of potentials. The equations 

describing the displacement of Lamb waves are given through the Rayleigh-Lamb 

equations which are valid for isotropic materials: 

 

tan (𝑞ℎ)

tan (𝑝ℎ)
= −

4𝑘2𝑝𝑞

(𝑞2 − 𝑘2)2
 For Lamb wave symmetric modes (1.6) 

tan (𝑞ℎ)

tan (𝑝ℎ)
= −

(𝑞2 − 𝑘2)2

4𝑘2𝑝𝑞
 

For Lamb waves antisymmetric 

modes 

(1.7) 

 

where p and q are obtained through the equations: 

 

𝑝2 =  
𝜔2

𝐶𝐿
2 − 𝑘2 (1.8) 

𝑞2 = 
𝜔2

𝐶𝑇
2 − 𝑘2 (1.9) 

 

Here, 𝐶𝐿, 𝐶𝑇  , 𝜔, ℎ 𝑎𝑛𝑑 𝑘 are the bulk longitudinal wave velocity, transverse or shear 

wave velocity, angular frequency, half of the thickness of the plate and wavenumber 

respectively. However, for shear horizontal guided waves, the equations describing 

the motion of a given particle must meet Navier’s criterion, and the equation of motion 

can be expressed as:  

 

𝜇∇2𝑢(𝑥, 𝑡) + (𝜆 + 𝜇)∇∇ ∙ u(x, t) = ρ
𝑑2𝑢(𝑥, 𝑡)

𝑑𝑡2
 

(1.10) 

   

where 𝜇, 𝜆 are Lamé parameters and ρ is the material density.  
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Lamb waves are dispersive and hence dispersion curves are needed to determine their 

properties for practical use.  Examples for Lamb waves dispersion curves are shown 

in figure 1.8 for phase and group velocities in a 1 mm thick aluminium plate, over a 

frequency of 20 kHz - 3.5 MHz. Figures 1.8 shows the predictions of phase and group 

velocities for Lamb and SH guided waves. It is noticeable that for low frequencies, the 

phase velocity of the fundamental symmetric mode S0 is almost non-dispersive. The 

cut-off frequency for the A1 mode is also indicated by the vertical dashed line. At 

frequencies below this, only the A0 and S0 modes will propagate.    

 

 

Figure 1.7. Illustration of group velocity and phase velocity for windowed signal  
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(a) 

 

(b) 

Figure 1.8. Lamb waves calculated velocities for an aluminium plate, 1mm 

thickness, showing higher modes for both symmetrical mode and antisymmetric 

mode for both (a) phase velocity and (b) group velocity 
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1.3.2. General overview of Shear horizontal waves: 

Similar to Lamb waves, the Shear horizontal (SH) waves are used to detect defect and 

anomalies within structures. They are fundamentally different from Lamb waves as to 

how the wave is generated and propagating. They have a particle motion parallel to 

the boundaries of the plate. The motion is occurring in the perpendicular direction to 

the direction of the generated wave propagation. Conversely to Lamb waves, the SH0 

mode is non-dispersive in flat parallel sides plates, but higher order modes (SH1, SH2 

etc) are dispersive [43]. 

 

Although the Lamb wave equations of motion must be solved analytically, the shear 

horizontal waves displacement equations can be obtained through equations (1.11) and 

(1.12)  

 

sin(𝑞ℎ) = 0 For shear horizontal symmetric modes (1.11) 

cos (𝑞ℎ) = 0 For shear horizontal antisymmetric modes (1.12) 

  

where  

𝑞 = √
𝜔2

𝐶𝑇
2 − 𝑘2 (1.13) 

As can be seen, the equations of displacement describing the shear horizontal waves 

are straight forward, and the group velocity (Cg) and phase velocity (Cp) can be 

expressed explicitly in function of the frequency and the plate-thickness product. The 

shear horizontal wave velocities are given in equations (1.14) and (1.15): 

 

𝐶𝑝(𝑓𝑑) =  ±2𝐶𝑇 {
𝑓𝑑

√4(𝑓𝑑)2 − 𝑛2𝐶𝑇
2
} 

Phase velocity for shear 

horizontal waves 

(1.14) 

𝐶𝑔(𝑓𝑑) = 𝐶𝑇√1 −
(
𝑛
2)2

(
𝑓𝑑
𝐶𝑇

)2
 

Group velocity for shear 

horizontal waves 

(1.15) 

  

where 𝐶𝑇, 𝑛, 𝑓 𝑎𝑛𝑑 𝑑 are the transverse or shear wave velocity, mode number, 

frequency and plate thickness respectively. An interesting feature is that when 𝑛 = 0, 
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𝐶𝑝(𝑓𝑑) =  𝐶𝑇 . This demonstrates that the SH0 mode is non-dispersive and travels at 

the shear wave velocity. All the higher order modes (SH1, SH2 etc) are dispersive, 

and have a cut-off frequency below which they cannot propagate [43]. 

 

Figures 1.9 shows the predictions of phase and group velocities for SH guided waves 

in a 1-mm aluminium plate. As it can be seen, in the case of SH0, the phase and group 

velocity are equal for the fundamental mode SH0.  

Higher order modes have a cut-off frequency which can be calculated for shear 

horizontal waves explicitly using the equation (1.16) [43] 

 

(𝑓𝑑)𝑛 =
𝑛𝐶𝑇

2
 (1.16) 

 

In practice, a frequency is selected and the displacement at the surface is analysed and 

then the dispersion curve is checked in order to define the velocities of interest that 

will be used to post-process the received data while the displacement is analysed to 

understand the favourable forces required to be applied in order to enhance defect 

detection. The selection of the frequency is crucial, as it might engender generating 

higher modes based on the need and the experiment conducted. In fact, if the frequency 

is higher than the cut-off frequency, then higher order modes are generated within the 

waveguide which can make the inspection slightly more complicated as different 

modes can co-exist within the same inspection operation for defect detections based 

on pulse-echo configuration where a reflected signal is detected. Higher modes can be 

useful for other applications such as thickness gauging using a cut-off frequency. 

Thus, prior knowledge of the testing to be done, the environmental parameters such as 

material and excitation frequency are critical to perform a successful NDT inspection.        
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(a) 

 

(b) 

Figure 1.9. Shear horizontal waves velocities for an aluminium plate, 1mm 

thickness, showing higher modes for both symmetrical mode and antisymmetric 

mode for both phase velocity (a) and group velocity (b) 

 

1.3.3. Practical considerations for guided waves modes selection: 

With respect to NDT, it is conventional to operate below the cut-off frequency for 

either cases when Lamb waves are used or shear horizontal waves are used so to ensure 

that a minimum number of modes is induced in the material and most industries are 

referring to the use of the SH0 mode as it is non-dispersive and induces one mode only 
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[54]. Higher modes are used in other applications such as thickness analysis and 

prediction but it is highly depending on what is being achieved by the inspection 

operation.  This was illustrated in figure 1.9 for both phase and group velocity. 

 

1.3.4. Guided wave mode selection 

Guided waves ultrasonic NDT is used in inspection of large areas due to their ability 

to travel following a waveguide. As mentioned before, guided waves can manifest in 

different shapes in terms of particle displacement and velocity engendering two main 

groups of guided waves: Lamb waves and shear horizontal waves. As there are 

multiple guided waves forms and modes, the evaluation of the suitability of one mode 

rather than another is vital for a correct inspection and trustworthy result. In addition, 

within the same mode, the analysis of the surface displacement is critical to enhance 

inspection results. In fact, a favourable surface displacement is selected initially and 

then a frequency range within the non-dispersive region is used as excitation frequency 

to generate the elastic waves used for inspection to make the inspection operation and 

the data collection and analysis easier to interpret. The use of this technique would 

limit the number of wave modes co-exiting in the structure and also would enhance 

the signal reflected from defects. 

As a practical rule, guided waves should have good sensitivity to defects. So no small 

size defect are missed, the wave should have enough energy so to overcome the 

attenuation problems and in a typical inspection environment simple excitation and 

frequency selection for the induced wave is desired.  

Depending on the phase velocity the selection of a high frequency may decrease the 

wavelength which allows the detection of small defects but as seen before, with high 

frequencies, higher modes are generated which makes the inspection more complex 

and decreases the induced wave energy [54].  

In the case when the fundamental shear horizontal mode SH0 is chosen, the operation 

of parts inspection would be more straightforward for interpretation and analysis as 

the mode is non-dispersive. However, if either the A0 or S0 mode is selected, the level 

of dispersion must be taken into consideration. The S0 mode is relatively less 

dispersive for low frequencies while the A0 mode is massively dispersive for the same 
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frequency range. The A0 mode is slower than the S0 mode, and thus the received 

waveform of the A0 can often be distinguished in the time domain, depending on the 

type of excitation used. Furthermore, the A0 wavelength is smaller than the S0 

wavelength at the same frequency, which may make the A0 mode suitable for 

detecting smaller size defects in some cases. Longer wavelengths can be adopted to 

minimise the attenuation of the waves when travelling through the structures but the 

detection resolution can be altered. In the case of multiple defects, the wavelength 

should be smaller than the distance separating the detects of interest to be properly 

detected [55].   

Figures 1.10, 1.11 and 1.12 provide schematic diagrams of the through thickness 

relative displacement profiles of Lamb waves and shear horizontal waves in a 2-mm 

thickness aluminium plate at 200 kHz frequency. The figures were obtained through 

an open-source MATLAB code where the thickness of the sample and the mechanical 

properties of the sample were introduced as input parameters. The frequency range 

and the displacement profiles were selected as output to be plotted as shown in the 

figures below: 

 

 

Figure 1.10. Lamb wave fundamental antisymmetric mode A0 showing out-of-

plane relative displacement, in-plane displacement and shear horizontal relative 

displacement 

 

The relative displacement profiles for different guided waves show that the elastic 

motion extends through the full thickness for an isotropic material. In the case of a 



23 
 

composite plate, the detectability and reflection of the S0 mode is dependent mainly 

on the position of the defect in the composite plate. In fact, due to the reflection and 

attenuation levels, S0 mode is less favourable for the detection of delamination in 

composite materials [56].     

 

 

Figure 1.11. Lamb wave fundamental symmetrical mode S0 showing out-of-plane 

relative displacement, in-pane relative displacement and shear horizontal relative 

displacement 

 

 

Figure 1.12. Shear horizontal fundamental mode SH0 showing out-of-plane 

relative displacement, in-pane relative displacement and shear horizontal relative 

displacement (all displacement lines are overlapping) 
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1.3.5. Generation of guided waves 

Guided waves are widely used for inspection and can be generated using piezoelectric 

transducers [57], contactless methods such as air-couple sensors [58], laser-based 

techniques [59] and EMATs [60]. Each of these has its own advantages, weaknesses 

and area of applications. The most widely-used sensors are piezoelectric transducers 

due to their high signal to noise ratio, market availability and simple operation. 

However, this type of sensors requires contact to the testing surface and the application 

of couplant, which limits its field of applications. Laser-based sensors can be used to 

generate guided waves in a lab environment because of health and safety issues, as 

they tend to use high power, class IV laser beams, and sample surface preparation is 

often needed for the detection of the waves while for generation, the surface 

preparation is not required. The laser systems used to generate guided waves in an 

industrial environment require further shielding for health and safety purposes. Lasers 

interferometers or beam deflectors systems can also be used to detect guided waves 

propagation at a surface [61, 62] providing a non-contact technique. These 

technologies are capable of generating both Lamb waves and shear horizontal waves. 

A common practice for the pitch-catch technique is to generate guided waves using 

one of the above methods while detecting the reflections using a laser-based system 

[63]. Such a technique is described later in this thesis. EMATs can also be used to 

generate a wide range of Lamb waves and SH waves by careful selection of coil and 

static magnetic field characteristics [64, 65], but they are limited in that they are only 

suitable for conductive plates [66]. To overcome such an issue, conducting patches 

can be applied to the surface [67].  

1.3.6. Guided waves in composites 

General overview of composite materials: 

Composite material is a general term used to describe the combination of 2 or more 

different materials to construct an integral structure. The materials are required to be 

chemically different [68]. Generally, composite materials can be found in different 

forms. In fact, they can be manufactured as a solid laminate either in carbon or glass 

or bonded structures such panels using honeycomb design or a sandwich structure 

using ceramic matrix and foam [69].  
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With the current progress in material science, composite materials are attracting more 

interest due to their numerous advantages. They are used in numerous applications 

mainly in aerospace structures, new generation of automotive structures and in 

renewable energy sector. It is important to note that most of the main body for newer 

aircraft is mad of composite material such as the A350 or the Boeing 787 [70]. The 

main two families for composite material used in industry are distinguishable by the 

type of fibres used thus composite materials can be carbon fibre reinforced polymers 

CFRP or glass fibres reinforced polymers GFRP. For the wider application, composite 

materials are a reference to fibre reinforced polymers as they may contain different 

types of fibres (Aramid, Kevlar or graphite) based on the design and the application 

[68]. On the other hand, the resin system used as the matrix to hold the distributed 

fibres can be obtained from different materials such as polyamide, phenolic and epoxy 

[71] 

Based on the design, composite materials can be manufactured using multiple 

processes but a global process consists of placing multiple lay-ups and then apply a 

resin system to build the final product. Such a design provides multiple advantages 

such as design flexibility and higher strength. However, in some instances like in the 

case of unidirectional composites, where the fibres are along one specific direction, 

the structure have extremely low tensile strength in the direction perpendicular to the 

fibre’s direction. In order to overcome such a limitation, as the material design is 

flexible, different layers of composite can be applied in different configurations such 

as 0ᵒ,90ᵒ or +45ᵒ, -45ᵒ to increase the tensile strength in different orientations [66, 72].  

While in service, different defects can be developed. These defects can be located 

either on the surface or within the thickness of the structure. Defects can be 

delaminations resulting from matrix cracking, fibre fracture or impact damage. In 

addition to that, defects related to the manufacturing can be developed such as fibre 

misalignment, voids or porosities. In order to detect these defects and maintain the 

integrity of the structure, NDT methods are used to inspect composite materials similar 

to conventional metallic structures [73].  

In practice, although NDT methods are being used to inspect composite structures, 

they are still considered challenging materials for NDT applications. Most of the 

conventional NDT methods can be applicable to inspect composite material apart from 
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magnetic flux leakage as composites are not ferromagnetic materials. In fact, the use 

of UT inspection can be difficult due to large acoustic impedance difference in 

honeycomb structures for example [74]. Also, UT inspection is considered a lengthy 

process in terms of time and resources which limits its application to inspect large 

parts. Another limitation linked to the use of UT inspection methods for composite 

material is called the shadow effect. In fact, large delaminations located near the 

surface of the structure would lead to the reflection of the almost the entire acoustic 

energy which reduces the detection capabilities of the method [75].  

Eddy currents can also be used to inspect composite materials but their performance 

is reduced significantly. In fact, eddy current methods are only used when the fibre of 

the structure is conductive (CFRP) but their conductivity is very low which limits the 

detection capability of eddy current in a way that distinguishing interlaminar cracks to 

delaminations can be challenging [73].  

Another method which is thermography can be used to inspect composite materials 

both in passive configuration or active configuration. However, the use of the method 

is only limited to near surface defect detection [76]. In addition to that, due to 

irregularities within the material that can form during manufacturing, a similar thermal 

response can be obtained for delaminations and healthy structures [77] which 

significantly reduces the accuracy of detection of thermography.  

Guided waves generation in composite materials:  

Guided waves are used extensively for the inspection of composite structures. Prior 

knowledge of the material parameters and how guided waves are travelling in a 

specific manner within composite plate is essential to implement an NDE inspection 

[78]. Anisotropy within these materials can introduce complications, such as direction-

dependent velocity, beam steering and attenuation [79]. Aspects such as the lay-up 

configuration, the plate geometry and the properties of the material must be known to 

perform a successful guided waves inspection [80]. The velocity changes for different 

directions and knowledge of the group velocity is essential to calculate time of flight 

(TOF) when analysing defect location.  

The second feature of interest is beam steering, where the wave energy can be 

concentrated in some preferred direction. [81, 82]. Different guided wave modes will 
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be affected by the composite lay-up sequence, tending to travel along the fibre 

direction. This must be taken into consideration while designing guided waves 

experiments [83, 84].  

1.3.7. Interaction of guided waves with defects 

When a delamination occurs, it can be detected using guided waves by recording the 

reflected wave and calculating the velocity and time of arrival [85]. Additionally, 

parameters of the delaminations such as size can also be measured. When the elastic 

guided waves interact with a delamination, mode conversion may occur and by 

measuring the characteristics of the mode-converted waves, the size and location of a 

delamination can be estimated [86]. Researchers have shown that the A0 and the S0 

modes can be used to detect a delamination using a transformation of the wavelet of 

the received signal and multiple signal processing techniques [87, 88]. In the case 

where the composite has a cross-ply lay-up, the delamination was successfully 

detected using B-scan imaging of the detected Lamb wave A0 mode [89].  

Impact damage is considered a more complex problem for guided wave inspection 

[90, 91]. Impact damage occurs when an object hits the composite plate causing plastic 

deformation. The deformation profile varies with different impact energies, and 

damage within a unidirectional plate will be significantly different to that for a quasi-

isotropic sample [92]. Impact damage is a simple event leading to complex results and 

plate behaviour for composite materials. 

Impact damage in cross-ply plates has been studied using the A0 mode excited at 20 

kHz, although noise levels were high [93]. It was reported in the literature that the 

amplitude of the A0 mode can decrease significantly near the impacted area due to 

attenuation [94], although the spatial pattern of attenuation was complex [95, 96]. The 

impact damage location can be predicted if the travelling wave velocity is known [97]. 

1.4. Thesis Outline 

A new approach for generating and detecting guided waves in composites would be a 

welcome addition, especially if control over the wave mode was available. This thesis 

describes one approach using removable magnetostrictive patches which are attached 

to the surface of the sample.  
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The use of magnetostriction in NDT applications is established, but a greater 

knowledge of how the different parameters variation can affect magnetostriction is 

lacking. In fact, knowledge about how the input parameters such as the excitation 

frequency or the direction of the applied magnetic fields enhance the performance of 

the magnetic patch is limited. In addition, the use of magnetostrictive patches provide 

greater advantages compared to piezoelectric transducers in terms of design flexibility 

and their ability to generate multiple modes across a wide range of frequencies using 

the same patch, while modifying the combination of the applied magnetic fields 

without the need to redesign the system as with PZTs.   

Chapter 2 gives a summary of the different ultrasonic transduction methods. It outlines 

the basics of EMAT operation by briefly explaining their history and development, 

followed by the principle of operation presentation detailing how EMATs work in 

terms of excitation and detection of different ultrasonic waves. Finally, a detailed 

description of the Lorentz force, magnetization and magnetostriction generation 

mechanism are included in the thesis. A discussion of EMATs is relevant, as similar 

AC coil and static magnetic field geometries are used for interacting with the 

magnetostrictive patch.       

In Chapter 3, the theory of magnetostriction is outlined and the equations governing 

magnetostriction are presented. A special focus is given to the transfer equation linking 

strain generation to the presence of a magnetic field, and the different factors affecting 

magnetostriction are described. Finally, different materials that could be of use in the 

present experiments are discussed. 

The subject of Chapter 4 is study of the effect of magnetic field direction on the 

generation of S0, A0 and SH0 guided waves modes by a magnetostrictive patch. 

Different magnetic field configurations and directions were examined experimentally 

so as to understand the effect of different combination of the generation mechanisms 

within a magnetostrictive patch. 

In Chapter 5, the numerical modelling (supporting the experimental work reported in 

chapters 4, 6 and 7) of the different parameters affecting the transduction mechanism 

is presented. The governing equations and the steps used in modelling the dynamic 

magnetic field and the static magnetic field are presented. As the process includes 
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different physics and commercial software, the workflow of integrating different 

aspects of the model is summarized. Finally, the interaction of the different magnetic 

fields and the magnetostrictive curve for the ferromagnetic material used within the 

patch are presented.  

Chapter 6 presents a study of the effect of different parameters on magnetostriction 

induced ultrasonic generation. These included excitation frequency, static magnetic 

field and dynamic magnetic field magnitude and direction. Chapter 6 also includes an 

observation of magnetostriction at low static magnetic fields levels leading to 

interesting behaviour at different magnetic fields combinations.      

Chapter 7 examines the potential of the magnetostrictive patches for the detection of 

defects in composite plates using guided waves in pulse-echo configuration. A lab-

induced defect and then a delamination are investigated and the defect images were 

reconstructed using the Synthetic Aperture Focusing Technique (SAFT).         

Finally, Chapter 8 highlights the main achievements of the work, and the ways in 

which the research can be taken forward as Future Work. 
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Chapter 2: Ultrasonic 

transduction and Electro-

Magnetic Acoustic Transducers 

(EMATs) 

This chapter presents an extended overview of electromagnetic acoustic transducers, 

covering their fundamental operating principle and listing their advantages and 

drawbacks. An overview of piezoelectric and laser transduction mechanism is first 

introduced, followed by a description of the historical advances and development of 

EMATs. Finally, the working principle and the transduction mechanism for EMATs 

is discussed.   

2.1. Common methods of ultrasonic transduction 

2.1.1. Piezoelectric transducers  

Piezoelectric transducers are the most widely used transducers for generating 

ultrasonic waves as both bulk waves and guided waves. In most cases, these use lead 

zirconate titanate (PZT) as the piezoelectric material. They are low cost and can be 

provided with different sizes. When an electrical potential is applied, the piezo-

element start to vibrate thus when connected to the surface of a structure, the vibration 

is transmitted and while interacting with the boundary conditions of the sample, 

guided waves are generated. the inverse phenomenon is used to detect reflected waves. 

One of the main characteristics of piezoelectric transducers is that physical contact 

through a coupling gel is required to establish full contact, allowing the transmission 

of the ultrasonic wave from the piezoelectric element to the sample [1]. Alternatively, 

dry contact is possible, where the transducer is coupled to the sample by applying a 

force so that the surface of the transducer can be in partial contact with the surface of 

the specimen [2]. The use of this dry-coupled method, and the applied force required 

to prevent any transmission loss of the energy, is limited by the condition that the 

transduction element does not break [1]. Unfortunately, moving structures and 
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specimens in hostile environments such as high temperatures cannot be inspected 

easily using regular transducers, although high-temperature piezoelectric materials 

have been developed [3]. There is still a need for specially designed transducers that 

are suitable for generating elastic waves and allowing the inspection and monitoring 

for any defect in these environments.     

The piezoelectric effect describes the response of the piezoelectric material when 

subject to an applied external load. An electric charge is generated when the 

piezoelectric crystals (which are elements forming the transduction layer within the 

sensor) are subject to externally applied forces. In fact, the crystals are naturally 

electrically balanced but a charge is created when a load is applied thus the electrical 

charges is altered. This effect constitutes the operating principal of a piezoelectric 

detector. Conversely, when an electrical field is applied to the crystals, a strain will be 

generated within the piezoelectric elements allowing the transducer to vibrate leading 

to the generation of elastic waves known as the inverse or reverse piezoelectric effect 

[4]. 

Single crystal quartz is one of the natural materials used to manufacture piezoelectric 

transducers. It was historically the first material studied exhibiting the piezoelectric 

effect [5]. Synthetic materials such as PZT ceramics [5] in the initial state are formed 

of randomly oriented domains without any centre of symmetry imposing no polarity. 

In the presence of an externally applied electrical field and at temperatures above the 

Curie point, the dipoles start to align with the field lines. The polarisation of the 

piezoelectric elements can be defined as the dipoles maintain their alignment with 

respect to the electrical fields when the high temperature is removed.   

The generation of the ultrasonic waves through piezoelectric transducers, shown in 

figure 2.1., is mainly affected by multiple parameters such as the coefficient of 

piezoelectric voltage, the coefficient of the piezoelectric strain and the factor of the 

shear coupling thickness. The ultrasonic generation efficiency can also be affected by 

the testing environment temperature. The frequency, size and shape and piezoelectric 

properties of the transducer have a strong influence on the efficiency of guided wave 

generation. 
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Figure 2.1. Main components of a generic piezoelectric transducer used in 

ultrasonic testing inspection 

 

In addition to the piezoelectric and elastic properties of the piezoelectric elements, the 

environment temperature is critical to the operation of the transducer. In fact, when 

the operating temperature exceeds the Curie temperature of the piezoelectric element, 

the alignment of the dipoles is lost and the initial state is regained. Performance of the 

piezoelectric material will generally start to noticeably degrade at temperatures above 

half the Curie temperature, with some irreversible level of degradation. The increase 

in temperature leads to an increase in the internal kinetic energy of the transducer and 

thus the domains are no longer aligned and they become randomly oriented leading in 

a significant decrease in the system performances. Practically, the standard maximum 

operating temperature of a piezoelectric element is selected to be half of its Curie 

temperature.   Overall, piezoelectric transducers are the most widely-used transducers 

for generating elastic waves in different media. Various geometries and poling 

directions are available (e.g. to generate shearing stress), although coupling shear 

stress to a sample usually requires a special couplant material and the application of a 

high load to push the transducer onto the sample. Various wave modes can be 

generated (including guided-wave modes), but there is some limited flexibility in 

terms of design when using piezoelectric transducers. 

The design of the piezo-element is critical as that would define the operating frequency 

range and based on the polarization, it would affect the wave mode generated. 
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Conversely, EMATs, being contact-free sensors, offer greater flexibility in terms of 

design as different modes can be generated using the same setup. They are also contact 

free thus they offer a wider range of application especially in harsh environment, high 

temperature environment or rotating structures. In fact, the generation of guided waves 

using piezoelectric sensor is complicated especially for shear horizontal modes as it 

requires special polarisation and also a special coupling permitting the shear motion 

to be transmitted from the sensor to the surface of the tested sample.       

