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ABSTRACT 

DESIGN AND VALIDATION OF NOVEL ELECTRICALLY 

ROTATING EDDY CURRENT PROBES 

By 

Chaofeng Ye 

Airframe structures typically are composed of multiple layers of aluminum that riveted 

together using thousands of aluminum, titanium or steel fasteners. These fastener sites are 

areas of high stress where cracks originate in radial directions. Inspection of multi-

layered riveted structures and detection of subsurface cracks under fastener head is a 

major challenge in aviation industry. Some of the difficulties include:   

i) defects embedded deep in the structure, ii) arbitrary and unknown orientation of defects, 

iii) remanence magnetic of steel fasteners which shifts the operation point of the giant 

magnetoresistance (GMR) sensor out of linear range, iv) detection of small amplitude 

defect indications in the presence of dominant response signals from fasteners, v) effect 

of material properties of steel fasteners such as anisotropy, hysteresis, etc. vi) effect of 

earth’s magnetic field on weak magnetic field measurements using GMR sensors. 

This dissertation presents an in-depth analysis of these issues and a novel probe design 

for potentially addressing these problems. The operating principles of the probe is based 

on inducing eddy currents in the conducting test sample and measuring the perturbations 

in induced magnetic fields associated with the eddy currents. The sensor system utilizes a 

very low frequency rotating current excitation that is sensitive to deep embedded cracks 

of all orientations. An array of GMR sensors are used to measure the induced fields. The 

contributions of this research are the following: 1) orthogonal coil design for generating 



 

 

rotation excitation current, 2) novel differential sensor array scheme that eliminates the 

ambient/background field at sensors, 3) a new optimized non-uniform multilayer coil 

design for ensuring uniform excitation field; 4) analysis of effect of magnetic 

susceptibility and anisotropy of steel fastener; 5) magnetic balance measurement scheme 

using high sensitivity GMR sensor for steel rivets; 6) design and develop a prototype 

probe with rotating excitation and GMR array sensors 7) evaluate the probe performance 

for experimental validation of the overall hypothesis. 

The second application considered in this research is development of electrically rotating 

field/current probes for inspection of cylindrical geometry. Two novel probes are studied. 

The first design is a transceiver probe based on generating rotating fields using three 

phase windings. The key features of this design are high inspection speed, sensitivity to 

cracks of arbitrary orientation and simplicity of design. The second probe is based on 

rotating current excitation using orthogonal coils in axial and circumferential directions. 

The radial component of the magnetic field is picked up by a linear array of GMR sensors 

located along the circumferential direction.  This probe can detect both circumferential 

and axial defects, offers high sensitivity over a wide range of frequencies and can 

potentially provide extremely high spatial resolution.   
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Chapter 1 Introduction 

1.1 Introduction to Nondestructive Testing 

The term “Nondestructive testing and evaluation” (NDT/NDE) refers to technologies that 

assess the structural integrity of a material or component without causing damage to the 

object under test[1]. NDT/NDE techniques are widely used in quality control, safety 

maintenance, and failure prevention in industry.  

A variety of NDT techniques, employing different physical principles, have emerged over 

the years to inspect different materials. Each technique has certain advantages and 

limitations. Visual, radiographic, ultrasonic, and electromagnetic methods are four of the 

most commonly used approaches in NDE. 

Radiographic testing is a NDT method of inspecting materials for hidden flaws by using 

short wavelength radiation to penetrate through materials. A penetrating radiation source, 

such as gamma rays or X-rays, travels through the object under test. The intensity of the 

beam energy after transmission is correlated with the material integrity. The energy 

distribution of the transmitted beam is imaged using imaging media. The density in a 

defect/crack region is generally lower than the rest of the sample, which produces 

intensity differences in the radiographic image[2]. 

Radiographic NDT is extensively applied to find internal defects. It can be used for both 

for metallic and non-metallic materials. The limitation of radiographic testing lies in its 

requirement of two-sided access to the component under examination. Moreover, the 

ionization of the radiation presents risks and also, the equipment is relatively expensive. 

Ultrasonic testing utilize high frequency acoustic wave to test a material to detect 

changes in material properties[3]. The acoustic wave is transmitted, reflected and 
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scattered within the material under test. The interaction is captured by a transducer, and 

analyzed to determine the presence and location of flaws or discontinuities.  

Ultrasonic NDT is widely used both for inspection metallic and non-metallic materials. A 

major limitation of ultrasonic testing is that most ultrasonic testing need a couplant to 

inject the acoustic wave efficiently into material.  Furthermore, small and thin objects are 

difficult to be inspected.  

In electromagnetic testing, the material under examination is excited electromagnetically 

and the interactive between the electromagnetic fields and the material are monitored and 

measured. The measured signals typically contain information about material anomalies 

that affect electrical conductivity, magnetic permeability or dielectric permittivity.  

Electromagnetic NDT techniques cover a broad range of the electromagnetic spectrum. 

They have been used extensively in industry for flaw detection, microstructure 

characterization, and evaluation of mechanical properties. 

The major advantages of Electromagnetic NDT are:  non-contact, low-cost and high 

speed of inspection [4][5]. However, most of electromagnetic methods, e.g. eddy 

current method, are restricted to surface inspection and relatively thin conducting 

materials.     

1.2 Introduction of Rotating Current/Field Probes 

The probes discussed in this dissertation employ an electrically rotating eddy current 

to detect defects in the specimen. Although the probes have different applications; 

they employ analogous physical principles and offer similar advantages. The probes 

herein are mainly based on the following physical principles.   
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1.2.1 Rotating currents  

Suppose there are two sinusoid exciting currents in different direction, as shown in 

Figure 1.1(a). The two exciting currents have identical frequency and different phase 

angle, as specified in equation 1.1and 1.2. 

𝑰1 = 𝒓̂𝟏𝐼1cos⁡(𝜔𝑡 + 𝜑1)   1.1 

𝑰2 = 𝒓̂𝟐𝐼2cos⁡(𝜔𝑡 + 𝜑2)   1.2 

where 𝒓̂𝟏 𝒓̂𝟐 are the direction vectors of the currents,⁡𝐼1,⁡𝐼2 the are amplitudes of the 

currents. ω is angular frequency, 𝜑1, 𝜑1 are phase angle of the two exciting currents. 

If  𝒓̂𝟏 𝒓̂𝟐 are not in line and |𝜑1 − 𝜑2| ≠ 𝑛 ∙ 180° , where n is any integer, then the 

induced current rotates in space and time, as shown in Figure 1.1(b), where the arrow 

indicates the spatial direction and the length of the line shows the current amplitude. 

If 𝒓̂𝟏⊥𝒓̂𝟐   , 𝜑1 − 𝜑2 = (2𝑛 + 1) ∙ 90°  and 𝐼1 = 𝐼2 , the ellipse in Figure 1.1(b) 

becomes a circle. 

The rotating eddy current is disturbed by defects in any orientation. Consequently, the 

most prominent advantage of using a rotating current excitation is that the probe is 

sensitive to defects of all orientations. 

 

Figure 1.1. (a) Excitation currents with different orientation and phase angle. (b) Induced rotating eddy 

current in test sample. 

1.2.2 Rotating fields 

 As shown in Figure 1.2(a), three phase windings(A,B,C) located 120° apart on the 

same physical axis that are driven by a three-phase sinusoidal constant current source 

whose frequency and amplitude are same generates rotating magnetic field. The 



 

 

4 

 

magnetic fields (𝑩𝑎 , 𝑩𝑏, 𝑩𝑐) generated by the three windings vary sinusoidally. The 

total magnetic field (B) rotates in space with time. According to Maxell’s equations, 

the induced eddy currents in the tube wall (𝑱𝑒) flows circularly around a radial axis 

and rotates together the total magnetic field in space, as shown in Figure 1.2(b). 

The probe with rotating magnetic field offers detection capability comparable to those 

obtained with mechanically rotating coil probes but offer higher inspection speed and 

result in much lower wear and tear. 

A
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B’

C
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Ba

Bb

Bc

B

Tube wall

 

Tube wall

Induced 

eddy current

Rotating 

magnetic field
B

Je

 

(a) (b) 

Figure 1.2. (a) Top view of probe current and magnetic field. (b) Induced eddy current in tube wall. 

1.3 Statement of Problem 

This research focuses on design and validation of novel eddy current probes for two 

applications, namely, i) detecting subsurface cracks under fastener heads in multi-

layered riveted planar structures and  ii) detecting defects in tube wall in steam 

generator tubes in power plants.  The problems are introduced in this section. 

1.3.1 Multi-layered Riveted Structure Inspection 

Aeronautical components such as aircraft wings and riveted fuselage lap joints, undergo 

fatigue damage that occur around fasteners due to mechanical stresses[6]. Undetected 

cracks hidden at fastener sites in layered structures can lead to catastrophic failures. 

Therefore, reliable NDT methods are required to detect these embedded cracks. 
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A typical aircraft skin structure including fuselage skin or wing splice that is joined 

together by fasteners is shown schematically in Figure 1.3(a). Fasteners are typically 

made of aluminum, titanium or steel. This type of structure tends to produce high stress 

concentration around fastener holes. Hence, fatigue flaws, stress corrosion and cracks 

usually initiate at fastener sites in subsurface layers, as illustrated in Figure 1.3(b). 

As acoustic waves cannot penetrate through the air gap between the layers, ultrasonic 

NDT is not suitable for this multilayer structure inspection.  EC methods are widely 

used for detecting corrosion and subsurface fatigue cracks in riveted multilayer structures. 

Some of the challenges of multilayer structure inspection are: (1) Defects are 

embedded deep in the structure. (2) The fastener behaves as a strong discontinuity 

through the full depth of the layered structure, masking the response or indication due to 

small fatigue cracks.  (3) The orientation of the cracks is arbitrary and unknown.  (4) 

Edges of the multilayer structure pose additional difficulties in interpreting the 

measured signal. 

 

Figure 1.3.  Layered structure:(a) Aircraft riveted skin structure geometry and(b) hidden crack at 

fastener sites 

In order to obtain deeper penetration depth, lower excitation frequencies should be 

used since penetration depth is inversely proportional to the square root of the 

excitation frequency. However, in conventional eddy current probes where the change 
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in eddy current flow is measured using one or more detection coils[7]–[9] , the drop in 

signal-to-noise ratio (SNR) observed at lower frequencies can present a challenge. 

This drawback can be overcome by using giant magnetoresistive (GMR) sensors to 

directly measure the magnetic field [10]–[13].  

EC-GMR system with single, linear excitation coil has been presented by Nair et al. 

Yang et al use pulsed eddy current (PEC) along with GMR sensors for imaging 

fastener sites to detect subsurface defects. In these systems,
 
the induced currents are 

primarily generated along a single direction in the test sample. When the crack is 

perpendicular to the induced currents, perturbation in the field caused by the defect 

produces a strong signal at the GMR sensor. However, when a crack is parallel to the 

EC flow, the perturbation is relatively small and one’s ability to detect the defect 

decreases significantly[14]–[16].  

In order to ensure the EC system is capable of detecting defects independent of their 

orientation, a design with rotating current excitation and one GMR sensor located at 

the center of the coils was presented by Yang et al.
 [15]

. However, using a probe with a 

single sensor would require 2 dimensional raster scan is required which can be very 

time consuming especially in the case of large structure.  

1.3.2 Steam Generator Tube Inspection 

Steam generators serve as heat exchangers in nuclear power plants, as shown in 

Figure 1.4 schematically. They transfer heat from nuclear fission process on primary 

reactor side coolant to the secondary side clean water, which is converted to steam 

that drives the turbines for electric power production. These tubes constitute a barrier 

between primary and secondary sides and confine the radioactivity inside the primary 

coolant circuit. There are approximately 3000 to 16000 tubes inside a heat exchange 

tower. Inside of these tubes, there is high pressurized water with high temperature and 
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high fluid flow rate. The mechanical and chemical interaction of the water with these 

tubes can cause corrosion and crashes in tube wall[17]–[19].  

 

Figure 1.4. Schematic of a steam generator in nuclear power plant. 

The deteriorating tubes are a potential safety problem. Periodic inspection and 

monitoring for timely detection and characterization of any degradation is a key 

element for ensuring safe operation of the plant. 

Eddy current techniques are widely used in in-service inspection of steam generator 

tube in nuclear power plants. A variety of eddy current probes have been developed 

for the application[20]. Commercial probes such as bobbin coil probes (absolute and 

differential modes), rotating probe (Rotating Pancake Coils and Plus-Point), and array 

probes (X-Probe, Smart Array Probe and Intelligent Probe) have been used widely in 

industry. Bobbin coil probes, useful for fast initial detection of possible degradation, 

are not suitable for detecting circumferential defects around the tube, because the 

induced eddy currents are parallel to the crack orientation[21]. Rotating probes can 

provide a C-Scan image of tube wall with high resolution, and offer superior ability to 

characterize and size defects. Such probes are sensitive to circumferential defects, but 

the helical scanning process is time-consuming, prone to probe wear and the 
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mechanical control system for rotation is complex and susceptible to failure. Array 

probes are capable of providing information relating to the angular location of defects. 

The advantages associated with the use of these probes include high inspection speed 

and resolution, but they need sophisticated excitation and post-processing schemes. 

The signal is also contaminated by noise introduced as a consequence of probe 

vibration[22], [23].   

1.4 Research Objectives  

Based on the problems stated in section 1.3, the research objectives of this dissertation are 

as follows. 

(1)  Design, analyze, optimize and develop novel rotating current EC-GMR (RoC-GMR) 

sensor system to detect cracks buried around fastener sites in layered structures. The 

research should analyze propose solutions to following issues: 

 sensitive to cracks of all orientations emanating radially from fastener; 

 detectable of defect embedded deep in subsurface layers; 

 utilize linear array sensors to increase inspection speed; 

 eliminate effect of remanence magnetic of steel fasteners and keep the 

operation point of the GMR sensor constant; 

  effect of earth’s magnetic field on weak magnetic field measurements using 

GMR sensors.  

(2) Design analyze, optimize and develop electrically rotating field eddy current 

probes for steam generator tube inspection. In addition to the rotating field probe, 

develop a rotating current EC-GMR (RoC-GMR) probe for tube inspection. The probes 

should have following advantages. 

 Sensitivity to all orientation defects; 

 simple in structure and operation ; 
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 eliminate mechanical rotation and;  

 high operation speed. 

1.5 Methodologies  

To achieve the research objectives, three-dimensional finite element simulation models 

are used to mimic the underlying physical process, to assess the feasibility of 

proposed design and also optimize the design parameters. Prototypes are designed, 

built, and tested. Experimental data using the prototypes on test samples is obtained 

and analyzed. Experiment results validate the numerical simulation models and 

further demonstrate the feasibility of the proposed approach. 

1.6 Organization of This Thesis 

The research conducted in this thesis along with simulation and experiment results are 

organized as following. Chapter 2 presents review of electromagnetic NDE. Chapter 3 

introduces EC-GMR probe for multi-layer riveted structure inspection and analyzes 

the issues of RoC-GMR probe with array sensors. In chapter 4, differential 

measurement method is introduced to subtract the strong background field in fly 

during scan and an optimized non-uniform distributed rotating current excitation coil 

design is presented to generate uniform exciting field in the sensor region. Chapter 5 

analyzes challenges of inspection defect under steel faster. The effect of magnetic 

anisotropy of steel fastener is discussed. Magnetic balance measurement method is 

proposed to make MR sensor’s bias point constant and extend linear measure range of 

the GMR sensor. Chapter 6 presents novel transceiver RoF-EC probe for steam 

generate tube inspection. Novel RoC-GMR probe for tube inspection is proposed in 

chapter 7.  Conclusions and recommendations for future research are summarized in 

Chapter 8. 
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Chapter 2 Review of Electromagnetic NDE 

2.1 Electromagnetic NDE techniques 

Electromagnetic methods of NDE comprise a full spectrum of techniques ranging 

from static (DC) methods to high frequency (10THz) methods. The principles of 

electromagnetic NDE are introduced briefly in this chapter. 

2.1.1 Static Electromagnetic Methods 

Static electromagnetic technologies use DC magnetic or electric field to assess the 

integrity of materials.  Magnetic flux leakage (MFL) and electrical impedance 

tomography (EIT) are the two most common static electromagnetic methods. 

2.1.1.1 Magnetic Flux Leakage Method 

In MFL testing, permanent magnets or DC electromagnets are used to generate a 

strong magnetic field to magnetize the specimen. The magnetic flux lines are coupled 

into the specimen using metal ‘brushes’ or air coupling. Where the object has no 

flaws, the magnetic flux will largely remain with the specimen. If there is defect 

present in the specimen, then there is magnetic flux leakage around the defect. 

Magnetic field measuring sensors such as Hall sensors are used to measure different 

components of the leakage flux. 

The MFL method has been largely used for inspection of ferromagnetic structural 

components in petrochemical, rail, energy and metal industries. MFL techniques are 

effective in detecting corrosion or surface transverse defects, but have low sensitivity 

to defect fissures run parallel to the magnetic flux lines.  MFL is also adversely 

affected by increasing inspection speed.  
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2.1.1.2 Electrical Impedance Tomography (EIT) 

EIT measures the electrical conductivity and permittivity inside a body or structure, 

given simultaneous measurements of electrical currents and potentials at the 

boundary[24].  

Medical imaging using EIT has gained a lot of attention in imaging applications 

[25].Typically, conducting surface electrodes are attached to the skin around the part 

of the body being examined. Small alternating currents are applied to each of a 

circular array of electrodes; the resulting equi-potentials are recorded from the other 

electrodes. This process is then repeated for each electrode in the array and the 

resulting measurements are used in image reconstruction algorithms to get a 

tomogram [26]. EIT is still under development for nondestructive evaluation purposes. 

Stacey et al. at Stanford University published a technical report in 2006 on 3D EIT 

imaging[27].  

2.1.2 Low Frequency Methods 

Low frequency quasi-static methods cover the frequency range from 10Hz to 10MHz. 

They are generally referred to as Eddy Current testing (ECT) methods. 

2.1.2.1 Conventional Eddy Current Method 

Eddy current testing is based on electromagnetic induction. When a coil carrying 

alternating current is brought close to a metallic specimen, the changing magnetic 

field (primary field) associated with the alternating current induces eddy current in the 

specimen. The secondary magnetic field associated with the eddy current opposes the 

primary magnetic field. Defects in the specimen perturb the eddy current flow.  

In conventional eddy current testing, changes in coil impedance are measured as the 

signal. Defect is characterized from the amplitude and phase variations of coil 
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impedance. It should be noted that the defect must interrupt the eddy current flow to 

be detected, and defect lying parallel to the current path will not cause significant 

interruption and may not be detected [28]. Advantages and Disadvantages of eddy 

current testing are as follows: 

Advantages: 

 Non-contact method 

 High inspection speeds 

 High detectability  

 Gives good discrimination 

 Easy to automate 

 Easy to learn and quick to use 

 Economical 

 Environmentally friendly 

Disadvantages:  

 Only applicable for conductive materials 

 Sensitive to defects near the surface 

 Presence of noise due to factors such as probe lift-off , surface 

roughness and variations of electromagnetic characteristics of test 

material 

Typical applications of eddy current technologies include:  

 Surface and near-surface flaw detection 

 Measurement of non-conductive and conductive coating thickness, and 

detect defects, which are under insulating coatings 

 Sort material with different values of conductivity and permeability 
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2.1.2.2 ECT with Magnetic Field Measurement Method 

In conventional eddy current testing, coils are used to pick up the signal which is 

based on Faraday's law of electromagnetic induction, in which case the intensity of 

the induced signal is positively correlated with the value of frequency. The signal 

amplitude drops rapidly as frequency decreases. As a result, signal-to-noise ratio 

(SNR) observed at lower frequencies can present a challenge. This drawback can be 

overcome by using sensors with high sensitivity to directly measure the magnetic field 

associated with the eddy current.  