In addition to that, a continuous contact is required during the inspection process, 

which limits the application range for such systems, such as when the sample is at a 

high temperature or moving. To overcome such limitations, contactless technologies 

have been developed, and two examples are laser ultrasonics and electromagnetic 

acoustic transducers (EMATs).    

2.1.2. Contact-free laser-based technology for ultrasonic generation and 

detection 

The generation of ultrasonic waves using pulsed or temporally modulated laser beams 

has been well-known in the industry and the research community for several years [6, 

7], and similarly the use of laser interferometry [8] for detection of vibrations at the 

surface of a sample associated with the arrival of an ultrasonic wave. Such systems 

have been used for defect detection and for the characterization of various materials 

[9]. One of the biggest advantages of using laser-based ultrasound is the remote and 

contact-free nature of the technique. A distance of a few centimetres to metres between 

sample and laser-based equipment and optics is possible, and laser beams used for 

both generation and detection can also be fibre coupled.   

Pulsed laser systems for the generation of elastic waves in materials and laser 

interferometry as a wave detector have been used to measure the elastic constants in 

metallic alloys over a wide range of temperatures [10, 11]. Later, laser systems were 

used to identify the effect of temperature variation up to 1000°C on the velocity of the 

longitudinal bulk waves in different media, using both a laser beam source and an 

interferometer detector [12]. Research has shown that laser-based systems can be used 

to measure ultrasonic velocity, attenuation and detection sensitivity when the 
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temperature of the material is up to 1200°C, taking advantage of the contact-free 

measurement technique [13]. 

Although using lasers to generate and detect ultrasonic waves has numerous 

advantages, the method presents potential drawbacks. A highly machined and polished 

surface may be required to have the best sensitivity but that is not an absolute 

requirement as different laser technologies will tolerate a rougher surface such as the 

Fabry-Perot laser [14] and when two-wave mixer interferometer are used [15, 16]. The 

sensitivity is affected by the surface quality, as it reduces greatly when the surface 

roughness is increased which can be overcome if scatter is used. In addition, the 

sensitivity decays rapidly when the beam is projected on a dirty surface due to the 

laser energy being absorbed, but that is depending on different factors such as the 

material and the laser wavelength, and not reflected back to the detector. The polished 

surface is required during NDT inspection for current systems where the motion in 

three directions is captured; the two-wave mixer interferometer is not suitable for this 

operation.  

The requirement of a polished and clean surface is challenging especially in an 

industrial environment. This makes an inspection using laser systems expensive, time 

consuming and demanding extra levels of preparation when compared to other 

inspection techniques. In order to overcome such limitations, new design of 

interferometer and detector have been suggested such as the Fabry-Perot detector 

which is less sensitive to the roughness of the inspected surface. Additionally, Fabry-

Perot detectors can perform inspection without the need of a precise focusing on the 

specimen surface making them a suitable option to inspect challenging parts. [17, 18]. 

These interferometers were proven suitable in an industrial environment to inspect 

rough surface such as an oxidised tube wall [19]. 

An alternative to the system using laser both as a generator and a detector was 

introduced by using a pulsed laser system to generate and an EMAT for detection 

which both can operate in a contact-free configuration. The system was initially used 

to inspect a stainless-steel specimen [20, 21]. More recent work employed an EMAT 

formed of rare earth magnets such as the Neodymium-Iron-Boron (NdFeB) and a coil 

enclosed in cooled shields to allow the operation in high temperature environments. 

The pulsed laser beam was used as a generator, while the EMATs were used as 
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detectors for the generated ultrasonic waves [22-26]. Switching from a laser 

generation and laser-based detection system to a laser-EMAT system allowed some 

challenges to be overcome, especially the sensitivity of laser interferometry toward 

the quality and the cleanliness of the inspected surface. In fact, both the pulsed laser 

beam generation source and the EMAT are less sensitive to the roughness of the 

surface compared to other generation or detection mechanisms such as piezoelectric 

transducers as good contact to surface is required, while providing a non-contact 

inspection method. Unfortunately, the operating costs of the laser system and the pre-

testing tasks and procedures (health and safety concerns) limited the deployment of 

such systems significantly in the industrial environment compared to EMATs, which 

are widely used in various environments to conduct ultrasonic inspections.    

In conclusion, laser-based ultrasound systems offer the advantage of being contactless 

compared to piezoelectric transducers for generating ultrasonic waves. The physics 

behind the generation of ultrasound waves using laser systems is well developed and 

understood allowing advancement in the generation of different waves modes by 

tuning the pulse parameters. However, the use of a laser system is costly and the large 

size of the laser systems limit their deployment in specific environments where space 

is restricted. In addition, if ablation is used in the generation process, there is the 

likelihood that damage to the material’s surface could occur, and this is not desirable. 

Consequently, although guided waves generation using laser system is still an area of 

research within a lab environment, scientists have switched to a more affordable 

solution based on the use of electromagnetic acoustic transducers (EMATs).     

2.1.3. Electro-Magnetic Acoustic Transducers  

Electromagnetic acoustic transducers, as shown in figure 2.2, are transducers capable 

of generating ultrasonic waves within a conductive material without the need to have 

contact with the tested sample. EMATs do however need to be within a few 

millimetres of the sample surface. They are considered low-cost and highly 

customisable transducers that can act both as a generator and a detector of elastic 

waves.   

In the case of non-ferromagnetic samples, the ultrasound waves are generated through 

the interaction of the eddy current fields in the sample generated by an alternating 
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current through a coil generating a dynamic magnetic field and an externally applied 

static magnetic field [27]. In the case of ferromagnetic materials, the ultrasonic 

generation mechanism is more complex, as additional physical phenomena are 

occurring such as magnetostriction in addition to the generation of Lorentz forces. 

Note that this will be further developed in chapter 3 and the different mechanisms are 

detailed in section 2.3. 

 

 

Figure 2.2. Main components of a generic EMAT used in UT inspection 

 

The dynamic magnetic field is a varying magnetic field generated by placing a coil in 

the vicinity of the part. The field is generated by passing an alternating current through 

a coil. It is important to mention that the dynamic magnetic field can affect the 

generation of Lorentz forces in addition to the applied static magnetic field. In practice, 

the current amplitude is relatively high, reaching the level of up to around 1000A to 

increase the generated ultrasonic wave amplitude, although many systems operate at 

significantly lower pulsed current levels. Eddy currents are then generated by placing 

the RF coil near the surface of the tested sample, which will interact with a static or 

pseudo-static magnetic field. This static magnetic field is provided by a permanent 

magnet or an electromagnet in proximity of the surface of the specimen. The 
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permanent magnet needs to be strong enough to enhance the amplitude of the 

generated signal, and typically an EMAT will use a rare-earth material such as the 

neodymium-Iron-Boron (NdFeB) [28]. 

The direction, amplitude and geometry of both the dynamic and the static magnetic 

fields need to be designed carefully so as to generate a specific ultrasonic mode within 

the specimen as field direction can significantly affect the generation of Lorentz forces 

initially and subsequently the generation of magnetostriction. These considerations 

offer one of the key advantages of EMATs, which is the flexibility of design and the 

possibility of generating specific wave modes. Within this thesis, different RF coil 

geometries are designed and tested, as well as various configurations of static magnetic 

fields. 

EMAT principle of operation: 

A major advantage of EMATs is their simplistic design. The coil is subject to a high 

amplitude RF current signal (e.g. a toneburst, an impulse or some other waveform) to 

generate a dynamic magnetic field in the surface of the target sample. A permanent 

magnet or electromagnet is used to generate a static magnetic field. In the case where 

the transducer is placed near to a conductive, non-ferromagnetic sample, eddy currents 

are generated within the skin depth of the material. The externally applied static 

magnetic field interacts with the generated eddy current, resulting in the generation of 

a body force (the Lorentz force) within the tested specimen’s skin depth, leading in 

turn to the generation of elastic waves for NDT applications [29-32]. 

The main generated Lorentz forces and associated basic EMAT design are 

summarized in figure 2.3 for an EMAT designed to generate normal incidence shear 

waves (a) and compression waves (b).  

At the microscopic level, Coulomb forces are exerted on the electrons above the Fermi 

energy that are free to carry charge within the material, due to the dynamic magnetic 

field from the current flowing the coil. This forms the eddy current in the sample’s 

skin-depth. As the current has a direction of travel that is perpendicular to the external 

static magnetic field, the electrons in the eddy current are then also subject to a Lorentz 

force from the cross product of the eddy current density and the static magnetic field. 

The mathematical formulation is presented in the subsequent sections. In the case 



46 
 

where the sample tested is ferromagnetic, additional forces are generated alongside 

the Lorentz forces, which are the magnetization forces and the magnetostriction 

forces. These forces are a physical interaction of the ferromagnetic material with the 

applied magnetic fields. Magnetostriction is further discussed in Chapter 3. Strictly 

speaking, it is the motion of the atoms that constitutes the ultrasonic wave, and the 

following section will describe in more detail how the Lorentz force linked to the 

motion of the electrons, resulting in the coherent vibration of atoms, and hence 

generation of an ultrasonic wave. 

 

 

(a) 

 

(b) 

Figure 2.3. Main coil and permanent magnet configurations to generate: (a) in 

plane Lorentz forces and (b) out-of-plane Lorentz forces 
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 History and development of EMATs 

The working principle of EMATs is based on the interaction of eddy currents 

generated by an alternating current flowing through a coil, placed in proximity to a 

permanent magnet and a conductive sample. Initial studies examined the vibrational 

behaviour of brass by driving a low frequency current through a coil [33]. The 

experiment led to the generation and detection of both the longitudinal and torsional 

wave modes in the specimen. Later, researchers worked on determining the grain size 

in brass by upgrading the measurement apparatus [34]. Similarly, it was proven that 

the generation of longitudinal and shear waves can be optimised separately, based on 

the fact that the static field can be applied either parallel or perpendicular to the surface 

of the sample [34].  

EMATs have been used for multiple applications, from material characterisation to 

structural health monitoring and inspection applications [35-38]. EMATs are currently 

a powerful method for measuring anisotropy in materials that can arise from their 

crystallographic texture [39] or residual stresses using directional shear waves or 

guided waves. They have been used inspect rail tracks [40], find hidden defects under 

pipe supports [41], measure high temperature piping systems [42] and find defects in 

stainless steel welds [43]. Some of the advantages and drawbacks of using EMATs for 

ultrasonic measurements are summarized in Table 2.1.  

Over the last decade, major advancements in EMATs technology have been achieved. 

The instrumentation and the design of the actual sensor were upgraded by using 

models to analyse the performance of the transducer [44, 45]. Both magnetostriction 

and Lorentz forces generation mechanisms were included within the same framework, 

while multiple analytical models were established to describe the working 

mechanisms of the different transduction methods present within the EMAT system. 

This led to different applications such as the spectrometric approach [46], used for the 

detection of rolling texture in thin metals [47], initially at frequencies of up to 50 MHz 

which was later increased to 120 MHz in the case of investigating aluminium foil [48].  
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Table 2.1. Advantages and drawback of EMATs 

Advantages of EMATs Drawbacks of EMATs 

• Low sensitivity to surface quality  

• Non-contact inspection method 

• Ability to generate multiple 

wave modes   

• Can operate at high temperatures 

in challenging environments  

• Ability to measure physical 

properties by operating a single 

transducer  

• Wideband in nature 

• Limited area of application to 

conductive materials only  

• Low transduction efficiency  

• Low energy transfer ratio 

compared to piezoelectric 

transducers  

• Generated signal affected by the 

conductivity of the material 

• Complex generation mechanism 

for ferromagnetic materials 

  

Dixon et al’s work has focused on the analysis and enhancement of EMAT 

performance by optimising different design parameters [49, 50]. Research was 

conducted on analysing the effect of modifying the dynamic magnetic field generated 

through the coil on the generation of the Rayleigh waves [51]. It was proven that by 

accurately modifying the orientation of just the static magnetic field applied on the 

sample, the Lorentz forces generated through the dynamic field can interact 

constructively with the static magnetic field in order to enhance the generated signal 

within the tested sample [52-54]. The work performed by Dixon and colleagues 

extended to the modelling of EMATs by trying to limit the generation of waves in the 

permanent magnet placed in proximity to the coil. The model described the inclusion 

of a conductive layer placed between the coil and the magnet which led to the 

generation of eddy current in the newly added component. This modification affected 

significantly the impedance analysis of the coil, reflecting that previous seminal work 

conducted by Dodd and Deeds for eddy current sensors would need to be adapted to 

accurately calculate the coil impedance in finite element modelling [55].     

2.2. Applications and challenges of EMATs 

Although EMATs offer key advantages compared to piezoelectric transducers and 

laser systems, the low efficiency of the transduction mechanism presents one of the 

major disadvantages limiting the wider use of such transducers. This lack of efficiency 

compared to other technologies has limited their use as ultrasonic generators and 

detectors, where more efficient systems can be designed and adopted [56,57]. The use 

of EMATs is limited due to their low transduction efficiency, particular as generators. 
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This is despite successful demonstrations of generation and detection of ultrasonic 

waves on steel samples and at high temperatures, where they do not require contact 

with the tested specimen [58, 59]. In addition, EMATs require advanced optimisation 

and design technique to enhance the signal-to-noise ratio and enhance the transduction 

efficiency to be applied on both the transducer (coil shape, direction of the static field) 

and the driving electronics [60-63].  

Ultrasonic generation and detection via EMATs are not possible in non-conductive 

samples using the normal Lorentz force mechanisms. To overcome these limitations, 

the use of additional modifications is required. To provide the capability of testing 

non-conductive materials, conductive thin films can be attached to the sample [64]. 

Among these patches, magnetostrictive patches [64] are attracting more attention due 

to their higher sensitivity as ultrasonic generators and detector when compared to 

EMATs, and this approach is studied in this thesis.     

2.3. Maxwell Governing Equations 

The operation of EMATs is described via the Maxwell’s equations (which is including 

the Ampere’s law and the Faraday’s law) [65] presented below:   

 

∇. �⃗⃗� = 𝜌 (2.1) 

∇. �⃗� = 0 (2.2) 

∇. �⃗� =  −
𝜕�⃗� 

𝜕𝑡
 

(2.3) 

∇. �⃗⃗� = 𝑗 +
𝜕�⃗⃗� 

𝜕𝑡
 

(2.4) 

 

where �⃗⃗�  describes the electric displacement vector, 𝜌 is the free charge density, �⃗�  is 

the magnetic flux density, �⃗�  is the electric field vector, �⃗⃗�  is the strength of the 

magnetic field and finally 𝑗  is the current density vector. A method to quantify 𝐽 , �⃗⃗�  

and �⃗�  is through using the equations below:  

𝐽 = 𝜎�⃗�  (2.5) 

�⃗⃗� = 𝜖0𝜖𝑟�⃗�  (2.6) 

�⃗� = 𝜇0(𝐻 + 𝑀). (2.7) 
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Here, 𝜎 is the corresponding electrical conductivity of the tested material, 𝜖0 and 𝜖𝑟 

are the permittivity in free space and relative permittivity of the material respectively, 

𝜇0 is the permeability in the free space and 𝑀 describes the magnetization vector.  

The magnetic field �⃗�  can be written in function of 𝜇0, 𝜇𝑟 which is the relative 

permeability of the material and the magnetic field strength �⃗⃗�  as follows: 

 

�⃗� = 𝜇0𝜇𝑟 �⃗⃗� . (2.8) 

      

Equations 2.1 to 2.8 describe the governing equations of the electromagnetic 

interaction when an EMAT is placed near a conductive material. Further equations are 

presented in the next section to describe the mathematical framework describing the 

forces generated leading to the generation of ultrasonic waves  

2.4. Lorentz, Magnetization and Magnetostriction Forces 

2.4.1. Lorentz Forces  

Maxwell’s equations [65], Faraday’s law and Ampere’s law construct the 

mathematical framework describing the generation of a magnetic field within the 

conductive sample, when a coil driven by an alternating current is placed close to the 

sample surface. The direction of the resulting through thickness averaged eddy current 

is generally opposed to the direction of the initial current vector, if we consider the 

current to effectively be acting at the sample surface. Strictly speaking the effective 

average eddy current can be considered to be in antiphase to the generating current. 

One should remember that amplitude and phase of the eddy current varies with depth, 

and externally one sees the resultant magnetic field of the eddy current from all depths. 

The Lorentz force on the electrons from the interaction between the generated eddy 

current and the externally applied static magnetic field can be expressed using the 

following equation: 

  

𝐹 = 𝑞(�⃗� + 𝜗 × �⃗� ) (2.9) 

  

where 𝐹  is the Lorentz force, 𝑞 is the electric charge value, �⃗�  represents the electric 

field vector, 𝜗  is the vector of the velocity of the corresponding charged particle and 
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�⃗�  is the vector of the full applied magnetic field including the static and dynamic 

magnetic fields. In the case where the sample is static in terms of electrical charges, 

then:  

 

�⃗� = 0 (2.10) 

 

which simplifies the equation describing the Lorentz forces. The latter can be re-

written as follows: 

 

𝐹 = 𝑞𝜗 × �⃗�  (2.11) 

  

As mentioned before, the electrical charges are subject to Coulomb forces originating 

from the applied dynamic electrical field through the coil and are simultaneously 

subject to the Lorentz forces when a static magnetic field is present, so that the general 

equation describing the motion of a single electron is as follows:    

 

𝑚
𝑑𝜗𝑒
⃗⃗⃗⃗ 

𝑑𝑡
= −𝑒(�⃗� + 𝜗𝑒

⃗⃗⃗⃗ × �⃗� ) −
𝑚𝜗𝑒

⃗⃗⃗⃗ 

𝜏
 

(2.12) 

 

where 𝑚 presents the mass of the electron, 𝜗𝑒  is the mean velocity of a single electron, 

𝑒 is the corresponding electronic charge, and 𝜏 is the average time between the 

electrons scattering between successive atoms or ions in the conductor, assuming that 

the electron loses all its momentum when scattered. The average distance between 

such scattering event is called the mean free path of the electron. 

In the special situation where this velocity of the electron remains constant, i.e. when 

 

𝑚
𝑑𝜗𝑒
⃗⃗⃗⃗ 

𝑑𝑡
= 0 

(2.13) 

 

then equation (2.12) can be simplified as follows: 

 

−𝑒(�⃗� + 𝜗𝑒
⃗⃗⃗⃗ × �⃗� ) =

𝑚𝜗𝑒
⃗⃗⃗⃗ 

𝜏
 

(2.14) 
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Consider a volume of a conductive material which includes a defined value of ions 

density 𝑁𝑖,and consider the charge of an ion  𝑍𝑖 and 𝑛𝑒𝑎s an electron charge density  . 

The force generated per unit volume due to the transfer of momentum can be expressed 

by utilising the equation 2.15 [66]: 

 

𝐹 = 𝑁𝑖𝑍𝑖(�⃗� + 𝜗𝑖
⃗⃗  ⃗ × �⃗� ) +

𝑚𝜗𝑒
⃗⃗⃗⃗ 

𝜏
𝑛𝑒 

(2.15) 

  

where 𝜗𝑖
⃗⃗  ⃗ is the mean velocity of the corresponding ion. If the sample is electrically 

neutral, the eddy current density vector 𝑗  is as follows: 

 

𝑗 =  −𝑛𝑒𝑒𝜗𝑒
⃗⃗⃗⃗  (2.16) 

The velocity of the electrons is orders of magnitude greater than that of ions, as the 

ions are typically 4 orders of magnitude heavier than the electrons and the atoms have 

strong forces holding them in their equilibrium positions, so that equation 2.15 can be 

expressed as follows:  

 

𝐹 = −𝑛𝑒𝑒𝜗𝑒
⃗⃗⃗⃗ × �⃗� = 𝑗 × �⃗�  (2.17) 

 

As explained above, both the static dynamic field generated from the magnet, and the 

dynamic magnetic field generated from the coil, interact with the sample so that in a 

way the sum of both magnetic fields constitutes the overall magnetic field applied to 

the sample. In practice, the magnetic field generated from the magnet is greater than 

that generated from the coil, and thus the static field has a greater effect on the 

generation of Lorentz forces compared to the dynamic field generated by the coil.     

In conclusion, the Lorentz forces generated through the interaction of eddy currents 

and an externally applied magnetic field, represents the main transduction mechanism 

used in EMATs.  

In the case of ferromagnetic materials, the applied magnetic fields have additional 

magnetoelastic effects on the material. These are due to magnetization which is 

introduced in the next subsection, and magnetostriction, which is fully developed in 

Chapter 3.    
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2.4.2.  Magnetization Force 

In the case where EMATs are used in a proximity of a ferromagnetic material, 

magnetization occurs within the sample, as the external magnetic field is present. 

Historically, the effect of magnetization on the generation of the ultrasonic waves 

through the use of EMATs was first investigated in the 1970s [67, 68]. The 

magnetization force is expressed as a function of magnetization �⃗⃗�  and the applied 

field �⃗⃗�  as follows:  

 

𝐹 𝑀 = ∫∇∗(M⃗⃗⃗ . H⃗⃗ ) dv
 

𝑉

+
1

2
𝜇0 ∫ �⃗� 𝑀𝑛

2dS
 

𝑆

 
(2.18) 

  

where 𝐹 𝑀 represents the forces generated due to the magnetization, ∇∗ is the nabla 

operator, �⃗�  is the out-of-plane direction with regards to the sample surface and 𝑀𝑛 is 

the magnetization vector component in the normal direction of the surface. It is 

important to mention that the first expression in equation 2.18, ∫ ∇∗(M⃗⃗⃗ . H⃗⃗ ) dv
 

𝑉
 

corresponds to the magnetization force and the second expression in the equation 

1

2
𝜇0 ∫ �⃗� 𝑀𝑛

2dS
 

𝑆
 corresponds to the collection of electromagnetic forces that appear on 

the surface of the sample and rapidly decrease in the direction of the bulk of the 

structure.           

Original work conducted by researchers [28, 69-70] showed that in certain 

arrangements, the elastic waves generated from the magnetization can almost cancel 

those originating from Lorentz forces. Yet, waves generated from the magnetostriction 

presented in the next section can significantly affect the testing thus cannot be 

neglected.  

2.4.3. The effect of Magnetostriction 

Magnetostriction is a physical property of every ferromagnetic material [71]. It is due 

to the interaction of electrons, at a quantum level, leading to the alignment of the 

magnetic spins that constitute the magnetic domains, when an external magnetic field 

is applied to a ferromagnetic material, such as iron or cobalt [72]. In fact, when an 

external magnetic field is applied, the magnetic domains tend to align with the 
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direction of the applied magnetic field. Through the spin of the domain, an internal 

strain is created leading to the extension of the dimension of the sample in the direction 

of the applied magnetic field. 

Magnetostriction occurs in environments where the specimen temperature does not 

exceed its Curie temperature. If the latter is exceeded, the thermal energy would 

supersede the magnetic properties of the material which, by becoming paramagnetic, 

lose its magnetostrictive properties.           

In the situation where the temperature is below the Curie temperature, the interactions 

leading to the magnetostriction are resumed naturally, resulting in natural changes to 

the ferromagnetic specimen. The process is known as the spontaneous 

magnetostriction.   

Magnetostriction is usually defined as λ (the same symbol that is often used for 

wavelength) and it is equal to the ratio of the changes in length of δl to the original 

length in the case of ferromagnetic materials as provided below: 

𝜆 =
𝛿𝑙

𝑙
 (2.19) 

 

The change in length is the measurement of the specimen dimension changes after an 

external magnetic field is applied to the ferromagnetic sample. As an example, the 

equation describing the magnetostriction in an isotropic ferromagnetic material 

(nickel) can be written as:     

𝜆 =
𝛿𝑙

𝑙
=

3

2
𝜆𝑠 (𝑐𝑜𝑠2𝜃 −

1

3
) (2.20) 

 

where θ is the angle between the measurement direction and the magnetization 

direction; λs is the saturation magnetostriction when the magnetostriction effect is no 

longer manifesting while the applied magnetic field is still increasing. The saturation 

magnetostriction varies between materials and is equal to -34x10-6 for nickel and is -

7x10-6 for iron. As can be seen from equation 2.20, magnetostriction is dependent on 

the angle θ which can introduce two specific cases, i.e. where θ = 0° and θ = 90°. In 

the case of θ = 0°, the magnetostriction is equal to the saturation magnetostriction, 

whereas if θ = 90° then 𝜆 =
−1

2
𝜆𝑠. 
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Magnetostriction in ferromagnetic materials can be used to overcome some of the 

disadvantages of EMATs listed in section 2.3 [73-75]. Ferromagnetic materials in thin 

film form can exhibit high levels of magnetostriction, and can be used in conjunction 

with EMATs to generate ultrasonic waves in non-conductive samples.     

A more in-depth analysis of the effect of magnetostriction in both ferromagnetic 

materials and thin film ferromagnetic materials will be introduced in the next chapter 

“Theory of Magnetostriction”. 