Associated with the current induced in the sample is a magnetic field which will be 

disturbed in the presence of a defect[29]. The changes in magnetic field are measured 

as an indication of the presence of defect. As the magnetic field is a complex three-

dimensional field, it is possible to measure components of the field that are indicative 

of the nature of the disturbance and which may be related to the physical properties of 

any cracks present. Figure 2.1 presents an example, which is a plan view of a surface-

breaking crack where a uniform current is flowing[30]. The field component denoted 

by Bz corresponds to the poles generated as the current flows around the ends of the 

crack. These responses are principally at the crack ends and are indicative of a crack 

length. The field component denoted by Bx corresponds to the reduction in current 

surface density as the current flows down the crack and is indicative of the depth of 

the defects.  
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Figure 2.1.Detection principle of current field measurement method. 

2.1.3 High Frequency Methods 

2.1.3.1 Microwave NDE 

The term microwave is used to denote all electromagnetic radiation waves whose 

frequencies lie between 0.3 and 300 GHz. These frequencies correspond to a range of 

free space wavelengths in vacuum from of 1m to 1mm.Microwaves propagate readily 

through most nonmetallic materials. In contrast, microwave reflects almost 

completely from metal surfaces, penetrating only microscopic distances below the 

surface[31], [32]. 

Microwave NDE technique is well-suited for testing dielectric materials and 

composites because microwave signals can easily penetrate low-loss dielectric 

materials, such as glass-fiber reinforced polymer skins, foam and honeycomb 

structures without suffering significant signal attenuation. Typically a dielectric test 

object is irradiated by microwave energy from an antenna; the field travels through 

the sample and is received by a receiving antenna. The phase difference between the 
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incident and the received signal is directly related to the slab thickness and 

permittivity 𝜀𝑟, which is in general a complex parameter: 

𝜀𝑟 = 𝜀𝑟
′ − 𝑗𝜀𝑟

′′   2.1  

Microwave NDE sensors usually operate in one of two basic modes: far-field or near-

field. Far field information is simpler to interpret than near field measurements. 

However, the spatial resolution of the far-field technique is proportional to the 

operational wavelength.  The spatial resolution of the near field mode is generally 

better than that of the far field mode. The disadvantage of the near field mode is that 

the standoff distance has to be maintained relatively close to the sample, making it 

more difficult to implement. 

2.1.3.2 Terahertz Tomography 

Terahertz (THz) technology covers the part of electromagnetic spectrum between 0.1 

to 10 THz. Terahertz technology has been undergoing significant progress on the 

scientific front during the past two decades[33]–[38]. The terms “far infrared” (FIR) 

or “sub-millimeter waves” (sub-mm) were used earlier instead of the relatively new 

term “terahertz” [39]. 

Terahertz waves offer some unique features that make them attractive for applications 

in non-destructive evaluation (NDE). For instance, THz waves can penetrate most 

materials, like microwaves, but offer a much better spatial resolution than microwaves 

that makes them more suitable for imaging and millimeter or sub-millimeter size 

features. THz waves are safe for human operators because they are non-ionizing, and, 

finally, THz systems operate in a non-contact manner. 

Due to the high costs of terahertz emitters and receivers, the raster scan method is still 

standard in terahertz applications. The slow raster scan of most terahertz systems for 

large parts is still a significant drawback in comparison to other non-destructive 
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methods. The use of antennae arrays could solve this problem. Cameras based on 

micro-bolometer arrays are being developed by groups at NEC (Japan) and CEA-Leti 

(France), which have produced cameras with enough sensitivity to image the THz 

beam generated by photo-conductive antennas [40], [41]. Improvement of sensitivity 

and minimization of interference effects make the application and deployment of this 

technology for NDE more feasible. 

2.1.4 Time Domain Measurement Methods 

2.1.4.1 Pulsed Eddy Current 

Pulsed excitation produces transient signals with a wide range of frequency 

components and hence it contains more information compared to single frequency 

excitation[42] [43].  

Similar to ultrasonic testing where the measured time of flight in the received signal 

can determine a defect’s depth, eddy current pulse propagation through the material 

and shape of the transient response signal are related to discontinuities at different 

depths. The transient signal parameters and features allow flaw discrimination and 

characterization in the time domain. Figure 2.2 shows some experiment results of 

using PEC to test multilayer sample[42]. Some common features in transient 

characteristics of PEC signals are the peak amplitude, time to peak amplitude and 

time to zero crossing. The peak amplitude is used to determine the defect size. The 

time to zero crossing is popularly used to find the depth of a flaw, and the time to 

peak amplitude is used to identify the defect depth or material thickness.  
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Figure 2.2. Transient response associated with defects at different depth[42]. 

One can generate PEC C-scan imaging based on characteristics of the transient 

response. Since an A-scan measurement refers to the transient response at a single 

position, the mapping of a feature of each A-scan onto the probe position allows the 

construction of a C-scan feature image. Any time-dependent feature representing the 

dissipation of transient field associated with different depths can be employed to 

produce the C-scan image. Therefore, the image produced contains information about 

the surface, near surface and subsurface[44].  

The time interval between successive transient waveforms must be sufficient to allow 

measurement of each transient response until it decays to zero. Since the diffusion 

velocity of the EC signal is heavily dependent upon the material, the transient 

response duration due to one pulse is also material dependent. Also, the transient 

response duration increases with the thickness of a specimen under test[43], [45].  

2.1.4.2 Time-domain Reflectometry 

Time domain reflectometry (TDR) is a term used to describe a technique of observing 

the time dependent response of a sample after application of a time dependent 

electromagnetic field. The response characteristic, whether measured as a current, 

charge, or other related observable quantity, is a real valued a function of real 

time[46][47]. 
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In most TDR system, a train of suitable input signal is applied to a transmission line, 

usually coaxial with 50Ω characteristic impendence, and the waveform in the line is 

observed at some point by a probe. As indicated in  Figure 2.3, a sample is either 

inserted or attached to the line with some form of termination. The resultant changes 

of the transient waveforms is measured to characterize the properties of the 

sample[48].  

There are 4 common modes of operation. 

(1) reflected waveform from the sample in the line terminated by a matched section of 

50Ω impedance for no reflection of the transmitted wave; 

(2) reflected waveform from a sample used as the termination, i.e. with an open 

circuit and no current after the sample section;  

(3) reflected waveform from a short-circuited sample, with no potential difference at 

the terminal end; 

(4) transmitted waveform in the section of line behind the sample, terminated by 50Ω 

to eliminate reflections from the end of the line. 

Termination

Wave generater
Sample

Transient Record
Synchronization

Reflection Transmission

 

Figure 2.3. Schematic diagram of instrumentation for time domain measurement. 
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2.2 Formulation of Eddy Current Problem 

A typical eddy current problem consists of a conducting region 1  with nonzero 

conductivity and a surrounding non-conducting region 2 free of eddy currents which 

may contain source currents sJ , as shown in Figure 2.4.  

Where, 

sJ : excitation source current density. 

 : conductivity of the conducting region. 

1 : conducting region with nonzero conductivity.  

2 : non-conducting region, contains source current, free of eddy current. 

12S : interface between 1  and 2 . 

BS : boundary, norm component of magnetic flux density is prescribed. 

HS : boundary, tangential component of magnetic field intensity is given. 

n : the outer normal on the boundaries BS  and HS . 

2 0 

0sJ 

0 

1

12n

: H n 0HS  

: B n 0BS  

12S
Conducting region

 

Figure 2.4. Typical eddy current problem 

2.2.1 Maxwell Equation in Eddy Current Problem 

In eddy current problems the objective is to solve for the magnetic flux density, 

magnetic field intensity and the induced eddy current in the solution domain for a 
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specific geometry, source current distribution and the material properties such as 

permeability and conductivity that are prescribed.  

Since 𝜔𝜀 ≪ 𝜎⁡is always satisfied due to low frequency fields in eddy current problem, 

the displacement current is neglected and the Maxwell equation is written as:  

1
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where, the subscripts 1 and 2 refer to quantities in regions 1  and 2  respectively. 

Boundary conditions are the continuity of normal component of flux density and 

tangential component of magnetic field intensity. 

2.2.2 Formulations - Magnetic Vector Potential 

Assume magnetic vector potential is represented by A and electrical scalar potential 

by V[49], then 

B A     2.7 

 H A     2.8 

j  E B    2.9 

( ) 0j  E A    2.10 
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j  E A V    2.11 

where   is the reluctance. The magnetic vector potential reduces the number of 

unknowns to be solved compared with the method to solve the magnetic and electric 

field components directly. So the governing equations for 3D eddy current problem is 

represented by 

1( ) 0 inj        A A V
    2.12 

2( ) ins   A J    2.13 

( ) 0 on Bn S  A    2.14 

( ) 0 on Hn S  A    2.15 
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   2.16 

Since ( ) 0  A  is always satisfied, this ensures that we have 0 B . To simplify 

the programming, the governing equation is merged into one equation: 

1 2( ) ( ) 0 in :j              sA A A V J
   2.17

1( ) 0 inj      A V
   2.18 

The 𝐀, V − 𝐀  method has stable numerical solution for harmonic quasi-static 

magnetic field because of the uniqueness of 𝐀 and ⁡V . The method is applied for 

multiply connected conducting regions. The model for the source current is 

convenient and easy. It has high computation precision. The disadvantage is that total 

unknowns are big number. 

2.2.3 Reduced Magnetic Vector Potential 

In order to decouple the magnetic field due to induced eddy current from the field due 

the excitation source current, the total magnetic vector potential 𝐀 is decomposed into 
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𝐀s and 𝐀r, where 𝐀s is the magnetic vector potential due to excitation source current 

in free space and 𝐀r is the magnetic vector potential due to induced current in the 

conductor, respectively. The total magnetic flux density 𝐁is the summation of the 

corresponding terms 𝐁s  and 𝐁r and similarly, the magnetic field intensity 𝑯  is 

expressed in terms of source and induced components[50], [51]. 

Then the governing equation is derived from the A, V - A  method by substituting A 

by sA   and rA as 

(1 )r rj j               r r s sA A A V H A
             2.19 

( ) ( )j j      r sA V A
   2.20 

where 0  is the reluctance in free space and r is the relative reluctance of the 

conductor. All the variables on the left hand side of equation is independent of 

excitation source, and only rely on induced current in the conduction region. This 

implies that there is no need to re-generate the mesh for the exciting coils at different 

scan positions during inspection. The sA and sH on the right hand side of the 

equation is calculated analytical with highly reduction of computation time.  The 

modeling is easier to simulate the probe scanning than magnetic vector potential 

formulations, since there is no need to re-mesh the probe at different scan position.  

2.2.4 Penetration Depth 

Considering Maxwell’s equations: 

∇ × 𝑯 = 𝑗𝜔(𝜀 − 𝑗(
𝜎

𝜔
))𝑬   2.21 

∇ × 𝑬 = −𝑗𝜔𝜇𝑯   2.22 

where , 𝜇,⁡𝜎  are the permittivity, permeability and conductivity of the medial, 𝜔 is 

angular frequency.  
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Taking the curl of Equation 2.22 and then substituting in Equation 2.21 gives the 

vector wave equation: 

  ∇ × ∇ × 𝑬− 𝒌2𝑬 = 0    2.23 

Planes waves are the simplest (1D) solution of Maxwell’s equations in a 

homogeneous region of space. A plane wave is an electromagnetic field having the 

form: 

𝑬 = 𝑬0𝑒
−𝒋(𝑘𝑥𝑥+𝑘𝑦𝑦+𝑘𝑧𝑧)   2.24 

where 𝑬0 is constant vector,⁡𝑘𝑥, 𝑘𝑦,⁡𝑘𝑧 are complex constants that define a 

wavenumber k.  

𝒌 = 𝛽 − 𝑗𝛼 = 𝜔√𝜇(𝜀 − 𝑗(
𝜎

𝜔
))    2.25 

The real and imaginary parts of the wavenumber vector k define the phase 𝛽 and an 

attenuation 𝛼. 

For a lossy medium, the plane wave decays as it propagates. The depth of penetration 

(𝛿) is defined as the distance required to reduce the field level by a factor of 𝑒 ≈

2.71828, so that the field is 36.788 % of the surface value. The depth of penetration is 

given as: 

𝛿 =
1

𝛼
   2.26 

In eddy current problem, penetration depth is a measure of how deep eddy current can 

penetrate into a material. As shown in Figure 2.5, the density of induced eddy current 

decreases exponentially from the surface with depth into the specimen. It depends on 

the testing frequency, as well as test specimen variables such as electrical 

conductivity and permeability. For most eddy current problem, the penetration depth 

is estimated using Equation 2.27. 
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Figure 2.5. Penetration depth of eddy current. 

1

f


 


   2.27 

Where, 

f :  excitation frequency; 

  : conducting material permeability; 

  : conducting material conductivity;   

Skin depth is a critical parameter for selecting excitation frequency for a given test 

specimen. Low frequency corresponds to larger skin depth. Each frequency is 

sensitive to a certain depth of test sample. 

2.3 Magnetic Sensors in NDE 

Magnetic field measuring methods for NDE have been in use for more than forty 

years. Magnetic field is measured using a variety of different technologies. Each 

technique has unique properties that make it more suitable for particular applications.  

This chapter concentrates on sensors that are commonly used in magnetic field 

measuring instruments in NDE. 
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2.3.1 Comparison of Magnetic Sensors 

Characteristics of different magnetic field sensors are listed in Table 2.1[52]. The 

operation principles and applications in NDE of the sensors listed in Table 2.1 are 

briefly introduced next. 

Table 2.1. Magnetic field sensor characteristics. 

Sensor type Range 

(mT) 

Resolution 

(nT) 

Bandwidth 

(Hz) 

Comment 

Induction coil variable variable 1 to 106 Cannot measure static 

fields, low sensitivity to 

low frequency field 

Fluxgate 10-4 to 0.5 0.1 DC to 103 Bulky volume, high power 

consumption 

SQUID 10-9 to 0.1 10-4 DC to 5 Highest sensitivity, 

expensive 

Hall effect 10-2 to 104 100 DC to 108  

Magnetoresistance 10
-3

 to 5 10 DC to 10
7
 Good for mid-range 

application 

Magnetooptic 0.06 to 600 5×10
-2

 DC to 10  

 

Induction coil is one of the simplest magnetic field sensing devices. The operation 

principle of induction coil is based on Faraday’s law, which states that if a loop of 

wire is subjected to a changing magnetic flux, φ, through the area enclosed by the 

loop, then a voltage will be induced in the loop that is proportional to the rate of 

change of the flux, as indicated in equation 2.28. 

𝑒 = −𝑁
𝑑𝜑

𝑑𝑡
   2.28 

where e is the output voltage of the coil, N is the number of turns of the coil. In 

conventional eddy current testing, induction coil is widely used to pick-up signal. The 

main limitation of the coil sensor is that the induced signal is proportional to the rate 

of change of flux, and hence will have very low signal to noise ratio at low frequency. 

Fluxgate is a transducer that converts a magnetic field into an electric voltage.  A 

comprehensive explanation of the fluxgate principle and the different fluxgate 

configurations is given by Lenz et al.[53]. The fluxgate magnetometers are the most 
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widely used measuring instruments. They are reliable and relatively less expensive 

than the other magnetic field measuring instruments. 

Third, superconducting quantum interface device (SQUID) is introduced. SQUID is 

an extremely sensitive magnetic flux-to-voltage transducer [54][55]. A SQUID is 

based on superconducting loops containing Josephson junctions. The advantages of 

the SQUID for NDE include high sensitivity, broad dynamic range (>80 dB), and its 

intrinsically quantitative nature. The ability of SQUIDs to function down to zero 

frequency allows them to sense much deeper flaws than other sensors, to detect and 

monitor the flow of steady state corrosion currents, and to image the static 

magnetization of paramagnetic materials. The wide dynamic range and quantitative 

nature enables the SQUID to maintain its high sensitivity in the presence of strong dc 

or noise fields. However, SQUID is extremely expensive as compared to other 

methods, as low temperature is required for superconductivity. Moving a SQUID-

based device is not straightforward. The main difficulties arise from the nature of the 

SQUID operation and from degradation in the SQUID’s noise performance when it is 

cooled and moved in the Earth’s magnetic field. 

Hall sensor is widely used in NDE. The Hall Effect device is the oldest and most 

commonly used magnetic field sensor[56]. The Hall effect is a consequence of the 

Lorentz force law, which was discovered by Edwin H.Hall in 1897. Three axis hall 

sensors are housed in a very small package. These devices are most effective for 

measuring flux densities ranging from 5 × 10−5 to 30T. 

The Magnetoresistive (MR) sensors cover the middle ground between the low and 

high field sensors.  Magnetoresistance is the property of a material where the value of 

its electrical resistance changes when an external magnetic field is applied to it. The 

effect was first discovered by William Thomson in 1851, but he was unable to lower 
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the electrical resistance by more than 5%. This effect was later called Anisotropic 

magnetoresistance (AMR). More recent research has resulted in materials and 

multilayer devices showing giant magnetoresistance (GMR), colossal 

magnetoresistance (CMR), tunnelling magnetoresistance (TMR) and extraordinary 

magnetoresistance (EMR). Generally, resistance can depend both on magnetization 

magnitude and on magnetic field direction.  

The magneto-optical sensors (MO-sensors) are based on the Faraday-effect instead of 

electrical effects to analyze magnetic fields. Magneto-optical sensors are based on the 

Faraday-effect discovered in 1845 by Michael Faraday, where polarization angle of 

light passing through a transparent medium in the presence of external magnetic is 

rotated in proportion to the magnetic field. This discovery was the first indication of 

interaction between light and magnetism[57]. Magnetooptic imaging (MOI) was 

proposed as a possible solution for thick structure inspection[33]. MO-sensors have 

the technical benefit of producing real time analog image of the magnetic field. Thus, 

real-time investigations of the magnet field distribution is performed without the need 

for time-consuming, point-to-point scans, such as that required using Hall sensors or 

MR sensors. The primary disadvantage of this technique is the lack of a quantitative 

measure of the field. 

2.3.2 GMR Sensor 

Giant magnetoresistance (GMR) sensor, a kind of magnetoresistive sensor, is used in 

this research. GMR is based on the quantum mechanical magnetoresistance effect 

observed in thin-film structures composed of alternating ferromagnetic and non-

magnetic conductive layers. A significant change in the electrical resistance is 

observed depending on whether the magnetization of adjacent ferromagnetic layers is 

in parallel or an antiparallel alignment.  
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In the absence of an applied field, the resistivity of the GMR element is high due to 

scattering between oppositely polarized electrons in the anti-ferromagnetically 

coupled multi-layers of the device. An external field aligns the magnetic moments of 

the ferromagnetic layers, eliminating this scattering mechanism and thereby reducing 

the resistivity of the material.  

The use of giant magnetoresistive (GMR) sensors for electromagnetic nondestructive 

evaluation has grown considerably in the last few years. Technological advances and 

development of giant magnetoresistive materials has led to commercially available 

GMR sensors with many qualities well suited for electromagnetic NDE. Low cost 

GMR magnetometers are now available which are highly sensitive to the magnitude 

of the external magnetic field, have a small package size, consume little power, and 

operate at room temperature. Incorporation of these sensors into electromagnetic NDE 

probes has widened the application of these sensors. In particular, since GMR sensors 

respond to the magnitude of the external field instead of the time rate of change of the 

field and therefore do not lose sensitivity at low frequencies. The low frequency 

sensitivity of the devices provides a practical means to perform electromagnetic 

inspections on thick layered conducting structures[59][60][12][61].  
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Chapter 3 Introduction of EC-GMR Probe for Multilayer 

Structure Inspection 

3.1 Single Excitation Coil 

This section describes a probe comprising eddy current excitation with GMR sensor 

for measuring the fileds associated with induced currents. A schematic of EC-GMR 

probe with single, planar excitation coil is shown in Figure 3.1 [62]–[66].  The coil is 

driven by a current and acts like a current sheet. Eddy current is induced in the test 

sample. As indicated in chapter 2, the penetration depth of eddy current is inversely 

proportional to the square root of the excitation frequency. This suggests the use of 

low excitation frequencies to obtain deep penetration. However, the drop in signal-to-

noise ratio (SNR) observed at low frequencies using conventional coil to pick up 

signal can present a challenge. This drawback is overcome by using highly sensitive 

GMR sensors to measure the magnetic field directly. Array GMR sensors are located 

on the symmetry line of the linear excitation coil to measure the normal component of 

the magnetic field. When the probe is placed on top of defect free sample, the 

excitation current and induced eddy current are such that the normal component 

magnetic field at the symmetry line is zero resulting in zero output of the sensor array. 