2.5. Conclusions  

In this chapter, some background to the operation of Electromagnetic acoustic 

transducers (EMATs) and their historical development has been provided. In addition, 

the main equations describing the three operating mechanisms (Lorentz forces, 

Magnetization and Magnetostriction) have also been given. The main interest to the 

work of this thesis is the magnetostriction effect. Chapter 3 will investigate this 

phenomenon in more detail, and will describe how this effect can contribute to design 

of transducers using thin magnetostrictive films that can be used to perform NDT 

operations.   
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Chapter 3: The Magnetostriction 

phenomenon  

This thesis describes the use of magnetostrictive thin films in ultrasonic guided wave 

NDT applications. The first section of this chapter will provide an explanation of the 

different physical aspects involved in magnetostriction. This is followed by an 

overview of the properties of thin magnetostrictive films and a review of their 

applications 

3.1. Magnetism and ferromagnetic material 

Magnetism is defined as the combination of changes and interactions occurring in a 

material which may be subject to an applied magnetic field. Magnetic materials can 

be classified under multiple forms based on the atomic magnetic moment coupling. 

Examples include paramagnetic, ferromagnetic, antiferromagnetic or ferrimagnetic 

materials. Paramagnetic behaviour occurs when the atomic magnetic moments are 

randomly orientated and their sum at the level of the bulk material is zero when no 

external magnetic field is applied. This is due to the fact that they don’t have a specific 

order or orientation at the bulk material level. The magnetic susceptibility χ 

(dimensionless in S. I. Units) of paramagnet materials is within the range of 10-5 to 10-

2 and the magnetization level in such material is considered to be low.  

The equations describing the magnetic flux density and the magnetic susceptibility in 

a magnetic material are:  

 

χ =
𝑀

𝐻
 

𝐵 = 𝜇0(𝐻 + 𝑀) 

(3.1) 

(3.2) 

 

where M is the magnetization, H is the applied magnetic field, B is the magnetic flux 

density and µ0 is the permeability in the free space 𝜇0 = 4𝜋 × 10−7 Hm-1. 

When the magnetic moments are coupled at the atomic level, the resulting magnetic 

states can be described as ferromagnetic, antiferromagnetic or ferrimagnetic as 



63 
 

presented in figure 3.1. A system will adopt a state that has the lowest free energy for 

particular conditions, and the underpinning reasons for why a system adopts a 

particular magnetic state is tied up in the quantum mechanics and thermodynamics of 

that system. Magnetic materials will generally exhibit a range of different magnetic 

states as temperature and/or applied magnetic field are varied. A common feature for 

these materials is that they can also exhibit a level of magnetic arrangement when an 

external magnetic field is absent, which means that the sum of the magnetic atomic 

moments when an external magnetic field is absent can be different from zero, except 

in the case of antiferromagnetic materials (figure 3.1). The thin films used in the 

present work are ferromagnetic [1], where the orientation of the magnetic spins for a 

ferromagnetic material remains parallel even when there is no external applied 

magnetic field applied. When used below the material’s Curie Temperature, χ ranges 

from 101 to 104; at higher temperatures, χ drops significantly to the 10-5 to 10-3 range. 

At these levels of susceptibility, the material is no longer ferromagnetic and becomes 

paramagnetic. 

When an external magnetic field is applied to a ferromagnetic material, the magnetic 

dipoles tend to align with the applied field direction. This effect is limited to a value 

known as saturation magnetization, where all the magnetic dipoles of a ferromagnetic 

material are fully aligned with the field. The saturation magnetization can be obtained 

mathematically by multiplying the number of atoms constituting a material per volume 

unit by the magnetic moment of each atom. In the case of isotropic material, the 

saturation magnetization remains the same in all directions; and it may be different 

only if the material exhibits a level of magnetic anisotropy.  

By definition, the magnetic moment is formed by considering the spinning of the 

electron in an orbital motion. A material is ferromagnetic when all the magnetic 

moments are parallel and aligned in the same direction (figure 3.1(a)). The situation 

for an antiferromagnetic material is shown in figure 3.1(b), where the dipole moments 

are antiparallel and tend to cancel each other out.  
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(a)                         (b) 

Figure 3.1. A simple representation for the magnetic moments within (a) a 

ferromagnetic material and (b) an antiferromagnetic material. 

3.2. Origins of magnetostriction 

When an external magnetic field is applied to a ferromagnetic material, the dimensions 

of the sample change, a phenomenon known as magnetostriction described by λ [2]. 

This can be defined as:   

 

𝜆 =  
𝛿𝑙

𝑙0
, (3.3) 

 

where ∆𝑙 is the fractional change in dimension observed in the material when the 

magnetic field is applied, and 𝑙0 is the original length with no magnetic field present. 

This is the Joule effect [3], which was first reported 1842, where λ can be either 

positive or negative. In the case where the observed change of length is positive, ∆𝑙 >

0 and λ is positive, and conversely, when ∆𝑙 < 0, λ is negative. The Villari effect [4] 

is the inverse of the Joule effect, and is observed when stress is applied to a 

ferromagnetic material so that the magnetisation of the material changes. There are 

other variations that have been reported: The Wiedemann effect [5] is associated with 

the torsional interaction of the ferromagnetic material with an applied magnetic field. 

It is mainly observed when an external magnetic field generated by a passing current 

in the proximity of the material which leads to a rotated magnetisation around the axis 

similar to the applied current. Its inverse is known as the Matteucci effect, where 

changes are induced by mechanically-induced twisting.    
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3.3. Governing Equations for Magnetostriction  

3.3.1. Spontaneous Magnetostriction   

It was defined previously that magnetostriction can be either positive or negative [1], 

but it can also be spontaneous or induced. Although spontaneous magnetostriction is 

usually a negligible effect in ferromagnetic materials, it is described here for 

completeness. To explain this effect, consider a material which is initially above the 

Curie Temperature (and is thus paramagnetic). In developing the argument, we assume 

that the material will be isotropic and there is no external stress, and the domains are 

randomly shaped. If the temperature now drops below the Curie temperature, 

ferromagnetism conversion is initiated. In fact, at the beginning of the change from a 

paramagnetic material to a ferromagnetic material, a magnetisation occurs 

spontaneously as the magnetic dipoles are formed. The ordering of the newly formed 

magnetic domains engenders an internal strain and thus spontaneous magnetostriction, 

which occurs in a specific direction. Although magnetostriction is occurring 

spontaneously, the bulk magnetostriction value of the specimen remains equal to zero.  

In order to mathematically model the magnetostriction [2, 6], a single magnetic 

domain in the form of a sphere of a radius 1 is considered when no magnetic field is 

applied. When the magnetic field is applied, the sphere is elongated with the main axis  

parallel to the direction of the applied magnetic field, as shown in figure 3.2. The 

saturation of the magnetostriction is denoted by e. If a random point P is considered at 

a random angle 𝜃 overlapping on the radius of the sphere thus, it will be elongated to 

the new point P’ along the X axis as shown in the figure 3.2. In addition to that, a new 

point P’’ can also be considered which is the elongation of the point P along the main 

axis OA. The direction of the strain generating the spontaneous magnetostriction is in 

an offset angle compared to the direction of the magnetisation in each domain. The 

equation describing the angle 𝜃 between the strain and the magnetisation (based on 

the geometrical representation obtaining the distance PP’’) in a single domain in an 

isotropic material can be written as follows shown in the figure below :   

   

𝛿𝑙

𝑙
= 𝑒𝑐𝑜𝑠2𝜃 (3.4) 
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where e represents the strain generated spontaneously when a material is transformed 

from a paramagnetic material to a ferromagnetic material.  

In the case of a polycrystalline sample, the spontaneous magnetostriction 𝜆0  

associated with the spontaneous strain generated when a material is transformed from 

a paramagnetic material to a ferromagnetic material. In fact, the magnetic domains are 

oriented at random orientations, and thus the spontaneous magnetostriction 𝜆0 can be 

obtained by averaging Eq.3.4 [2]: 

 

𝜆0 = ∫ 𝑒𝑐𝑜𝑠2𝜃𝑠𝑖𝑛𝜃𝑑𝜃

𝜋
2

0

 

𝜆0 = 𝑒 ∫ 𝑥2𝑑𝑥
1

0
 where 𝑥 = 𝑐𝑜𝑠𝜃 

𝜆0 = 𝑒 |
𝑥3

3
|
0

1

 

 

(3.5) 

 Then, equation (3.5) can be further simplified considering that all domains are 

randomly oriented thus 𝜃 variation is negligible and the variation in all directions 

would remain the same: 

 

𝜆0 =
𝑒

3
 (3.6) 

 

Assuming that the material is isotropic, the magnetic domains are randomly distributed 

with equal probabilities in all directions. It is important to mention that the internal 

strain generating the magnetostriction occurs randomly in all directions in such a way 

that the overall volume of the sample remains constant.   

3.3.2. Magnetostriction in isotropic materials  

The material forming the patch used in the thesis is in the ferromagnetic state and thus 

the field-induced magnetostriction is the dominant effect. Figure 3.2 illustrates what 

happens when a magnetic field is applied, so that the magnetic domains become 

aligned up to the point at which magnetic saturation is reached.  
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(a) 

 

(b) 

 

(c) 

Figure 3.2. Illustration showing the magnetostriction induced by an external 

magnetic field: (a) magnetic domains in a ferromagnetic material without any 

external magnetic field applied and (b) the effect of applying a static magnetic 

field and the geometrical representation of a single magnetic domain at both 

states when no magnetic field is applied and when a magnetic field is applied 

(dotted line) [2]. 
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When the material is magnetically saturated, all magnetic domains are aligned in the 

same direction as the applied magnetic field. This led to the strain being generated in 

parallel to the applied magnetic field. Then, the magnetostriction can be calculated 

using the following equation:   

 

𝜆 = 𝜆𝑠  −  𝜆0 (3.7) 

 

Equation (3.6) gives 𝜆0 and hence the magnetostriction can be further written as 

follows:  

 

𝜆 = 𝑒 − 
𝑒

3
=

2

3
𝑒 

𝑒 =
2

3
𝜆 

(3.8) 

 

where 𝜆 is the ratio of magnetostriction, 𝜆𝑠 is the saturation magnetostriction and 𝜆0 

is the spontaneous magnetostriction  

 

By using the set of equations (3.6) – (3.8), the spontaneous magnetostriction can be 

calculated by knowing the saturation magnetostriction. In fact, as presented by Lee 

[7], the magnetostriction is remaining constant when 𝜃 is varied for angles between 0º 

and 180º. In addition to that, is assumed that the vectors of magnetization are equally 

distributed in space. Thus, the mean value of 𝑐𝑜𝑠2𝜃 when the vectors are distributed 

and forming a sphere is equal to 
1

3
. Based on all the assumptions, the field induced 

magnetostriction 𝜆𝑠(𝜃) can be written in function of 𝜃 as follows: 

 

𝜆𝑠(𝜃) =
3

2
𝜆𝑠(𝑐𝑜𝑠

2𝜃 −
1

3
) (3.9) 

 

when magnetostrictive material is used in practice, the external magnetic field can be 

applied either in any direction relative to the sample. If 𝜆𝑠⫽ is the magnetostriction 

parallel to the main alignment direction and 𝜆𝑠⊥that perpendicular to it, then we can 

write [6]:  
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𝜆𝑠⫽ = 𝜆𝑠(𝜃 = 0º) =
3

2
𝜆𝑠 (𝑐𝑜𝑠2(𝜃 = 0) −

1

3
) = 𝜆𝑠 

𝜆𝑠⊥ = 𝜆𝑠(𝜃 = 90º) =
3

2
𝜆𝑠 (𝑐𝑜𝑠2(𝜃 = 0) −

1

3
) = −

𝜆𝑠

2
 

𝜆𝑠⫽ − 𝜆𝑠⊥ = 𝜆𝑠 +
𝜆𝑠

2
 

(3.10) 

 

As the material studied is an isotropic material, then the fractional change in strain 

generated through the magnetostriction can be deduced from the equations (3.8) and 

(3.10) as follows:  

 

𝜆𝑠⫽ − 𝜆𝑠⊥ = 𝑒. (3.11) 

 

3.3.3. Magnetostriction in magnetically anisotropic materials  

In practice, ferromagnetic materials exhibit a magnetisation easy axis. The easy axis 

is the direction in which the minimum energy is needed to align the magnetic 

moments. The direction of this axis depends on the crystallographic structure and 

shape (demagnetisation factor) of the material. When an external magnetic field is 

applied to the bulk sample, the alignment of magnetic moments can change. In fact, 

when the applied magnetic field is rotated from the initial direction, the amplitude of 

the rotation of the domains can vary and would not remain the same in all directions.   

This is called magnetic anisotropy. In practice, most ferromagnetic materials contain 

a certain level of anisotropy; thus, the equations describing magnetostriction in an 

isotropic material are no longer valid, and the saturation magnetostriction needs to be 

defined based on the magnetisation direction. In the case of a single crystal cubic 

structures the magnetostriction occurring in the <100> or the <111> directions can be 

defined as 𝜆100 and 𝜆111 respectively. The saturation magnetostriction in a single 

domain is provided by equation (3.12) [6]: 

 

𝜆𝑠 =
3

2
𝜆100 (𝛼1

2𝛽1
2 + 𝛼2

2𝛽2
2 + 𝛼3

2𝛽3
2 −

1

3
) + 3𝜆111(𝛼1𝛼2𝛽1𝛽2 + 𝛼2𝛼3𝛽2𝛽3

+ 𝛼3𝛼1𝛽3𝛽1) 

(3.12) 
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where 𝛼𝑖 (i = 1, 2 or 3) are the cosine of the direction following which the saturation 

of the magnetic moments is occurring relative to the applied field direction and 𝛽𝑖 are 

the cosines of the direction following which the magnetostriction was measured 

relative to the applied magnetic field. 𝜆100 and 𝜆111 are the saturation magnetostriction 

values in the directions <100> and <111> respectively.           

3.4. Magnetostrictive patch materials  

3.4.1. Iron-Cobalt Alloys based Magnetostrictive patches 

Materials such as the Terfenol-D (Tb0.3Dy0.7Fe2) and the Galfenol (Iron and gallium 

alloy) are well known as highly magnetostrictive materials. The saturation 

magnetostriction for these materials is higher than other common materials such as 

iron. Although Terfenol-D or Galfenol exhibit relatively good magnetic properties, 

their application is still limited as they are considered brittle materials [8]. The limited 

mechanical properties excluded the ability for these materials to be used as thin 

patches in the required NDT applications.  

Studies on bulk material Fe-Co alloys have shown that high magnetostriction levels 

are possible [9, 10]. The highest magnetostriction values were recorded for Co0.7Fe0.3. 

More recent work showed that magnetostriction can be enhanced by modifying the 

structure so that it has almost zero anisotropy [11, 12]. Since the reporting of those 

results, more work was conducted on the iron-cobalt alloys with an equal composition 

distribution between iron and cobalt to the point where the saturation magnetostriction 

can reach up to 150 ppm [13, 15]. Co0.7Fe0.3 alloy shows similar magnetostriction 

levels compared to the Galfenol, but offers better mechanical properties for the 

production of thin samples that could be used as thin removable patches for NDT 

applications. In this thesis, a commercially available iron-cobalt alloy was used as the 

patch material.  

3.4.2. Applications of magnetostrictive thin patches  

Magnetostrictive thin films are used in microelectromechanical systems (MEMS), 

acting as transducers for multiple subsystems such as the microactuators [16-19]. 

Magnetostrictive patches can also be used in contactless control, remote operations 
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that don’t require wiring, and can be used for actuation systems in low temperature 

environments. Due to their compatibility with electronics, these patches can be 

integrated as part of the manufacturing process, using the Joule effect without the need 

for direct contact [20-24]. To be suitable for this application, the magnetostrictive 

material should have low magnetisation saturation levels [25]. Alternatively, the 

Villari effect allows the material to be used in sensing applications [26]. 

For ultrasonic NDT, the most widely used transducers for generation and detection are 

piezoelectric devices. Those systems have numerous limitations as their design 

flexibility is limited and due to their design, the operational frequency range is 

restricted. Further investigations focused on piezocomposite thin films but the latter 

didn’t solve issues related to the amplitude of the generated waves and the need for 

direct wiring to the transducer to be controlled [27]. This led researchers to investigate 

alternative technologies such as the magnetostrictive patch transducers (MPTs) to 

generate and detect guided waves [28-30]. These show high level of sensitivity, and 

provide the capability to perform the inspection without the need for direct wiring 

access to the active transducing element (the patch). MPTs are easy to implement and 

they offer great design flexibility and low manufacturing cost [31]. Practically, MPTs 

are used on samples of any type of material and research has shown that the patches 

are able to provide higher transduction efficiency than in the case where EMATs only 

are used [32].  

MPTs are flexible, and thus can be applied to curved structures such as pipes or plates. 

In the case of pipes or rods, as shown in figure 3.3, the patches are attached usually on 

the outer diameter of the pipe, as rectangular patches or custom-designed shapes as 

presented in figure 3.4. Torsional waves which are non-dispersive were easily 

generated by attaching the patches around the circumference of a pipe, compared to 

the need for complex and expensive design or piezoelectric array transducers that need 

clamping to the pipe under tension if they are required to generate the same type of 

waves [33]. The design flexibility of piezoelectric transducers is limited, and thus 

multiple sensors are required and advanced hardware and a voltage pulsing unit is used 

to synchronise the generation of the waves from the array of piezoelectric transducers.  

In addition to torsional waves, longitudinal wavs in pipes were generated using 

magnetostrictive patches [34]. As the waves travelling in a circular-shaped pattern, the 
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Wiedemann effect was mainly used to generate the waves [35-39]. Furthermore, 

MPTs were used to inspect rods [40], shafts [41] and mechanical attachment for 

pipelines [42]. Additionally, extensive work was conducted on the data post-

processing for defect detection and successful imaging of defects was reported . In 

fact, a single-mode waveform mode extraction method combined with spatial 

waveforms of the pipes during arbitrary time steps was used to reconstruct an image 

of the defect using guided waves generated through MPTs [43]. In a different 

application to detect thickness reduction due to corrosion, the reflection from torsional 

waves was used to detect any inconsistencies related to the pipe wall thickness. The 

reflected torsional waves signal will have no phase changes thus making the inspection 

methods more straightforward [44]. A different configuration to detect defect was by 

employing an array of segmented magnetostrictive patches generating SH waves 

allowing a dual inspection of the pipe both axially and circumferentially [45-48]. 

 

 

Figure 3.3. Generic experimental setup to detect a defect using magnetostrictive 

patch attached to a pipe generating torsional waves as reported in [36] 

 

Although the Wiedemann effect was mostly used to generate waves in cylindrically-

shaped structures, researchers reported the use of the Joule effect for the inspection of 

different structures [49-51] and to design an in-situ system for defect detection [54].  

These used different patch geometries, as illustrated in figure 3.4. The magnetic patch 

shapes shown in the figure below were used to generate torsional waves in pipes.  
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(a) 

 

(b) 

 

(c) 

Figure 3.4. Examples of shapes of custom-designed magnetostrictive patches 

showing (a) the rectangular regular strip [47], (b) V-shaped strips [48] and (c) 

patch design in a Z-shape [52] 

 

The use of MPTs on plates has been reported for some time to generate guided waves 

for long range inspection on plates using a magnetostrictive patch combined with a 

coil and permanent magnet [53]. MPTs were used on plates to generate guided waves 

either as unidirectional waves [54-58] or omnidirectional waves [59, 60], and can also 

be used for bulk waves [61, 62]. The use of MPTs in plates was extended to be used 

in elasticity modulus calculations [63], not only for NDT applications but also for 

structural health monitoring systems [64-66]. Other aspects that have been 

investigated include impedance matching [64], concentration of the applied magnetic 

field [65], and the use of arrays of sensors to enhance the generated waves [66].  

In recent years, researchers were interested in applying magnetostrictive material on 

composite structures either by applying the material on the surface of the structure or 

embedded within the composite sample. In fact, researchers used modified 
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magnetostriction patches to inspect composite plates in an array configuration. They 

used a dual design coil distributed in a circular shape to detect defects in a 16-plies 

composite plate. The magnetostrictive patch with the coil and the magnet system were 

applied at the surface of the composite plate [67]. Conversely, Embedded 

magnetostrictive materials were mainly used for inductive heating applications as they 

can provide a conductive medium to generate heat within the composite structure 

while also providing an active element to conduct structure monitoring for defect 

development [68]. Within the work reported in the thesis, a magnetostrictive patch 

transducer will be used to investigate the effect of modifying the input parameters 

controlling magnetostriction on the generation of different guided waves modes in 

composite plates as work within this area is very limited.    

3.5. Contribution of this thesis 

It will be seen from the above that magnetostriction is relatively well-understood in 

some ways, and that MPTs have been investigated for many ultrasonic measurement 

systems. However, it is also evident in looking at the literature that there are still many 

gaps in knowledge. One example is the complicated interaction of static and dynamic 

magnetic fields that can be used for generation. The work included in this thesis will 

contribute to the understanding of how magnetostriction can respond to the changes 

in direction and amplitude of the applied magnetic fields and the driving frequency of 

the dynamic magnetic field for an FeCo alloy. In addition, the behaviour of the various 

guided wave modes that could be generated in a plate have not been studied, as a result 

of changing these parameters. To date, researchers have not taken full advantage of 

the properties provided by magnetostrictive patches, including the high level of 

responsiveness of the material and the design flexibility for multiple mode generation.  

In order to generate guided waves, magnetostrictive patches are required to be subject 

to both a dynamic magnetic field generated by a Radio frequency (RF) coil and a static 

magnetic field. This interaction and the guided waves that result, are studied in 

subsequent chapters.   
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Chapter 4: Effect of Magnetic 

Field Direction on Guided Wave 

Mode Generation 

This chapter examines the effect of different magnetic field combinations on the 

generation of ultrasonic signals in magnetostrictive patches. The experiments and 

results reported within this chapter extend the knowledge of the use of removable 

magnetostrictive patches, by studying their response when subject to different 

combinations of static and dynamic magnetic fields. The magnetic fields are generated 

using either coils with different geometries or permanent magnets. The interaction 

between the applied direct current (DC) magnetic field and the AC fields generated by 

the various coil configurations is investigated, and the result that this has on the 

generation of ultrasonic guided waves is measured. The ultrasonic generation source 

involves two mechanisms: magnetostriction and the Lorentz force. The results 

reported within this chapter provide a better understanding on how different designs 

for coils and permanent magnets used to drive a magnetostrictive patch can affect the 

generation of guided waves.  

4.1. Experimental setup  

Experiments were conducted to investigate the effect of applying different 

configurations of both the dynamic magnetic field from various coil designs and the 

applied static magnetic field. The experiments were designed to provide a better 

understanding on how the generation of guided waves modes can be modified by 

changing the direction and the shape of the external magnetic fields. The vibration of 

the magnetostrictive patch was also captured during these experiments using an optical 

vibrometer. Each patch was attached to the surface of the sample using 25µm thick 

double-sided tape. This allowed the patch to be removed after each inspection, without 

altering the surface quality of the sample.   

Initial experiments were conducted using a glass plate as the sample in order to 

initially investigate vibrations generated solely within the magnetostrictive patch 

rather than a combination of vibrations generated by the patch and within a conductive 
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sample. The glass plate, is a non-conductive, uniform thickness, isotropic structure, 

with low acoustic attenuation for the frequency range of interest. Thus, the elastic 

waves observed were generated by forces generated within the patch only. This 

approach provides a more controlled environment to observe the waves generated by 

magnetostriction and the Lorentz forces. The vibrations of the magnetostrictive patch 

for different magnetic fields in different direction and were measured on a glass plate 

in the first experiments, and in the following experiments, the patch was attached to a 

stainless-steel plate in order to study the resultant guided wave generation and 

propagation.    

4.1.1. Experiments to study the effect of magnetic field direction on   

magnetostrictive thin film vibration 

A schematic diagram of the experimental apparatus used to perform these 

investigations is presented in figure 4.1. The material used for the magnetostrictive 

patch was 55 µm thick VACOFLUX 48 iron cobalt alloy (®VACUUMSCHMELZE 

GmbH & Co, Germany).  VACOFULX is characterized by a high permeability 

reaching up to 18000 NA-2. The saturation magnetization is equal to 2.35T. The 

properties relevant to the experiments detailed below are summarized in Table 4.1. 

 

Table 4.1. Mechanical and magnetic characteristics of the magnetostrictive patch 

material (VACOFLUX iron-cobalt alloy) 

Young’s Modulus 200 GPa 

Poisson Ratio 0.29 

Density  8.12 g/cm3 

Electrical Resistivity 0.42 µΩm 

Saturation Magnetostriction 70 ppm 

Saturation Magnetisation 2.35 T 

 

The square patch used had dimensions of 80mm x 80mm and was placed at the centre 

of a 200mm x 200mm x 3mm thick square glass plate, as shown in figure 4.1. A 

reflective tape was placed on the directly opposite surface to the patch, and served as 

a reflection medium for the laser beam from a PSV-400 3D scanning vibrometer 

(Polytec Inc, Germany). This was used to capture the vibrations in the glass plate 
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directly under the patch. (Note that other experiments to be described below looked at 

the guided wave signals propagating away from the plate). 

 

(a) 

 

(b) 

Figure 4.1. (a) Side view of the measurement system showing the location of the coil, 

permanent magnet, magnetostrictive patch, and the reflective tape on the opposite 

surface of the glass plate; (b) Experimental apparatus showing the laser vibrometer 

heads (blue) placed in position relative to the reflective tape (green) which was 

attached to the opposite side of the glass plate (grey) relative to the MPT. 
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The main laser unit was placed at a distance of 1.2m from the surface of the glass 

plate. The laser system is constructed of 3 separate heads connected through a control 

and acquisition system. The different laser beams can detect the vibration in three 

directions: two orthogonal in-plane directions and one out-of-plane (directions X, Y 

and Z respectively). The distance separating the laser heads and the surface of the glass 

plate was selected based on the optimal distance to optimise the reflected energy of 

the laser and to ensure a good scanning resolution. The PSV-400 scanning system was 

programmed to directly capture the vibration occurring under the patch after excitation 

over the 80 mm x 80 mm scanning area.    