When defect is perpendicular to EC flow, a perturbation in the current flow produces 

a normal magnetic field near the defect, causing the GMR sensors to produce a strong 

signal.  

In the EC-GMR probe in Figure 3.1, the current is linear and the probe is very 

sensitive to cracks that are perpendicular to current direction. When a crack is parallel 

to the EC flow, the perturbation is relatively small and the ability to detect the defect 
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decreases significantly, as shown in Figure 3.2(c)[67].  The single coil probe is not 

sensitive to defect along the current direction. There is a need for a new probe that 

addresses this problem. 

 

Figure 3.1. (a) A unidirectional coil with a GMR sensor array at the coil symmetry line for inspecting a 

layered riveted plate. (b),(c), (d) Induced eddy currents when there is no discontinuity, fastener, and 

fastener with a defect, respectively[68]. 

 

(a) (b) (c) 

Figure 3.2. Simulation results of a unidirectional coil with a GMR sensor array at the coil symmetry 

line. Image of (a) defect free fastener, (b) fastener with defect perpendicular to the current and (c) 

fastener with defect parallel to the current 

3.2 RoC-GMR Probe with Orthogonal Excitation Coils 

In order to ensure that the EC-GMR probe is capable of detecting defects independent 

of their orientation, an excitation method using orthogonal coils is proposed for 

generating a rotating planar excitation current.  

Two planar coils as shown in Figure 3.3 that are perpendicular to each other and 

excited by current sources that are 90⁰ apart in phase can generate rotating eddy 

currents. If the current in the coil oriented along the x direction is  𝐼𝑥 = 𝐼0cos⁡(𝜔𝑡) , 
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then the current in the y direction coil is ⁡𝐼𝑦 = 𝐼0cos⁡(𝜔𝑡 + 90⁰) , where ω is the 

angular frequency, and  𝐼0  is the current amplitude. The rotating exciting current 

generated by the orthogonal coils is sinusoidal in time, and so are the induced eddy 

currents in the sample.  

 

Figure 3.3.Design of the planar excitation coil with a rotating current field. (a) Unidirectional coil with 

a linear current 𝐼0cos⁡(𝜔𝑡 + 90⁰),. (b) Unidirectional coil with linear current 𝐼0cos⁡(𝜔𝑡). (c) The two 

unidirectional coils producing a rotating current, with the GMR sensor at the center. 

As the induced eddy current is rotating, the current paths will be disrupted by defects 

of all orientations. It should be noted that in this configuration, in contrast to a line of 

symmetry with single excitation coil, there is only one symmetry point at the center of 

the coils.  When the probe is put on top of healthy (defect-free) sample, the net 

magnetic field is largely tangential and the GMR sensor located at the null point, does 

not measure a signal. However, in the presence of a defect, the perturbation in eddy 

current flow produces a normal magnetic field that is measured by the GMR sensor 

located at the center. A rotating eddy current GMR (RoC-GMR) probe, consequently, 

offers similar sensitivity to cracks emanating around fastener sites in all orientations, 

as shown in Figure 3.4. 

The operation of rotating current excitation with single sensor located at the center of 

the coils is validated experimentally. The experimental system is as shown in Figure 

3.5. Currents from two sinusoidal currents sources, with 90º phase difference obtained 

using a direct digital synthesis (DDS) scheme, are fed to power amplifiers and 

connected to the orthogonal coils. A lock-in amplifier model RF840 from Stanford 
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Research System is used to obtain the baseband signal. The output of the lock-in 

amplifier is sampled and stored. The experimental measurements are obtained using a 

high resolution scanning system. As there is only 1 sensor, a 2D raster scan is needed 

to cover a sample surface. 

 

  (a) (b)                  (c)                                                            

Figure 3.4. Simulation results of rotating current excitation with single sensor. Image of (a) defect free 

fastener, (b) fastener and horizontal defect and (c) fastener and vertical defect. 

 

 

 

Figure 3.5. Experiment setup for rotating current EC-GMR probe with signal sensor 

An aluminum sample, specified in Figure 3.6(a), is inspected using the probe.  The 

thickness of the sample is 3mm. There are 2 circular holes in the sample: one without 

defect and the second hole has a radial defect.  The liftoff of the probe is 1mm above 

the aluminum sample. The scan step size is 0.2 mm. The GMR sensor measurement is 

presented in Figure 3.6(b). The defect is visible from the collected data. 
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(a) (b) 

Figure 3.6. (a) Top view of aluminum test sample. (b) Experimental result of rotating current EC-GMR 

probe with single sensor. 

3.3 Issues of RoC-GMR Probe with Array Sensors 

As described in the previous section, a single sensor probe needs a 2D raster scan to 

cover a sample surface which makes inspection very slow. To increase inspection 

speed, it is necessary to use array sensors. However, there are two major factors 

associated sensor array in the case of orthogonal coil design namely, 1) non-uniform 

background field at the sensor location and 2) non-uniform induced currents in the 

test sample. These issues are described in detail below.  

3.3.1 Non-Uniform Background Magnetic Field  

With rotating current excitation obtained using an orthogonal coil arrangement, there 

is only one null field position, and sensors located at points other than the null field 

point are subject to strong background fields even in the absence of a defect. This is in 

contrast to a single coil EC-GMR system, which has an entire line of symmetry (null 

field area), allowing a sensor array to be placed along the line of symmetry.  

The field distribution around orthogonal coil pairs was studied experimentally. Coils, 

each 98 mm long and 82 mm wide with 24 turns in each direction were excited by a 

200Hz, 0.1 Ampere sinusoidal current source. The orthogonal coil was placed above a 
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defect free planar aluminum sample.  A GMR sensor was used to scan the coil region 

in a 2D raster scan pattern to measure the normal component of the source magnetic 

field 1 mm above the coil. The experimental measurements are presented in Figure 

3.7(a).  Then the defect free planar aluminum sample was replaced by an aluminum 

sample containing a hole with a radial defect.  The resulting field above the coil 

region was measured using a single GMR in a 2D raster scan.  The defect dimensions 

are presented in Figure 3.7(b) while the experimental results are presented in Figure 

3.7(c). 

 

10.4 mm  1mm
2mm

hole

defect

x

y

 

(b) 

(a)  

 

(C) 

Figure 3.7. (a) Background field measured on defect free sample (b) Sample/defect geometry (c) Field 

measured on the test geometry shown in (b) 
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It is obvious that the background field dominates over the small perturbations 

resulting from the defect.  In fact, it is difficult to visualize the difference between 

Figure 3.7(a) and (c) directly from the images. If the background field is subtracted, 

the difference signal highlights the flaw. Figure 3.8(a) shows the image of the hole 

and the radial crack. The difference signal showing the difference in magnitudes of 

the real and imaginary parts of the total signal and the background signal are plotted 

along the x direction at y = 0 in Figure 3.8 (b) and (c) respectively. The back ground 

field is an order of magnitude greater than the signal due to the defect. The 

background signal, in effect, masks the defect signal making it difficult to detect the 

defect.   

The results shown in Figure 3.7 and Figure 3.8 highlight several challenges:   

1) It should be theoretically feasible to measure the background field separately using 

a healthy specimen, and then subtracting the results from measurements obtained 

from a test signal to highlight the defect signal. This is difficult to accomplish in 

practice due to issues of registration and variations in the material and test conditions 

from test to test. It is simply not practical to measure the total signal and background 

separately then subtract the background largely due to the fact that the background is 

influenced by variety of factors, such as sensor liftoff, sample edges, adjacent fastener 

etc. Small errors in estimating the background signal can affect the result substantially.  

2) Secondly, the limited dynamic range of amplifiers and analog-to-digital convertors 

(ADC) present challenges, since the amplitude of the background signal is much 

higher than the defect signal.  If we wish to enhance the signal to noise ratio (SNR), it 

is necessary to subtract the background signal from the total signal.  If the background 

signal is not subtracted most bits of the ADC will be used to represent the background 

signal.  
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(a) 

  

(b) (c) 

Figure 3.8. (a) Field Image after background subtraction. Line scan of Bz at y = 0 (b) Real part (c) 

Imaginary part  

3.3.2 Non-Uniform Induced Eddy Currents 

Another issue of combining rotating current excitation with array sensor is that the 

intensity of induced eddy current is non-uniform along the sensor array. Consider a 

linear array sensors that are located along x direction at y=0, which are on the 

symmetry line of x direction coil but perpendicular to the symmetry line of y direction 

coil. Then the horizontal component of the magnetic field due to the y direction 

excitation current is not uniform along sensor array. Consequently, the eddy current 

induced inside the test sample is not uniform. The simulation results showing the x 

component of induced magnetic flux density (𝐵̅𝑥) and y component of induced eddy 
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current density (𝐽𝑦̅ ) inside aluminum sample are shown in Figure 3.9(a) and (b) 

respectively. The eddy current density below the center of the probe is higher in 

magnitude as compared to the eddy current density below the edge of the probe at the 

same depth.  

The non-uniform distribution of eddy current implies that a defect located closer to 

the center of the sensor array will produce a stronger response as compared to the 

signal produced when the defect is located near the edge of the sensor array, as shown 

in Figure 3.10. When the probe is used to inspect a rivet structure, the fastener image 

will be distorted due to this inconsistency. 

  

(a) (b) 

Figure 3.9. Induced magnetic flux density  𝐵̅𝑥 (a) and eddy currents 𝐽𝑦̅  (b) in aluminum sample due to 

y direction coil on  y=0 plane. 
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Figure 3.10. Signal (Bz) of defect located at x=0mm and x=25.6mm. 
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3.4 Conclusion 

Following conclusions are derived from the results presented in this chapter. 

(1) The detection ability of EC-GMR system with single linear excitation coil depends 

on the defect orientation which is unknown.   

(2) RoC-GMR sensor is sensitive to defect of all orientation.  The feasibility of RoC-

GMR probe with single sensor is validated. However, there is only one null-field 

point for orthogonal rotating current excitation coils.  In this case, a 2D raster scan is 

needed for a probe with single sensor to inspect a sample surface which is slow.  

(3) To increase inspection speed, it is necessary to use array sensors.  

(4) However, there are two major factors associated with orthogonal coil design, 

which give rise to challenges in experimental implementation of rotating current 

exciting coils together with array sensors. 

(5) It is necessary to subtract the background signal on the fly during a scan. 

(6) The excitation coil should be optimized to make the induced eddy current uniform 

along the sensor array. 
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Chapter 4 Novel RoC-GMR Probe with Array Sensors 

4.1 Differential Measurement Method 

Differential measurement method is proposed and discussed in this chapter as a new 

probe design that subtracts the background signal on the fly during inspection[69].  

Effectively, this allows one to use array sensors for achieving rapid scan of the row of 

rivets.  

4.1.1 Operating Principle  

The approach used for differential measurement probe is depicted in Figure 4.1. Two 

linear arrays of GMR sensors are used with orthogonal excitation coils. The first array 

(GMR array 1) is located above the orthogonal coils and the second array (GMR array 

2) is placed below the coils. The two arrays are located symmetrically with respect to 

the symmetry line of the y direction coil (coil 1) and are on the symmetry line of the x 

direction coil (coil 2).  The output of GMR sensors in Array 1 is subtracted from the 

output of GMR sensors in Array 2 to obtain the probe output, as expressed in equation 

(4.1), where 2V  , 1V  are the output of sensors in array 2 and array 1 respectively.  

12 VVVout 
    4.1 

 

Figure 4.1.Schematic arrangement of the probe showing 3D view of the orthogonal coils and two GMR 

arrays. 
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Assuming that the GMR sensors are operating within their linear range, the output 

voltage is proportional to the local magnetic field. Hence the output of the differential 

probe is expressed using equation 4.2. 

)( 12 zzout BBkV 
     4.2 

where k is the sensor gain constant (the sensor elements need be carefully matched to 

ensure similar levels of sensitivity),  1zB  and 2zB  are the normal component magnetic 

flux density at the two observation points. Using the superposition property, the 

magnetic field is decomposed into three components at every point: the field 

generated by the y direction coil (𝑩coil1 ), the field generated by x direction coil 

(𝑩coil2 ) and field related to the induced eddy currents in the sample (𝑩eddycurrent). 

Hence the total field B, 

𝑩 = 𝑩coil1 +𝑩coil2 + 𝑩eddycurrent    4.3 

Since the sensors are located on the symmetry line of coil 1, the normal component of  

𝑩coil1, 𝐵̅z⁡coil1 = 0. 

As the excitation frequency is low in EC-GMR applications, the magnetic field 

generated by coil 2 is expressed using equation 4.4. 







s
ds

2
4

(
)(

r-r
r




)r-rJ
B s

coil2
    4.4 

where   is permeability,  𝑱𝑠 is current density，𝒓 and 𝒓′  are observation point and 

source point vector respectively, and s is the coil surface domain. Here the current in 

the coil is modeled as a surface current. The normal component magnetic field ( coil2 zB ) 

is expressed as: 







s

xxyy
ds

)r-(rJ)r-(rJ
B

2coil2 z

4
)(

r-r
r




sysx     4.5 
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Since coil 2 consists of multiple line elements on the x-y plane, it is modeled using 

current elements (𝐼𝑑̅𝒍) and the magnetic field generated by coil 2 is synthesized via 

superposition of magnetic fields of all the current elements at any observation point. 

For each current element, the normal component magnetic field generated by the 

current element ( e zB ) is expressed as equation 4.6.  

2e z

4
)(

r-r
r









)r-(rdlI)r-(rdlI
B

xxyyyx      4.6 

The two GMR arrays are located symmetrically above and below coil 2, at 𝒓1 and 𝒓2 

as shown in 4.7; i.e. 

r-rr-r 12 
    4.7 

The spatial vectors r-r1   and r-r2   have identical projection to the coil plane: 

yyyy

yyyy

r-rr-r

r-rr-r





21

21
    4.8 

Substituting equation  4.7 and  4.8 into 4.6, it is seen that: 

)()( e ze z 21 rr BB       4.9 

This leads to the result  

0)()( coil2 zcoil2 z  12 rr BB
   4.10 

Hence the background field generated by Coil 2 is offset and the output of the probe 

corresponds to the field due to the eddy current in the sample (𝑩eddycurrent). When 

the probe is placed on a defect free planar sample, sensor pairs at locations other than 

the null field point of 𝑩eddycurrent will be nonzero.  We refer to this nonzero signal as 

“baseline” signal. It is important to note that the baseline signal is of the same order of 

magnitude as the defect or fastener signal in contrast to the background signal which 

is an order of magnitude greater than the defect signal. Hence small errors in 
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estimating the baseline will not affect the result substantially. Moreover, the baseline 

signal will not affect the dynamic range of amplifiers and analog-to-digital convertors 

(ADC). As a result, the baseline can be measured and subtracted during inspection. 

 

Figure 4.2.3D view showing spatial relationship between coil 2 and the sensor arrays. 

4.1.2 Simulation Results 

In order to validate the concept, a finite element model (FEM) is used to predict 

output image of the differential rotating current probe from cracks in a multi-layer 

riveted structure. The test specimen is a two-layered aluminum structure as shown 

schematically in Figure 4.3. A radial crack spans the thickness of the bottom layer.  ld 

represents the length of the crack. The crack orientation is at an angle α with respect 

to the y-axis. A 200 Hz sinusoidal current is applied to each of the orthogonal coils. 

01 Jx̂J  and 02 JŷjJ   represent the current densities in the two unidirectional 

excitation coils. The normal component of the magnetic flux density Bz  is measured at 

a liftoff of 1mm and 9 mm from the top surface of the sample. The C-scan image is 

produced by calculating the field values at the center of the mesh elements at a given 

liftoff distance from the top surface of the test sample at each scan point. 

 

Figure 4.3. Dimensions of the test sample and sensor arrays location. 
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The simulation results for a crack of length ld =10mm, and orientation α = 0º (from the 

y-axis) are presented in Figure 4.4. Figure 4.4(a) shows the C-scan image of Bz 

measured by the lower sensors at liftoff z =1 mm. Figure 4.4 (b) shows the C-scan 

image of Bz measured by the top sensors at liftoff z = 9 mm. Figure 4.4(c) shows the 

result of subtracting (b) from (a), representing the output of the probe. Figure 4.4 (d) 

shows the result after the baseline signal is subtracted.  

 

Figure 4.4. Simulation results showing amplitude of Bz for aluminum fastener with radial notch (length 

ld=10mm,orientation  α=0º) at (a) z=1 mm. (b) z=9 mm.(c)  Differential Image (d) Differential Image 

after baseline subtraction. 

Figure 4.5 presents the simulation results of the differential probe with various crack 

orientations at the fastener site in the second layer. The fastener image is a perfect 

circle in the absence of a crack, as shown in Figure 4.5 (a). The image rotates as the 

crack orientation is varied from 30º to 90º. These simulation results illustrate that the 

probe is sensitive to cracks of all orientations. 
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Figure 4.5.  Simulation result for cases (a) ld=0 mm (no crack). (b) ld=10 mm, α=30º. (c) ld=10 mm, 

α=60º. (d) ld=10 mm, α=90º. 

4.2 Optimization of Rotating Current Excitation Coil 

As indicated in section 3.3, the second issue using the proposed approach combining 

rotating current excitation with array sensor is that the intensity of induced eddy 

current is non-uniform along the sensor array. This problem was addressed by a 

systematic study of the coil design. Instead of a uniform coil with non-uniform 

excitation field, the coil parameters were optimized to have spatially varying current 

densities so that the excitation field and hence induced current density was uniform. 

4.2.1 Current Distribution Optimization 

The array sensors are located on the symmetry line of x direction coil but 

perpendicular to the y direction coil.  Hence it is important that that the fields 

generated by the y direction coil in the sensor range is uniform across the array. The 

lateral view of the y direction coil and the sensors is as shown in Figure 4.6. The coil 

consists of the active region with excitation coil lines and the region carrying return 



 

 

45 

 

paths of the coil. The active part lies in 𝑥 ∈ (−𝑎, 𝑎) while the return paths lie in 

𝑥 ∈ (𝑏, 𝑐) ∪ (−𝑐,−𝑏). Here 0<a<b<c.  

active part Return pathReturn path
0 a b c-a-b-c

x

z
Air gap Air gap... ...

Sensor array

 

Figure 4.6. Lateral view of the y direction excitation coil and sensor array. 

Let  𝐽(𝑥) ( -c≤x≤c ) be the current density distribution of the exciting coil in the active 

region, which follows equations 4.11 and 4.12. Here equation 4.11 is due to the 

symmetry structure of the coil. Since the current density distribution is an even 

function; it is only necessary to optimize 𝐽(𝑥)⁡⁡𝑥 ≥ 0. Equation 4.12 indicates that the 

total return current equal to the total exciting current for each half of the coil to satisfy 

the current continuity theorem.  

𝐽(𝑥) = 𝐽(−𝑥)    4.11 

∫ 𝐽(𝑥)𝑑𝑥
𝑐

0
= 0    4.12 

Since the return part is relatively far away from the sensors and the width of the return 

part is kept as small as possible to make the coil size small, it is reasonable to assume 

that the current distribution in the return path is a constant ( 𝐽(𝑥) = 𝐽𝑟). The current 

density in the air gap between the active region and return path is 0. The current 

density distribution in the active region is a function of x that must be optimized. Let 

J(x) be written as n
th

 order polynomial in the region (𝑥 ∈ [0, 𝑎]). 

𝐽(𝑥) = {
∑ 𝑝𝑘
𝑛
𝑘=0 𝑥𝑘 ⁡0 ≤ 𝑥 ≤ 𝑎

0 𝑎 < 𝑥 < 𝑏⁡
𝐽𝑟 𝑏 ≤ 𝑥 ≤ 𝑐⁡

    4.13 

Here 𝑝𝑘 ⁡(𝑘 = 0,1,2⋯𝑛) are the coefficients of the polynomial[70]–[72], which is 

unknown and must be optimized. Substituting 4.12  into  4.13,  
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𝐽𝑟 =
1

𝑏−𝑐
∑ ∫ 𝑝𝑘𝑥

𝑘𝑑𝑥
𝑎

0
𝑛
𝑘=0 =

1

𝑏−𝑐
∑ 𝑝𝑘

𝑎𝑘+1

𝑘+1
𝑛
𝑘=0                                             4.14 

𝐵𝑥 in air at observation point (x’, 0, z’) is written as 

𝐵𝑥(𝑥
′, 𝑧′) = ∫ 𝐺(𝑥′ − 𝑥, 𝑧′)

𝑐

−𝑐
𝐽(𝑥)𝑑𝑥    4.15 

where 𝐺(𝑥, 𝑧) is Green’s function of y direction current.  

𝐺(𝑥, 𝑧) =
𝜇0𝑧

4𝜋√𝑥2+𝑧2
∫

dy

𝑥2+𝑧2+𝑦2

𝑙/2

−𝑙/2
     4.16 

where 𝑙 is the length of the current. Invoking 4.11 to 4.15: 

𝐵𝑥(𝑥
′, 𝑧′) = ∫ [𝐺(𝑥′ − 𝑥, 𝑧′)

𝑐

0
+ 𝐺(𝑥′ + 𝑥, 𝑧′)]𝐽(𝑥)𝑑𝑥    4.17 

Invoking equation 4.13, 4.14 to 4.17 and interchanging summation and interpolation 

𝐵𝑥(𝑥
′, 𝑧′) = 

∑ 𝑝𝑘
𝑛
𝑘=0 {∫ [𝐺(𝑥′ − 𝑥, 𝑧′)

𝑎

0
+ 𝐺(𝑥′ + 𝑥, 𝑧′)]𝑥𝑘𝑑𝑥 + ∫ [𝐺(𝑥′ − 𝑥, 𝑧′)

𝑐

𝑏
+ 𝐺(𝑥′ +

𝑥, 𝑧′)]
1

𝑏−𝑐

𝑎𝑘+1

𝑘+1
𝑑𝑥}     4.18 

Define 

𝛾𝑘(𝑥
′, 𝑧′) = ∫ [𝐺(𝑥′ − 𝑥, 𝑧′)

𝑎

0
+ 𝐺(𝑥′ + 𝑥, 𝑧′)]𝑥𝑘𝑑𝑥 + ∫ [𝐺(𝑥′ − 𝑥, 𝑧′)

𝑐

𝑏
+ 𝐺(𝑥′ +

𝑥, 𝑧′)]
1

𝑏−𝑐

𝑎𝑘+1

𝑘+1
𝑑𝑥     4.19 

Then  

𝐵𝑥(𝑥
′, 𝑧′) = ∑ 𝛾𝑘𝑝𝑘

𝑛
𝑘=0     4.20 

Suppose there are m observation points (𝑥′𝑖, 0, 𝑧
′
𝑖), i=1,2···m.  Define vector 

𝐁𝒙 = [𝐵𝑥1, 𝐵𝑥2, … . 𝐵𝑥𝑚]
𝑻    4.21 

Then  

𝐁𝒙 = 𝛄𝐏    4.22 

Here 𝜸 is a (n+1)×m matrix that defined as 

𝛄(𝑖, 𝑗) = 𝛾𝑖(𝑥′𝑗,𝑧′𝑗)    4.23 

P is the unknown power series factors vector,  
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𝐏 = [𝑝0, 𝑝2…𝑝𝑛]
𝑇    4.24 

To make Bx flat through all the observation points 

𝐁𝒙(𝑖) = 𝑣⁡⁡⁡i = 1,2…m    4.25 

Here v is a non-zero constant value. In matrix notation 4.25 is written as 

𝛄𝐏 = 𝐕 = [𝑣, 𝑣 …𝑣]𝑇    4.26 

Equation 4.26 is consistent if and only if the coefficient matrix 𝜸 and the augmented 

matrix 𝜸̃ of the system have the same rank. 

rank(𝜸) = rank(𝜸̃)     4.27 

where 𝜸̃ = |𝜸, 𝐕|. 

4.2.2 Size of Active Region ‘a’ 

The solvability of equation 4.26 depends on the coil’s parameters.  One of the most 

important parameters is the size of active region of coil. Consider a sensor array with 

32 GMR sensors located at 𝑥′𝑖 = ±(2𝑖 − 1)𝑚𝑚⁡⁡(1 ≤ 𝑖 ≤ 16). Since the defects are 

typically assumed to be in the second layer at a depth of 6mm in the multiple-layer 

structure; it is required to have uniform eddy current at this depth. The observation 

points where the exciting magnetic field is measured are at 

𝑥′𝑖 = {
0 𝑖 = 1𝑚𝑚

2𝑖 − 1 1 ≤ 𝑖 ≤ 16𝑚𝑚
   4.28 

𝑧′𝑖 = −6⁡⁡1 ≤ 𝑖 ≤ 17 mm     4.29 

there are 17 observation points (m=17).  We set n=16 to make 𝛄 a square matrix. 

The width of the return path should be one quarter of the exciting part to guarantee 

that there is enough space for return wires when fabricating the coil on PCB. 

𝑐 − 𝑏 =
𝑎

4
     4.30 

Assume the air gap width is 5 mm, as specified in equation 4.31. The effect of airgap 

width will be discussed later. 
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𝑏 − 𝑎 = 5⁡𝑚𝑚    4.31 

Then the effect of ‘a’ is studied numerically by sweeping parameter ‘a’ from 25mm to 

50mm with 1mm step size. For each ‘a’, ‘b’ and ‘c’ calculated according to equation 

4.30 and 4.31. 𝜸  was calculated from equation 4.19.  Then equation 4.26 was 

analyzed. Equation 4.26 is not consistent when a≤26mm with no non-zero solution. 

When a ≥ 27 mm, the non-zero solutions of P is derived from equation 4.26 and 𝐽(𝑥) 

is calculated from equation 4.13. Some examples of distributions of 𝐽(𝑥)  are 

presented in Figure 4.7 (a). It is seen that 𝐽(𝑥)  oscillates between positive and 

negative values for value of a ≤ 32 mm, and these are obviously not acceptable 

solutions. So ‘a’ should be no less than 33mm. This is reasonable considering that the 

sensor array is located at 𝑥 ∈ (−31,31). Figure 4.7(b) presents the optimized current 

density distribution when 33≤ a≤39, in which cases 𝐽(𝑥) is always positive.  

  

(a) (b) 

Figure 4.7.Theoretical current density vs. x for different parameter ‘a’. 

Small ‘a’ is preferred, since the overall probe size should be small. However, it is 

should be noted that when ‘a’ is small, the variation of 𝐽(𝑥)  is very large , e.g. when 

a=33mm, the maximum current density is 3248 A/m, while the minimum current 

density is only 3.78A/m. Such a distribution of 𝐽(𝑥) cannot be realized on a PCB. So 

a constraint is introduced as following:  
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𝜂 =
max⁡|𝐽(𝑥)|

min⁡|𝐽(𝑥)|
⁡⁡⁡0 ≤ 𝑥 ≤ 𝑎       4.32 

Keeping fixed air gap (5mm) between the active region and return path, the variation 

of 𝜂 with ‘a’ is plotted in Figure 4.8. For 𝜂 to be less than 10, we need 𝑎 ≥ 36𝑚𝑚.   

 

Figure 4.8.𝜂 defined as equation  (4.32) vs. parameter ‘a’ 

4.2.3 Effect of Air Gap Width 

In previous section, the air gap width is assumed to be 5 mm. The effect of air gap 

width is studied in this section. The air gap width (𝑤𝑎𝑖𝑟)  is varied from 1 mm to 9 

mm with step size 1mm  and the process described above was repeated. The value of 

𝜂 defined in equation 4.32 is calculated for different air gap widths. The plots of 𝜂 vs. 

‘a’ for different air gap widths are presented in Figure 4.9.  

 

Figure 4.9. 𝜂 vs. parameter ‘a’ for different air gap width 
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For each air gap width, there is a minimum possible ‘a’ (amin) to satisfy 𝜂 < 10, as 

listed in Table 4.1. The total coil size (𝑤) is calculated according following equation 

4.33.  

𝑤 = 2(𝑎 + 𝑤𝑎𝑖𝑟 + a/4)    4.33 

As the air gap increases, the value of ‘amin’ decreases, hence a good tradeoff is to use 

air gap=5mm, a=36mm. 

Table 4.1. Minimum coil size satisfying 𝜂 < 10 for different air gap width 

air gap(mm) 1 2 3 4 5 6 7 8 9 

‘amin’ (mm) 40 39 38 37 36 36 35 35 35 

𝑤 (mm) 102 101.5 101 100.5 100 102 101.5 103.5 105.5 

4.2.4 Coil Design  

Using 𝑤𝑎𝑖𝑟 = 5 mm, a=36mm, the total width of the coil (w) is: 

𝑤 = 2𝑐 = 100⁡𝑚𝑚     4.34 

The current density distribution with x is shown in Figure 4.10(a) for x>0. The width 

of each line of the coil 𝑑𝑤is derived from equation 4.35. 

  

(a) (b) 

Figure 4.10. Optimization result: (a) current density vs. x and (b) wire distance vs. x. 

𝑑𝑤(𝑥) =
1

𝐽(𝑥)
×

max⁡|𝐽(𝑥)|

𝑑𝑚
   4.35 

where 𝑑𝑚  is the minimum width between wire lines. Here we use the result that 

𝑑𝑚 = 0.25𝑚𝑚. The value of  𝑑𝑤vs. x is as shown in Figure 4.10(b). 

The positions of each line/wire 𝑥𝑤𝑖 are derived according following equations. 
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𝑥𝑤1 =
𝑑𝑤(0)

2
    4.36 

𝑥𝑤𝑖+1 − 𝑥𝑤𝑖 = 𝑑𝑤 (
𝑥𝑤𝑖+1+𝑥𝑤𝑖

2
) , 𝑖 > 1⁡𝑎𝑛𝑑⁡𝑥𝑤𝑖+1 < 𝑎    4.37 

The final optimized coil design with 50 turns wires is presented in Figure 4.11.  

 

Figure 4.11. Top view of the optimized coil. 

The magnetic field generated by the optimized coil in air is calculated and compared 

with the magnetic field generated by conventional uniform coil. The two coils have 

identical coil size and number of turns. A current of frequency 100Hz, amplitude 

0.39A is used as input. The variation of Bx at the sensor region is greatly reduced by 

using the optimized coil in comparison to that obtained using conventional uniform 

distribution coil, as shown in Figure 4.12(a).   

Even though the normal component magnetic field (Bz) is not an objective function 

during this optimization, as seen in Figure 4.12 (b), the distribution of the Bz also 

becomes flatter with the optimized coil, in comparison to that obtained with uniform 

coil. 



 

 

52 

 

  

(a) (b) 

Figure 4.12:Numerical calculation results of (a) Bx at the observation points (z=-6mm) and (b) Bz at 

the sensors locations (z=2mm) of optimized coil and uniform coil. 

4.2.5 Performance Analysis 

3D finite element models (FEM) are used to analyze the performance of the optimized 

coil in detecting subsurface defects.  

4.2.5.1 Induced Eddy Current 

First, eddy currents induced in an aluminum plate is calculated using both, the 

optimized non-uniform coil and conventional uniform coil. In order to make the 

results comparable, the conventional uniform coil has identical size and number of 

turns as the optimized coil. The liftoff distance of coil from the sample top surface is 

1 mm. The excitation current of frequency 100Hz and amplitude 1A is passed through 

each coil and induced eddy currents are calculated.   The results are presented in 

Figure 4.13, where the amplitude of the induced eddy current density is plotted.  

For a quantitative comparison, a line scan at depth 5mm is presented in Figure 4.14.  

It is found that the eddy current induced by the optimized coil is more constant along 

the sensor array range at a depth of 6mm from the surface than that of conventional 

uniform coil. 
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(a) (b) 

Figure 4.13. Eddy current in aluminum plane induced by optimized non-uniform coil (a) and 

conventional uniform coil (b). 

 

Figure 4.14. Eddy current in aluminum sample at depth of 5mm from surface. 

4.2.5.2 Detection of Subsurface Defects at Different Locations 

A direct consequence of the eddy current distribution of the optimized coil is 

presented in this section. Subsurface defects located at the center of the coil (x=0 mm) 

and away from the center (at x=30 mm) are simulated. The sample and defect 

geometry dimensions are specified in Figure 4.15(a). Both optimized non-uniform 

coil and conventional uniform coil are simulated. The liftoff distance of coil from the 

sample top surface is 1 mm. Normal component magnetic field (Bz) 1 mm above the 

coil is measured. To highlight the defect signal, background signal is obtained by 

placing the coil on top of defect free aluminum sample and subtracted from the 

measured signal.   
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The simulation results are presented in Figure 4.15(b).  For uniform distribution coil, 

the peak signal is reduced to 39.23% when the defect is moved from the center of the 

coil to x=30 demonstrating that defect located near the coil edge  is detected with a 

much weaker response as compared to the signal produced by the same defect at the 

coil center.  However, for the optimized coil, the peak signal reduced to 81.25%, 

thereby confirming better performance of the optimized non-uniform coil. 

6

6

0 30 36

Exciting part

41 50

Return part Return part

Defect 2×2×2

2 Layers aluminum sample

(mm)x

y

 

(a) 

 

(b) 

Figure 4.15. (a) Lateral view of test sample and coil; (b) Simulation results of defect located at x=0 mm 

and x=30mm after background subtraction. 

4.2.5.3 Detection of Defect under Fastener Head 

Next, a two-layered aluminum structure as shown schematically in Figure 4.16 with 

fastener and defect is simulated. A radial 10mm length notch spans the thickness of 

the second layer. The notch orientation is along the x-axis. Two identical orthogonal 

coils with the optimized design are used to induce rotating eddy current. Sinusoidal 



 

 

55 

 

current is applied to each of the orthogonal coils. 01 Jx̂J  and 02 JŷjJ   represent the 

currents in the two unidirectional excitation coils. The C-scan image is produced by 

calculating the normal component of the magnetic field (Bz) values at the sensor 

location at 1mm liftoff distance above the coils at each scan point. To highlight the 

fastener and defect signal, the background signal obtained by placing the coils on top 

of defect free sample was subtracted from the measured signal. 

6

6
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z

First layer 

Second layer

Rivet Unit:mm

6

12

Defect
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Figure 4.16. Dimensions of the test sample in the FEM model. 

Two different cases are simulated for both optimized non-uniform coils and uniform 

distribution coils: 1) the fastener center is aligned with the orthogonal coils’ center 

(x=0); 2) the fastener center is shifted by 20 mm along x axis (x=20). The simulation 

results of magnitude of the normal component magnetic field (Bz) is calculated and 

plotted in Figure 4.17.  

To quantify the distortion introduced by the presence of a defect, all contiguous pixels 

above a preselected threshold value 𝑣 are identified and a contour plot enclosing the 

region containing pixels is drawn. The contour plot obtained by setting 𝑣 equal to 30% 

of the peak value is indicated by white dashed line in the Figures. Defining the 

deformation coefficient 𝜖 is defined 

𝜖 = |
𝑟𝑚𝑎𝑥−𝑟0

𝑟0
| × 100%    4.38 

where 𝑟0 is the radius of the contour plot of the image obtained with a defect free 

fastener and infinite current foil excitation, as shown in Figure 4.18, 𝑟𝑚𝑎𝑥  is the 
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maximum  distance from the fastener center to the contour plot.  The deformation 

coefficients are compared in Figure 4.19.  

 

Figure 4.17. Simulation results for cases: (a)uniform coil, fastener center located at x=0mm, (b) 

uniform coil, fastener center located at x=20mm,  (c) optimized non-uniform coil, fastener center 

located at x=0mm, (d) optimized non-uniform coil, fastener center located at x=20mm. 

 

Figure 4.18. Simulation result of defect free fastener. 
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It is found that the distortion coefficient of optimized coil has better performance than 

that of uniform coil. When fastener center is shifted by 20mm from coil center along x 

axis, the distortion coefficient for uniform distributed coil drops from 32.42% to 

12.41%. However, distortion coefficient for the optimized coil only reduces from 34.8% 

to 20.8%. 

 

Figure 4.19. Comparison of reduction of 𝜖 of conventional uniform coil and optimized coil. 

4.3 Experiment Results and Discussion 

A RoC-GMR probe with array sensors and optimized coil design for multilayer 

structure inspection was designed, built, tested and validated. The experiment results 

are presented and discussed in this section. 

4.3.1 Experiment Setup 

A prototype probe has been built to demonstrate the proof of concept. GMR Sensor 

Model GF708 from Sensitec is used to build the prototype. The characteristic curve of 

GF708 is as shown in Figure 4.20.  The operating point of GF708 is shifted to the 

linear part of its characteristic by the manufacturer for analog measurement. The 

sensor employs on-chip flux concentrators to increase sensitivity (130 mV/mT). The 

sensor is available as a bare die with gold terminals.  This configuration offers the 
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smallest package size of all commercial GMR sensors currently, allowing us to build 

a relatively high spatial resolution array.  

 

Figure 4.20. Typical output voltage of GF708 vs. magnetic flux density[73]. 

A printed circuit board (PCB) is used to place the GMR arrays on both sides of the 

orthogonal coils. The two sensor arrays are located on the two sides of a slot on the 

PCB as shown in Figure 4.21. The excitation coil board runs through the slot and is 

perpendicular to the sensor board. The two sensor arrays are placed on the symmetry 

plane of the top coil. The distance between the lower coil and the GMR sensors is 4 

mm for both arrays. 

 

Figure 4.21. Design of the sensor board 

 



 

 

59 

 

Multiplexer

...

GMR1 2 3 4 n

 

(a) 

+

-

 
GMR array1

R1

R2

+

-

 

GMR array2

R1

R2

+

-

 

R

R

 

R

R

Vout

Vref

Difference amplifier

Rx1

Rx2

 

(b) 

Figure 4.22. (a) Sensor connection diagram for each array (b) Circuit diagram of differential 

measurement probe 

The sensors in each array are connected as shown in Figure 4.22(a). The GMRs are 

connected together at one end to a common line. The other end is connected to the 

port of a multiplexer. This offers the advantage of requiring only (n+ 1) wires for an 

n-sensor array. The two GMR arrays are then connected as shown in Figure 4.22(c). 

The output of the circuit is given by equation 4.39. 

𝑉𝑜𝑢𝑡 = −
𝑉𝑟𝑒𝑓

𝑅1
(𝑅𝑥2 − 𝑅𝑥1)    4.39 

The experimental system is shown in Figure 4.23. Two sinusoidal signals, with 90º 

phase difference were generated using a direct digital synthesis (DDS). These two 

signals were power amplified and connected to the orthogonal coils. A lock-in 

amplifier model RF840 from Stanford Research System was used to obtain the 

baseband signal with the best possible SNR. The output of the lock-in amplifier is 
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sampled and stored. The experimental measurements are obtained using a high 

resolution scanning system. 