As stated earlier, the aim of these experiments was to study the effect of different coils 

with different shapes on the vibrational characteristics detected directly under the 

patch (as in Figure 4.1) or for the guided wave studies to be described later. To achieve 

this, different coil shapes were connected to a high-power pulsing unit (Innerspec RF 

pulsing system). The electrical current generated from the pulsing unit consisted of a 

1 cycle sine-like wave pulse with a 120 kHz central frequency as shown in figure 4.2. 

This frequency was selected to ensure that the laser system is able to capture the 

vibration with high precision with minimal sensitivity losses.  

   

   

(a) 

 

(b) 

Figure 4.2. (a) The electrical signal from the high-power pulsing unit delivered 

to the excitation coil and (b) the corresponding FFT of the signal. 
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The key results were captured at two specific time delays of 14 µs and 22 µs. The first 

set of data captured was when the excitation signal delivered to the driving coil was 

reaching its peak. This was to observe the vibration of the patch when the input signal 

is at a maximum, reducing any electrical pick-up generated from the electronics of the 

pulsing unit. The second time step was just before the end of the pulsing window and 

this was to capture qualitatively the first elastic waves generated within the immediate 

area of the patch.   

The dynamic magnetic field (Bd) applied to the magnetostrictive patch was generated 

through the use of a flat coil, and two main types were used: a racetrack coil and a 

circular pancake shaped coil. All coils were used in conjunction with a permanent 

magnet to generate the applied static magnetic field (Bs) needed for efficient operation. 

Figure 4.3 presents the different coil designs and the permanent magnet configurations 

that were investigated. The racetrack coil shown in figure 4.3(a) was used in 

conjunction with the U-shape permanent magnet (figure 4.3(b)) which generated a 

magnetic field parallel to the surface of the patch, while the circular permanent magnet 

(figure 4.3(d)) was used to generate a static magnetic field in the normal direction to 

the surface of the patch.  

The permanent magnet was placed so that the region where the magnetic field was 

generated coincided with the linear area of the racetrack coil. The racetrack coil was 

formed of 10 turns of 1mm wide copper track, with a 0.5mm spacing between each 

turn. In fact, the racetrack coil was used in configurations 1 and 2. The coil was made 

of a printed circuit with a thickness of 35 µm. The full copper track was 14.5mm wide 

and the overall thickness of the PCB was 1.57mm. For the configurations 3 and 4, a 

circular coil was used. The circular coil had 5 turns with a 1mm wide copper track and 

a 0.5mm spacing. The coil was manufactured using the same PCB as the racetrack 

coil. The copper track thickness was 35µm while the overall thickness of the coil 

(copper and board backing) is equal to 1.57mm. The different configurations will be 

presented in greater detail in the following section. 
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Figure 4.3. Illustrations of (a) the racetrack coil, (b) the U-shaped Alnico 

permanent magnet, (c) the circular pancake coil and (d) circular permanent 

magnet. 

The U-shape permanent magnet was a grade 5 Alnico permanent magnet with a 1.1.T 

remanent magnetic field. The actual generated magnetic field was measured using a 

commercial gaussmeter Hirst GM08 and the amplitude of the permanent magnet 

measured at the centre point between the poles in air away from any other material 

was 210 mT. It is important to mention that the real applied in-plane magnetic field 

when the magnet is placed near the magnetostrictive patch will be higher, due the 

material’s high permeability. The cylindrical permanent magnet providing the out-of-

plane static magnetic field had a remanent magnetic field of 1.3T and was measured 

to have an amplitude of 300 mT in air using the gaussmeter, at the surface of the 

magnet face that would be behind the coil.    

 

   
 

(a) Racetrack coil  (b) U-shape permanent magnet  

  

(c) Pancake coil design (d) Circular permanent magnet design 

14.5mm 

14.5mm 
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The overall aim of these experiments was to define the vibrational response of the 

magnetostrictive patch when subject to different magnetic field configurations. Thus, 

four different configurations were studied and explored. A summary of the different 

configurations is presented in table 4.2 and these are illustrated in figure 4.4. The X-

Y plane was parallel to the surface of the plate while the Z direction represents the 

out-of-plane direction i.e. perpendicular to the surface of the sample.  

Table 4.2. List of the different configurations used to analyse the response of the 

thin magnetostrictive patch.    

Configuration 
Static magnetic 

field Bs 

Dynamic magnetic 

field Bd 
Coil shape 

Configuration 1 X-axis Y -axis Racetrack 

Configuration 2 X-axis X-axis Racetrack 

Configuration 3 Z-axis Radial (X, Y plane) 
Circular - 

Pancake 

Configuration 4 X-axis Radial (X, Y plane) 
Circular - 

Pancake 

It should be noted that the different configurations analysed within these experiments 

were fundamentally different from the expected analysis of a conventional EMAT, 

where the design is based on the Lorentz force generation mechanism. Here, 

magnetostriction is expected to be the dominant generation mechanism for the 

generation of the elastic waves. All configurations could be rotated by 90° with respect 

to the patch, in order to investigate any directional dependencies due to the anisotropy 

of the material. The Lorentz forces in Configuration 1, where a racetrack coil and the 

U-shaped permanent magnet are used, would be expected to be minimal (Figure 

4.4(a)), because the in-plane static magnetic field and eddy current in the sample 

would be in the same direction. For Configurations 2 and 3, Lorentz forces are 

expected to be generated in the out-of-plane direction and in the in-plane direction 

respectively. Configuration 2 consists of the racetrack coil and the Alnico magnet 

placed at 90° angle (Figure 4.4(b)). Configuration 3 had the circular coil delivering an 

in-plane, radially polarised, dynamic magnetic field and a circular permanent magnet 

generating an out-of-plane static magnetic field (Figure 4.4(c)). Configuration 4 

consisted of the circular coil generating an in-plane, radially polarised, dynamic 
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magnetic field combined with the U-shape alnico magnet inducing a permanent 

biasing magnetic field in one in-plane direction. The Lorentz forces generated within 

Configuration 4 would be expected to be of a complex pattern due to the mixture of 

directions of both the applied dynamic field and the applied static field (see figure 

4.4(d)). 

 

Coil and permanent magnet design 

and orientation 
Field directions  

 

 

Configuration 1 

 

 

Configuration 2 

 

 

Configuration 3 

Z 

X 

Y 

Bs 

Bd 

Z 

X 

Y 

Bs Bd 

F 

Z 

X 

Y 
Bs 

Bd and F are both radial in 

X-Y plane 
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Configuration 4 

Figure 4.4. Illustration of the different configurations showing the relative 

positions of the coil and the permanent magnets along with the relative direction 

of the bias magnetic field (Yellow), the dynamic magnetic field (blue) and 

Lorentz forces when generated (green). 

4.1.2. Set-up for experiments on guided wave generation 

These experiments were designed to explore the radial propagation of the guided 

waves generated by the MPT, attached to a non-magnetic stainless-steel plate (530mm 

x 530mm x 3mm). The experimental apparatus is presented in figure 4.5. The input 

signal used during these experiments consisted of 3-cycles of a 200 kHz sine wave-

like, gaussian amplitude modulated signal (see figure 4.6a). This was generated using 

a commercial high-power system RITEC RAM-5000 unit. The selection of the 

frequency and the number of cycles used was to enhance the signal-to-noise ratio 

(SNR) of the received signal. This combination of central frequency and number of 

cycles allowed the capture of an accurate reflected signal. The three different guided 

waves modes expected in this thickness of plate (S0, SH0 and A0) were captured, 

permitting the calculation of their corresponding phase velocities and time of arrivals. 

The laser system recording window was set up to 400µs. A delay equal to 10µs was 

initially programmed within the RITEC system to minimise the electrical pick-up and 

interference with the receiving system.  
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Figure 4.5. Experimental apparatus for the guided waves generation using 

the MPTs 

The impedances of the different coils used were measured using the PRECISION 

Impedance Analyzer Agilent 4294A. The impedance analysis was conducted to 

measure the current driving the coil which its root mean squared was equal to 15A. 

The signal form, current magnitude and magnitude FFT frequency spectrum are 

presented in figures 4.6a and 4.6b respectively. 

During these experiments, the racetrack coil and the circular coil from the previous set 

of experiments were used to generated the dynamic magnetic fields to investigate the 

generation of guided waves. The printed coil was placed on top of the magnetostrictive 

patch with a 0.1mm thick insulation adhesive film covering the conductive tracks on 

the PCB. Similar to the previous experiments, the U-shape permanent magnet was 

placed within the linear region of the racetrack coil. For the configurations 3 and 4, 

the circular coil was used. In order to detect the propagation of the guided waves, a 

3D laser vibrometer system was used. The laser system was a Polytec CLV-3000 

single spot laser system mounted on a robotic arm. The laser head contained 3 separate 

Doppler laser beams ensuring the measurement of velocity in different 3 axis (X, Y 

and Z). Reflective tape was attached to the metallic plate to enhance the amount of 

back-scattered light to the sensing heads for measuring the velocity of the vibrations 

coupled onto the tape from interaction with ultrasonic disturbances or waves in both 

the in-plane direction and the out-of-plane direction.    

Metallic plate  
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(a) 

 

(b) 

Figure 4.6. (a) Current waveform from the RITEC RAM 5000 for GW 

experiments, (b) The corresponding FFT of the current signal shown in (a) 

 

The laser head performed a 360° circular sweep to measure the received waves at 

different locations. The robotic arm performed a 10° step to capture the elastic waves 

at different angles. The laser head as well as the relative position of the patch and the 

detection points are presented in figure 4.7. The detection points were placed at 

350mm distance from the location of the centre of the patch. The back-scattered laser 

was measuring the components of the received waves at the X, Y and Z directions.   

Different combinations of the applied static and dynamic magnetic fields were applied 

to the patch. Similar to the previous set of experiments, the dynamic fields were 

generated using a racetrack coil for the configuration 1 and 2. For the configurations 

3 and 4, the circular coil was used to generate the dynamic field. The static magnetic 

field was generated using the U-shape Alnico magnetic for configurations 1, 2 and 4. 

A circular permanent magnet was used to generate the bias static magnetic field in 

configuration 3. 
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Figure 4.7. Geometry of scan to measure GW directivity patterns 

 

The measurements were conducted twice with a 90˚ angle by rotating the coil and the 

permanent magnet, to investigate any anisotropy or directional effect affecting the 

performances of the patch.  

4.2. Results  

The results of both sets of experiments are described below.  

4.2.1. Vibration patterns analysis of the magnetostrictive patch 

The variations in magnitude of the vibrations are presented in the following figures as 

changes in particle velocity amplitude, as this is the quantity detected by the 

vibrometer. If the vibration amplitudes in the directions X, Y and Z are Ax, Ay and Az 

respectively, then the overall amplitude at any one location can be calculated using 

equation 4.1. 

|𝐴| = √𝐴𝑋
2 + 𝐴𝑌

2 + 𝐴𝑍
2  (4.1) 

The vibrometer was scanning over the area below the patch, as shown earlier in Figure 

4.1(b), and the spatial change in |A| plotted as a function of position at a fixed time 

0˚ 
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delay after the excitation pulse. The aim was to show the vibrational patterns created 

by the patch, then would then lead to guided wave generation. 

Configuration 1 

The first configuration (Figure 4.4 – configuration 1) was designed to investigate the 

case where the static magnetic field Bs and the dynamic magnetic field Bd were applied 

in the XY plane along the X direction and the Y direction respectively. The permanent 

magnet was placed above the linear section of the racetrack coil that generates the 

majority of the alternating magnetic field in the patch. As the static and dynamic 

magnetic fields were perpendicular to each other (static magnetic field was parallel to 

the induced current within the coil), Lorentz forces were not expected to be present. 

Thus, only magnetostriction forces would be expected to be the dominant cause of any 

vibrations. The patterns of vibrations for both time steps (at the time corresponding to 

the maximum input signal amplitude and toward the end of the pulse) are presented in 

Figures 4.8 (a) and (b). This shows that the maximum magnitude of the vibration is 

occurring just under the racetrack coil, at a time delay of 14µs after the current pulsing 

window started. The signal captured toward the end of the pulsing window shows the 

direction of the propagation of the generated elastic wave. As can be seen, the 

wavefront had an elliptical shape. The results show that the generated waves are 

travelling along the plate in a direction parallel to the applied alternating magnetic 

field. The collected data after the rotation of the coil and permanent magnet system by 

90° with respect to the patch showed no significant effect on the amplitude or the 

directivity of the elastic waves generated in the thin film as shown in the table below. 

As it can be seen from the recorded amplitudes for different guided waves at 0º and 

90º there are no major differences for S0, SH0 and A0. Some differences are due to 

experimental errors such as placing the sensor when rotating as the process was 

performed manually. 
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Table 4.3. Amplitudes of the guided waves received through configurations 1-4 used 

to analyse the response of the thin magnetostrictive patch.    

 Configuration at an angle 0º Configuration at an angle 90º 

 S0 SH0 A0 S0 SH0 A0 

Config 1 9.62×10-4 2.83×10-3 2.83×10-4 9.53×10-4 2.32×10-3 2.10×10-4 

Config 2 4.51×10-4 2.42×10-3 2.74×10-4 4.08×10-4 2.23×10-3 2.16×10-4 

Config 3 2.3 10-4 1.74 10-4 2.58 10-4 2.51×10-4 1.31×10-4 2.65×10-4 

Config 4 4.25×10-4 5.23×10-3 2.51×10-4 4.19×10-4 4.05×10-4 2.2×10-4 

These results confirmed that there is no detectable magnetic anisotropy present within 

the magnetostriction patch. Similar rotation experiments were also conducted for 

configurations 2, 3 and 4, and the collected data confirmed that the rotation of the coil 

and the permanent magnet would not affect the amplitude or the patterns of the 

vibration.  

 

  

(a) (b) 

Figure 4.8. Configuration 1: Scan measuring |A| at two different time delays 

directly under the patch at (a) t = 14 µs and (b) t = 22 µs showing the relative 

positions of the coil (green) and permanent magnet (blue) 

Configuration 2 

Configuration 2 (Figure 4.4 – configuration 2) has both the dynamic magnetic field, 

generated through the racetrack coil, and the static biasing magnetic field, generated 

through the U-shaped magnet, both acting in the X direction. As the figure 4.9 shows, 
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the vibrations are occurring below the area where the forces would be generated in the 

patch, with a shape similar to that the of racetrack coil, with an elliptically-shaped 

wavefront propagating outward from the patch. The direction of travel for the 

generated elastic waves, for this configuration, was in the Y direction (perpendicular 

to the direction of both the dynamic and static applied magnetic fields). At these 

frequencies, such a force distribution generated with a main direction along the X axis, 

might be expected to favour S0 and SH0 generation. As all the forces are directed 

toward the X direction, S0 generation is enhanced in the same direction while the 

forces that are travelling in the Y direction is enhancing SH0 waves generation  

 

 

  

(a) (b) 

Figure 4.9. Configuration 2: Scan measuring |A| at two different time delays 

directly under the patch at (a) t = 14 µs and (b) t = 22 µs showing the relative 

positions of the coil (green) and permanent magnet (blue) 

Configuration 3 

Configuration 3 contains a circular permanent magnet providing an out-of-plane static 

magnetic field coupled with a circular coil, generating an in-plane, radially polarised 

dynamic magnetic field (Figure 4.4 – configuration 3). In-plane radial Lorentz forces 

are expected to be generated in this configuration, alongside the magnetostriction 

forces. Both forces would be in phase. As can be observed in Figure 4.10, the result 

was a wave radiating fairly uniform in all the directions.     
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Figure 4.10. Configuration 3: Scan measuring |A| at two different time delays 

directly under the patch at (a) t = 14 µs and (b) t = 22 µs showing the relative 

positions of the coil (green) and permanent magnet (blue) 

Configuration 4  

Configuration 4 (Figure 4.4 – configuration 4) consisted of a circular pancake coil, 

generating a radially polarised, dynamic field, with the U-shape alnico permanent 

magnet generating an in-plane bias magnetic field in the X-direction. In this 

configuration, it was expected that the force distribution due to magnetostrictive and 

Lorentz forces over the area covered by the coil, would be very complex and spatially 

varying with a maximum amplitude at the centre line of the permanent magnet. The 

spatial scan of the area beneath the patch and the first elastic waves generated are 

presented in the Figure 4.11. A unique feature noticed in this configuration was that 

the initial vibrations did not have a similar shape to that of the coil used to generate 

the dynamic magnetic field. The initial vibrations are of an elliptical shape with the 

dominant axis aligned with the direction of the applied static magnetic field. The scan 

at the second time step shows that the elastic waves were travelling in the direction 

perpendicular to the applied static field.  
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Figure 4.11. Configuration 4: Scan measuring |A| at two different time delays 

directly under the patch at (a) t = 14 µs and (b) t = 22 µs showing the relative 

positions of the coil (green) and permanent magnet (blue) 

Configuration 4 seems to have led to a complex generation mechanism for the Lorentz 

forces combining shearing and twisting forces due to the complex distribution of 

Lorentz forces. In fact, the circular coil is generating a radial distribution of the 

dynamic magnetic field. This distribution will be partially parallel to the applied static 

field leading to the generation of the Lorentz forces. In adjacent areas, the dynamic 

field is perpendicular to the static field, and thus no Lorentz forces are expected. This 

is only valid on the centre line of the permanent magnet while in other areas, Lorentz 

forces are generated with different amplitudes. The variation of the interaction 

between the dynamic field and the static field led to the generation of the Lorentz 

forces in the Z-direction with varying magnitude.  

4.2.2. Spatial scans of guided waves propagating in the plate 

This Section shows results of guided wave propagation in a 3mm thick, non-magnetic 

stainless-steel plate at some distance (350 mm) from the source, where different 

guided wave modes could be distinguished by their group velocities. The overall aim 

of these experiments was to investigate the propagation of the S0, SH0 and A0 wave 

modes. These were the only modes expected within the frequency range used, as this 

is below the cut-off frequency for higher-order modes. Note that rotation of the square 

patch had no significant effect on the measured directivities of guided waves, 
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suggesting that there was no significant anisotropy in the effects generated within the 

patch.  

Dispersion curves for these three modes were calculated and are presented in figure 

4.12. In addition, the phase and group velocities at the 200 kHz central frequency for 

S0, A0 and SH0 modes were also calculated, and are shown in Table 4.4. 

 

(a) 

 

(b) 

Figure 4.12. Dispersion curves for a 3 mm thick stainless-steel plate showing 

the phase velocities for S0, SH0 and A0 and the group velocities for S0, SH0 

and A0 obtained through mathematically and experimentally 
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 The curves presented in figure 4.12 were obtained using open source software 

(Dispersion calculator, Centre for Lightweight Production Technology Institute of 

Structures and Design, German Aerospace Centre) to calculate the dispersion curves 

for different materials. Young’s Modulus, plate thickness, Poisson’s ratio and the 

frequency range were used as input. The predictions were then compared to 

experimental data, with the aim of validating the software output. Both datasets are 

presented in figure 4.12. 

Table 4.4. Phase velocity of S0, SH0 and A0 modes at 200 kHz. 

Guided wave mode Phase velocity (m/s) Group velocity (m/s) 

S0 5146 5141 

SH0 3046 3046 

A0 1950 2241 

Examples of the recorded waveforms are shown in Figure 4.13. For each 

configuration, the angle of detection was selected for each mode to highlight a 

particular aspect of the directivity. It can be seen that for the Configurations 1, 2 and 

3, all three waves modes (A0, S0 and SH)) were presented within a single detected 

waveforms at the indicated angles. For configuration 4 at 0°, only the SH0 mode can 

be detected, as expected from the directivity patterns, as the SH0 mode is dominant 

compared to the S0 and SH0 modes.  

The signal wave magnitude |A| was measured at the fixed distance of 350 mm using 

the setup shown earlier in Figure 4.7 as a function of angle to obtain directivity plots. 

The radiation patterns for both the symmetrical S0 mode and the shear horizontal 

waves modes SH0 are illustrated in figure 4.14 for all four configurations. It can be 

seen from the figures that the radiation patterns are significantly different for each 

configuration.  
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(a) (b) 

  

(c) (d) 

Figure 4.13. Detected waveforms at 350mm distance for (a) Configuration 1 at 

160°, (b) Configuration 2 at 90°, (c) Configuration 3 at 90° and (d) 

Configuration 4 at 0°. 

The signal wave magnitude |A| was measured at the fixed distance of 350 mm using 

the setup shown earlier in Figure 4.7 as a function of angle to obtain directivity plots. 

The radiation patterns for both the symmetrical S0 mode and the shear horizontal 

waves modes SH0 are illustrated in figure 4.14 for all four configurations. It can be 

seen from the figures that the radiation patterns are significantly different for each 

configuration.  

The results for Configuration 1 show a complex directivity behaviour for both the S0 

and the SH0 modes, with no clear unique directivity for a specific wave mode. 

However, multiple local directivities can be observed affecting defect detection in 

specific areas where there is minimal ultrasonic energy being generated. 
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Configuration 1 Configuration 2 

 

 

 

 

 

 

Configuration 3 Configuration 4 

  

Figure 4.14. Radiation patterns for the guided waves modes S0 and SH0 

The magnitude of both wave modes is similar. This is due to the complex vibration 

behaviour of the patch seen earlier when the patch response was captured. The 

complex behaviour was caused by magnetostrictive forces only - Lorentz forces were 

not expected to be generated. As only magnetostriction forces are generated, the 

dynamic magnetic field is oscillating and thus the magnetostrictive patch is subject to 

twisting forces. This behaviour led to a vibration mechanism similar to the Wiedemann 

effect generated in a plate favouring the generation of SH0 in the 0º-180º direction and 

S0 in the perpendicular direction.  

In the case of Configuration 2, the directivity pattern of both S0 and SH0 modes 

remained complex with no clear unidirectionality for any specific wave mode. 

However, local directivities can be identified thus a proper selection of the excitation 

angle is required to maximise the ultrasonic energy. The magnitude of the S0 mode 
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was higher than that of the SH0 mode, with multiple lobes at different angles. Lorentz 

forces within this configuration are expected to be cancelled due to opposing 

magnetisation forces.  

For Configuration 3, it can be observed that both waves are radiating in a more uniform 

pattern, while the SH0 mode amplitude is significantly greater than that of the S0 

mode. Such a directivity pattern is expected, as both the dynamic magnetic and static 

magnetic fields are in-plane, resulting in forces that are radial in the X-Y plane. 

Finally, in Configuration 4, it can be seen that the SH0 mode was predominantly 

directed in the 0° and 180° directions, parallel to the Y-direction. This pattern was 

expected, as the static field Bs was applied in the X-direction, enhancing the generation 

of the SH0 in the Y-direction (and this agrees with the images in Figure 4.11). The S0 

mode directivity pattern presented four main lobes, with maxima at 30°, 135°, 225° 

and 315°. The overall magnitude of the S0 mode is lower than the magnitude of the 

SH0 mode across the full radial scan. 

Figure 4.15 gives the results for the A0 mode for the four configurations. For 

configuration 1, it can be seen that four main lobes were present at the angles 35°, 

140°, 215° and 320°. Configuration 2 led to the strong lobes of the A0 mode at 90° 

and 270°. This is due to the forces generated by this configuration being along the X 

axis, with minimal forces at 0° and 180°.The A0 mode had significantly lower 

magnitudes compared to the S0 and SH0 modes observed in Configuration 3. In this 

case, both the Lorentz forces and the magnetostriction forces were generated in the in-

plane direction.  

A complex directivity pattern was observed for configuration 4. In fact, it can be seen 

that there were lobes at multiple angles. The overall magnitude of the A0 mode was 

significantly lower than that of the S0 and SH0 modes. The Lorentz forces potentially 

generated along the Z-axis in Configuration 4 did not have a major effect on the 

generation of the A0 mode as most of these forces are cancelled due to opposing 

magnetisation forces. Similar to configuration 1, the Wiedemann effect was strongly 

affecting the wave generation leading to a quasi-omnidirectional generation of SH0 

waves. These findings suggest that in the case of magnetostrictive patches, the 

generated magnetostrictive forces along the surface of the film will be dominant in 
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elastic wave generation compared to the Lorentz forces generated in the out-of-plane 

direction. 

For the different configurations generating S0, SH0 and A0, some inconsistencies can 

be observed for the full radial pattern amplitude which led to some differences with 

regards to the symmetry following 0º-180º axis. This is mainly due to the fact that, 

although the scanner used was performing the scan automatically using a robotic arm, 

the handling of the EMAT and the magnetostrcitve patch was performed manually 

which led to minor experimental errors. These errors led to some non-symmetry in 

some configurations such as for A0 for S0 Lamb waves.   