 

Figure 4.23. Schematic diagram of the experimental system. 

Lateral view and top view of the sample are presented in Figure 4.24 (a) and (b) 

respectively. Notches were machined under the fastener head in the second layer of 

the sample. The depth of the notches is through the second layer. The width of the 

notches is about 0.15mm. The notches have different lengths (𝑙𝑑): 0 mm, 6 mm, 8 mm 

and 12 mm.  

The excitation currents in the orthogonal exciting coil were set at 100 mA at 200 Hz.  

 

Figure 4.24. Lateral (a) and top (b) view of the two layers aluminum sample. 
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4.3.2 Inspection of Off-center Defect 

The performance of the optimized probe design is evaluated by comparing it with the 

performance of conventional uniform distribution coil design. The fastener is located 

at x=20 mm off center of the coils’ center. The experiment results of defect free 

fastener are shown in Figure 4.25. It is seen that the image of health fastener 

generated using the convention coil is distorted due to the non-uniform distribution of 

the eddy currents.  The deformation coefficient 𝜖 is calculated and compared in Figure 

4.26. For optimized non-uniform coil, 𝜖 is 6.75% for health fastener and increases to 

18.8% for fastener with 6mm length defect. However, for conventional uniform coil, 

𝜖 only change from 21.8% to 23.6% for health and defective fastener. The optimized 

coil has better defect detection capability compared with conventional uniform 

distribution coil. 

  

 (a)  (b)  

Figure 4.25. Experiment results of non-defect fastener generated with (a) optimized non-uniform coil 

probe; (b) conventional uniform coil probe. 
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Figure 4.26. Comparison of experimental deformation coefficient 𝜖 of optimized coil and conventional 

uniform coil. 

4.3.3 Effect of Defect Length 

The experimental results of different length notches are shown in Figure 4.27. The 

image is distorted when a defect is present in the specimen. Deformation coefficient 𝜖 

defined in equation 4.38 was calculated to quantify the distortion introduced by the 

presence of a crack.  The result shown in Figure 4.28 was obtained by setting 

threshold 𝑣 equal to 30% of the peak value. Using this threshold, we obtained an 

average radius ⁡𝑟0 = 12.5⁡𝑚𝑚, where the hole radius is 6.5mm.  The deformation 

coefficient for different crack lengths is plotted in Figure 4.28. The distortion 

coefficient is positively correlated with crack length as expected. 

However, several issues relating to differences in the response of the sensor elements 

in the array still need to be addressed: sources of mismatch include differences in 

sensitivity and bias point of sensor elements and differences in the 

orientation/position of the sensor when they are soldered on the board. These 

problems can be addressed by fabricating the probe with better tools and using a 

calibration procedure via post processing software.  
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Figure 4.27. Experimental results with different crack lengths ld : (a) 0 mm,(b) 6 mm, (c) 8 mm and (d) 

12 mm. 

 

Figure 4.28. Deformation coefficient⁡𝜖 as a function of crack length 
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4.3.4 Effect of Crack Orientation 

Cracks of different orientations are inspected with the prototype probe and the results 

are presented in this section. The sample is rotated through different angles relative to 

the probe. The experimental results are presented in Figure 4.29. Contours obtained 

by setting 𝑣  equal to 30% of the peak value are plotted in Figure 4.30(a). The 

deformation coefficients are calculated using a procedure similar to the one described 

in section 4.3.2. The result is shown in Figure 4.30(b). From these results, it is seen 

that the probe can detect cracks in different orientations. 

  

 

 

 (c) 

Figure 4.29. Experimental results with different crack orientation α (a) 15º,(b) 30º,(c) 45º. 

 

 

(a)                                                                                   (b) 
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a b 

Figure 4.30. (a) Contour plot obtained with threshold value set at 30% peak value for different crack 

orientation angles (b) deformation coefficient⁡𝜖 as a function of crack orientation angle. 

4.4 Conclusion 

RoC-GMR probe with array sensors for multilayer structure inspection was presented 

in this chapter.  

Differential measurements from two strategically positioned GMR sensor arrays were 

employed to eliminate the background fields generated by rotating excitation current. 

The current distribution of the excitation coil was optimized using polynomial 

approximation method to obtain uniform excitation field. A non-uniform coil design 

was derived from the optimized current distribution.  

The probe performance is analyzed both numerically and experimentally. Simulation 

results, using both optimized coil and conventional coil, were acquired using FEM 

model. For conventional uniform coil, subsurface defect located near the coil edge is 

detected with a much weaker response as compared to the signal produced located at 

the coil center. However, the signal magnitude for optimized non-uniform coil is seen 

to be more robust with respect to offset of defects from coil center. For inspection of 

defect located under fastener site, the distortion coefficient of optimized coil is greater 
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than that of uniform coil when the fastener and defect is misaligned with the coils 

center.  

Experimental results obtained from cracks of varying lengths show that cracks as 

short as 6mm under fastener site is detected by the probe. Experimental results from 

cracks of different orientation angle reveal that the probe can detect cracks 

irrespective of their orientation. The signal to noise ratio (SNR) in the experimental 

result without differential measurement is 5.79. The average SNR is increased to 

33.46 by using differential measurement method. The differential scheme reduces the 

impact of the background field and increases SNR. 
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Chapter 5 Inspection of Steel Fasteners 

5.1 Introduction  

In most airframe structures composed of multiple layers that are riveted, rivets or 

fasteners are frequently made of steel which are magnetically permeable. The presence 

of steel fastener presents special challenges for inspection of cracks buried under the 

fastener head.  First, steel fastener has relative permeability greater than 1 and hence 

steel fasteners behave as a strong discontinuity and a strong AC magnetic field is 

generated at the fastener. This strong signal can mask any indications from a defect. 

Secondly, the linear operation range of MR sensor often is too small to measure samples 

with ferromagnetic parts. Since fields at a steel fastener are strong and lie in the non-

linear part of MR sensor characteristic. Thirdly, the steel fastener could be magnetized 

resulting in a strong remanence that poses an additional bias. A strong DC magnetic 

field from the remanence of the magnetized steel fastener can shift the bias point of 

MR sensor, consequently distort the measurements or even saturate the sensor. Fourth, 

the permeability of steel fastener is not a constant, as it can vary with the frequency of 

the field applied, temperature, stress and residual stress etc.[74][75][76][77][78]. In a 

nonlinear medium, the permeability depends on the strength of the magnetic field. As 

a result, the permeability of the fastener can be anisotropic.  

The following section presents the study and analysis of the effect of magnetic 

anisotropy effects in the steel fastener. This chapter also proposes a novel scheme, 

namely, magnetic balance measurement method to keep the bias point constant and 

extend the linear operation range of the MR sensor. 
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5.1.1 Properties of Ferromagnetic Materials 

In order to describe the magnetic properties of materials, one must know the magnetic 

flux density B, the magnetic field intensity H, and the intensity of magnetization M. 

These quantities are related by [79] 

𝑩 = 𝜇0(𝑯 +𝑴)    5.1 

where 𝜇0 is the permeability of free space. M is a complex function of H[80]–[83].  

𝑴 = χ𝑯    5.2 

where χ  is magnetic susceptibility. Then  

𝑩 = 𝜇0(1 + χ)𝑯 = 𝜇0μr𝑯    5.3 

where μr is relative permeability.  Relative permeability is a scalar if the medium is 

isotropic or a second rank tensor for an anisotropic medium. A typical magnetization 

curve of ferromagnetic material is shown in Figure 5.1. 

Rayleigh region

M
, χ

H

Intermediate 
Approach to Saturation

M

χ

χi

χmax

 

Figure 5.1. Magnetization curve for ferrimagnets and corresponding magnetic susceptibility. 

Magnetic susceptibility can vary with position in the material, the frequency of the 

field applied, temperature, and stress etc. [84],[85], [86]. Typically ferromagnetic 

materials are nonlinear, e.g. the permeability depends on the strength of the magnetic 

field. Further permeability as a function of frequency can take on real or complex 

values[87]–[89]. 
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5.1.2 Rayleigh Relations 

The region where the magnetic fields are weak compared to the coercive force is 

called Rayleigh region, as shown in Figure 5.1. In the Rayleigh region,  magnetization 

M is expressed as a quadratic function of the applied field H[76], [90], [91]: 

𝑴 = 𝜒𝑖𝑯+ 𝛼𝑯2    5.4 

where 𝜒𝑖 is initial magnetic susceptibility,⁡𝛼 is Rayleigh constant. This phenomenon 

was first investigated by Lord Rayleigh and the function is called first Rayleigh 

relation[92]. The second Rayleigh relation postulates the validity of a quadratic 

function of H also for the expression of the ascendant and descendant branch of a 

hysteresis loop with cusp point at (𝑯𝑚,𝑴𝑚) and (−𝑯𝑚 , −𝑴𝑚), respectively 

𝑀 = (𝜒𝑖 + 𝛼𝑯𝑚)𝑯 ∓
α

2
(𝑯𝒎

𝟐 −𝑯𝟐)    5.5 

with the negative sign of the quadratic term characterizing the ascendant branch. 

5.1.2.1 3D Rayleigh Relations 

Imagine a cubic body of a magnetic medium with its edges parallel to the axes of a 

Cartesian coordinate system, as illustrated in Figure 5.2. If an external magnetic field 

is applied, say parallel to the y-axis, it induces a magnetization that in general is not 

aligned parallel to the external magnetic field, but contains components of cross 

magnetization. 

    

Figure 5.2. Cross-magnetization components 𝑀𝑥𝑦and 𝑀𝑧𝑦 induced in an anisotropic medium by an 

applied magnetic field along the y-direction[92]. 
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𝑀𝑋𝑌 = 𝜒𝑖𝑋𝑌𝐻𝑌 + 𝛼𝑋𝑌𝐻𝑌
2    5.6 

𝑀𝑌𝑌 = 𝜒𝑖𝑌𝑌𝐻𝑌 + 𝛼𝑌𝑌𝐻𝑌
2    5.7 

𝑀𝑍𝑌 = 𝜒𝑖𝑍𝑌𝐻𝑌 + 𝛼𝑍𝑌𝐻𝑌
2    5.8 

Generally speaking,  

𝑀𝑗𝑘 = 𝜒𝑖𝑗𝑘𝐻𝑘 + 𝛼𝑗𝑘𝐻𝑘
2    5.9 

with 𝑗, 𝑘⁡ ∈ {𝑥, 𝑦, 𝑧}.  Suppose : 

𝛼̿ = [

𝛼𝑋𝑋 𝛼𝑋𝑌 𝛼𝑋𝑍
𝛼𝑌𝑋 𝛼𝑌𝑌 𝛼𝑋𝑍
𝛼𝑍𝑋 𝛼𝑍𝑌 𝛼𝑍𝑍

]    5.10 

𝜒̿𝑖 = [

𝜒𝑖𝑋𝑋 𝜒𝑖𝑋𝑌 𝜒𝑖𝑋𝑍
𝜒𝑖𝑌𝑋 𝜒𝑖𝑌𝑌 𝜒𝑖𝑋𝑍
𝜒𝑖𝑍𝑋 𝜒𝑖𝑍𝑌 𝜒𝑖𝑍𝑍

]    5.11 

Then  

𝑀̿ = 𝜒̿𝑖𝐻̿ + 𝜶𝐻̿𝟐    5.12 

Where 

𝐻̿ = [

𝐻𝑥 0 0
0 𝐻𝑦 0

0 0 𝐻𝑧

]    5.13 

Also, consider Relay hysteresis: 

𝑀𝑗𝑘 = (𝜒𝑖𝑗𝑘 + 𝛼𝑗𝑘⁡𝐻𝑘𝑚)𝐻𝑘 ∓
𝛼𝑗𝑘

2
(𝐻𝑘𝑚

2 −𝐻𝑘
2)    5.14 

And 

𝑀̿ = (𝜒𝑖̿ + 𝛼 ̿𝐻̿𝑚)𝐻̿ ∓
1

2
𝛼 ̿(𝐻̿𝑚𝐻̿𝑚 − 𝐻̿𝐻̿)    5.15 

where  
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𝐻̿𝑚 = [

𝐻𝑥𝑚 0 0

0 𝐻𝑦𝑚
0

0 0 𝐻𝑧𝑚

]    5.16 

Considering these empirically verifiable relationships, it follows that both the initial 

susceptibility, Rayleigh constant and external magnetic field have to be interpreted as 

components of the magnetic susceptibility tensor. 

5.1.3 Geomagnetic Field 

The effects of geomagnetic field need to be considered for weak magnetic field 

measurement. The magnitude of geomagnetic field at the earth's surface ranges from 

25 to 65 microteslas [93], [94].  The field exists all over the earth’s surface and all the 

time.  

At the location of the lab where this research was done (East Lansing, Michigan, USA) 

as an example, the earth’s magnetic field is as shown in Table 5.1 [95].  The effect of 

geomagnetic field to EC-GMR inspection result will be studied later showing that its 

effect is inevitable. 

Table 5.1.Earth’s magnetic field at East Lansing, Michigan, USA 

North component (T) East component (T) Vertical component (T) Total field (T) 

𝟏. 𝟖𝟔𝟐 × 𝟏𝟎−𝟓 2.108 × 10−6 5.083 × 10−5 5.418 × 10−5 

 

5.2  Effect of Magnetic Anisotropy  

Consider the 3D Rayleigh relationships introduced in section 5.1.2. It follows that 

both the initial susceptibility, Rayleigh constant and external magnetic field have to 

be interpreted as components of the magnetic susceptibility tensor. If there is external 

magnetic field along one direction, then the fastener could become anisotropic.  

http://en.wikipedia.org/wiki/Tesla_(unit)
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5.2.1 C-scan Image of Anisotropic Fastener--Simulation 

FEM model is used to understand the operation of RoC-GMR probe when an 

anisotropic fastener was involved. Models that allow scanning the excitation source 

coil above the fastener area would require significant computing time. In order to 

simplify the model in this study, the planar coil is approximated as an infinite sheet 

current which produces a uniform magnetic field with uniform eddy currents induced 

over the whole sample. This approximation has small error compared with the 

simulation of the actual planar coil, while eliminating the need for scanning. A C-scan 

image is thereby obtained from a single FEM calculation[68]. 

A two layer aluminum lap-joint geometry with steel fastener as shown in Figure 5.3 is 

considered. A radial notch of length 𝑙𝑑  spans the thickness of the second layer. 𝑙𝑑 

equal zero implies that the fastener is defect free. The crack orientation is at an angle 

α with respect to the x-axis. The material properties used in the model are specified in 

Table 5.2. 

 

Figure 5.3. Lateral view of the 3D model and geometry parameters 

Table 5.2. Material properties of the 3D FEM model 

 Conductivity (S/m) Relative permittivity Relative permeability 

Aluminum plate 2.326 × 107 1 1 

Steel Fastener 1 × 107 1 Tensor 

 

The model assumes that  the permeability of the steel fastener is a 2
nd

 rank tensor that 

has form as given by equation 5.17. If  𝜇𝐻 = 0, the fastener is isotropic with scalar 

permeability 𝜇i , otherwise the fastener is anisotropic.  Here, the permeability is 
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assumed to be symmetric to the diagonal axis to achieve good convergence properties 

during calculation.  

𝜇𝑟 = [
𝜇i 𝜇𝐻 0
𝜇𝐻 𝜇i + 𝜇𝐻 𝜇𝐻
0 𝜇𝐻 𝜇i

]    5.17 

The exciting currents in x and y directions are identical in amplitude and frequency 

but 90º apart in phase to produce rotating current excitation. The frequency was 100 

Hz, and current density was 1000 A/m. The simulation results of a health fastener 

with 𝜇𝑖 = 2 and different 𝜇𝐻 are presented in Figure 5.4.  

The images of the healthy fastener are not perfectly circular when the fastener is 

anisotropic. Deformation coefficient ϵ defined in equation 4.38 was calculated to 

quantify the distortion of the imagies.  Deformation coefficient ϵ as a function of 𝜇𝐻 is 

presented in Figure 5.5. The result was obtained by setting 𝑣 equal to 30% of the peak 

value of isotropic fastener. 

 

Figure 5.4. Simulation result of anisotropic non-defect steel fastener with rotating current excitation. 

The permeability tensor:  𝜇𝑖 = 2 , (a) 𝜇𝐻 = −0.2, (b) 𝜇𝐻 = 0.2.  
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Figure 5.5. Deformation coefficient⁡𝜖 as a function of 𝜇𝐻 of anisotropic fastener 

The distortion caused by anisotropic fastener interacts with the defect signal if there is 

defect present.  Figure 5.6 presents simulation results of anisotropic steel fastener with 

defects at different radial orientations. The permeability of the fastener is modeled by 

the tensor as shown in equation 5.17 with 𝜇𝑖 = 2, 𝜇𝐻 = 0.2. The defect length (𝑙𝑑) is 

12𝑚𝑚. Due to the presence of anisotropy fastener, the signal become orientation 

dependent. 

The deformation coefficient of anisotropic fastener and 12mm defect as a function of 

defect orientation angle is presented in Figure 5.7, which is smallest when defect 

located at 135º. 
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Figure 5.6. Simulation result of anisotropic steel fastener with 12mm defect heading (a) 0º, (b) 45º, (c) 

90º, (d) 180º. The fastener and the defect are marked by white line in the image.  
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Figure 5.7. Simulation result: deformation coefficient⁡𝜖 of anisotropic fastener and 12mm defect as a 

function of defect orientation. 

5.2.2 Experimental Measurement with External DC Field  

As discussed in section 5.1.2, the magnetic susceptibility is a function of external 

magnetic field. The effect of low-field dependent variation of magnetic susceptibility 

on the inspection of multilayer structure with steel fastener was studied 

experimentally by applying an external DC magnetic field to the steel fastener.  

A DC magnetic field in y-direction is simulated by a DC current in an x direction coil, 

as shown in Figure 5.8. As the sensors are located on the symmetry line of the x 

direction coil the normal component magnetic field (Bz) is theoretically zero and 

hence the external DC field produced by the DC current does not change the bias 

point of the GMR sensors 

 

Figure 5.8. DC current in an x direction coil to generate y direction DC magnetic field. 
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DC currents of different amplitudes were applied in the coil and the steel fastener was 

exposed to the DC field was scanned using the prototype RoC-GMR probe. The 

experimental results from a healthy fastener are presented in Figure 5.9.  When 

positive DC current was applied, the right hand side signal become stronger. 

Conversely, when negative current was applied, the left hand side signal become 

stronger.  

 

Figure 5.9. Experimental results of healthy steel fastener with additional DC current  (a) 0.25A, (b) -

0.25A, (c) 0.5A, (d) -0.5A, (e) 1A, (f) -1 A, in the x direction coil. 
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These experimental results are comparable with the simulation results shown in 

previous section. It should be noted that the experiment measurements were also 

influenced by the geomagnetic field. The geomagnetic field has horizontal and 

vertical components and hence the material property of the steel fastener is much 

more complex than the material property used in the FEM model.  

The experimental results presented in Figure 5.9 show that the effect of 0.25A and -

0.25A DC current in the x direction coil is visible. Meanwhile, it is calculated that 

0.25A current in the coil generates 8.44 × 10−5 T horizon magnetic field 5 mm below 

the center of the coil in air, which is comparable with the geomagnetic field. The 

study clearly shows that the influence of geomagnetic field cannot be ignored. 

5.2.3 Effect of Geomagnetic Field 

The effect of geomagnetic field on image data from steel rivets using RoC-GMR 

probe is studied experimentally. The geometry dimensions of the test sample are as 

specified in Figure 5.3. 

 

Figure 5.10. Top view of the test sample showing it is rotated by ɵ in horizontal plane. 
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The sample, including the aluminum layers and the rivets, is rotated to different 

angles relative to the geomagnetic field and is scanned using the RoC-GMR probe, as 

shown in Figure 5.10.   

 

Figure 5.11. Experiment results of steel fastener with 12mm defect. The sample was rotated relative to 

the geomagnetic field in horizontal plane (a) 0º, (b) 45º, (c) 135 º, (d) 180 º, (e) 225 º, (f) 315º. 

The output data of the RoC-GMR probe from a steel fastener with 𝑙𝑑 = 12𝑚𝑚 defect 

are shown in Figure 5.11.  The geomagnetic field influence with the induced fields 
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around the defect. Deformation coefficient⁡𝜖 of image data from a steel fastener and 

12mm defect is plotted as a function of defect orientation in Figure 5.12. The 

coefficient is calculated with contours obtained by setting threshold 𝑣 equal to 30% of 

the peak value of non-defect fastener. These results demonstrate that the RoC-GMR 

probe can detect defects under steel fastener at different orientations. However, due to 

the effect of geomagnetic field, the deformation coefficient is not constant. 

 

Figure 5.12. Experimental result: deformation coefficient⁡𝜖 of steel fastener and 12mm defect as a 

function of defect orientation. 

5.3 Magnetic Balance Measurement Method 

Another issue in the inspection of fastener sites is that the steel fastener may be 

magnetized resulting in a strong remanence. Strong residual magnetism can shift the 

work point of MR sensor outside of its linear range. Moreover, the limited dynamic 

range of MR sensor present challenges since the amplitude of the fastener signal is 

much greater than the defect signal. This section presents the study of magnetic 

balance measurement (MBM) method to make MR sensor’s bias point constant, so as 

to eliminate the effect of strong external DC field. 

5.3.1 Operating Principle 

The schematic diagram of the MBM method is as shown in Figure 5.13(a). The output 

of the MR sensor is amplified and filtered and then feedback to a PID controller. The 
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low pass filter should be second order or higher. The output of the PID controller is 

amplified to drive a compensation coil, which generates magnetic field to balance the 

input magnetic field at the MR sensor position.  Instead of measuring the sensor 

output, the input magnetic field is measured by recording the balance voltage/current 

of the compensation coil. 

 

(a) 

 

(b) 

Figure 5.13. Schematic diagram (a) and simplified model (b) of MBM method.  

The schematic diagram shown in Figure 5.13 (a) is simplified by a model presented in 

Figure 5.13 (b). The transfer function of the PID controller is given by equation 5.18. 

𝐶(𝑠) = 𝐾𝑝(1 + 𝐾𝐼
1

𝑠
+ 𝐾𝐷𝑠)    5.18 

where s is the complex number frequency in the Laplace transform, 𝐾𝑝  the 

proportional gain,  𝐾𝐼 the integral gain, 𝐾𝐷 the derivative gain. The proportional term 

provides an overall control action proportional to the error signal. The integral term 
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reduces steady–state errors through low-frequency compensation by an integrator. 

The derivative term improves transient response through high-frequency 

compensation by a differentiator[96]. 

Assuming the Laplace transfer of the input signal is X(s), the transfer function of the 

low pass filter is F(s), the output of the MR sensor (𝑌𝑆𝑒𝑛𝑠𝑜𝑟(𝑠)) and the output of the 

PID controller (𝑌𝑃𝐼𝐷(𝑠)) is written as equation 5.19 and 5.20 respectively. 

𝑌𝑆𝑒𝑛𝑠𝑜𝑟(𝑠) =
𝑋(𝑠)𝐹(𝑠)

1+𝐶(𝑠)𝐹(𝑠)
    5.19 

𝑌𝑃𝐼𝐷(𝑠) = −
𝑋(𝑠)𝐹(𝑠)𝐶(𝑠)

1+𝐶(𝑠)𝐹(𝑠)
    5.20 

At high frequency, e.g. frequency much higher than the cut off frequency (𝜔𝑐) of the 

low pass filter, |𝐹(𝑗𝜔)| ≪ 1, here 𝑗  is imaginary unit, 𝜔  angular frequency.  The 

output signals are small due to the low pass filter. At low frequency (𝜔 < 𝜔𝑐), the 

gain of the low pass filter is considered constant, e.g. 𝐴𝐿. The output of the MR sensor 

and the PID controller is given by following equations in frequency domain. 

𝑌𝑆𝑒𝑛𝑠𝑜𝑟(𝑗𝜔) =
𝐴𝐿𝑋(𝑗𝜔))

1+𝐴𝐿𝐶(𝑗𝜔)
    5.21 

𝑌𝑃𝐼𝐷(𝑗𝜔) = −
𝐴𝐿𝑋(𝑗𝜔)𝐶(𝑗𝜔)

1+𝐴𝐿𝐶(𝑗𝜔)
    5.22 

Choosing parameters to make |𝐴𝐿𝐶(𝑗𝜔)| ≫ 1, from equation 5.21 

𝑌𝑆𝑒𝑛𝑠𝑜𝑟(𝑗𝜔) ≈
𝑋(𝑗𝜔)

𝐶(𝑗𝜔)
    5.23 

From equation 5.18 and 5.23, it is found that when 𝜔 → 0 , |𝐶(𝑗𝜔)| → ∞ . 

Consequently, 𝑌𝑆𝑒𝑛𝑠𝑜𝑟(𝑗𝜔) → 0  which implies that the effect of static or very low 

frequency signal and the effect of remanence field of steel fasteners on the MR sensor 

is eliminated.   

In the case of AC input signal, amplitude of variation of the sensor is reduced to 

|
1

𝐶(𝑗𝜔)
| times the amplitude of the input signal. Consequently the linear measurement 
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range of the MR sensor is extended by a factor of  |𝐶(𝑗𝜔)| using this method as 

compared to using the MR sensor to measure the field directly.  

Substituting |𝐴𝐿𝐶(𝑗𝜔)| ≫ 1 into equation 5.22, the output of the PID controller is 

expressed by equation 5.24.The input signal is measured by measuring the PID 

controller output voltage without sacrificing the sensitivity of the MR sensor.   

𝑌𝑃𝐼𝐷(𝑗𝜔) ≈ −𝑋(𝑗𝜔)    5.24 

5.3.2 Effect of the Compensation Coil on Defect Signal 

The MBM utilizes a compensation coil to generate magnetic field to balance the input 

field. The influence of using the compensation coil on the defect signal is estimated in 

this section.  

Considering the compensation coil is a multi-turns circular coil, the magnetic field of 

the coil along the coil axis in air is calculated according equation 5.25[97]. 

𝐵 =
𝜇0𝑁𝑟

2𝐼

2(𝑎2+𝑧2)3/2
    5.25 

where 𝜇0 is the permeability of air, N the number of turns of the coil, I the current in 

the coil, r the radius of the coil and z the axial distance from the center of the coil to 

observation point. Suppose the magnetic field at the center of the coil (z=0) is 𝐵0. 

Then equation 5.25 is re-written as equation 5.26.  

𝐵 = 𝐵0 ∙
1

(1+
𝑧2

𝑟2
)3/2

    5.26 

The magnetic field of circular coil drops rapidly as z increases.  From equation 5.26, 

the magnetic field decreases to 0.44% of 𝐵0 at z=6r.  So the effect of the field of 

compensation coil can be ignored if defect is farther than 6r from the center of the 

compensation coil. Hence the compensation coil should be fabricated with small 

radius and located close to the MR sensor.  The compensation coil can also be 

integrated inside MR sensor using micro-processing technology, in which case the 
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coil radius is of the order of micro meters.  In the application considered in this thesis, 

the defect is embedded in subsurface layers; hence the small size (1.6mm) 

commercial MR sensor with compensation coil wound outside of the sensor is used.  

5.3.3 Numerical Analysis 

The operation of the MBM is mimicked numerically using Simulink of Matlab.  

𝐾𝑝 , ⁡𝐾𝑖 , ⁡𝐾𝑑   in the PID controller is 20,10,3e-6 respectively, which match the 

parameters used in the prototype that will be presented later. The low pass filter is a 

2
nd

 order filter with transfer function as specified in equation 5.27. 

𝐹(𝑗𝜔) =
1

(
𝑗𝜔

𝜔𝑐
)2+

𝑗𝜔

𝑄𝜔𝑐
+1

    5.27 

where 𝜔𝑐 = 2𝜋𝑓, f=1kHz, Q=0.5. 

First, static response of the system is studied. The input signal changes from -1V to 

1V with step size 0.1V and the output data are measured after it achieve steady state. 

The outputs of the PID controller and the MR sensor vs. the input signal are plotted in 

Figure 5.14(a). It is found that the MR sensor output is constantly zero, since the 

integral term in the PID controller reduces steady–state errors. The output of the PID 

controller is negatively linearly correlated with the input signal, which is recorded as 

measurement of the input signal.  

Next, the response of the system to AC signal is calculated. The input signal is 

sinusoid signal with amplitude 1V, frequency 100Hz. The results are presented in 

Figure 5.14 (b). The amplitude of the MR sensor output signal is only 0.0476V, which 

is 4.76% of the input signal. This implies that linear measurement range of the MR 

sensor is extended more than 21 times, thereby extending the linear dynamic range. 

Similar to the steady-state response, the PID output is negatively linearly correlated 

with the input signal. The amplitude of the PID output is 0.953V. 
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(a) (b) 

Figure 5.14. Numerical results of static (a) and AC 100Hz (b) outputs vs. input signal. 

Next, the transient response to step input signal is simulated and the result is 

presented in Figure 5.15(a). The step signal is 0V initially and jumped to 1V at t=0s. 

It is seen that the MR sensor output becomes steady in about 0.5s which implies that 

the effect of external DC magnetic field on operation point of the MR sensor can be 

ignored after 0.5s.  

  

(a) (b) 

Figure 5.15. (a) Transient response of the MR sensor output to step input signal. (b) Time domain 

signal of the MR sensor output with input sinusoid signal of 1V amplitude, 100 Hz frequency and 10V 

DC bias. 

Finally, to further illustrate the compensation effect of this method to external DC 

magnetic fields, a sinusoid AC signal of amplitude 1V, frequency 100 Hz and 10V 

DC bias is used as the input signal at t=0s. The MR sensor output from t=0.5s to 

t=0.54s is presented in Figure 5.15 (b). The effect of the strong DC bias is cancelled 

almost completely. 
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5.3.4 Experimental Validation of MBM  

The operation of the MBM is validated and tested experimentally. The experiment 

setup is as shown in Figure 5.16. GMR sensor Model GF708 from Sensitec is used to 

build the prototype. The linear measurement range of the sensor is less than 0.5mT. 

The sensor is available as a bare die with gold terminals.  This configuration offers 

small package size, allowing us to build a relatively small compensation coil.   

The output of the GMR sensor is amplified 20 times by instrumentation amplifier 

AD620. A compensation coil is wound using 0.1mm diameter copper wire and the 

GMR sensor is located at the center of the coil. The number of turns of the 

compensation coils is 20. The radius of the coil is about 0.9mm. SRS SIM 960 analog 

PID controller from Stanford research system is used as the PID controller. The 

proportional gain of the PID controller is tuned to the maximum value without 

oscillation. 𝐾𝑖 ,⁡𝐾𝑑   was 10 and 3e-6 respectively, which are tuned to achieve best 

performance of PID controller. The output of SIM960 is amplified by power amplifier 

Agilent 33502 and then connected to the compensation coil.  

A Helmholtz coil is used to generate uniform magnetic field, which was measured by 

the MR sensor. The radius of the Helmholtz coils is R=90mm. The number of turns of 

the Helmholtz coils n=12 each. Magnetic field at the center of the Helmholtz coil is 

calculated according equation  5.28[98]. 

𝐵 = (
4

5
)3/2

𝜇0𝑛𝐼

𝑅
     5.28 

where 𝐼 is current in the Helmholtz coils.  
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Figure 5.16. Experimental setup for measuring magnetic field  

 

Figure 5.17. Experimental results of output voltage vs. magnetic flux density. 

In order to evaluate the MBM method, the magnetic field of the Helmholtz coil is 

measured using GF708 directly and the proposed method. The results are presented in 

Figure 5.17. As shown in section 5.2, the MBM output is inversely proportional to the 

input signal; the negative output of the PID controller is plotted. Magnetic flux 

density of the Helmholtz coils is calculated according equation 5.28.  It is found that 

the linear range of the sensor is about 2 × 10−4T and the sensor is saturated with 

magnetic field greater than 4 × 10−4T. However, the output of MBM method is 
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always in linear range when the magnetic flux density varied from −4.6 × 10−4 to 

4.6 × 10−4 T. The linear measuring range of MBM method for DC signal is limited 

by the circuit saturation voltage (±9V in this experiment setup) which is much larger 

than the output signal range provided by the power amplifier. The coercive field (Hc) 

in the hysteresis as defined in Figure 5.17 was 3.47 × 10−5T for the sensor.   

5.4 Experimental Output Signal of Magnetized Steel Fastener 

5.4.1 Experiment Setup 

A prototype probe with MBM for inspection of multi-layer structure was fabricated 

and instrumented to test the performance of the proposed method.  A schematic of the 

experimental system is shown in Figure 5.18(a).  

Orthogonal coils as specified in section 4.2 were used for generating a rotating planar 

excitation current. The normal component of the magnetic flux density 𝐵𝑧  at the 

center of the orthogonal coil was measured by a GMR sensor. As the sensor is located 

at the center of the coils, the measured signal is null field when there is no defect and 

has some perturbation when the symmetry is destroyed by presence of defect.   

The experiment system can be configured to use MBM method or GF708 to measure 

𝐵𝑧 directly by means of the switch S1 and S2. If S1 is off and S2 is connected to 

contact 2, the compensation coil is disconnected and the output of sensor is connected 

to the amplifier directly, in which case, the field is measured by the GMR sensor 

directly. However, if S1 is on and S2 is connected to contact 1, the MBM system 

works and the signal is measured from the output of the PID controller. A lock-in 

amplifier model SR830 is used to obtain the baseband signal. The output of the lock-

in amplifier is transferred to a computer through RS232 cable and stored in the 
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computer. The experimental measurements are obtained using a high resolution 

scanning system. 

A two-layer aluminum sample with a steel fastener and defect was tested. A 

schematic of the geometry of two-layer sample is shown in Figure 5.18(b), where 𝑙𝑑 is 

the length of the radial crack (⁡𝑙𝑑 = 0 for healthy fastener).    

 

(a) 

 

(b) 

Figure 5.18. Experimental setup: (a) Diagram of experiment system (b) Side view of test sample. 

5.4.2 Experimental Results and Analysis 

The experimental measurements from a magnetized steel fastener without defect 

(𝑙𝑑 = 0) are presented in Figure 5.19, where Figure 5.19 (a) was obtained using the 

GF708 sensor to measure 𝐵𝑧 directly and Figure 5.19 (b)  is obtained using MBM 

method. The circles in the images indicate the location of the head of the fastener. The 

excitation current of frequency 100Hz, amplitude 100mA was applied.  

Image of a defect-free fastener should ideally be circular and distorted when a defect 

is present at the fastener site. However, the image is distorted due to the fastener 
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magnetization if the GMR sensor is used to measure the field directly, as shown in 

Figure 5.19(a), which can result in a false call.  The image obtained using MBM 

method is relatively more circular, as shown in Figure 5.19 (b). 

  

(a) (b) 

Figure 5.19. Experimental results of defect free magnetized fastener (𝑙𝑑 = 0) obtained using GF708 to 

measure Bz directly (a) and using MBM method(b).  

The bias point (DC work point) of the GMR sensor was measured during scan. The 

results are presented in Figure 5.20. It is seen that the bias point varied from -1.83V to 

0.39V when the sensor is used to measure the field directly, as shown in Figure 

5.20(a). From the measurement result presented in Figure 5.17, the sensor is shifted 

outside of its linear range generating a distorted image shown in Figure 5.19(a).  

However, the changes is bias point of the sensor in MBM is less than 0.0012 V, which 

is considered as a fixed operation point.   

Next, magnetized steel fastener with 12mm defect in the second layer was tested. The 

experiment results obtained using GF708 to measure Bz directly and using MBM 

method are compared in Figure 5.21. To quantify the distortion introduced by the 

presence of the defect, all contiguous pixels above 30% of the peak value are 

identified and a contour plot enclosing the region containing pixels is drawn.  The 
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defect indication in Figure 5.21(b) is relatively more obvious than that in Figure 

5.21(a). 

  

(a) (b) 

Figure 5.20. Sensor DC bias when measuring the experiment results in Figure 5.19: (a) using the GMR 

sensor to measure the field directly; (b) using MBM method. 

  

(a) (b) 

Figure 5.21. Experiment results of  magnetized steel fastener with 12 mm defect (𝑙𝑑 = 12: (a) GF708 

measuring Bz directly and (b) MBM method. 

5.5 Conclusion 

Several conclusions are drawn from the results in this chapter: 

(1) Steel rivets become anisotropic in the presence of an external DC magnetic field, 

which distorts the C-scan image of RoC-GMR probe.  This effect can influence with 

the defect signal and thereby influence the defect detection. 
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(2) The influence of geomagnetic field on steel fastener cannot be ignored and should 

be taken into consideration during post processing. 

(3) A novel scheme, namely, magnetic balance method using MR sensor for 

inspecting defect around steel fasteners in multilayer structures was presented.  

(4) Numerical analysis first demonstrated the feasibility of MBM method. The bias 

point of the MR sensor in MBM is kept constant when the fastener is exposed to 

strong DC field. The effect of the strong remanence field from steel fasteners is 

eliminated and the operation point of the sensor is kept constant.  

(5) The response to magnetic field was measured showing that the linear measurement 

range is extended and the hysteresis is reduced by using MBM method.  

(6) Experimental results of defect free magnetized steel fastener show that the MBM 

method can eliminate the effect of residual magnetism and keep the sensor’s bias 

point constant. Measurement data from magnetized steel fastener with 12 mm length 

notch show that the MBM method has higher sensitivity to defect detection than that 

obtained using MR sensor directly.  
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Chapter 6 Transceiver RoF-EC Probe for Tube Inspection 

6.1 Introduction 

Nuclear power plants employ steam generator units to transfer thermal energy and 

isolate the primary radioactive side of the plant from the secondary side of the 

plant[99]. These tubes are continuously exposed to harsh environmental conditions 

such as high temperature and pressure resulting in various types of degradation 

including mechanical wear, stress corrosion cracking, pitting, wall thinning, denting 

and inter granular attack[99], [100]
, 
[101]. In order to ensure the operational safety of 

the power plants, periodic inspection of steam generator tubes are required. Eddy 

current inspection techniques have proven to be a fast and effective method for 

detecting and characterizing flaws in the tube wall[22], [102]. A variety of eddy 

current probes have been developed for inspection in the last few decades. 

6.1.1 Bobbin Probe  

The bobbin probe has fast scan speed approximately 1 m/sec and is mainly used for 

initial detection of possible degradation to quickly determine the areas requiring 

additional inspection with other probes.  

There are mainly two types of bobbin probe: absolute bobbin and differential bobbin 

probes. Absolute bobbin operates with single bobbin coil and a second identical 

reference coil, which is used for electronic balancing and is electromagnetically 

shielded from the inspected tubing. The probe is sensitive to axial cracks and material 

properties variations in tube free-span sections, and gradually varying wall thinning.  

Differential bobbin probe has two coils positioned close together with current in one 

coil, 180 degrees out of phase with the current in the other. The output signal is 
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obtained as the induced voltage in one coil subtracted from the voltage in the other 

coil. The probe is sensitive to small defects and abrupt anomalies such as pitting 

corrosion and fretting wear, relatively unaffected by lift-off, probe wobble, 

temperature variations, and external interference. The probe is not sensitive to gradual 

changes and metallurgical variations. 

Disadvantages of bobbin probes are the following. 