Configuration 1 Configuration 2 

  

Configuration 3 Configuration 4 

 

 

 

Figure 4.15. Radiation patterns for the A0 guided wave mode 
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4.3. Discussion 

From the results reported, it can be concluded that complex interactions are taking 

place in the situation where a magnetostrictive patch is attached to a plate and subject 

to dynamic and static magnetic fields applied in different directions and 

configurations. In the case of Configuration 1, both the dynamic magnetic field Bd and 

the static magnetic field Bs are perpendicular; thus, only magnetostrictive forces will 

be observed as the Lorentz forces would not be generated. The wave pattern detected 

under the patch showed an asymmetrical distribution leading to a complex directivity 

for the generation of S0, SH0 and A0 modes. Configuration 1 showed that relying on 

the magnetostrictive forces only to generate the elastic waves will lead to a complex 

directivity pattern but with local maxima for different wave modes such as SH0 

reaching up to 3×10-3 at 0º compared to a lower S0 wave amplitude equal to 1×10-3 at 

the same angle. S0 has a maximum of 3.3×10-3 while SH0 is equal to 1×10-3 at the 

same angle Configuration 2 indicated that the A0 mode amplitude was significantly 

lower compared to that of S0 and SH0 modes reaching around 2.2×10-4 for A0, but 

that prominent bipolar directivity lobes were present for the A0 mode in the same 

direction as the static magnetic and dynamic magnetic fields. This configuration can 

be used to optimise the generation of the A0 mode if needed.  

In Configuration 3, the generated forces (magnetostrictive forces and Lorentz forces) 

were both located in the X-Y plane, parallel to the surface of the magnetostrictive 

patch. The directivity plots indicated that the radiation is fairly uniform for all three 

wave modes. This behaviour was expected, as the generation forces were radial and 

parallel to the surface of the patch.  

The last configuration tested showed that the SH0 waves were favoured at specific 

angles of 0° and 180° reaching to levels of up to 5×10-3. This is due to the fact that the 

static field Bs was directed towards the 90° direction, which enhanced the generation 

of shear waves. The SH0 mode directivity had minima at 90° and 270° as most forces 

are concentrated in those directions limiting shear vibration. In the case of A0 mode 

generation, the pattern is complex, but with clear maxima at the angles 55°, 140°, 230° 

and 320°. 
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4.4. Conclusions  

The Polytec 3D Laser Doppler system was used to characterise different guided wave 

modes generated by attaching a magnetostrictive patch used to generate those elastic 

waves. The results showed a complex behaviour for the vibrations immediately under 

the patch, leading to complex directivity patterns for all three guided wave modes.  

It has been proven that a specific guided wave mode can be preferentially selected and 

generated by manipulating the direction of the static and dynamic magnetic fields 

through the rotation of the field or by changing the direction of the applied magnetic 

field. In fact, the amplitude and the directivity of each of the elastic waves S0, A0 or 

SH0 can be controlled and modified in this way. These modifications were achieved 

by using different driving coils and external permanent magnets. 

The data indicated an interaction between the magnetostrictive forces and the Lorentz 

forces generated in certain configurations, and that this interaction is complex. In 

practice, the different wave modes can be generated and their magnitudes controlled 

by using the same magnetostrictive patch, and simply modifying the direction of both 

the dynamic magnetic and static bias magnetic fields. This is important, as it allows 

the selection of different modes for guided wave NDE.  

 

Prior knowledge of the anisotropy present in the directivity patterns is critical for all 

the guided waves modes as it can affect the inspection process and also the chosen 

wave generation mechanism if a specific mode is required. The origins of such 

anisotropy can be due to multiple factors such as the application of both the dynamic 

and static magnetic fields and their associated directions. As the patch was attached 

initially to a non-magnetic plate, it can be established that the waves were generated 

through either magnetostriction (generated within the patch) or Lorentz forces 

(generated within the patch and the plate) or a combination of both. In addition to that, 

the anisotropy could be affected by the vibrational performance of the patch. In the 

subsequent sections of the thesis, the patch will be attached to the composite plate 

which by its own introduces a level of structural anisotropy in addition to the magnetic 

anisotropy. This combination of anisotropies would affect the radiation patterns as 
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structural anisotropy can affect the generation of the elastic waves in addition to the 

anisotropy induced magnetically.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



107 
 

Chapter 5: Theoretical 

investigation of the driving 

parameters controlling the 

magnetostriction effect 

In the previous chapter, some of the main elements controlling the generation of 

vibrations within magnetostrictive patches were discussed. The magnitude and 

direction of the dynamic and static magnetic fields were varied, and the vibration 

patterns of the patch and radiation pattern analysis of the generated guided waves were 

investigated in an isotropic plate.  

This chapter presents modelling predictions of the dynamic and static magnetic fields, 

together with a theoretical analysis of the generation of guided waves in isotropic 

plates and composite structures. First, the coil models were investigated to identify the 

generation patterns of the dynamic magnetic fields created by the coil. The coil lift-

off effect is also investigated to identify the reduction in amplitude with distance from 

the patch. The combination of static and dynamic magnetic fields experimentally 

presented in the previous chapter is then discussed, together with the factors affecting 

guided wave generation. This approach helps in understanding the results of chapter 

4, and the design of the experiments presented later in chapters 6 and 7.  

5.1. Modelling using COMSOL software 

COMSOL Multiphysics software [1] is a full package finite element modelling 

software that is widely used to understand the magnetostriction effect, the properties 

of dynamic coils and static magnetic field systems, and their associated transduction 

mechanisms [2-4]. The software is used to predict the dynamic magnetic field and the 

static magnetic field patterns in space. The findings are then used to design the 

experiments presented later in the thesis; and provided information on the interaction 

between the dynamic and static magnetic fields and a thin magnetostrictive patch.  

The COMSOL software was used for modelling because it included multiple 

interconnecting modules, such as the AC/DC module, RF module and solid mechanics 
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modules. These features allowed the modelling of the electromagnetic problem related 

to driving the magnetostriction effect through modelling the static magnetic field Bs 

and the dynamic magnetic field Bd.  

Conventionally the coil generating the dynamic magnetic field and the permanent 

magnet generating the static magnetic field constitute the basics of an EMAT, as seen 

in chapter 2. In this research, a special focus is applied to the interaction of the 

magnetic fields toward the control of the magnetostriction effect. The study revolves 

around understanding the key parameters that can control the magnetostriction for the 

generation of ultrasonic guided waves. Both Lorentz forces and the magnetostrictive 

forces are considered in the theoretical study and experimental work. Through 

COMSOL, the AC/DC module was initially used to compute the direction and 

amplitude of the static magnetic field Bs, which was generated by C-shaped and 

cylindrical permanent magnets and an electromagnet. The electromagnet had an E-

shaped ferrite core surrounded by 4 coils connected in parallel with 200 turns each. 

The coils of the electromagnet were connected to a DC pulsing unit. The modelling of 

the electromagnet is presented within this chapter while its associated experiments will 

be presented in the next chapter.   

 In addition, the dynamic magnetic field Bd generated by different coils shapes was 

studied. This allowed the interaction of the two with the magnetostrictive patch 

material to be predicted, and hence the features affecting guided wave generation.   

The theoretical model was solved through the incorporation of both the potential scalar 

of the electric field (V) and the vector potential of the magnetic field (A). These are 

defined as: 

 

𝐵 = ∇ x A (5.1) 

𝐸 = −∇𝑉 − 
𝜕𝐴

𝜕𝑡
 (5.2) 

 

where E and B are the electrical field and magnetic field respectively. In addition to 

solving the electromagnetic mathematical framework, COMSOL was used to 

theoretically identify the magnetostrictive curves for the materials used in the thesis.  
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Although magnetostriction is a non-linear phenomenon, the variation of 

magnetostriction levels in a ferromagnetic material with the applied magnetic field 

around a defined operating point of interest can be considered linear [5, 6]. Under this 

assumption, the coupling equations describing magnetostriction can be calculated 

using equations (5.3) – (5.6): 

 

𝑆 = 𝑐𝐻휀 − 𝑒𝐻𝑆
𝑇 𝐻 (5.3) 

𝐵 = 𝑒𝐻𝑆휀 + 𝜇0𝜇𝑟𝑆𝐻 (5.4) 

휀 = 𝑠𝐻𝑆 + 𝑑𝐻𝑇
𝑇 𝐻 (5.5) 

𝐵 = 𝑑𝐻𝑇𝑆 + 𝜇0𝜇𝑟𝑇𝐻 (5.6) 

 

where 𝜇0 is the permeability in a vacuum, S is the strain tensor, 휀 is the strain, and H 

and B are the magnetic field and the magnetic flux density respectively. In addition, 

dHT and eHS are the piezomagnetic matrices while the subscript T refers to the transpose 

matrix , and 𝜇𝑟𝑆 and 𝜇𝑟𝑇 are the relative permeability corresponding to a specific strain 

and stress respectively. Finally, cH and SH are the stiffness and compliance matrices 

respectively for a specific magnetic field value. Eqns. (5.3) and (5.4) describe the 

relations between the key variables constituting the magnetostriction modelling 

environment in the framework of stress magnetisation, while equations (5.5) and (5.6) 

describe the environment in the strain magnetisation framework.   

As mentioned earlier, the linear magnetostriction framework can only be used when 

the problem is describing small changes of the variable around an operating point. In 

a more general context, the software solving engine is based on the equation (5.7): 

 

휀 =
3

2

1

𝑀𝑠
2
[𝜆100(𝑀 ⊗ 𝑀) + (𝜆111 − 𝜆100)∑𝑀𝑖𝑀𝑗(𝑒𝑖 ⊗ 𝑒𝑗)

𝑖≠𝑗

] (5.7) 

 

where M is the magnetisation tensor, 휀 is the strain generated through the 

magnetostriction, (𝑀 ⊗ 𝑀)𝑖𝑗 = 𝑀𝑖𝑀 𝑗 and e is the point strain calculated at the node 

level. 
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Following the solving of the electromagnetic equations system and coupling the 

electromagnetic forces to the strain generated through magnetostriction, the elastic 

waves propagation model included in COMSOL was used to simulate the resulting 

guided wave propagation in a plate. The software solver used the displacement 

equations system presented in chapter 1 to solve the propagation framework of the 

ultrasonic guided waves.  

5.2. Static and dynamic magnetic fields modelling   

5.2.1. Dynamic magnetic field modelling 

In order to generate dynamic magnetic fields with different properties, both a racetrack 

coil and a circular coil were used, as described in Chapter 4. The coils were designed 

to provide different direction and amplitudes of the generated dynamic magnetic field 

(Bd). The initial design of both coils is presented in the figure 5.1.  

Initially, a model of the racetrack coil and the circular coil was built into COMSOL to 

provide insights of the radiation patterns and the amplitude of the dynamic magnetic 

field generated by the coils. The coils used in the experiments were manufactured onto 

a PCB , with a FP4 substrate. The racetrack coil was made of 10 turns of 1 mm wide 

copper tracks with 0.5 mm spacing between adjacent tracks. The linear part of the 

racetrack coil is 34 mm long, as shown in Fig 5.1a. These dimensions were used in 

COMSOL, to ensure that the generated dynamic magnetic field is unidirectional under 

the linear section of the coil. The circular coil was made of 5 turns of 1 mm wide 

copper tracks, with 0.5 mm spacing between adjacent tracks. This coil was designed 

to provide a dynamic magnetic field which is radiating with the same amplitude in all 

directions. The coils presented in the figure 5.1. are used in building the theoretical 

model in COMSOL while the coils built and used during the experiments are formed 

from a continuous track spiralling outwards and included a feedthrough to connect the 

coil to the RF system.     
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(a) 

 

(b) 

Figure 5.1. COMSOL coil design and dimensions used to generate the dynamic 

magnetic fields showing (a) the racetrack coil and (b) the circular coil. 

 

The modelling results generated through COMSOL are presented in the figure 5.2. 

The figure presents the results of the modelling of the racetrack coil in the case where 

the magnetostrictive patch is placed under the coil. It helps in investigating the 

behaviour of the magnetic field generated initially by the coil before introducing the 
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permanent magnet to result in a more complex behaviour. A similar approach was 

used for the circular coil. The patch was placed under the coil without the presence of 

the permanent magnet to identify the magnetic field patterns generated by the coils 

only in the first instance. Later, similar work was conducted by placing the 

magnetostrictive patch under the C-shape permanent magnet, the circular magnet and 

the electromagnet. Finally, the combination of the configurations is created by placing 

different coil shapes with different magnets, as was shown earlier in figure 4.4. The 

step-by-step modelling of the different elements helped to provide an understanding 

of how both the static and dynamic magnetic fields would interact in the presence of 

the magnetostrictive patch transducer. 

 As can be seen from figure 5.2(a), the magnetic flux density is generated with 

minimum variation in the region under the linear section of the racetrack coil. The RF 

pulsing system used in the experiments, to be described later in Chapters 6 and 7, can 

potentially deliver a power of 1.2 kW to the coil, under the correct electrical matching 

conditions. The modelling showed that the dynamic magnetic flux density that can be 

generated by the racetrack coil in the design used here can reach up to 0.16 T in the 

presence of the magnetostrictive patch as shown in figure 5.2. These readings were 

conducted to investigate the generation capabilities of the coil in the absence of the 

permanent magnet. The introduction of the static magnetic field will be described in 

detail in a later section. The magnetic flux density in the curved section of the racetrack 

coil exhibits a change of sign in the pattern, which is simply due to a rotation of the 

direction of the generated magnetic field. In fact, as seen from the figure 5.2(a), in 

order to analyse the region situated under the coil between the coil and the 

magnetostrictive patch, for the region where the magnetic flux density is positive, the 

dynamic magnetic field will be generated in the direction of +Y and when the magnetic 

flux density is negative, then the magnetic field is generated in the -Y direction. The 

input current induced in the coil is in the form of a windowed sine wave. Thus, under 

the same track, the dynamic magnetic field will be subject to change of sign when the 

current in the coil changes direction.  
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(a) 

 

(b) 

 

(c) 

Figure 5.2. COMSOL modelling results for the racetrack coil with the 

magnetostrictive patch showing the (a) magnetic flux density for the racetrack coil 

in Y direction (in-plane, perpendicular to the racetrack coil linear section), (b) the 

linear sweep of the magnetic flux density amplitude at the middle plane of the 

patch and (c) the magnetic flux density pattern around the linear sections of the 

racetrack coil with a zoom in for the area below the coil showing the 

concentration of the magnetic flux density within the patch. 
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Figure 5.2(b) represents the magnetic flux density through a linear theoretical scan at 

the middle plan of the magnetostriction patch to understand the behaviour of the 

magnetic flux applied to the patch when using a racetrack coil, while figure 5.2(c) 

provides an insight into the flux density patterns in the region of interest under the 

linear section of the coil in the presence of the magnetostrictive patch. The sweep was 

performed along the full cross length of the coil. These measures were important as to 

understand the amplitude drop of the magnetic field generated by the coil due to any 

offset in placing the magnetostrictive patch. The lift-off distances were selected as the 

coil is expected to be at a close distance from the magnetostrictive patch. In the 

experiments, an isolating tape was used to protect the apparatus from short-circuits. 

The tape thickness is around 30 µm thick. as it can be seen from the figures, the 

magnetic flux density amplitude remains fairly constant in the linear region under the 

racetrack coil. In addition to that, the magnetic field is concentrated within the 

magnetostrictive patch due to the high permeability of the material which limits the 

magnetic losses in the area between the coil and the patch.   

The second coil used to generate the dynamic magnetic field applied to the 

magnetostrictive patch is the circular coil to generate a radial dynamic magnetic field.  

The modelling results are summarized in figure 5.3. As can be seen from figure 5.3(a), 

the dynamic magnetic field is uniformly generated in the direction away from the coil 

centre when the input current is positive leading to a diverging pattern, while in the 

case when the current is negative, the pattern of the flux is converging toward the 

centre of the coil. Similar to the racetrack coil, the input power generated from the RF 

pulsing system led to the generation of a dynamic magnetic field with an amplitude 

equal to 0.1 T in the case where the coil is placed near the surface of the 

magnetostrictive patch while the magnetic field is concentrated within the patch 

section increasing the overall magnetic flux density.   
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(a) 

 

(b) 

 

(c) 

Figure 5.3. COMSOL modelling results for the spiral coil showing the (a) 

magnetic flux density for the circular coil in the presence of the magnetostrictive 

patch, (b) the linear sweep of the magnetic flux density amplitude at the middle 

plane of the patch placed under the coil and (c) the magnetic flux density pattern 

under the circular coil showing the region of interest (coil – patch)  

 

 

 

 



116 
 

5.2.2. Static magnetic field modelling 

In addition to the coils used to generate the dynamic magnetic field, static magnetic 

fields were applied to the magnetostrictive patch in different directions and 

amplitudes, in order to control the magnetostriction levels within the ferromagnetic 

material. To generate the static magnetic field, three static (or pseudo static) magnets 

were used: a N42 NdFeB permanent magnet, an alnico permanent magnet and a pulsed 

electromagnet, throughout the work reported in this thesis.   

Note that the modelling for both the circular magnet and the C-shape magnet was 

performed when the magnetostrictive patch was present to initially understand the 

effect of the patch on the generated magnetic fields.   

To compute the magnetic flux density values and the patterns of the magnetic field, a 

model was built and analysed in COMSOL. Initially, the N42 permanent magnet as 

modelled and the results are presented in the figure 5.4. The permanent magnet is a 

cylindrical N42 rare-earth material magnet of 25 mm diameter and 10 mm height, and 

is able to provide magnetic fields of 0.35 T magnitude in the out-of-plane direction 

(i.e. normal to the surface of the patch (figure 5.4(b))). The magnetic behaviour under 

the magnet was also predicted when the magnetostrictive patch is present (figure 

5.4(a)). It can be seen that the magnetic fields are concentrated within the patch and 

the overall direction of the field is altered from out-of-plane to in-plane within the 

patch 

 

.    
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(a) 

 

(b) 

Figure 5.4. COMSOL modelling results showing the (a) magnetic flux density map 

for the circular N42 permanent magnet (cylindrical coordinates r-Z), (b) a linear 

sweep in the radial direction of the magnetic flux density amplitude for different 

distances away from the magnet. 

 

The alnico grade 5 magnet was used to generate a static magnetic field in the in-plane 

direction, rather than in the out-of-plane direction. The modelling showed that the field 

generated between the magnet poles is relatively linear in the in-plane direction. The 

theoretical model also showed that the amplitude of the static magnetic field generated 

by the alnico magnet was in good agreement with the values measured experimentally 

using a commercial GM08 gaussmeter, which returned an amplitude of around 800 

mT. The alnico magnet provided enough space to accommodate both the racetrack 
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coil in one instance and the circular coil in another instance to combine and in-plane 

generated static magnetic field and dynamic magnetic field while offering the 

capability to set different direction for both fields.  

 

 

(a) 

 

(b) 

Figure 5.5. COMSOL modelling results showing (a) the magnetic flux density for 

the C-shaped alnico 5 permanent magnet in X-Z plane, (b) the linear sweep of the 

magnetic flux density amplitude in the z direction in the mid-plane of the 

magnetostrictive patch showing the flux amplitude in the X direction (parallel to 

the surface of the patch) 

 

It is shown that the magnetic flux density has increased significantly due to the high 

permeability of the ferromagnetic material which led to the concentration of the 
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magnetic field lines within the material increasing the flux density amplitude and 

direction. 

Permanent magnets are able to generate relatively high amplitude static magnetic 

fields, but varying the field strength from them without changing the shape of the field 

is challenging. This type of capability was needed in the study of the interaction of 

dynamic and static fields, and so an electromagnet was used instead of permanent 

magnets to vary the amplitude and the direction of the generated magnetic field to 

better understand the mechanisms at work. These results are presented in Chapter 6. 

The electromagnet was designed as an E-shaped ferrite core with a coil surrounding 

the central pole of the core. The coil of the electromagnet was made of 4 segments of 

total of 200 turns of copper each connected in parallel to a DC pulsing unit. As can be 

seen in figure 5.6, the electromagnet provided the option of generating the static 

magnetic field in the out-of-plane direction when the patch is placed under the central 

pole while the static magnetic field could be generated in the in-plane direction when 

the patch was placed between the pole gaps of the electromagnet.  
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(a) 

 

(b) 

 

(c) 

Figure 5.6. COMSOL modelling results for the electromagnet to be used in 

Chapter 6, showing the (a) magnetic field behaviour generated through the 

electromagnet, (b) the magnetic flux density distribution under the central pole 

and (c) the magnetic flux density in the region between the poles. 
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5.2.3. Theoretical investigation of Configurations 1-4 presented in 

Chapter 4 

The four configurations detailed in Chapter 4 and presented in in figure 4.4. were 

designed to give certain properties in terms of expected response of the 

magnetostrictive patch. COMSOL was again used to study the situation where the coil 

is used to generate the dynamic field in the presence of the static field from a 

permanent magnet. This is now considered for all four configurations. In configuration 

3, the circular coil with the cylindrical N42 permanent magnet was used. The circular 

coil ensured the generation of omnidirectional dynamic magnetic field in the direction 

parallel to the surface of the magnetostrictive patch. The static magnetic field led to 

the generation of an out-of-plane magnetic field. Configuration 4 was designed by 

using the circular coil and the alnico permanent magnet. This combination allowed the 

interaction between an omnidirectional dynamic magnetic field generated and 

unidirectional in-plane static magnetic field. The modelling results computed by 

COMSOL including the magnetostrictive patch are presented in the figures (5.7) – 

(5.10). The mechanical and magnetic properties of the magnetostrictive patch are 

summarised in the table below 

Table. 5.1. Magnetostrictive patch characteristics 

Patch material Iron Cobalt Alloy 

Shape square 

Dimensions 20mm x 20mm x 0.1 mm 

Young’s Modulus 200 GPa 

Poisson Ratio 0.29 

Density 8.12 g/cm3 

Electrical Resistivity 0.42 µΩm 

Permeability 18,000 N A-2 

Saturation Magnetostriction 70 ppm 

Saturation Magnetisation 2.35 T 
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Configuration 1  

Configuration 1 (Section 4.2.1, Figure 4.4(a))) had both static and dynamic magnetic 

fields orthogonal to each other with both in the same plane. This was achieved by 

using the racetrack coil and the alnico grade 5 permanent magnet. The dynamic 

magnetic field direction was perpendicular to the direction of the static magnetic field 

generated between the poles of the magnet. It can be seen from figure 5.5 that the 

alnico 5 permanent magnet is generating an in-plane magnetic field in the region 

between the poles. The magnetic field lines in the modelling are fairly straight in the 

region of the patch, and are directed from one pole to the other. When the coil is 

introduced, the magnetic flux lines and thus the field is disturbed leading to a 

modification of the magnetic field behaviour (figure 5.7(a)). It can be seen that the 

magnetic field in the area between the poles of the permanent magnet is no longer 

linear. The field is slightly rotated and a perpendicular component of the field vector 

is introduced which is parallel to the Y direction, and thus perpendicular to the 

direction of the generation of the in-plane static magnetic field. In addition, the new 

component is parallel to the dynamic magnetic field generated by the coil. It is 

expected that this introduction of the dynamic magnetic field would alter the behaviour 

of the magnetostriction through twisting motion enforcing the generation via the 

Wiedemann effect, as the resulting magnetic field generated by the combined system 

coil and permanent magnet has 2 perpendicular components. The interaction of the 

magnetic fields led to an oscillating dynamic magnetic field, introducing a partially 

rotating total field direction at any one point in time, in conjunction with an applied 

static magnetic field. The induced torsional behaviour of the dynamic field is expected 

to lead a shear vibration of the magnetostrictive patch. Similarly, the behaviour of both 

magnetic fields is expected to generate in-plane motion within the magnetostrictive 

patch enhancing the generation of the Lamb waves S0 mode and the shear horizontal 

mode.      
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Figure 5.7. COMSOL computed magnetic field density magnitude and patterns 

shown through the arrows at the level of mid-plane of the patch placed under the 

racetrack coil and the permanent magnet following configuration 1 design. 

Configuration 2  

In configuration 2 (Section 4.2.1, Figure 4.4(b)), the racetrack coil was rotated so that 

both the static and dynamic magnetic fields are parallel and in-plane (i.e. parallel to 

the surface of the magnetostrictive patch). Similarly, the alnico magnet produces an 

in-plane static magnetic field. However, when the racetrack coil is introduced so that 

both, the field patterns are altered. As can be seen from figure 5.8, the magnetic field 

resulting from the interaction is elliptical in shape, with the major axis aligned with 

the magnetic fields generated by the coil and the permanent magnet. Such behaviour 

is expected to affect the generation of magnetostrictive forces, and this would cause a 

directional driving mechanism to the magnetostrictive patch. This effect was actually 

observed in Chapter 4, (see Figure 4.10(a)), where the effect of this directionality on 

vibrations generated within the patch was described.    
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Figure 5.8. COMSOL computed magnetic field density magnitude and patterns 

shown via the arrows at the level of mid-plane of the patch. This was placed under 

the racetrack coil and the permanent magnet following configuration 2 design. 

Configuration 3 

Configuration 3 (Section 4.2.1, Figure 4.4(c)) contained an omnidirectional dynamic 

magnetic field generated by a circular coil, and an out-of-plane static magnetic field. 

A prediction of the resulting magnetic field is presented in figure 5.9. It can be seen 

that the magnetic field lines are propagating in a circular pattern and uniform across 

the 360º space. This distribution would allow the magnetic field to propagate in a 

diverging behaviour, moving symmetrically away from the centre of the circular coil. 

As the magnetostrictive patch was introduced and placed under the coil and the 

permanent magnet, the magnetic field lines are concentrated within the material due 

to its high permeability. These theoretical findings are in good agreement with the 

results presented in Chapter 4 (Figure 4.11(a)) where it was demonstrated that this 

configuration led to an omnidirectional wave generation. The interaction of the 

dynamic and static magnetic fields computed in COMSOL is omnidirectional which 

led to a generation of uniform vibration forces on the magnetostrictive patch in the 

radial direction.  
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Figure 5.9 COMSOL computed magnetic field density magnitude and patterns 

shown via the arrows at the level of mid-plane of the patch. This was placed under 

the racetrack coil and the permanent magnet following configuration 3 design. 