 (1) Insensitive to circumferential cracks, because induced eddy currents are parallel 

to defects and the probe is  inherently unaffected by the presence of such defects. 

(2) Limited resolution for defect location and characterization. 

6.1.2 Rotating Probe  

Rotating eddy current probes are used for high resolution imaging of steam generator 

tubes. Pancake or plus Point coils are rotated by motor circumferentially inside tube 

and moved forward in the axial direction (around 4 inches per second) in a helical 

pattern. 

Rotating probe is sensitive to defects of all orientation, and has high resolution and 

improved sensitivity to characterize and size defects. However, the mechanical 

rotation of the coils causes serious wear leading to frequent probe failure. In some 

cases, the presence of magnetite deposits on tube wall reduces the probe life 

significantly due to wear. Furthermore, these magnetic deposits can produce a strong 

signal which obscures the signal from defects. Since the probe has helical scan pattern, 

the scan speed is slow, which is around 120~80 times slower than that of bobbin 

probes. Hence, the inspection time and cost increase significantly.  



 

 

95 

 

6.1.3 Array Probe  

In order to increase inspection speed, the array probe was developed. Nowadays, there 

are several different types of array probes including: C-probes, X-probe, smart probe 

and intelligent probe. 

The array probe is a transmit-receive probe. The array covers 360 degrees of the 

circumferential direction of inner tube surface. The probe is optimized to maximize 

response for different orientation defects and is 10 times faster and has higher signal 

to noise ratio as compared to the rotating probe.  

A typical array probe is composed of an array of pancake eddy current coils. These 

probe coils are magnetically coupled in a transmit-receive configuration with laterally 

spaced transmit and receive coils. The transmit (active primary) coils are driven by 

time-harmonic AC at several frequencies. The receive (passive secondary) coils 

generate a voltage equal to the time-rate of change of magnetic flux through the coil 

windings. Anomalies in the test specimen that affect the flow of eddy current and alter 

the magnetic flux through the windings of the receive coil are detected and 

characterized by monitoring variations in the receive coil voltage. 

Because the coils are configured in a transmit-receive configuration and are 

geometrically arranged, they are directionally sensitive. One set of coils is used to 

detect axially oriented defects such as axial cracks. The data generated by these coil 

sets are referred to as axial channel data. Another set of coils is used to detect 

circumferentially oriented defects. Both the axial and circumferential coil sets are 

generally capable of detecting defects that have no directional preference such as 

volumetric defects and multidirectional cracks. They are capable of detecting and 

characterizing circumferentially and axially oriented defects such as cracks, as well as 

volumetric defects such as those caused by corrosion or mechanical fretting. 



 

 

96 

 

The array probe has very complicated excitation and data acquisition system, which 

increases the cost of these probes. A 3 × 16 array, for example, consists of 48 coils 

arranged in three rows of 16 coils each. Figure 6.1 shows the coils and the way that 

the first two axial and circumferential channels are obtained.  

 

                                                     (a)                                                                                          (b) 

Figure 6.1. Axial and circumferential channels for transmit and receive: (a) axial channels C01-A01 

and C01-A16, circumferential channel C01-C03, (b) circumferential channels B01-B03 and B01-

B15[103] . 

6.1.4 Rotating Field Probe with Bobbin Coil 

A rotating field (RoF)  eddy current probe was proposed by Xin et al. [104], [105]. 

This design generates a rotating field without mechanically rotating the coils. The 

principle of RoC-EC probe is similar to that of rotating electrical machines. The RoF-

EC probe works in a send-receive mode with excitation and pickup coils. The 

excitation coil consists of three identical rectangular windings located on same axes 

physically 120 degrees apart, as show in Figure 6.2.  The excitation sources for 

driving the three windings are three-balanced alternating currents with adjustable 

amplitude, phase and frequency. 
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Figure 6.2. 3D model of bobbin pickup and three windings inside the tube[104]. 

The probe is sensitive to defects of all orientations and offers high operational speed. 

The disadvantage of the design lies in the need for an additional bobbin coil to pick up 

the defect signal. The bobbin coil must be wound outside or inside of the three phase 

exciting windings. If the bobbin coil is located outside of the three phase windings, 

then the lift off of the three phase windings to tube wall will be increased. If the 

bobbin coil is located inside the exciting coils, the lift of the bobbin coil to tube wall 

will be increased. To eliminate the use of bobbin pick up coil, this thesis proposes a 

novel concept of a transceiver RoF-EC probe. 

6.2 Rotating Field Transceiver Probe - Structure and Principle 

The RoF-EC probe proposed in this thesis works in transceiver mode[106]. The 

transceiver coils consist of three identical windings(A,B,C) located 120° apart on the 

same physical axis, as shown in Figure 6.3(a). The three windings are driven by a 

three-phase sinusoidal constant current source. Currents in the three windings are 

identical in amplitude but 120 degrees apart in phase angle. The rotating magnetic 

field generated by the three phase current is sinusoidal in space and time. The rotating 

magnetic field induces eddy currents in the tube wall, which flow circularly around a 

radial axis. Consequently the probe is sensitive to defects of all orientations. Thus the 
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probe offers detection capability comparable to those obtained with mechanically 

rotating coil probes but offer higher inspection speed and result in much lower wear 

and tear[107]
 
. 

 
 

(a) (b) 

Figure 6.3. (a) 3D diagram of the transceiver coils within a tube. (b) Circuit schematic of the 3 

windings. 

The terminal phase voltages ⁡V̅pA ,⁡V̅pB , ⁡V̅pC⁡corresponding to the three windings is 

measured, , as shown in Figure 6.3(b). The terminal voltages is in general expressed 

as 𝑉̅p, 

𝑉̅p = 𝑍𝐼 ̅   6.1 

where 𝑍 is the coil impedance and 𝐼  ̅is the phase current.  

The vector sum of the three phase voltages is equal to zero if the tube wall is defect 

free. The presence of a defect in the tube wall changes the phase of impedances which 

alters the balance of the system, resulting in a non-zero signal as given by equation 

6.2.  

𝑉̅𝑠𝑢𝑚 = 𝑉̅𝑝𝐴 + 𝑉̅𝑝𝐵 + 𝑉̅𝑝𝐶 = {
= 0
≠ 0

⁡⁡⁡⁡⁡𝑤ℎ𝑒𝑛⁡𝑍𝐴 = 𝑍𝐵 = 𝑍𝐶
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

    6.2 

A defect will result in an imbalance in the terminal voltage in the three windings 

resulting in non-zero 𝑉̅𝑠𝑢𝑚.  

3 windings

VpA

VpB

VpC

I0 0º 

120º I0

240º I0
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6.3 Defect signals from Transceiver Probe 

6.3.1 FEM model 

The responses of the transceiver rotating field probe due to defects of different 

dimensions, directions, locations, and circular orientations are studied using three-

dimensional finite element model. The formulation is based on reduced magnetic 

vector potential Ar, V-Ar formulation[50], [51], [108]. The model solves for the nodal 

values of the vector magnetic potential A and phasor voltages of the transceiver probe 

coils are calculated using equation 6.3 [51], [109], [110] 

𝑉̅ = −𝑁
∂

𝜕𝑡
∬𝑠𝑩 ∙ 𝒏ds = −𝑁

∂

𝜕𝑡
∮𝑨 ∙ d𝒍    6.3 

where N is the number of turns in the coil, S is the average surface area of the coil.
 
 

6.3.2 Flat Bottom Hole 

First, a flat bottom hole on inner diameter (ID) of the tube wall is simulated. The test 

geometry is the free span region of steam generators tubes. The inner diameter of the 

tube is 19.69 mm, and the wall thickness is 0.965 mm. The tube material is Inconel 

600 whose conductivity is 9.69*10
5
 S/m. The three-phase coils have diameter, height 

and thickness of 19mm, 16mm and 0.6 mm, respectively. The excitation current 

frequency is 45 kHz and current density is 3×10
6
 A/m

2
.  

The probe moves along the axial direction of the tube (Z-axis) from Z=-25mm to 

Z=25mm at step size of 1mm. The defect is located at Z=0mm, as shown in Figure 6.4.  

The simulation results are presented in Figure 6.5. The simulation results were 

obtained with 3.2 mm diameter flat bottomed holes of varying depths. The probe 

output signal has a clearly indication of the flat bottom hole. The amplitude of the 

probe output signal vs. defect depth is plotted in Figure 6.6. The signal amplitude is 

proportional to the defect depth.  



 

 

100 

 

RoFEC

Line scan

Z (mm)

Defect

0-25 25

Height

Tube wall

Height

Diameter

 

AX

B

YC

Z

*

*

*

0°

90°

180°

-90°

defect

120°

-120° -60°

60

 

(a) (b) 

Figure 6.4.  (a) Axial direction line scan. (b) Top view of windings. 

  

(a) (b) 

Figure 6.5. Simulation results: (a) real part and (b) imaginary part of probe output signal for ID flat-

bottomed holes: diameter 3.2mm, depth 20%, 40%, 60%, and 80%, of tube wall  . 

 

Figure 6.6. Peak value of the probe output signal amplitude vs. flat bottom hole depth. 
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Next, the rotation of the defect along circumferential direction relative to the probe is 

studied. As Figure 6.7 shows, the phase angle of the probe output signal is rotated 

along with the circumferential location of the defect. 

 

Figure 6.7. Simulation signals obtained with defect located at different circumferential locations 

6.3.3 Axial and Circumferential Notch 

Next, the responses of the transceiver rotating field probe due to axial and 

circumferential notches are studied using three-dimensional finite element model. 

6.3.3.1 Effect of Defect Depth  

In this study, defects are axial or circumferential notches, located at Z = 0mm, 0º 

circumferentially and the three phase windings are located at 0º,120º and 240º ,  inside 

the tube wall (ID). The depths of the defects are varied from 0.4 mm to 1.4 mm. The 

length of axial defects is 12mm whereas the length of circumferential defects extends 

over 60º. The simulation results calculated using equation 6.3 are shown in Figure 6.8.  

Peak value of the simulation results shown in Figure 6.8 vs. defect depth is plotted in 

Figure 6.9. The results show that both axial and circumferential defects are detected 

by the transceiver rotating field probe. The peaks of the signals, which are at the 

center of defect location, are positively correlated with defect depths.   
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Figure 6.8. Simulation results :probe output signal for varying defect depths for (a) 12mm long axial 

notch and (b) 60º circumferential notch. 

 

Figure 6.9.  Peak value of the probe output signal of axial and circumferential notches vs. defect depth. 

6.3.3.2  Effect of Defect Lengths 

Next, ID notches of different lengths are simulated. The results are shown in Figure 

6.10(a) for an axial defect and in (b) for circumferential defects of depth 0.8mm with 

different lengths demonstrating that the signals of notches are positively correlated 

with defect lengths. 
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Figure 6.10. Simulation results: probe output signal for varying defect lengths for 0.8mm deep (a) axial 

notches, (b) circumferential notches. 

6.3.3.3 Effect of Circumferential Location of Defect 

The feasibility of detecting the defect’s angular position is investigated by analysing the 

transceiver probe signals. Defects in different circumferential locations varying from 

0º to 60º are simulated.   

  

(a) (b) 

Figure 6.11. Simulation results: Lissajous Pattern seen when the defect circumferential location is 

varied from 0º to 45º (a) axial defect and (b) circumferential defect 

Considering the structure of the probe, the response of defect located at angles other 

than 0º to 60º circularly can be predicted by rotating the corresponding signal. The 

defects modeled are axial or circumferential through the tube wall (100% of tube wall) 

notches, located at Z = 0mm. The length of axial defects is 12mm whereas the length 

of circumferential defects extends over 60º. The simulation results are shown in 
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Figure 6.11.  It is seen that the signal phase rotates by 120º when the defect location is 

moved by 60º, which means that the response will repeat periodically with period 

180º. 

6.3.3.4 Effect of ID and OD Defects  

Signals from inner diameter (ID) or outer diameter (OD) defects in the tube wall is 

studied. An axial defect of length 12 mm, depth 0.8 mm (50% tube wall) is simulated 

at different frequencies: 10 kHz, 30 kHz, 100 kHz, 500 kHz. The output signals are 

plotted at different excitation frequencies in Figure 6.12. Peak value of the probe 

output signal of ID and OD defects vs. frequency is plotted in Figure 6.13. The 

magnitude of the signal increases with frequency for ID defects. But there is no 

monotonic dependence for an OD defect.   

For ID defect that the signal is positively correlated with the excitation frequency, 

since the induced eddy current in the tube wall and the induced voltage in the coil are 

positively correlated with the excitation frequency. This is true for OD defect in 

certain frequency range. However, the penetration depth is another parameter need to 

be considered for OD defect. As has been discussed in Chapter 2, the penetration 

depth of eddy current is inversely proportional to the square root of the exciting 

frequency.   When the frequency is high enough, the penetration depth will become 

very small that little eddy current can penetrate though the tube wall to reach the 

defect located on the OD of tube wall. As result, for OD defect the signal doesn’t 

increase monotonically as frequency increases. 
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(a) (b) 

Figure 6.12. Simulation results: normalized amplitude of probe output vs. Z-axis of varying exciting 

frequency for axial length 12 mm, depth 0.8mm  (a) ID and (b)  OD defects. 

 

Figure 6.13.  Peak value of the probe output signal of ID and OD defects vs. frequency. 

6.4 Experiment Validation 

A prototype probe with three phase windings has been built to validate the simulation 

results and demonstrate the proof of concept. 

6.4.1 Prototype Probe Design and Experiment Setup 

The details of probe design are presented in Figure 6.14 and the parameters are listed 

in Table 6.1. The three windings employ an identical number of turns. The three DC 

resistances were measured to be 23Ω, 24.7Ω and 25.5Ω respectively.  
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 Figure 6.14. 3D diagram of transceiver rotating field probe 

Table 6.1. Parameters of transceiver rotating field probe 

Windings 
OD Height  Width Wire Turns 

17 mm 20 mm 3mm Copper AWG 24 160 

Core 
OD Height Slot Width Slot depth Material 

19 mm 20 mm 3mm 4mm Plastic 

 

The three phase sinusoidal excitation circuit is shown in Figure 6.15(a). A two 

channel function generator is used to generate sinusoidal signals. The two signals are 

identical in amplitude but 120º apart in phase. The third phase is obtained by adding 

these two signals and inverting the resulting signal. A voltage controlled constant 

current source circuit is shown in Figure 6.15(b), where the resistances are such that 

R2=R3=R4=R5. The output current is given by 𝐼𝑜𝑢𝑡 = 𝑉𝑖𝑛/𝑅1 . The operation 

frequency range of the system is from 100 Hz to 100 kHz. 

Responses from the three phases are added to generate the probe output signal. The 

addition is performed using an adder circuit. The signal is amplified 20 times by an 

amplifier.  A lock-in amplifier model SR844 from Stanford research system is used to 

recover the baseband signal and improve the signal-to- noise ratio. The in-phase and 

quadrature components of the signal are transferred from the lock-in amplifier to a 

computer though a GPIB cable and stored. 
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(a) (b) 

Figure 6.15. (a) Schematic of the excitation system. (b) Constant current source circuit.  

The experimental setup is shown in Figure 6.16. A steam generator tube with flat 

bottomed holes, axial and circumferential notches of varying depths is inspected using 

the transceiver rotating field probe. 

 

Figure 6.16: Photo of transceiver rotating field probe for tube inspection.  

6.4.2 Flat Bottom Hole 

Figure 6.17 presents the experimental probe output signals obtained from defects of 

different depths. The current in each phase is 0.02A. The flat-bottomed hole diameter 

is 3.2 mm. For the purposes of validation, these experimentally derived signals should 

be compared with the simulation signal shown in Figure 6.5. It should be noted that 

the experimental signal is not zero in the absence of a defect since the three phase 

windings are not identical. 
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(a) 

 

(b)  

Figure 6.17. Experimental results:  probe output voltage,(a) real part and (b)imaginary part. 

6.4.3 Axial and Circumferential Notch 

A steam generator tube sample with machined axial and circumferential notches is 

inspected using the prototype probe. The tube material is INCONEL 690. The 

geometric dimensions of the tube and the defects are specified in Figure 6.18.  The 

machined notches, named (a)-(e), are located on the outside of tube wall.  
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Figure 6.18. Geometry dimensions of steam generator tube with machined notches. 

The transceiver RoF-EC probe scans along the tube axial direction with the ‘A’ phase 

winding of the three-phase exciting coils located at 30º circumferentially. Figure 6.19 

presents the experimental probe output signals. As the defects are not far away from 

each other; the signals from adjacent defects overlap and influence each other to some 

extent. The experimental result shows that both axial and circumferential notches are 

detected by this rotating field probe operating in transceiver mode.  The axial 

locations of the defects and the local peak of the signal are listed in Table 6.2.  The 

axial location of the defects and local signal peak coincide well, which means that the 

axial location of the defect can be determined from the output signal of the probe. 

Next, the circumferential location of defect is varied. The Lissajous plots of defects e 

and f with circumferential locations varying from 0º to 45º are shown in Figure 6.18 

and Figure 6.20 respectively.  

It is found that the phase angles of the signals rotate approximately 90º when the 

defect is moved by 45º circumferentially. Due to symmetry of the probe coil geometry, 

this probe cannot distinguish defects located at αº from (180+α)º 

circumferentially ,where α is any angle. It is should also be noticed that the magnitude 

of the signal of circumferential notch depends on the circumferential location of the 
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defect,  since the induced current, especially the axially directed eddy current, is not 

uniform along the circumference of the tube wall. 

Table 6.2. Axial location of the defects and correlated signal peak 

 a b c d e f 

Defect axial location (mm) 20 50 80 110 140 170 

Local signal peak axial location  (mm) 20.33 47.9 78.2 110.3 142.1 171.2 

 

 

Figure 6.19 : Experimental results: amplitude of probe output as a function of probe location along the 

tube axis. 

  

(a) (b) 

Figure 6.20. Experiment results: Lissajous Pattern seen when the defect circumferential location is 

varied from 0º to 45º of (a) signals of axial notch (b) signals of circumferential notch. 

6.5 Conclusion 

The novel transceiver probe employs a rotating electromagnetic field and avoids 

mechanical rotation of coils. A transceiver configuration is proposed with the probe 

output signal equal to the sum of the three phase voltages. A major advantage of this 

design is that a relatively simple control and excitation hardware system is needed. 
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The probe employs a relatively simple mechanical structure, offers high inspection 

speed since it does not involve mechanical rotation.  

Both axial and circumferential defects as well as ID and OD defects are detected by 

the probe. The probe signal peak magnitude is proportional to the defect depths. The 

defect’s axial location can be estimated by locating the peak of the signal.   

The drawbacks of the transceiver RoF-EC probe are: (1) 1D scan data and not a C-

scan image is generated for visualization of defects. (2) Will not distinguish between 

single and multiple defects at same axial location. (3) The magnitude of the signal of 

circumferential defect depends on the defect’s circumferential location relative to coil 

windings. 

These problems are addressed in the proposed probe design in Chapter 7. 
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Chapter 7 RoC-GMR Probe for Tube Inspection 

7.1 Motivation 

The transceiver RoF-EC probe presented in Chapter 6 is suitable for detecting and 

locating defects in steam generator tubes in nuclear power plants with high inspection 

speed.  The main limitation of the RoF-EC probe is that it produces a single line scan 

data in contrast to a C-scan image generated by array coil probes and rotating probes. 

This chapter describes the design, development and evaluation of a novel RoC-GMR 

probe that can provide C-scan images of the induced fields by using an array of GMR 

sensors. 

The RoC-GMR probe design proposed in this chapter has following advantages 

compare with other probes. 

(1) GMR sensors offer high sensitivity over a wide range of frequencies from DC to 

MHz frequencies with potentially very fine spatial resolution.  

(2) In a commercial array probe, because the coils are configured in a transmit-receive 

configuration and are geometrically arranged, they are directionally sensitive. Both 

axial channel and circumferential channels are required to detect different orientations 

of cracks. In contrast, the RoC-GMR probe is sensitive to all orientation cracks and 

the topological shape and orientation of the defect can be characterized from the C-

scan image.  

(3) This probe can achieve higher inspection speed as compared to array probe and 

rotating probe, since it does not work in transmit-receive configuration, or need 

mechanical rotation. 
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(4) Array probe has very complicated excitation and data acquisition system. In 

contrast, the excitation and data acquisition system of RoC-GMR probe is much 

simpler, as described in the next section.  

7.2 Operation Principle  

The RoC-GMR probe for tube utilizes rotating current excitation and giant 

magnetoresistance (GMR) array sensors for measuring the induced magnetic fields. 

In Chapter 3, the RoC-GMR probe for fastener inspection in multilayer planar 

structure is introduced.  A similar principle is used for tube inspection. The top view 

of RoC-GMR probe for riveted structure inspection with orthogonal coils and array 

sensors is shown schematically in Figure 7.1(a). Two planar coils that are 

perpendicular to each other and are excited by current sources that are 90⁰ apart in 

phase generate rotating eddy currents with GMR sensors to pick up the normal 

component of the induced magnetic field. The resulting signal contains information of 

defect in the sample. If the probe is rolled into a cylinder, as shown in Figure 7.1(b), 

we get a RoC-GMR probe that is used for tube inspection.  

Instead of x and y direction coils, this probe has axial and circumferential coils, which 

are perpendicular to each other at every intersection. The currents in the two coils are 

written as in equation 7.1 and 7.2 .  

  𝐼𝑐 = 𝐼0𝑐cos⁡(𝜔𝑡)    7.1    

 ⁡𝐼𝑎 = 𝐼0𝑎cos⁡(𝜔𝑡 + 90⁰)   7.2   

where 𝐼𝑐 is current in the circumferential coil,⁡𝐼𝑎 current in the axial coil, ω angular 

frequency,  𝐼0𝑐  and 𝐼0𝑎 are current amplitude of the circumferential and axial current 

respectively.  The magnetic field generated by the coils is sinusoidal in time, and so 

are the induced eddy currents in the sample.  
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The total eddy current (𝑱𝑒𝑑𝑑𝑦) in the tube wall is written as  

𝑱𝒆𝒅𝒅𝒚 = 𝐽𝑐̅𝝋+ 𝐽𝑧̅𝒛   7.3    

where 𝝋,⁡𝒛 are unit vectors in the cylindrical coordinate system, 𝐽c̅  and  𝐽𝒛̅  are the 

circumferential and axial eddy current density phasors. The total eddy current 

vector rotates in space and is sensitive to defects at arbitrary orientations.  

A circumferential array of GMR sensors measures the radial component of induced 

magnetic field.  The probe scans along axial direction inside tube and a C-scan image 

is acquired during a line scan.  

GMR sensor offers high sensitivity over a wide range of frequencies from DC to MHz 

[111].The spatial distance between sensors as fine as 1.6 mm is achieved using 

commercial GMR sensors and even much finer, in the order of micro-meter, using 

microfabrication technologies to integrate sensors in a signal chip[112]. 

GMR sensors

X

Y

 

 

(a) (b) 

Figure 7.1. (a) Top view of RoC-GMR probe for riveted structure inspection. (2) 3D diagram of RoC-

GMR probe for tube inspection 

7.3 Simulation Result of Eddy Current in Tube Wall 

The excitation coils inside tube without defect are simulated to understand the 

underlying physical process. Exploiting the superposition principle, the 

circumferential and axial excitation currents are considered independently.  
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The geometry of the free span region in a steam generator is modeled. The inner and 

outer diameter of the simulated tube is 19.7mm, and 22.3mm respectively. The 

material of tube is Inconel 600, with conductivity 9.69*10
5
 S/m.  

7.3.1 Circumferential Current 

First, the induced eddy current due to the circumferential coil is calculated. The 

circumferential coil consists of uniformly distributed wires. The dimensions of the 

coil are specified in Figure 7.2. The current in the coil is given by 𝐼𝑐 = cos⁡(2𝜋𝑓𝑡), 

where f=30 kHz. The frequency of 30 KHz is chosen so as to ensure adequate skin 

depth to penetrate the tube wall thickness. The eddy currents induced by the 

circumferential coil flows circumferentially in the tube wall. The in-phase (real) and 

quadrature (imaginary) component of the circumferential eddy current density in the 

tube wall is presented in Figure 7.3.  The circumferential coil is similar to a bobbin 

coil and the induced eddy current flows circumferentially in the tube wall, which is 

sensitive to axial defects.  

 

Figure 7.2. Lateral view of circumferential coil and tube wall.  
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(a) (b) 

Figure 7.3. Simulation result of in-phase (a) and quadrature (b) component of circumferential eddy 

current density in a cross-section of tube wall. 

7.3.2 Axial Current 

Next, the axial coil is simulated. The top and lateral views of the axial coil are as 

shown in Figure 7.4. Current in the axial coil is 𝐼𝑎 = cos⁡(2𝜋𝑓𝑡 + 90⁰), where f=30 

kHz.  The induced current in tube wall mainly flows in axial direction near z=0 plane 

where the GMR sensors are located. The in-phase and quadrature component induced 

eddy current density in axial direction at z=0 plane are shown in Figure 7.5. From the 

results presented in Figure 7.5, it is seen that the axial induced current is largely 

uniform except in the area where the excitation current changes direction.  The fact 

that the length along the circumference where the eddy current density drops to less 

than 36.8% (1/e) of average value is about 4.8% of the circumference leads to two 

conclusions namely: i) large circumferential defect, e.g. defect longer than 4.8% of 

the circumference, is detected with high probability; ii) low probability of missing 

small defect lying in the null region of the coil. To obtain absolutely full coverage of 

small circumferential defect, two axial coils that are shifted relative to each other must 

be used. 
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(a) (b) 

Figure 7.4. Top view (a) and lateral view (b) of axial coil. 

  

(a) (b) 

Figure 7.5. Simulation result of (a) real and (b) imaginary component of axial eddy current density, 

measured on z=0 plane. 

7.4 Simulated Signals using RoC-GMR Probe 

Signals of defects of different size, orientation and location in the tube wall are 

predicted using the FEM model to study the detection capability of the RoC-GMR 

probe. 

7.4.1 Axial and Circumferential Notch 

Axial and circumferential notches are simulated to obtain the probe signals. The 

dimensions of the axial notch are length = 12 mm and width = 0.5 mm, and 

dimensions of circumferential notch is 7.7 mm × 0.5 mm.  The depth of the notch is 

100% of the tube wall. The notches are located at (z, ɵ) = (0,180º). The simulation 
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results of axial and circumferential notches are presented in Figure 7.6 and Figure 7.7 

respectively.  

  

(a) (b) 

Figure 7.6. Simulation result of circumferential notch (7.7 mm×0.5 mm, 100% tube wall):  (a) real 

component and (b) imaginary component. 

  

(a) (b) 

Figure 7.7. Simulation result of axial notch (12 mm×0.5 mm, 100% tube wall):  (a) real component and 

(b) imaginary component.  

Both circumferential and axial notches are detected by the probe . The peak values of 

magnitude of the signals from axial and circumferential notches are 1.13 × 10−4 and 

2.12 × 10−5  respectively which implies that the probe has similar sensitivity to 

defects at different orientations. For a long thin notch, there are two lobes indicating 

the two ends of the defect in the C-scan image. 
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7.4.2 Effect of Defect Depth 

Next, OD circumferential notches (7.7 mm×0.5 mm) of increasing depths (varying 

from 12.5% to 87.5% of the tube wall) are simulated. The simulation results are 

presented in Figure 7.8. To further analyze the results, data along the circumferential 

scan at Z=0mm is plotted in Figure 7.9. Figure 7.10 is the corresponding Lissajous 

Pattern of real and imaginary component of the data in Figure 7.8.The magnitude of 

the signal is positively correlated with the defect depth.  

 

Figure 7.8.  Simulation result of circumferential notch (7.7 mm×0.5 mm) with different depths:  1/8, 

3/8, 5/8 and 7/8 of the tube wall from left to right. First row: Real component; Second row: imaginary 

component.   

 

Figure 7.9. Simulation results of circumferential notches with different depths: amplitude of RoC-GMR 

probe signal vs. circular distance along the circumferential direction at Z=0mm.  
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Figure 7.10. Simulation results circumferential notches with different depths: Lissajous Pattern seen of 

real and imaginary component along the circumferential direction at Z=0mm.  

7.4.3 Effect of Defect Length 

OD circumferential notches of different lengths (varying from 1mm to 5mm of the 

tube wall) are simulated. The depth of the notch is 50% of the tube wall, width is 

1mm. The simulation results are presented in Figure 7.11. Data along the 

circumferential scan at Z=0mm is plotted in Figure 7.12. Figure 7.13 is the 

corresponding Lissajous Patterns of real and imaginary component of the data on the 

line scan.  

The magnitude of the signal is positively correlated with the defect length.  It is 

possible to detect defect of size 1mm × 1mm defect using proposed RoC-GMR probe. 

 

Figure 7.11. Simulation result of 50% tube wall OD circumferential notch length (a) 1mm, (b) 2.5mm, 

(c) 5mm × width 1mm. 
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Figure 7.12. Simulation results of 50% tube wall OD circumferential notch with width 1mm and 

different length. Amplitude of RoC-GMR probe signal vs. circular distance along the circumferential 

direction at Z=0mm.  

 

 

Figure 7.13. Simulation results of 50% tube wall OD circumferential notch with width 1mm and 

different length. Lissajous Pattern seen of real and imaginary component along the circumferential 

direction at Z=0mm.  

7.4.4 Flat Bottom Hole 

Lastly, a 2mm diameter circular flat-bottomed hole is introduced in the tube wall and 

the inspection with the RoC-GMR probe is simulated. The defect is located on the OD 

of the tube wall, with depth 50% of the tube wall. The defect is located at Z=0mm. All 

the other parameters are identical as specified in section 7.4. 

The in-phase and quadrature components of probe output image of the simulation 

results are presented in Figure 7.14.  
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Figure 7.14.  Simulation result of 2mm diameter flat bottom hole, left-in-phase component; right -

quadrature component.  

7.5 Prototype Probe Design  

A prototype probe with 16 GMR sensors, axial and circumferential excitaion coils, 

signal condition circuit and data acquisition system has been built, as shown in Figure 

7.15(a). The GMR sensors are soldered on a circular printed circuit board. The radius 

of the circle where the GMR sensors are located is 8.5mm.  The axial and 

circumferential coils are fabricated on a 3D print plastic core. The diameter and height 

of the plastic core is 19mm and 20mm respectively. The circular PCB with GMR 

sensor array, multiplexer and pre-amplifier circuit is located inside the core.  

A two-phase current source is used to drive the circumferential and axial coils. The 

two phase currents are identical in frequency 30 kHz and 90º apart in phase. 

Amplitudes of the excitation currents are 295 mA.  
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(a) 

 

(b) 

Figure 7.15.  (a) Schematic of the prototype probe. (b) Schematic diagram of experimental system. 

A schematic of the experimental system is as shown in Figure 7.15(b). The GMR 

sensors are connected using a multiplexer ADG1606. A DC constant current source 

Ref200 is used to driven the sensors.  The variation of resistance of the GMR sensors 

is transferred to voltage signal according to equation 7.4 where I0 is constant (I0 =

100μA), ∆𝑅 is resistance changes of the GMR sensor, ∆𝑉 is voltage signal.   

∆𝑉 = I0∆𝑅    7.4    

The voltage signal is connected to a band pass filter, which is designed to work in 

frequency range from 25 kHz to 500 kHz.  Then the signal is amplified by a factor of 

50.  A lock-in amplifier model SR844 from Stanford research system is used to 

recover the baseband signal and improve the signal-to- noise ratio. The in-phase and 

quadrature components of the signal are transferred from the lock-in amplifier to a 

computer though a GPIB cable and stored. 
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7.6 Experimental Results and Discussion 

7.6.1 Axial and Circumferential Notches 

Steam generator tube with machined axial and circumferential notches is inspected 

using the prototype probe. The tube material is INCONEL 690. The inner and outer 

radius of the tube is 9.84mm, and 11.11mm respectively. The machined notches’ 

dimensions and locations are specified in Figure 7.16.  The axial excitation current 

changes direction along the dash lines. 

 

 

Figure 7.16.  Geometry dimensions of steam generator tube sample with machined notches. 

Experimental C-scan images of the axial notches are presented in Figure 7.17 and the 

images of the circumferential notches are presented Figure 7.18.  For the purposes of 

comparison these experimentally derived images should be compared with the 

simulation results.   
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Figure 7.17.  Experimental output images of RoC-GMR probe of OD axial notches. (a) –(c) in phase 

(real) component for depths 60%,80%, and 100% of tube wall;  (d) –(f) quadrature (imaginary) 

component for depths 60%,80%, and 100% of tube wall.   

 

Figure 7.18. Experimental output images of RoC-GMR probe of OD circumferential notches. (a) –(c) 

in phase component for depths 60%,80%, and 100% of tube wall;  (d) –(f) quadrature component for 

depths 60%,80%, and 100% of tube wall. 
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As seen in the simulation results, both axial and circumferential notches are detected 

experimentally by the prototype RoC-GMR probe.  The magnitude of the signals from 

axial and circumferential notches are comparable indicating that the probe has similar 

sensitivity to defect at different orientations. For notches, the experimental C-scan 

image also has two lobes located at the two ends of the defect. 

The through notches (depth 100% of tube wall) have strongest signal and best signal 

to noise ratio.  However, for depth 60% and 80%  TW notches, the signal is lower 

And noisier. One main source of the noise is vibriation of the probe during scan, 

which can be greatly reduced by improving the scan control.  

To further analyze the data of different depth notches; Lissajous Pattern seen of in-

phase and quadrature component of line scan along the axial direction through the 

defect center of the data shown in Figure 7.17 is presented in Figure 7.19. This result 

should be compared with the simulation results shown in Figure 7.10 qualitatively. 

Amplitude of  𝐵̅𝑟 measured along a line scan through the C-scan data shown in Figure 

7.17 is presented in Figure 7.20. It is seen that the magnitude of the signal is 

positively correlated with the defect depth. The peak value of experimental signal of 

axial notch of depth 80% tube wall is 2.68 × 10−5⁡T, whereas the simulation result of 

axial notch of depth 87.5% tube wall is 2.42 × 10−5 T. The simulation and 

experimental results are therefore considered to be reasonably close. The difference 

between simulation and experiment results is due to the fact that the parameters of the 

circumferential coil, e.g. number of turns and height, used in the simulation model are 

not identical to that of the experimental system. Further, material properties used in 

simulation may also vary from actual values of the test sample. 
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Figure 7.19.  Lissajous Pattern of the line scan along the axial direction through the defect center of the 

experimental data shown in Figure 7.17.  

 

Figure 7.20.  Amplitude of  𝐵̅𝑟 along the axial direction through the defect center of the experimental 

data shown in Figure 7.17.  

7.6.2 Flat Bottom Hole 

Next, a 3mm diameter circular flat-bottomed hole in the tube wall is inspected using 

the RoC-GMR prototype probe. The flat bottom hole is through the tube wall 

(100%TW). The excitation current frequency was 30 kHz. Amplitudes of the current 

in the axial coil and the circumferential coil were 261 mA and 113 mA respectively. 

Amplitude of the axial current is greater than that of circumferential current since it 

has been found from previous experimental results that the signal generated by axial 

current is weaker than that generated by circumferential coil, which is due to the fact 

that the axial coil is sparser than the circumferential coil. The real and imaginary 
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components of the simulation results are presented in Figure 7.21.  This experimental 

result can be compared with the simulation result presented in Figure 7.14 

qualitatively. The experimental results validate the simulation model and demonstrate 

the feasibility of the novel probe design. 

 

(a) 

 

(b) 

Figure 7.21.  Experimental result of 3mm diameter flat bottom hole: (a) in-phase component; (b) 

quadrature component.  

7.7 Conclusion 

A novel probe for steam generator tube inspection has been presented in this chapter. 

The probe employs a rotating eddy current excitation; consequently it is sensitive to 

defect of all orientations.   

GMR array sensors are used to measure the radial component of magnetic field. GMR 

sensors offer high sensitivity over a wide range of frequencies and provide potentially 

very high space resolution.  

Experimental results obtained using the prototype probe to inspect steam generator 

tube with machined notches show that both axial and circumferential notches are 

detected with similar sensitivity. One can determine defect location and orientation, as 

well as can characterize and size defect from the output C-scan image of the probe. 

Experimental results from steam generator tube with flat bottom hole show that flat 
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bottom holes are detected by the probe. Experimental results validate the simulation 

model and further demonstrate the feasibility of the concepts that are presented. 

The probe can be used for detecting defects in steam generator tubes in nuclear power 

plants. However a significant amount of development and testing remains to be done.  
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Chapter 8 Summary and Future Work 

8.1 Accomplishments and Conclusions 

This thesis considered the inspection of planar, riveted multilayer geometries in 

airframes and tube geometries encountered in heat exchange units. The shortcomings 

of existing probes used in industry had been outline. The research carried out during 

the course of this dissertation was focused on addressing these shortcomings. The 

research has resulted in the following contributions to the field of electromagnetic 

NDE. 

(1) Presented a new approach using differential GMR sensor arrays together with 

rotating current excitation for the detection of fatigue cracks around fasteners with 

arbitrary orientation in multilayer structures. Differential measurement scheme takes 

into account the need for eliminating the ambient/background field of orthogonal coils 

in the case of array sensors. 

(2) Presented a new optimized non-uniform distributed multilayer orthogonal coil 

design fabricated on multi-layer print circuit board so as to generate more uniform 

excitation fields.   

(3) The effect of magnetic anisotropy of the steel fastener on the image data was 

identified as an issue and analyzed.  

(4) A novel scheme, based on MBM method with MR sensor for inspecting defect 

around steel fasteners was proposed. The bias point of the MR sensor in MBM was 

kept constant, so the effect of the strong remanence field is eliminated and 

characteristic of the sensor is kept constant. 

(5) A novel rotating transceiver eddy current probe for tube inspection has been 

presented, simulated and experimentally validated.  
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(6) Novel RoC-GMR probe for tube inspection was proposed. The feasibility of 

the probe was studied numerically and validated experimentally. Both axial and 

circumferential notches, as well as flat bottom hole are detected using the RoC-GMR 

probe. Defect location, orientation and size can be estimated from the output C-scan 

image of the probe. 

8.2 Future Work 

Although the proposed probes have been studied numerically and validated 

experimentally in lab, they are not tested on real structures with real defects in field. 

These probes most be further developed and extensively tested in the coming years. 

8.2.1 RoC-GMR probe for multilayer structure inspection 

(1)  Further improvement in sensitivity, signal to noise ratio and reduction of overall 

size of the probe need to be addressed. 

(2) Optimize the probe design to improve its performance for complex geometry 

inspection, e.g. fastener with close edge, curved surface etc. 

(3)  Integrate the compensation coil of MBM method on MR sensor chip to reduce its 

overall size. Develop a simple and effective PID controller analog circuit to replace 

SRS SIM 960 analog PID controller to reduce the system cost and size. 

8.2.2 RoC-GMR probe for tube inspection 

(1) Integrate the GMR sensors and multiplexer circuit in a single chip to improve its 

spatial resolution. 

(2) Optimize the parameters of the excitation coils to improve the probe’s 

performance, including the coils' height, diameter, number of turns and excitation 

current amplitudes and frequency. 
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(3) Develop suitable mechanical structure to keep the lift-off constant and reduce 

vibration during scan for the probe, so as to increase signal to noise ratio. 

(4) Develop post processing algorithm to locate, size and characterize defect from the 

output image of the probe. 
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