Configuration 4 

Configuration 4 consisted of utilising the circular coil and the alnico permanent 

magnet. As seen from the figures 5.3 and 5.5, the coil will generate a radial dynamic 

magnetic field, while the permanent magnet will generate a linear in-plane static 

magnetic field. The predicted output is shown in figure 5.10. In agreement with the 

discussion in Chapter 4 (see Section 4.2.2 and Figure 4.13), this interaction is of 

complex behaviour. The magnetic field lines computed under the coil and the magnet 

surface presented two main features. The lines are diverging away at the centre of the 

magnet, leading to the assumption that the coil is altering the magnetic lines, while the 

flux regains a more linear pattern at the edges of the permanent magnet. The effect of 

such interaction on magnetostriction was investigated in Chapter 4. It is expected to 

predominantly generate in-plane magnetostrictive forces as Lorentz forces can be 

cancelled due to opposing magnetization forces thus the sum of forces would be 

focused in the radial direction (from the circular coil) and the linear pattern generated 

from the C-shaped permanent magnet.   
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Figure 5.10. COMSOL computed magnetic field density magnitude and patterns 

shown via the arrows at the level of mid-plane of the patch. This was placed under 

the racetrack coil and the permanent magnet following configuration 4 design. 

5.3. Theoretical analysis of the magnetostrictive patch 

transducers:  

The magnetostrictive curve shown in figure 5.11 is that for VACOFLUX 48, which is 

a soft magnetic cobalt-iron alloy with relatively high magnetostriction levels at around 

70 ppm. The magnetostrictive curve was computed using COMSOL. The curve is used 

to identify the operational region of the material, as the magnetostrictive force that 

generates the elastic waves is dependent of magnetic field amplitude and direction. In 

practice, the operating point at which such a material is designed to vibrate is selected 

to be within the linear region with the steepest slope. This is where larger levels of 

magnetostriction are generated, when the applied magnetic field is varied by a given 

amount. The VACOFLUX 48 material selected saturates at around 2.4 T, generating 

the highest level of magnetostriction equal to 70 ppm.  
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Figure 5.11. Computed magnetostrictive curve for VACOFLUX 48 when the static 

magnetic field was applied in the in-plane direction 

 

The equipment used to generate the magnetic fields used in the current work are 

capable of generating magnetic fields with flux densities reaching 1.1 T. The operating 

range of the magnetic fields is below the saturation level and thus the gradient of the 

magnetostriction changes in function of the magnetic flux density is high resulting in 

higher strain levels generation when the magnetic field is varied by small increments. 

In addition to that, the material is expected to operate linearly when the magnetic field 

is varied. 

5.4.  Conclusions 

In this chapter, COMSOL simulations of the different elements affecting the design of 

the experiments has been investigated. This modelling of the magnetic fields and their 

interaction was useful as it provides an insight into the patterns of the fields which are 

used to drive magnetostriction within the patches. Later, the magnetostrictive curve 

for the Vacoflux 48 was computed to identify the operational magnetic flux density 

range that should be selected. Good agreement of COMSOL modelling predictions 

with the findings of Chapter 4 has allowed the modelling to better understand the 

generation mechanisms at work, and to design practical arrangements for excitation 

of the magnetostrictive patches. The following Chapters will investigate the effect of 

the excitation frequency and the simultaneous variation of the magnitude and direction 
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of the applied static magnetic fields and later the experimental behaviour in terms of 

guided wave generation and the creation of images of defects using these waves. 
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Chapter 6: The Effect of Changes 

in Magnetic Field and Frequency 

on the Generation of 

Magnetostrictive Forces Within 

Thin Patches 

In the previous chapters, experimental work focused on the study of the ultrasonic 

guided wave generation for different magnetic fields directions, while theoretical work 

focused on understanding the interaction of the magnetic fields for the different 

configurations reported within the thesis. In this chapter, a series of experiments were 

conducted to investigate the effect of varying different key parameters such as the 

frequency, direction and amplitude of the externally-applied magnetic fields. This is 

so that the vibrational characteristics of the magnetostrictive patches can be enhanced.       

6.1. Preliminary analysis for the VACOFLUX 48 material 

In order to fully understand the behaviour of the thin magnetostrictive patch when 

subject to different frequencies, multiple magnetostrictive materials were studied so 

that the most suitable material to the desired application could be selected. Initially, 

Terfenol-D (Tb0.3Dy0.7Fe1.92) was chosen, as it is the material with the highest 

magnetostrictive level (up to 1200 ppm). However, it could not be produced as a thin 

film as the material is brittle, making it not suitable to NDT applications based on 

magnetostrictive thin patches. Another option considered was Metglass foils (iron-

based alloy) which is produced as patches with high permeability. However, the 

saturation magnetostriction is around 30 ppm which significantly reduces the 

performance of the patch in terms of generating elastic waves. The third material that 

was investigated is the VACOFLUX 48 which can be produced as patches and 

providing a saturation magnetostriction around 70 ppm. Thus, VACOFLUX was 

selected.Although the saturation magnetostriction is lower than other commercially 

available materials, the combination of the material being produced as a thin patch 

providing fairly good level of magnetostriction offered flexibility and performance.  



130 
 

To analyse the effect of variation of amplitudes and directions of both the static and 

dynamic magnetic fields on the performance of the magnetostrictive patch, a 

preliminary analysis of the composition of the material was conducted. This analysis 

was performed to eliminate any inconsistencies in the design or manufacturing of the 

VACOFLUX 48 material, obtained from ®VACUUMSCHMELZE GmbH & Co., 

Hanau, Germany. It is an iron-cobalt (FE-Co) alloy containing small amounts of 

vanadium (V). The chemical composition of the magnetostrictive patch transducers 

was measured using a Scanning Electron Microscopy (SEM) with Energy Dispersive 

X-Ray (EDX) analysis. Manufacturing inconsistencies were investigated using this 

technique, with a spot size of 1.5 µm, which could be scanned over the surface. Figure 

6.1 shows a typical SEM-EDX result at one position. The response from the analysis 

points is presented in figure 6.1, which includes the chemical elements reported in the 

commercial datasheet from the manufacturer. 

 

 

Figure 6.1. Count numbers and energy levels of the structure analysis for the 

VACOFLUX 48 showing high levels of iron and cobalt obtained through the SEM 

EDX Analysis 

 

The response from different analysis points is summarised in Table 6.1, which 

includes the values reported in the commercial datasheet from the manufacturer. It can 

be seen that, although there was some analysis numerical readings variations, the 

results indicated a fairly uniform distribution of iron and cobalt across the patch.  
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Table.6.1. Weight results for the VACOFLUX 48 magnetostrictive material 

showing percentages of the iron, cobalt and vanadium forming the alloy 

Element Average weight (measured with 

SEM) % with measurement error 

values 

Weight (Commercial 

datasheet) % 

Iron (Fe) 48.05 ± 1.74 49 

Cobalt (Co) 46.79 ± 1.73 49 

Vanadium (V) 2.25 ± 3.79 2 

 

In addition, the magnetic B-H curve of the material was obtained from the 

manufacturer datasheet and is presented in the figure 6.2. The ferromagnetic 

VACOFLUX material exhibits high permeability and high saturation flux density 

levels, with a high level of magnetostriction value (70 ppm).  The dimensions and 

some other properties of the material were previously reported in table 5.1.   

 

Figure 6. 2. The BH curve for the ferromagnetic material used in the experiments: 

VACOFLUX 48 

6.2. Pulsed Electromagnet and RF coil Designs  

The experiments were designed to investigate the effect of the variation of input 

parameters such as the frequency of oscillation of the dynamic magnetic field, and the 

amplitude and the direction of both the static magnetic field and the dynamic magnetic 

field. A pulsed electromagnet was employed to generate a high amplitude magnetic 
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field that was at a constant level for a period of time during which the dynamic 

magnetic field was produced, with the dynamic magnetic field generated using a coil.  

In order to expand the capabilities of the pulsed electromagnet, it was decided to use 

an E-shape ferrite core. These cores are widely-used in many applications such as 

continuous electromagnets and transformers, as they exhibit high permeability. This 

enhances the generation of high magnetic flux densities, while minimising magnetic 

losses. The hysteresis loop of the ferrite core is shown in Figure 6.3. This was needed 

as input to the FE model generated within COMSOL to predict the magnetic field 

properties generated by the electromagnet.  

 

Figure. 6.3. Hysteresis loop of the ferrite core used within the pulsed 

electromagnet 

The pulsed electromagnet was formed from an E-shaped ferrite core which is 65 mm 

long, 27.4 mm wide and 32.8 mm high, as shown in Figures 6.4. (a) and (b). The E-

shaped pulsed electromagnet allowed the use of two different locations under the core 

itself. Under the central pole, the static magnetic field generated from the 

electromagnet will be in the perpendicular direction to the patch surface as proved 

through modelling reported in chapter 5, while in the case under the pole gap, the static 

magnetic field generated by the pulsed electromagnet will be parallel to the patch 

surface. The area of the central pole was 548 mm2 and the area of the pole gap was 

331.54 mm2. COMSOL was used to predict the direction and amplitude of the static 

magnetic field in both locations, and the results are presented in figure 5.6.  
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(a) (b) 

Figure 6.4. (a) Ferrite core design and dimensions used for the electromagnet; (b) 

Image of the electromagnet and the coil winding. 

 

In order to generate the pulsed static magnetic field, a coil formed of 4 segments each 

with 200 turns connected in parallel was used surrounding the central pole to generate 

a magnetic field, with the capability to reach a magnetic flux density equal or 

exceeding 1 T. The COMSOL model, presented in chapter 5, indicated that a current 

of 25 A would be needed to achieve the 1 T threshold. The modelling also investigated 

the effect of the presence of the patch on the magnetic flux density variation. The 

magnetostrictive patch has a high magnetic permeability thus the magnetic field will 

be concentrated within the patch, increasing the overall magnetic flux density.  

While the static magnetic field was generated using a pulsed electromagnet, the 

externally applied dynamic magnetic field (Bd) was generated using a printed circuit 

board (PCB) copper coil with a racetrack design used in the experiment in chapter 4. 

The width of each track was 1 mm with a spacing of 0.5 mm (see figures 4.3(a) and 

5.1(a)). The COMSOL model reported in chapter 5 was built to investigate and analyse 

the resultant dynamic magnetic field, helping to optimise the direction of the dynamic 

magnetic field and providing insights into the best size and location of the 

magnetostrictive patch. The model predictions for the racetrack coil are shown in 

figure 5.2(a).  This indicated that the patch should be placed under the straight section 

of the racetrack coil to ensure that the applied dynamic magnetic field is always 

applied in the direction parallel to the surface of the patch.   

 

65 mm 
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Figure 6.5. The dimensions of the coil used to generate the dynamic magnetic field 

and the relative position of the magnetostrictive patch under the linear section of 

the coil 

6.3. Experimental Apparatus  

To investigate the effect of input parameters on the magnetostriction within the 

VACOFLUX patch, an INNERSPEC custom-designed pulsing unit was used to excite 

both the pulsed electromagnet and coil. A schematic diagram for the overall apparatus 

is shown in Figure 6.6(a). The apparatus contained two interconnecting subsystems. 

The first was an RF pulsing unit that input current into the PCB coil in the form of a 

5-cycle windowed pulse with a varying input frequency ranging from 100 kHz to 250 

kHz. The coil was connected to the high-power pulsing unit within the INNERSPEC 

system, which was able to provide two levels of power, namely 450 W and 1.8 kW. 

The second subsystem was used to generate a pulsed quasi-static magnetic field of 

sufficient duration for the experiments. An initial experimental measurement using a 

gaussmeter confirmed the predictions of the COMSOL model, with the measured 

amplitudes of quasi-static externally applied magnetic field ranging from 0 - 0.5 T 

under the central pole, and 0 - 1.1 T between the poles. The gaussmeter experimental 

measurement indicated a magnetic flux density value of around 1 T when the DC 

excitation current reached its maximum. These findings are in good agreement with 

the results obtained through theoretical modelling in COMSOL which indicated that 

the electromagnet reaches its maximum value of around 1.1 T in-between poles when 

the magnetic field is generated in the in-plane direction. Similarly, the sensor 
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measured around 0.35 T experimentally, which is within a good accordance to the 

theoretical results obtained by COMSOL. 

The output of both subsystems is shown in Figure 6.5(b). The time delay of the tone 

burst used for the dynamic field generation could be adjusted so that it coincided with 

the time range during which the pulsed electromagnet was generating a constant value. 

 

(a) 

 

(b) 

Figure 6.6. (a) Schematic diagram of the apparatus. (b) The nominal output from 

the dual electromagnet/racetrack coil driving system, showing both the 

electromagnet drive current and the 5-cycle tone-burst used to excite the racetrack 

coil. Note that the RF coil was excited once the current to the electromagnet had 

stabilised. 
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As in Chapter 4, the dynamic vibration and displacement of the magnetostrictive thin 

patch was detected using a Polytec CLV 3000 3D. The laser vibrometer was formed 

of three laser heads combined in a singular chamber. This provided the ability to scan 

the patch vibrations in both the in-plane direction (parallel to the surface) and in the 

out-of-plane direction (perpendicular to the surface of the square patch) in the three 

axes (X, Y and Z). Figure 6.7. shows the relative positions of the RF racetrack coil, 

the ferrite core and the ferromagnetic square patch for changing the direction of the 

static field Bs. As before, the vibrometer provided the particle velocity waveform at 

each scanned point.   

      

(a) 

 

(b) 

Figure 6.7. Schematic diagram of the relative positions of the ferrite core, the coil 

and the magnetostrictive patch, (a) in the case the patch is placed under the 

central pole of the electromagnet and (b) in the case the patch is placed in the pole 

gap of the electromagnet. 
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6.4.  Results 

6.4.1. Static magnetic field (Bs) in the out-of-plane direction  

The first set of experiments was conducted so that the static magnetic field Bs was in 

the Z direction i.e. the out-of-plane direction perpendicular to the surface of the patch. 

The dynamic magnetic field Bd was generated parallel to the surface of the 

magnetostrictive patch. It was applied in the in-plane direction (the X-direction as 

shown in the figure 6.7).  

The amplitude of the static magnetic field Bs and the excitation frequency f of the 

dynamic field were modified and the particle velocity signal on the surface of the patch 

was then captured in the three orthogonal directions (X, Y and Z) using the laser 

vibrometer system. This was placed in a way such that the laser beam was at the centre 

of the square patch. This configuration was selected in order to avoid any boundary 

effect while ensuring that the magnetic field was maintained with minimal variation 

around the laser region. The amplitude of the dynamic magnetic field remained 

constant for this first set of experiments as provided by the pulsing system. The 

excitation frequency was varied from 100 kHz to 240 kHz in 10 kHz steps. The 

amplitude of the static magnetic field Bs was varied from 0.1 T up to 0.5 T with a 0.05 

T step.     

Figures 6.9(a)-(c) show the results recorded from the laser system for the configuration 

shown in Figure 6.6 (a), with the patch located under the central pole region. Figures 

6.9(a)-(c) show the particle velocity detected on the surface of the ferromagnetic patch 

in the three directions X, Y and Z, while Figure 6.9(d) represents the amplitude of the 

magnitude of the velocity which was calculated using the same equation as in chapter 

4, Eq.4.1.:   

 

|𝐴| = √𝐴𝑋
2 + 𝐴𝑌

2 + 𝐴𝑍
2  (6.1) 

 

where Ax, Ay, and Az are the amplitudes of particles velocities measured on the 

surface of the thin patch in the directions X, Y, and Z respectively. 
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Figure 6.9(a) shows that, when the excitation frequency is being changed from 100 

kHz to 240 kHz, there is a sudden decrease in the vibration amplitude in the X direction 

around 180 kHz. The vibrations in the Z direction, shown in the figure 6.9(c), 

decreased abruptly at ~ 200 kHz. In this case, the maximum value of vibrations was 

observed when the amplitude of the static magnetic field is above 0.4 T and when the 

excitation frequency ranged from 140 kHz to 180 kHz. In terms of excitation 

frequency, the vibrations in the Y direction are exhibiting similar behaviour to the 

vibrations in the Z direction with a maximum amplitude recorded in the frequency 

range of 140 kHz to 200 kHz. Note that this trend is limited to high amplitude values 

of Bs.    

Figure 6.9(d) represents the overall magnitude of the vibrations in all directions. It was 

demonstrated that the most effective frequencies at which the patch is exhibiting high 

particle velocities are when the frequency ranges from 120 kHz to 180 kHz. High 

vibrational amplitudes could also be obtained by selecting a low frequency with a low 

static magnetic field. It should be noted that both Lorentz and magnetostrictive forces 

were generated due to this configuration. The Lorentz forces were generated in the X 

direction. It can be concluded that for this configuration, the magnetostrictive and 

Lorentz forces are constructively interfering because the amplitude recorded in the X 

direction was higher than that in the Y and Z directions. 

The particle velocities in the X direction are higher than those generated in the Y 

direction and the frequency range is wider for the X direction. This is due to the fact 

that the dynamic magnetic field is applied in the X direction. The static magnetic field 

is applied in the out-of-plane direction and thus the field effect is expected to be 

uniform across the magnetostrictive patch. 

 Another observation is that the vibrations recorded are higher in the direction of the 

applied dynamic magnetic field Bd.   

Initial modelling of the patch vibration natural frequencies for this particular geometry 

showed that a vibrational mode of the thin magnetostrictive patch shape would exist 

at 100 kHz as shown in the figure 6.8.: 
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Figure 6.8. Frequency analysis of the vibrational response of the magnetostrictive 

patch when attached to the plate showing high response at 100 kHz 

This modelling is in agreement with the experimental results, in that the particle 

velocity in all directions was high at 100 kHz, and changing Bs at that frequency had 

little effect, suggesting that the natural frequency of resonance was dominant. The 

frequency response showing the natural frequencies is valid for the patch within this 

configuration (attached to the structure). In fact, the vibrational patterns can be altered 

when attached to a different structure or the dimensions of the patch are changed as 

the natural frequencies will then be shifted to new frequencies [1].  

At higher frequencies, a more complex interaction occurred, with amplitudes 

increasing with Bs as might be expected. There was a noticeable drop-off in amplitude 

at frequencies above 200 kHz, indicating that the material was not responding 

efficiently at these higher frequencies.  
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(a) (b) 

  

(c) (d) 

Figure 6.9. Particle velocity amplitude mapping while varying the static magnetic 

field amplitude (Bs) and the frequency of the coil excitation in (a) the X direction, 

(b) the Y direction, and (c) the Z direction. (d) The resultant magnitude was 

calculated using Eqn. (6). Bs is in the out-of-plane direction. 

6.4.2. Bs and Bd in-plane and orthogonal to each other   

In these experiments, the thin magnetostrictive patch was placed under the pole gap 

as shown in fig. 6.7(b). In this configuration, both the dynamic magnetic field Bd and 

the static magnetic field Bs are parallel to the surface of the patch while being 

orthogonal to each other. As before, the amplitude of particle velocity and the 

vibrational patterns were recorded in the X, Y and Z directions as a function of the 

excitation frequency and the amplitude of Bs.  

By adopting this configuration, the Lorentz force amplitude is expected to be null (as 

any eddy current induced in the patch will be parallel to Bs), unlike the configuration 
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where the bias field is in the out of plane. The results presented in Figure 6.10 represent 

the particle velocity in the case where the input power to the RF coil was equal to 450 

W. Compared to the previous experiments presented in Figure 6.9, where the static 

magnetic field was in the out-of-plane direction, the vibration patterns are noticeably 

different. By adopting this configuration, even for a relatively low input power, the 

velocity magnitude in the X, Y and Z directions are significantly higher in the range 

of low frequencies up to 140 kHz. It can also be noticed that the signal dropped 

considerably in the range of high frequencies.      

 

 

 

 

(a) (b) 

  

(c) (d) 

Figure 6.10. Velocity mapping while varying both the static magnetic field Bs and 

the frequency in the (a) X, (b) Y, and (c) Z directions respectively. (d) The 

resultant magnitude of the particle velocity. The input power used to generate the 

dynamic field was 450 W throughout. Bs and Bd are in-plane and orthogonal to 

each other. 



142 
 

The calculated magnitude presented in Figure 6.10(d) further reflects these significant 

changes in vibrational behaviour in the X, Y and Z directions. The magnitude is a 

maximum when the frequencies are in the 105-140 kHz range.   

The second part of this set of experiments consisted of increasing the input power to 

the RF pulsing system to reach 1.8 kW. The results are shown in figure 6.11. By 

increasing the power of the pulsing unit generating the dynamic magnetic field, it can 

be seen that the distribution of the high amplitude range is expanded over a wider 

range of frequencies compared to the situation where the input power was equal to 450 

W. In fact, the maximum values of amplitudes are reached in the range of frequencies 

between 120 kHz up to 160 kHz for the recorded vibrations in the Y direction and 

relatively high vibrational patterns can still be obtained even for higher frequency 

range reaching 200 kHz. Similarly, the maximum velocity is expanded to cover 

frequencies ranging from 105 kHz to 160 kHz in the X direction. It is also important 

to mention that the velocity amplitude in the X direction doubled from 0.02m/s to 

0.04m/s and the amplitude in the Y direction increased by half from 0.02 m/s to 0.03 

m/s. Nevertheless, the maximum recorded amplitudes in the Z direction are similar to 

the previous set of experiments, having relatively high velocity magnitude readings 

for frequencies below 120 kHz.     

From the figure below, it can be noticed that even with this configuration, the 

vibrational response at 100 kHz remained relatively high. By comparing these results 

to the previous set of experiments where the static magnetic field was in the out-of-

plane direction shown in fig. 6.9, the effect of the natural frequency mode vibration is 

less dominant compared to the magnetostrictive forces. The magnetostrictive forces 

were thus the dominant forces generating vibrations within the thin patch in this 

configuration.   
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(a) (b) 

  

(c) (d) 

Figure 6.11. Velocity mapping while varying both the static magnetic field Bs and 

the frequency in the (a) X, (b) Y, and (c) Z directions respectively. (d) A map of the 

resultant magnitude of the particle velocity. The input power used to generate the 

dynamic field was 1.8 kW throughout. 

 

It can be seen that when Bs and Bd were both in-plane, the vibrational amplitude was 

greater than when Bs was out of plane. In fact, the maximum magnitude of vibration 

increased from 2.5 x 10-4 m/s to 2.2. x 10-3 m/s, reflecting an increase by almost an 

order of magnitude. In addition to that, the operational frequency range, where the 

vibrational patterns are high to generate ultrasonic waves, had expanded leading to 

more combinations of static magnetic field applied/frequencies that can be selected to 

provide reasonable particle velocities levels via the patch.   

By observing the results of these experiments, it was noted that by using a high-power 

input current to the PCB coil and by placing both Bs and Bd in-plane and orthogonal 
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to each other, the vibration range of the patch is expanded to cover wider range of 

operational frequencies. The particle velocity magnitude increased with increases in 

Bs, but decreased when the excitation frequency was increased.       

Further analysis of the experimental results collected when both the static magnetic 

field and the dynamic magnetic field were generated in the same plane but orthogonal 

to each other are presented in the figure 6.12.  The input signal passing through the 

coil to generate the dynamic magnetic field was 1.8 kW, while various frequencies 

(100 kHz, 120 kHz, 200 kHz and 220 kHz) were selected. As Bs and Bd were 

orthogonal and in-plane, Lorentz forces should be negligible. The results are 

summarised in Figures 6.12 (a)-(d).   

  

(a) (b) 

  

(c) (d) 

Figure 6.12. Magnetostrictive patch vibration in the X and Y directions as a 

function of static magnetic field amplitude for (a) 100 kHz, (b) 120 kHz, (c) 200 

kHz, and (d) 220 kHz. 
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It can be seen in Figure 6.12 that the amplitudes in the X and Y directions exhibited a 

non-linear behaviour when Bs increased. These observations are in good agreement 

with the previous sets of experiments. At low frequencies, the gradient of the vibration 

in the Y direction is slightly decreasing for Bs in the 0.4 - 0.6 T range, but that then the 

vibrational amplitude decreased more rapidly once Bs was >0.6 T. Conversely, when 

relatively high frequencies were used for Bd, the vibrations in the X and Y directions 

exhibited similar patterns, with the vibration amplitude increasing when Bs was 

increased. 

An interesting point is that when Bs is increasing, the velocity magnitude in the Y 

direction surpasses that in the X direction at some point. This “switch point” is circled 

in each case in Figure 6.12. It tends to be at lower Bs values at higher frequencies. As 

a matter of fact, the switch point can be used in order to generate a specific wave with 

a main directivity pattern which will enhance specific wave modes and optimise the 

inspection process 

6.5.  Discussion 

The series of experiments conducted in this chapter have shown that amplitude and 

direction of the applied dynamic magnetic field (Bd) and the static magnetic field (Bs) 

have an important effect on the generation of the magnetostriction within a thin 

ferromagnetic patch. The results show that by varying the frequency of the dynamic 

magnetic field and the amplitude of the static magnetic field, the vibrations generated 

via the magnetostriction effect and the Lorentz force effect can be enhanced and 

controlled. The analysis showed a complex interaction between the vibration as a 

result of both magnetostriction and Lorentz forces and those generated due to natural 

vibrational modes of the patch at around 100 kHz. Note that these natural frequencies 

are likely to be modified once a patch was attached to a sample, and may well be 

damped.   

When both Bs and Bd were in-plane, Lorentz forces were expected to be minimal, 

allowing observation of only the effect of magnetostrictive forces. This configuration 

was tested at two levels of coil energizing power (450 W and 1.8 kW). At 450 W, the 

patch performance was limited to a narrow frequency/static magnetic field amplitude 

range. This is primarily due to the fact that the input power used to generate the 
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magnetostrictive forces within the patch was relatively low. Bs tends to align the 

magnetic domains in its direction while Bd provides modulation and hence the creation 

of vibrations. In the case where the input power is low, this modulation is limited. 

Conversely, when the input power was increased to 1.8 kW, the magnitude of the 

vibrations in the X, Y and Z directions was significantly enhanced, with reasonable 

vibrational levels observed at higher frequencies of up to 240 kHz. This led to a wider 

operational range.  

Another interesting observation was the switching point shown in Figure 6.11. At low 

frequencies, a higher amplitude of the static magnetic field is required in order to 

maintain a dominant vibration in the Y direction, but the Bs switching point decreases 

at higher excitation frequencies. The energy induced in the magnetostrictive patch for 

higher frequencies is decreasing. Rotation of magnetic domains is then controlled by 

the direction of Bs, while Bd is only providing modulation.    

6.6. Conclusions 

A laser vibrometer system was used in order to capture the vibrations generated as a 

result of the magnetostriction within a ferromagnetic patch, when parameters such as 

the frequency, the amplitude and the direction of the dynamic magnetic field and the 

static magnetic field were varied. It was shown that the signal generated from 

magnetostrictive forces can be enhanced by either increasing the oscillating frequency 

or modifying the amplitude and direction of the applied magnetic fields (both static 

and dynamic magnetic fields). It was shown that by simply placing the static magnetic 

field in the same plan as the dynamic magnetic field while both being parallel to the 

surface of the patch can significantly increase the vibration amplitude due to the 

magnetostrictive forces.  

It was also shown that for the low frequency range, the effect of the static magnetic 

field when acting in the out-of-plane direction has minimal effect on the vibration 

amplitudes. Conversely, patch performances can be enhanced using in-plane static and 

dynamic fields. It was shown also that by increasing the amplitude of the dynamic 

magnetic field Bd, the operational range of the patch can be significantly expanded.   

The work reported in this chapter and the previous one provided a better understating 

on the effect of the variation of key parameters affecting the generation of 



147 
 

magnetostrictive forces. The selection of specific combinations of excitation 

frequency, direction and amplitude of static magnetic field and dynamic magnetic field 

is critical for generating a relatively high amplitude signal that can be used in the NDT 

operations. The next Chapter demonstrates this for the inspection of composite plates.      

References for Chapter 6 

 

[1] Wang, P.W. and Cheng, C.C., 2005. Natural frequency tuning using structural 
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Chapter 7: Defect detection in 

composite structures using 

magnetostrictive patch 

transducers 

Ultrasonic inspection is a widely-used technique for the non-destructive inspection of 

composite material parts. Chapters 4 and 6 reported experimental work that was 

conducted to investigate the different excitation parameters on the generation of 

magnetostriction within a thin iron-cobalt alloy patch. It was found that the vibrations 

generated within a patch could be controlled by varying the frequency, direction and 

amplitude of both the dynamic and static magnetic fields. In this chapter, the aim is to 

investigate the use of magnetostrictive thin patches to generate guided waves in a 

composite structure for NDE purposes. Here, a thin patch is attached to the surface of 

the composite plate, and the generated SH0 and A0 modes are used to detect defects 

in the form of an artificial defect in a carbon fibre reinforced polymer (CFRP) plate 

and delamination damage within a glass fibre reinforced polymer (GFRP) plate. The 

synthetic aperture focusing technique (SAFT) is then used to provide imaging of the 

defects in both samples.        

7.1. Experimental apparatus  

The first set of experiments was designed to capture and understand the elastic wave 

propagation in a CFRP composite material, using the vibrometer to test the different 

configurations reported in chapter 4 (which described results from an isotropic, non-

magnetic sample). This allowed specific combinations of frequency, wave 

propagation direction and amplitude of the dynamic and static magnetic fields to be 

controlled, to optimize performance. The second set of experiments investigated the 

detection of defects within composite samples using magnetostrictive patches, as both 

a transmitter and as a detector. Subsequently, the SAFT algorithm was used to provide 

imaging results for detecting defects within both CFRP and GFRP plates. It is 

important to mention that the electromagnet was not used for these sets of experiments. 
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7.1.1. Experimental apparatus for initial experiments in composites  

 

The pulsing system used to drive the transducers was the Innerspec RF Unit. This 

contains a high-power pulsing unit connected to a flat coil, to generate the dynamic 

magnetic field that is applied to the thin patch, together with a data-acquisition system 

to which a second detection coil can be connected. This module is used to collect the 

data and apply filters to enhance the signal and extract the required features.  

This first set of experiments was designed to investigate the propagation of the guided 

waves in a defect-free composite sample, using the vibrometer to detect guided wave 

signals from a single transmitter. As in previous chapters, the magnetostrictive patch 

used to generate the guided waves within the composites was the iron-cobalt alloy 

VACOFLUX 48. This material was selected, as it retains high levels of 

magnetostriction around 70 ppm, and offers a level of flexibility in terms of design as 

it is easily cut into the required shape. The patch used for these experiments was cut 

into a strips of 400 mm length and 40 mm width.     

The representation of the experimental setup is presented in figure 7.1. Figure 7.1(a) 

shows a representation of the vibrometer grid detection points on the plate, with the 

coil and permanent magnet combination placed above the horizontal strip-shaped 

patch. Figure 7.1(b) is a schematic diagram of the apparatus. 

The input signal to the coil from the Innerspec current pulsing unit, consisted of a 

windowed sinusoidal current pulse of 3 cycles at 120 kHz. The nominal power issued 

from the pulsing unit was quoted by the manufacturer as 1.8 kW.. The selection of 

these initial parameters was based on the analysis conducted in the previous chapters. 

This combination of the number of cycles and frequency allowed the capture of guided 

waves in all of the four configurations reported previously in the Chapter 4.   
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(a) 

 

(b) 

Figure 7.1. Diagram for the experimental apparatus used to investigate the 

generation of guided waves using MPT: (a) Front view showing the relative 

position of the coil and magnet system, the magnetostrictive patch and a graphical 

representation of the reflective grid used to collect data using the PSV 3D laser 

system. (b) Schematic diagram of the apparatus. 
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For these experiments, the racetrack coil and a pancake-shaped coil were used to 

generate dynamic magnetic fields in different directions. The racetrack coil, used in 

configurations 1 and 2, consisted of a coil (35 µm thick) printed onto a PCB, with a 

thin electrical insulation film applied to the top of the coil, to avoid any short-circuiting 

when the coil was in contact with the electrically conductive magnetostrictive patch. 

The coil (figure 4.3(a)) consisted of 10 turns, with a track width of 1 mm and a track 

spacing of 0.5 mm, using 35 µm thick copper. The overall width of the racetrack coil 

was 14.5 mm. For configurations 3 and 4, a circular coil (figure 4.3.(c))  was used, 

consisting of 5 turns with a 1 mm track width and a 0.5 mm spacing. In all cases, the 

thickness of the PCB fibreglass substrate was 1.5mm. As described in earlier chapters 

(chapter 4, figure 4.3.(b)), a U-shaped alnico grade 5 permanent magnet was used to 

generated the static magnetic field for configurations 1, 2 and 4 (chapter 4, figure 4.4). 

The shape of the magnet allowed the generation of an in-plane static magnetic field. 

In the case of configuration 3 (chapter 4, figure 4.4), a circular N42 permanent magnet 

was used for the required out-of-plane static magnetic field.       

A thin, optically reflective tape was attached to the structure, to improve the 

reflectivity for vibrometer measurements, for investigating the propagation of the 

elastic waves in a composite material plate. This tape increased the reflectivity of the 

sample, without any significant change to the elastic properties of the sample. The 

vibrometer used was a POLYTEC PSV-400 3D laser system, as described in chapter 

4. The detected signal was post-processed using the DAQ cards mounted within the 

Polytec system. The laser head was placed a distance of 1.31 m from the sample 

surface, so as to allow the scan of the full area, while maintaining an optimal level of 

back-scattered light to the laser head. As shown in figure 7.1(b), the scan was 

conducted based on a series of adjacent points, with the spacing of the points chosen 

to give approximately 32 points for the nominal wavelength of the SH0 mode at 120 

kHz. The grid resolution was increased to capture the S0 mode. As it is the fastest 

mode for the selected frequency, the capture of A0 mode was permitted through the 

same spatial resolution. It is important to note that the data points shown in the figure 

7.1(a) are schematic representation of the scanned grid, and are not the actual spacing 

between experimentally measured points       
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7.1.2. Experimental apparatus for defect detection in CFRP and GFRP 

composites  

The second set of experiments that was conducted as part of this research was 

investigating the capabilities of magnetostrictive patches combined with a coil and a 

permanent magnet, to detect defects within a composite structure. These experiments 

helped in analysing the effect of applying different configurations of excitation 

frequency, direction and amplitude of both the dynamic magnetic field and the static 

magnetic field on the detection of the defect. This used separate transmitter and 

receiver units. 

The first sample studied was a 400 mm x 400 mm CFRP flat panel of 3 mm thickness 

with 15 plies in a [0º 90º 0º 90º] layup configuration. It contained a circular through-

thickness defect of 20 mm diameter and 1.5 mm depth that was machined into the 

surface of the CFRP plate. For these experiments, a linear scan using mirrored 

coil/patch systems was performed along the patch, with a spatial step of 1 mm, at a 

distance of 100 mm from the defect. Figure 7.2 (b) shows the apparatus used for signal 

capture. It consisted of two transducers, placed close to each other, with one acting as 

transmitter and the other as a receiver. A strip-shaped patch of 90 mm width and 400 

mm length was used to allow each transducer to move in tandem across the sample.  

 Both were contained within the patch dimensions. The size of each transducer 

arrangement was 42 mm x 70 mm, with a gap of 2 mm between the source and 

receiver. The coil used for generation was connected to the Innerspec RF current 

pulser, while the sensing coil was connected to the DAQ panel of the same system. 

An internal trigger pulse was used at the trigger for acquiring the reflected signal. The 

sampling rate of the data acquisition was 25.6 MHz, and the power of the pulsing 

system was set to a nominal 1.8 kW. A digital filter was applied to the collected signal, 

using an FPGA built into the signal acquisition electronics. It consisted of a gated-

signal with a smoothing function of 32 points. To identify specific ultrasonic wave 

arrivals and the different reflections presented in the received waveform, digital gates 

were designed within the data acquisition system to capture the reflected signal, the 

amplitude and the time of arrival. This configuration led to the analysis of the different 

wave modes reflected from the defect.  These gates are presented in figure 7.2 (c). The 

gates allowed the discrimination of the signals corresponding to reflections generated 
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from the defects, and assisted in partially identifying the reflections generated from 

the back wall of the CFRP plate, and the reflected signal from the side edges of the 

plate.  

 

(a) 

 

(b) 

 

(c) 

Figure 7.2. (a) The experimental geometry and (b) the apparatus for 

demonstrating the defect detection capabilities and (c) waveform of the received 

signal showing the tracking gates numbers used to identify the received signal and 

the corresponding interactions of the wave with structural features (edge and 

defect reflections) 
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Figure 7.3 shows the 3-cycles current waveform which was input to the coil to 

generate the dynamic magnetic field. The current was induced to the coil through the 

pulsing unit embedded within the Innerspec system. The figure 7.3(b) shows the 

frequency spectrum associated with the 120 kHz current signal.   

 

 

(a) 

 

(b) 

Figure 7.3. (a) Current waveform induced in the excitation coil connected to the 

RF pulsing unit within the Innerspec system and (b) its respective magnitude FFT 

 

Experiments were also performed on a 1 m x 1 m square, 4 mm thick GFRP plate, 

containing a delamination. The delamination shape is a rectangle which is 15mm wide 

and 25 mm long. The delamination was introduced using a PTFE layer within the 

middle plane (2 mm) of the GFRP plate.   
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7.1.3. Synthetic aperture focusing technique (SAFT): 

In order to characterize defects embedded within the thickness of a sample, different 

imaging techniques were used to produce an image of the defects which helps with 

flaw characterization. Initially, ultrasonic testing generated a B-scan which is a 

representation of the amplitudes of the reflected signal as a function of time. By 

capturing multiple B-scans, a lateral image of the scanned area could be reconstructed. 

These images can include reflectors or scatterers based on the reflected signal time of 

arrival and amplitude drop. There are multiple technologies used for NDT application 

that have the defect imaging capabilities such as in radiography using X-rays [1] and 

thermography [2]. Although these technologies provide excellent results, ultrasonic 

imaging was selected due to the limitations of radiography such as health and safety 

issues and limitations of thermography due to the experimental setup requiring 

advanced equipment.  

The use of multiple B-scans to reconstruct the image of the defect using UT inspection 

methods is critical to build the synthetic aperture focusing technique (SAFT). In fact, 

the UT signal tends to diverge or scatter when interacting with a defect which reduces 

significantly the lateral resolution of the detection [3, 4]. The SAFT technique is an 

excellent method to increase the lateral resolution in order to precisely characterize 

the defect in terms of location and dimensions.     

Many different algorithms have been used for SAFT. These algorithms can be 

executed either in the time-domain or the frequency-domain [5]. One of the established 

algorithms in the frequency domain is the phase shift migration (PSM). The PSM [6, 

7] method is usually used in seismology based on the assumption that the reflected 

signal from all reflectors and scatterers would “explode” when time 𝑡 = 0 and the 

resultant field velocity would be half the propagation velocity of the induced signal. 

The PSM approach has been used in this work. 

To reconstruct the image using SAFT PSM method, a sensor should be placed at a 

fixed distance and perform a linear sweep with equal distance steps as shown in fig. 

7.2.(a). Both the emitter and receiver are scanning linearly, in the Y direction, the 

composite plates in a pitch-catch configuration and the ultrasonic wave is travelling I 

the X-Y plane. 
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Initially, a wave field received by the receiver (coil and permanent magnet system) 

𝑝(𝑡, 𝑦, 𝑋) is considered where t is the time, y is the sensor linear sweep position and X 

is the location of the sensor at the start of the scan. Then, the collected signal is 

transformed using the Fourier transformation into the frequency domain as 𝑃(𝜔, 𝑘𝑥 , 𝑌) 

which will be extrapolated to other distances ∆y. The next step is that every ∆y is 

multiplied by the phase shift factor equal to 𝑒𝑖𝑘𝑦(𝑦−𝑌) where y is the sensor linear 

sweep position and Y is the direction of the wave travelling in the X-Y plane. The 

third step consists of evaluating the wave field when 𝑡 = 0. This process is called 

“imaging condition”.  

Finally, the extrapolated field is inversed to the time domain through the application 

of inverse Fourier transformation leading to the generation of focused image revealing 

all the reflectors and scatterers [7]. 

7.2. Results  

7.2.1. Effect of different configurations on guided wave generation 

The first set of experiments consisted of analysing the propagation of elastic waves in 

the CFRP composite plate. Collected data is presented in figures 7.4-7.7 and the 

magnitude of the particle velocity calculated as previously defined  

|𝐴| = √𝐴𝑋
2 + 𝐴𝑌

2 + 𝐴𝑍
2  (7.1) 

 where 𝐴𝑋, 𝐴𝑌 and 𝐴𝑍 are the particle velocities in the scan direction X, Y and Z 

respectively.  

As can be seen from the figures 7.4-7.7, the different configurations led to the 

generation of elastic waves with different propagation patterns. The coil and 

permanent magnets were placed at the starting point of the scan and a linear sweep 

was performed to collect the reflected signal. The figures below include the previously 

analysed radiation patterns of the patch leading to the generation of guided waves in 

an isotropic plate when subject to the different configurations.  The plots were 

included as a reference to understand the generation patterns observed on a CFRP 

plate. These results were initially presented in chapter 4.  In the case of configuration 

1 as shown in figure 7.4, there is a significant amplitude SH0 mode propagating in the 

Y direction, but also at other angles. The SH0 was identified based on the propagation 
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velocity and by comparison to the data collected and presented in chapter 4. In 

addition, the laser system used to collect the data is capable of detecting motion in-

plane and out-of-plane direction which helped in distinguishing the different generated 

waves components. 

 

 

(a) (b) 

 

(c) 

Figure 7.4. Elastic wave propagation patterns determined via Eqn. (7.1) from the 

Polytec vibrometer on a defect-free CFRP plate for Configuration 1 showing (a) 

the polar radiation reported in chapter 4, (b) coil and permanent magnet 

arrangement and scanned area showing the propagation of elastic waves 

The SH0 wave propagating in the Y direction is consistent with the Wiedemann 

generation mechanism.  Note that the dynamic and static magnetic fields are applied 
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in the Y and X direction respectively. From the patch scan, it can be seen that a high 

vibration amplitude vibration is concentrated in the X direction, associated with the 

SH0 wave. It should be noted, that all four configurations will generate more than one 

type of guided wave mode, generally with complicated directivity patterns. While 

these wave modes can in principle be separated due to their different group velocities, 

this figure just shows the overall amplitude via eqn. (7.1). These findings are 

consistent with the radial analysis conducted in chapter 4, as the SH0 amplitude is 

higher than the S0 mode amplitudes when the transducer is placed at the 0º angle. 

 

 

(a) (b) 

 

(c) 

Figure 7.5. Elastic wave propagation patterns determined via Eqn. (7.1) from the 

Polytec vibrometer on a defect-free CFRP plate for Configuration 2 showing (a) 
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the polar radiation reported in chapter 4, (b) coil and permanent magnet 

arrangement and scanned area showing the propagation of elastic waves 

 

On the other hand, configuration 2 (fig.7.5) generated a more divergent beam, noting 

that now forces are generated in the Z direction. For an in-plane static magnetic field 

on a ferromagnetic sample, one would generally expect the Lorentz force to almost 

cancel out the magnetisation force.  The shape of the guided wave wavefront generated 

from the configuration 2 is propagating in an elliptical pattern, which is consistent 

with the patch vibration pattern presented in chapter 4 and is also seen in figure 4.10. 

Configuration 3 led to fairly omnidirectional guided wave wavefront, which was 

generated through a combination of magnetostrictive and Lorentz forces, with the 

latter being generated parallel to the surface of the magnetostrictive patch transducer. 

In fact, the patch is subject to omnidirectional forces, which can be split into surface 

normal forces and shear forces. The force generated in the normal direction is 

contributing to the generation of S0 wave mode, while the shear forces are contributing 

to the generation of SH0 wave modes, and a normal incidence through thickness SH 

bulk wave. As can be seen from the radial directivity pattern in figure 7.6, the average 

amplitude of S0 and SH0 is fairly uniform, with both modes are being generated at all 

angles.  Similar to the previous configurations, S0 and SH0 modes were detected using 

the 3D laser system and the travelling velocity in order to precisely distinguish both 

modes. 

Finally, in configuration 4, the Lorentz forces generated have a complex spatial 

distribution as the angle of the dynamic field relative to the static field changes around 

the coil, and are mainly in the Z direction. As discussed in chapter 4 and was 

mentioned for configuration 2, the Lorentz forces are mostly cancelled out with the 

opposing magnetisation forces, leading to a vibration pattern mainly originating from 

magnetostriction forces. 
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(a) (b) 

 

(c) 

Figure 7.6. Elastic wave propagation patterns determined via Eqn. (7.1) from the 

Polytec vibrometer on a defect-free CFRP plate for Configuration 3 showing (a) 

the polar radiation reported in chapter 4, (b) coil and permanent magnet 

arrangement and scanned area showing the propagation of elastic waves 

 

By analysing the forces resulting from the interaction of the static magnetic field and 

the dynamic magnetic field, it can be noted that the forces present in configuration 4 

are similar to those in configuration 1: The twisting effect of the force in the patch 

during the excitation of the coil lead to the Wiedemann effect, which enhanced the 

generation of SH0 focused in the Y direction. In-plane forces are expected in the X 

direction, leading to the generation of the S0 wave mode. It can be seen from the figure 
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7.7, that S0 mode polar plot exhibits high amplitude focused lobes at an offset angle 

compared to the Y direction, while SH0 waves mainly propagate in the Y direction.    

In fact, the radiation pattern in configuration 4 is wider than with configuration 1, but 

narrower than that of configuration 2. These differences would affect the imaging 

outputs reconstructed later in the following sections. Note that the particle velocities 

of the wave displacements are similar for configurations 1, 2 and 4 (~ 2 x 10-3 m/s), 

while being significantly lower for configuration 3 (8 x 10-4 m/s).        

 

 

(a) (b) 

 

(c) 

Figure 7.7. Elastic wave propagation patterns determined via Eqn. (7.1) from the 

Polytec vibrometer on a defect-free CFRP plate for Configuration 4 showing (a) 

the polar radiation reported in chapter 4, (b) coil and permanent magnet 

arrangement and scanned area showing the propagation of elastic waves 
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Configurations 1 and 4 favour the generation of in-plane shearing or twisting forces in 

the X direction which led to the generation of SH0 waves propagating in the Y 

direction. In the case of configuration 2, the generation of the A0 mode was favoured 

in the Z (out of plane) direction. Finally, configuration 3 led to the generation of Lamb 

waves A0 and S0 as well as shear horizontal waves SH0  

The elastic waves presented in figure 7.4 were further studied to identify the modes 

based on the time of arrival to distinguish S0, A0 and SH0. The amplitudes of the 

identified wave modes are used to analyse the wave amplitude decay, for which results 

are presented in figure 7.8.  

  

S0 SH0 

 

A0 

Figure 7.8. Guided ultrasonic waves amplitude drop for an elastic wave generated 

by a MPT attached to a defect-free CFRP plate collected for the: (a) Lamb waves 

symmetric mode, (b) shear horizontal wave mode and (c) Lamb waves 

antisymmetric mode 

The amplitude decay was analysed in function of propagation distance in the CFRP 

plate. It can be seen that in most cases a detectable amplitude of 10% of the initial 

maximum signal is preserved at distances of up to 250 mm from the centre of the 
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transducer. In the case of the configuration 3, the wave amplitude for the A0 and SH0 

modes are dropping rapidly as 60% of the amplitude is dissipated within the distance 

of 150 mm. It can be noticed that the S0 mode can be generated by configuration 1, 

even in the presence of high amplitude SH0 waves, and it can be enhanced by rotating 

the transducer slightly to 15º and configuration 3, which is consistent with the previous 

set of experiments. Although the amplitude of the S0 wave generated by configuration 

3 is significantly lower than the amplitudes of the waves generated by the other 

configurations, configuration 3 can still be used for S0 measurements, within short 

propagation distances of up to 200 mm. 

7.2.2. Effect of different magnetic configurations on the detection of a 

defect  

The following set of experiments were designed to investigate the detectability of a 

simulated defect using the different configurations of static magnetic field and 

dynamic magnetic field when applied to a magnetostrictive thin patch attached to a 

CFRP plate. The sensors were placed at 100 mm distance from the defect, and a linear 

sweep performed by moving the transmitter/receiver pair along the magnetostrictive 

strip patch at 1 mm steps as shown in the figure 7.2.a. The reflected signal amplitude 

from the defect and received by the sensor is plotted in figure 7.9.   

It can be seen that the four configurations give different results. By using configuration 

1, the defect location can be detected precisely, as this configuration generated a SH0 

guided wave mode with narrow beam. Conversely, configuration 2 (using an SH0 

mode signal) returned a wider detection aperture with a steep increase in the reflected 

signal around the correct defect location. Configuration 3 provided the widest 

detection pattern for the defect from its fairly omnidirectional SH0 mode guided wave 

pattern. Configuration 4 returned a similar trend to configuration 1 for the SH0 mode 

but with a wider detection aperture. Using configuration 4, the defect can be detected 

from a longer distance as the pattern is wider compared to configuration 1.  
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Configuration 1 Configuration 2 

  

Configuration 3 Configuration 4 

Figure 7.9. Defect scanning and detection using a 1 mm linear sweep. The data 

collected using 2 similar configurations of coils, permanent magnetic and 

magnetostrictive patches. The analysed reflected wave is SH0 

 

Similarly, by adopting the A0 mode to detect the defect, it can be seen that 

configuration 1 returned good results in terms of detectability as the beam was narrow 

which led to a precise detection of the lateral position of the defect. as seen in figure 

7.10. Configuration 2 provided a more complex reflected signal which led to the 

detection of the defect but in a slightly offset location to the real defect. Configuration 

3 and 4 led to the imagining of the defect with lower lateral and vertical resolutions, 

this is mainly due to the fact that the guided waves beam is wider which contributed 

to a flattened defect rather than a circular image which is the true representation of the 

flaw.   
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Configuration 1 Configuration 2 

  

Configuration 3 Configuration 4 

Figure 7.10. Defect scanning and detection using a 1 mm linear sweep. The data 

collected using 2 similar configurations of coils, permanent magnetic and 

magnetostrictive patches. The analysed reflected wave is A0 

 

The above shows that a magnetostrictive patch system has great flexibility in terms of 

defect detection using different guided wave modes, each of which has different 

characteristics.   

7.2.3. Defect detection in a CFRP plate using the SAFT technique  

By compiling the reflected signals from the defect, an image of the defect can be 

reconstructed using the SAFT method, using different combinations of dynamic 

magnetic field and static magnetic field. A tracking gate was available to select the 

signal from a given wave mode as the transducer pair was scanned along the 

magnetostrictive strip. An example of how the gate was used is shown in figure 7.11 

for configuration 1, showing how the SH0 and A0 modes could be detected. 
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(a) 

 

(b) 

Figure 7.11. Collected signal from the Innerspec DAQ when the transducers and 

the sensor are placed (a) at the far point of the linear sweep (starting point) and 

(b) directly opposite the defect location, showing reflected waves and the tracking 

gates used to select them. This data was collected using configuration 1. 

 

It can be seen that, in addition to the main signals, there are multiple reflections that 

are either scattered from the edges of the plate. In order to overcome the issue, a 

tracking gate was used with the aim to analyse the progression of the reflected 

amplitude. An initial assumption was made with regards to the defect; if the signal is 

reflected from the defect, the amplitude variation will be similar to the amplitude 

variations presented in figures 7.9 and 7.10. In the case of edge reflections, a variation 
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of the amplitude when the sensors are performing the linear sweep will be detected as 

shown in figure 7.10. The electrical noise generated through the RF system and the 

DAQ system is assumed to remain constant during the overall test. This approach 

allowed the identification of the elastic waves reflected from the defect and the ones 

reflected from the edges and thus the waves reflected from the SH0 and the A0 are 

marked in the figure 7.11. 

This approach allowed the enhancement of the SAFT imaging as, by identifying the 

relative arrival times of the reflected signal from the defect (either SH0 reflected signal 

or A0 reflected signal), the electronic gates of the DAQ could be placed to monitor the 

defect reflected signal while suppressing all other signals.  

SAFT imaging was used to reconstruct the artificial defect in the CFRP plate for 

configurations 1-4 section and are presented in figure 7.12 for the SH0 wave mode 

and figure 7.13 for the A0 mode respectively. The yellow spot in the figures below 

represents the defect location. It is a representation of when the reflected signal from 

the defect is at its maximum.  

As can be seen from the figure 7.12., configuration 1 provided an image of the defect 

with an accurate location but the shape of the defect is slightly altered. This is due to 

the fact that aperture of the generated elastic waves is narrow and thus the collected 

data didn’t include information about the hidden area behind the defect with respect 

to the transducer. Configuration 2 generated a more complex image, probably due to 

the complex behaviour of the reflected waves and interference between the incident 

travelling wave and the reflected wave from the defect. Configuration 3 provided a 

more precise imaging for the defect in the Y direction (the direction of wave travel, 

but the amplitude of the reflection was lower. The precision was due to the fact that 

the configuration 3 led to the generation of a quasi-omnidirectional waves which 

allowed the capture of more details when performing the linear scan.  Configuration 4 

generated a high amplitude SH0 beam, which led to a better image than the other three 

configurations in both the X and Y directions.      
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Configuration 1 Configuration 2 

  

Configuration 3 Configuration 4 

Figure 7.12. SAFT images of the artificial defect in the CFRP composite plate 

using the reflected signal from the shear horizontal waves SH0 showing the effect 

of the different configurations on the reconstructed image. 

 

Defect images were reconstructed using the A0 mode. As can be seen from figure 

7.13., using configuration 1 located the circular defect at the correct location with an 

estimated width of ~20 mm, close to the real dimensions. In the case of configuration 

2, the image of the defect is more homogeneous compared to the defect image when 

SH0 mode reflect waves were used, although it is more of an elliptical shape (as was 

the case with configuration 3). Both configurations 1 and 2 provide a wide angular 

range for imaging. Configuration 4 led to a defect image, again with an elliptical shape.  
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Configuration 1 Configuration 2 

  

Configuration 3 Configuration 4 

Figure 7.13. SAFT images of the artificial defect in a CFRP composite plate using 

the reflected A0 signal, showing the effect of the different configurations on the 

reconstructed image. 

 

By using the SH0 mode and the A0 mode ultrasonic guided waves, the defect can be 

detected in a first instance and then to some extent, crudely imaged via SAFT. The 

combination of configuration 1 and the A0 mode produced a good image of the 

artificial defect. This specific combination is used in the next case study where an 

industrial GFPR including a delamination was inspected.  

7.2.4. Case study: SAFT imaging for a delamination in a GFRP industrial 

plate 

The GFRP plate sample was scanned using the transducers of configuration 1, and the 

SAFT image of the delamination defect, which was a square defect 70mm×25mm, 

present in a GFRP plate a using A0 guided waves was constructed. The signal received 
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in two different locations is presented in the figure 7.814, where the presence of the 

defect is easily recognised in this much larger sample, noting that the edge reflections 

are not so much of a problem in this case as they are outside the temporal sampling 

window. In a similar way to the previous experiments, the transducer and the sensors 

were used to perform a linear sweep with a 2 mm spatial step size, and the 

reconstructed SAFT image is presented in figure 7.15 while the reflect signal is 

presented in figure 7.14. 

 

 

(a) 

 

(b) 

Figure 7.14. Collected signal showing the tracking gate set for the A0 mode when 

the transmitter and receiver pair were placed (a) away from the location of the 

delamination and (b) directly in line with it. 

  

Signal reflected from the delamination 
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Figure 7.15. SAFT images of the delamination defect existing in a GFRP 

composite plate reconstructed using the reflected signal from Configuration 1 and 

the A0 mode. 

 

As can be seen from the figure, the transducers using the magnetostrictive patches 

were able to provide an indicative image of the defect, and a fairly accurate location 

of the delamination. In fact, the location of the delamination was previously detected 

using commercially available systems as its location was initially unknown. The SAFT 

reconstruction shows that the location was identified correctly. In terms of sizing, the 

image shows a good agreement between the detected delamination and the real 

dimensions with fairly high resolution in the lateral direction (the direction parallel to 

the scanning direction) while lower resolution was reconstructed in the direction 

perpendicular to the direction of the scan. This is due to the fact that configuration 1 

generated a narrow beam and the linear scans were only performed in one direction.  

7.3. Discussion  

Configuration 1 was seen to lead to the generation of elastic waves in a narrow and 

focused beam, and allowed energy to be focused into a more concentrated direction, 

which led to a higher level of reflected signal from a defect. In fact, when using 

configuration 1 to generate A0 mode, the reconstructed SAFT image for the defect 

was returning the highest resolution. This configuration permitted the detection of the 

defect when a linear scan is performed. In fact, as the SH0 mode beam is significantly 

directed toward the defect when aligned with the defect, the location of the defect can 

be more precisely identified along the X axis. In addition, the beam allowed a high 
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imaging resolution in the same direction as the transducer linear sweep but not in the 

direction perpendicular to the direction of the scan. The issue was resolved when 

configuration 1 was used to detect the defect using the Lamb wave A0 mode. The 

latter combination provided a fairly optimal imagining of the defect both in the X 

direction and the Y direction. Configuration 2 allowed the generation of a wider beam 

compared to configuration 1, the detection of the defect using the linear sweep was 

achievable from further distances away from the defect during the linear scan. The 

maximum reflected amplitude is recorded when the transducer is placed in direct line 

with the defect. Although the defect was detectable from longer distances, the image 

reconstructed using the SAFT based on the propagation of SH0 mode was of complex 

behaviour. This is assumed to be due to the reflected signal and interference of the 

signal with the defect.. When switching the combination so that SAFT is used based 

on A0 wave and configuration 2, the reflected waves interference can be resolved 

leading to a defect image which is relatively elliptical. The image reconstructed 

returned a lower resolution imaging to the defect. Although the location of the defect 

can be detected using configuration 2, yet, the precise characterisation of the damage 

is relatively low and challenging. 

Configuration 3 allowed the generation of elastic waves in a quasi-omnidirectional 

pattern. The elastic waves generated were propagating in quasi-circular patterns. This 

radiation patterns allowed the detection of the defect from a further location. The 

reflected signal from the defect was detected from early sweep points and the 

maximum amplitude was recorded in the case where the transducer is aligned with the 

defect. As configuration 3 generated a wide beam of elastic waves, the resolution of 

the defect imaging in the X direction was lower compared to the accuracy of imagining 

in the Y direction. This is due to the fact that in the case of wide-beam aperture, the 

details located behind the defect location can be captured and analysed. Configuration 

3 associated with the analysis of SH0 wave modes led to the reconstruction of an image 

of the defect manifesting as an ellipse. Similarly, when the configuration 3 used in 

conjunction with the Lamb waves A0 mode, the defect is yet considered elliptical but 

the resolution in the Y direction is enhanced.   

Configuration 4 led to the generation of fairly wide beam aperture for the generation 

of elastic waves in composite structure. This configuration returned the best imaging 
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results in the case shear horizontal waves are used. The width of the aperture allowed 

good resolution in both X direction and Y direction. The details of the region 

surrounding the defect were captured with good level of precision. The configuration 

4 used to generate Lamb waves A0 modes and then the SAFT method to reconstruct 

the defect led to a lower resolution following the Y direction. 

The different elastic waves beams generated by the different configurations were 

mostly related to the performance of the magnetostrictive patch as most of the waves 

were captured at specific angles. The steering effect due to the generation of elastic 

waves within a CFRP plate was minimal in these measurements as the observed wave 

beams was similar to the radiation patterns collected in chapter 4 when the patch was 

applied to an isotropic non-magnetic plate. However, steering can be significant and 

expected in the case of using a unidirectional composite plate as then the fibres will 

be concentrated and aligned in specific direction which will limit the performance of 

the magnetostrictive patch in the direction which is perpendicular to the main direction 

of the fibres. In this case, the SAFT algorithm may be affected by the steering 

phenomenon. 

In the case of the analysis shown in figure 7.8, all configurations allowed the 

generation of shear horizontal SH0 waves and Lamb waves A0 and S0. The distance 

of the travelling waves was around 200 mm for most of the configurations while 

maintaining a detectable level of received waves at around 10% for a 3 mm thick 

CFRP plate.      

A delamination was used as a case study to validate the use of magnetostrictive patches 

to detect defects within a GFRP plate and then reconstruct the image of the defect 

using the SAFT technique. The flaw incorporated within the plate was detect and the 

SAFT provided the location and sizing of the delamination.  

Throughout the thesis, there was a gradual progression in the development of 

magnetostrictive patch transducers by initially testing isotropic materials and 

analysing key parameters that may influence the ultrasonic waves generation using a 

magnetostrictive patch. An additional challenge was proposed within this chapter by 

the use of composite plates instead of isotropic plates. Composite materials are 

orthotropic or anisotropic materials by nature. This fact can affect the generation 
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patterns of ultrasonic waves, especially in the case of highly-anisotropic material such 

as unidirectional lay-ups. The plates that were used in this work reduced the anisotropy 

by adopting the configuration [0º 90º 0º 90º]. The initial experiments without the 

defect were used to investigate the effect of the material on the generation of elastic 

waves. It was found that although it may limit the generation, the patch already 

presented specific radiation patterns at specific angles as shown in the chapter 4 and 

the current chapter. The magnetostrictive and Lorentz forces tended to be generated  

in specific directions, so that the testing was conducted at specific angles to maximize 

the magnitude of the generated signal. It is important to mention that in the case of 

unidirectional composite structures, the radiation of the generated waves may differ 

from the results reported in this chapter, as elastic waves will be mostly concentrated 

along the direction of the main fibres. In addition, the guided wave modes will be 

affected by the design of the composite plate being inspected as some modes can be 

favoured in specific direction and other modes will be attenuated in other directions. 

This is due to the material properties which will add an extra layer of complexity in 

determining the directivity of the generated waves.       

7.4. Conclusions  

In this chapter, a series of experiments were conducted to investigate the use of 

magnetostrictive patches both as a wave generation mechanism using the Joule effect 

and as a reflected waves detection using the Villari effect. Some of the configurations 

used led to the generation of Lorentz forces but these forces were not within the scope 

of this chapter. The main focus was to understand the capabilities of magnetostrictive 

forces as a transduction mechanism to generate ultrasonic guided waves in composite 

structures. The different configurations analysed in the previous chapters were also 

used to control the generation patterns of the Lamb waves A0 and S0 modes and the 

shear horizontal waves SH0 modes. An analysis of the wave amplitudes drops and the 

defect detection capabilities were presented first. These findings showed that by 

controlling the input parameters such as the direction and the amplitudes of the applied 

static magnetic field and the dynamic magnetic field, the amplitude and beam profile 

can be controlled.  
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This set of experiments used a magnetostrictive patch transducer which was attached 

to the structure and which may have affected the performance of the vibration of the 

patch. In fact, a tape was used to bond the patch to the structure. The tape is a 

detachable tape that would allow the patch to be removed. The bonding was performed 

in order to ensure good contact between the patch and the sample. It also allowed the 

maintaining of the contact in both the out-of-plane and the in-plane directions. As 

multiple guided waves were expected, contact in all directions was required. This is 

slightly different to the situation when a PZT is used. In fact, when wave modes with 

out-of-plane component are generated, a gel can be used to generate the wave while 

in case of shear component, a bonding material such as glue would be necessary. In 

the case of a magnetostrictive patch transducer, multiple modes can co-exist, as a 

rigidly-attached layer allows both out-of-plane motion and in-plane motion.    

The use of different configurations combined with the findings from the previous 

chapters showed that by using each of the configurations, A0, S0 and SH0 modes can 

be generated and detected. This approach would allow the detection of different 

modes, if present, when the waves are reflected from the defect. In addition to that, 

the ability to generate multiple waves modes might allow the cross-referencing 

between the SAFT images constructed using the A0 modes and the defect image 

reconstructed using the SH0 wave modes.  

Finally, SAFT imaging combined with magnetostrictive patch transducers showed that 

the defect within a composite structure can be partially characterised and more reliably 

detected. In fact, the flexibility offered by the variation of both the direction of applied 

fields and the excitation frequency proved that elastic waves can be generated using 

magnetostrictive patches in challenging materials such as CFRP and GFRP plates, and 

that images of the defects included in these structures can be reconstructed.  

The use of SAFT is beneficial to assess a defect within a composite plate. Yet, due to 

the data collection process which is linear from a single side, the resolution in the 

direction of the sensor sweep was more accurate than that in the lateral direction. 

Further consideration needs to be given in order to provide an accurate image of what 

is happening behind the defect. Some of the methods to overcome such a challenge 

would include the use of wide-aperture transducers generating elastic waves at an 
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angle, or by conducting an additional scan where the sweep is performed in the 

direction perpendicular to the original scan.  
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Chapter 8: Conclusions  

8.1.  Key findings  

The work reported in this thesis focused on delivering a deeper understanding of how 

the magnetostriction phenomena in thin ferromagnetic materials could be applied to 

NDE. Magnetostriction is a feature of ferromagnetic materials when subject to 

externally applied magnetic fields, and it was interesting to see whether removable 

patches would provide an alternative to existing methods of generating and receiving 

guided waves. Conventionally, piezoelectric transducers or conventional 

magnetostrictive patches are used to generate elastic waves in metallic and composite 

structures for inspection and monitoring purposes. Alternatively, EMATs offer 

flexibility in terms of design, and sensitivity to a particular wave mode can be 

controlled and enhanced. A key disadvantage of EMATs is that they only operate in 

the vicinity of a conductive sample, or a conducting patch applied to a non-conductive 

sample. CFRP plates are low conductivity samples and directly generating elastic 

waves through the electromagnetic transduction mechanism is challenging. MPTs 

were previously used to generate and detect guided waves but limited work was 

investigating the effect of the excitation parameters to provide a better understanding 

on how, by controlling those parameters, magnetostriction can be enhanced and thus 

generation and detection using MPTs can be improved.   

The magnetostrictive patch transducers described in this thesis can be attached to the 

surface of a structure without altering its mechanical or chemical properties, and can 

be later removed. The magnets and coils used to excite these patches are similar to 

those used in EMATs. Here, though, the magnetostrictive patches allow these 

elements to perform on both conductive and insulating materials, with a reasonable 

sensitivity and bandwidth. Magnetostriction is a mechanism that leads to higher 

sensitivities than can be obtained by using a similar copper or aluminium patch in 

conjunction with an EMAT.  

The use of the magnetostrictive patches will lead to new NDE inspection strategies, 

especially in composite structures. As long as the patch adheres properly to the surface, 
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generation and detection of guided waves can occur, using changes in the coil’s 

dynamic field and the applied static field to optimise sensitivity to a particular guided 

wave mode. By improving the design of the wave generation mechanism, the cost of 

an inspection can be reduced, as multiple wave modes can now be generated through 

the use of the same system. Another pertinent point is the wide operational frequency 

range offered by the patches especially at lower frequencies, where piezoelectric 

transducers often operate across a relatively narrower frequency range due to 

difficulties in damping the piezoelectric element.  

The thesis investigated three main features. Initially, the investigation of different 

magnetic field configurations was conducted to understand such an approach on the 

generation of elastic waves in an isotropic material. Then, a deeper analysis of the 

changes and their effects of the key parameters controlling the magnetostriction in 

ferromagnetic patches was conducted. Lastly, a magnetostrictive patch was used to 

generate Lamb waves and shear horizontal guided waves, to inspect two composites 

samples. The last task performed was to validate the findings of the previous 

experiments in detecting and imagining a defect within a composite structure.                  

8.1.1. Effect of different magnetic field configuration on magnetostriction 

in patches  

By modifying the configuration of dynamic and the static magnetic fields, it was 

shown that the vibrations of a patch could be altered when it was excited by a coil and 

permanent magnet. The effect of four different configurations, labelled 1 – 4 was 

described.  

• Configuration 1 had in-plane orthogonal static and dynamic magnetic fields  

• Configuration 2 had the coil rotated by 90º so that the two in-plane fields were 

parallel to each other 

• Configuration 3 had an out-of-plane static magnetic field while generating an 

omnidirectional in-plane dynamic magnetic field.  

• Configuration 4 had an in-plane static magnetic field together with an in-plane 

radial dynamic field.  
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A set of experiments indicated that the vibration of the patch was highly dependent 

upon the applied magnetic field orientations. Initial findings in Chapter 4 showed that 

the main vibration areas were the zones directly located under the permanent magnetic 

and the coil. By observing the elastic waves generated in the patch soon after excitation 

using a vibrometer, it was shown that the vibrations in the patch were altered by 

changing the configuration. This indicated that the magnetic field characteristics for 

the chosen combination of permanent magnets and coils were dominating the response 

of the patch, and not the natural vibrational modes of the patch. Some configurations 

led to the generation of a directional beam while others had a more complicated 

response. 

Subsequent experiments conducted within the same chapter looked at the radiation of 

the S0, A0 and SH0 ultrasonic guided waves. The results showed that in most 

configurations all modes can be generated with detectable amplitudes.  

• Configuration 1 led to a complex generation pattern for S0, A0 and SH0 wave 

modes. Through the radiation patterns, a mode selection can be obtaining by 

rotating the sensor to specific angles. Although by this approach, a single mode 

cannot be suppressed, yet, a guided waves mode can be enhanced compared to 

other modes.  

• Configuration 2 which is similar to configuration 1, led to the generation of a 

complex pattern for S0 and SH0. Nevertheless, the use of this configuration 

allowed the generation of quasi-directional A0 wave mode pattern. By rotating 

the sensor by 90º, a unidirectional, relatively high-amplitude A0 wave mode 

can be generated, and used for inspection purposes.     

• Configuration 3 can be considered the most generic configuration in terms of 

A0, S0 and SH0 radiation patterns. In fact, this configuration led to the 

generation of omnidirectional S0, A0 and SH0 wave modes. This type of 

configuration can be used to run fast inspections, where the generated waves 

are travelling in a fairly uniform patterns in all directions.    

• Configuration 4 demonstrated that a directional SH0 mode could be generated 

in with reasonable directionality, making it a good system for the bidirectional 

generation of the SH0 mode. The radiation pattern analysis showed also that 

the peak amplitude for the different modes can be obtained at an offset angle 
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to transducer for the S0 mode, while a more complex A0 mode radiation 

pattern can be obtained.   

In practice, these observations are important, as different guided waves modes radiated 

at different angles can be obtained by changing the magnetic field configuration. This 

flexibility is rarely found in any other transducer system, as the response can be tuned 

to a particular dominant mode while suppressing other modes to enhance the signal-

to-noise ratio. For example, an omnidirectional wave generation configuration could 

be used to conduct an initial scan with the aim to investigate any defects developed in 

proximity to the sensor. Later, in the case where a defect is detected, a more focused 

beam generating configuration could be used to enhance the reflected signal from the 

region of interest.               

8.1.2. The effect of varying other parameters  

The second batch of experiments described in Chapter 6 was designed to provide 

insights on the effect of variating the excitation frequency for different amplitudes and 

directions of the static and magnetic fields. This used an electromagnet, allowing the 

static field strength to be adjusted, and a racetrack coil to generate an in-plane dynamic 

magnetic field in a particular direction. It was shown that by using low amplitude 

fields, the magnetostriction effect was not the main driving effect for the vibration of 

the patch, as it was found that natural frequencies of the patch may have had an effect 

on the vibration amplitude. These occurred at low frequencies (90-110 kHz), which it 

is thought corresponded to one of the vibrational modes of the plate. By increasing the 

magnitude of the dynamic magnetic field, the operational range could be widened, 

where the particle velocities within the magnetostrictive patch are significant. In fact, 

these findings led to the conclusion that the patch vibrational behaviour can be 

controlled by modifying the input parameters, such as the excitation frequency, the 

amplitude and the direction of the dynamic magnetic field and the static magnetic 

field. A second observation was made as part of these experiments: In the case where 

low-amplitude orthogonal static and dynamic magnetic fields were in-plane, particle 

velocity amplitudes were initially higher in the direction of the dynamic magnetic 

field. When the magnitude of the static magnetic field was then increased, vibrational 

amplitudes became higher in the direction of the static magnetic field. In practice, 
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these findings could be used to optimise the radiation of ultrasonic energy in a 

particular direction along a plate for NDT purposes.           

8.1.3. Defect detection using different magnetic field configurations on a 

magnetostrictive patch transducers 

The results reported in Chapter 7 of the thesis demonstrated that different 

configurations could be used to generate a set of guided wave modes with known 

directionality, and that these could be used to detect defects in both CFRP and GFRP 

plates using SAFT reconstruction methods. This used linear strips of magnetostrictive 

patch material along which a transmitter/receiver pair could be scanned. It was shown 

that by careful choice of the magnetic field configuration (both static and dynamic), a 

set of modes could be generated and reflections from defects identified. These could 

then be input into a SAFT reconstruction process, and images obtained. This was done 

for a flat-bottomed hole machined into a quasi-isotropic plate, and for a delamination 

defect in a CFRP plate. Both defects were identified and an image reconstructed. This 

needed the wave modes to be identified using their known velocities in each plate, and 

then their arrival time estimated and the signal for a given mode gated out from the 

rest of the signals in the plate. In the case of the CFRP sample, multiple edge 

reflections were present, but the system was able to identify the mode and reconstruct 

an image. The defect in the GFRP plate was also successfully imaged. 

In practice, quasi-omnidirectional wave generating configurations could be used to 

perform a rapid linear scan to inspect wide areas. In the cases where a defect is 

suspected, a more focused wave generating combination could then be used to 

precisely identify the location of the defect. By alternating between different 

combinations, imaging using SAFT could be performed to produce images of the 

defect reflecting its size and location within the structure. 

Compared to piezoelectric transducers, the use of magnetostrictive patches allows the 

expansion of EMAT-type techniques into the inspection of non-conducting industrial 

materials. These patches will offer a great alternative to existing technologies used to 

generate ultrasonic guided waves in composites. In fact, the use of the core 

components of EMATs such as the coil and the permanent magnet would lead to 

greater flexibility in terms of design, compared to commercially-available PZTs. In 
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addition to that, the experiments conducted showed that by modifying the key aspects 

of the applied magnetic fields (dynamic magnetic field and static magnetic field) the 

operational range of the ferromagnetic patch can be expanded to cover a wide range 

of frequencies. The patches used in the thesis can be attached and removed easily 

without the need to use coupling agents to ensure optimum transduction efficiency.  

8.2. Future work  

The work conducted in the thesis offers alternative options to commercially available 

techniques in the NDT of composites. It could be expanded even further by an 

investigation into the following aspects: 

(i) Different shapes of patches could be used to change directivity. For example, 

using patches in the form of a long thin strip would allow more directionality 

in certain directions. This would need the static and dynamic fields to be 

expanded to cover the lateral extent of the patch. Also, if the patch was in the 

shape of a thin arc, some focussing of guided waves might be possible 

(ii) The work could be expanded to consider multiple patches, regularly spaced in 

the direction of guided wave travel. This could then lead to the creation of the 

equivalent of periodic permanent magnet (PPM) EMATs, allowing particular 

modes to be selected via the definition of a particular wavelength. The fact that 

a particular configuration could generate more than one mode could make this 

a very flexible NDT system. 

(iii) Phased arrays could be considered, again using multiple patches and suitable 

drive electronics to help steer guided waves. 

(iv)  This work was particularly focussed on the use of guided wave for long-range 

NDE inspection. One area of future work could be to investigate longitudinal 

and shear propagation in thicker samples. Examples could be the thick GFRP 

composites used in ships and submarines, where low frequencies are needed 

for improved penetration. 

Finally, the work reported within this thesis is a contribution to the current industrial 

practices. In fact, the use of EMATs and magnetostrictive patches is increasing within 

industry but they still have many challenges to address. The work conducted showed 

that the signal can be controlled and enhanced by modifying the input parameters 
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which can significantly reduce the cost of inspection and offer alternative options for 

imaging compared to existing technologies which may be time-consuming and 

expensive. The work reported still requires optimization to make it suitable for an 

industrial environment, both at the patch level and the driving electronics level, which 

can also be a component of future work. 
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