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Abstract

In the next generation of power stations, high temperatures (up to 700 °C) will be used
to improve efficiency. As creep deformation is of great concern at such high temperatures,
materials with large grains are desirable due to their high creep strength. However, this
brings a challenge in ultrasonic monitoring of the plants, because when the grain size is
comparable with the wavelength, scattering caused by the acoustic impedance contrast
on the grain boundaries can strongly attenuate the signals from defects and significantly
increase the noise, which often results in low signal to noise ratios (SNRs) and makes the
defect detection difficult.

In this thesis, the potential of two techniques to overcome the low SNR problem, base-
line subtraction with repeat scanning and optimising the transducer and placement for
monitoring with permanently installed sensors, is investigated. In order to find the op-
timal permanently installed monitoring system, it is desirable to understand the noise
behaviour in highly scattering regimes, which cannot be fully described with existing the-
oretical models. Therefore, 3D FE modelling, which can achieve it, is proposed as an
alternative approach for noise prediction.

In Chapter 2, the feasibility and reliability of comparing repeat tests using baseline
subtraction to reduce grain noise is studied. The feasibility of setting the transducer with
the same angle and stand-off relative to the testpiece, registering the C-scans to locate
the same position and using compensation methods to compensate for the temperature
and transducer frequency response changes in repeat scans is investigated experimentally.
Results show that modest improvement in SNR can be obtained when the temperature
and transducer frequency response changes are relatively small, and the dominant fac-

tors restricting the improvement are the temperature and transducer frequency response
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changes.

In Chapter 3, 3D FE modelling is proposed to study the backscattering noise behaviour.
Firstly, the 3D FE approach is validated by comparing the FE predicted longitudinal-to-
longitudinal backscattering amplitude from a single grain with the theoretical solution
given by the established theories. Then noise levels are predicted by the FE approach
and compared with the theoretical predictions, which are obtained following a similar way
to that used to develop the Independent Scatterer Model. From the comparison, it can
be seen that the theoretical model can give a rough estimation of the grain noise level
very efficiently. Therefore, considering the high computational costs of FE simulations,
the theoretical model should be used to give a first estimate of grain noise level, and the
FE approach can be used to provide a more accurate prediction where required.

In Chapter 4, a procedure of how to find the optimal transducer parameters and place-
ment in a permanently installed monitoring system is presented. A combined analytical-
and-numerical method is adopted to generate a SNR map and the influence of various
parameters of the transducer, excitation and material on SNR is discussed. Then repre-
sentative examples are presented to show how to solve the optimisation problem under

different possible criteria.
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Chapter 1

Chapter 1 Introduction

1.1 Motivation

In the next generation of power stations, high temperatures (up to 700 °C) will be used
to improve efficiency [2]. For components working at such high temperatures, creep
deformation is of great concern, as it can weaken structures and finally cause creep failure.
Grain boundary sliding is one of the mechanisms that contribute to creep in metals [3] 4],
so the creep rate is related to the grain boundary area [5]. Therefore, large grained
materials are desirable to be used in power plants as they can provide high creep strength.

During the service life of the power plants, under the high temperatures, creep and
fatigue are two main damage mechanisms [6], [7]. Defects introduced by the two mecha-
nisms could cause catastrophic failure if they grow beyond a critical size. Therefore, to
guarantee the normal operation and prolong the service life of the plants, their structural
health needs to be monitored using Non-Destructive Evaluation (NDE). Visual inspec-
tion [§], liquid penetrant testing [9] and magnetic particle inspection [10], are commonly
used NDE methods to detect surface breaking defects. For defects under the surface,
more advanced NDE techniques are required, such as radiography [11], 12] and ultrasound
testing [13, [14]. Radiography uses electromagnetic waves with a short wavelength and
high energy for defect detection, which can pose a hazard to human health, so it requires
costly measures to clear areas when it is applied in-situ [I5]. In addition, it is insensitive
to defects whose plane is normal to the radiation direction and the potential increase
of the component thickness needs increased penetration which may require radiation at
infeasible levels [16]. Therefore, ultrasound, which uses mechanical waves for inspection,

is more desirable for the structural health monitoring of the plants [16].
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1.2 Grain boundary scattering of ultrasound waves

Ultrasound locates and characterises defects in a material by the scattering of waves from
the defects, which is shown as echoes in the received signals. Similarly, the ultrasound
waves can also be scattered from the grain/colony boundaries in polycrystalline materi-
als, due to the acoustic impedance contrast caused by different alignments of principal
axes of the grains/colonies [I7]. The grain boundary scattering causes two phenomena:
attenuation of the coherent waves and microstructural noise. Good understanding of
the two phenomena is important for NDE inspection and material characterisation of
polycrystalline materials.

Studies on the first phenomenon, the scattering induced attenuation, have been carried
out since the three attenuation regimes — Rayleigh [18], geometric [19, 20] and stochastic
regimes [21] — were established. These experimental discoveries found that the attenuation
is related to the grain size of a material. Early research based on two major assumptions —
spherical grains and single scattering — obtained the theoretical form of this relationship
for cubic materials [22], hexagonal materials [23] and orthorhombic materials [24], 25].
Efforts were made to get more general solutions by amending the assumptions [26-28)],
but the reliance on the two assumptions did not entirely end until the Unified Theory [29]
was proposed. The Unified Theory relies on a second-order Keller approximation [30] and
a geometric autocorrelation function is used for the grain distribution description. This
theory shows a good validation against experimental results [31), B2] and remains widely
accepted now. In recent years, the attenuation of polycrystalline materials is still an active
topic. Various approaches, e.g. [33], and extensions to more complicated microstructures
[34-37] have been investigated. In addition to the theoretical models, the finite element
(FE) method has been proposed as an approach for the study of attenuation [38,39]. With
a highly efficient GPU based solver POGO [40], 3D FE models multiple wavelengths long

in each dimension have been used to predict ultrasonic wave propagation in polycrystalline
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materials [41], 42], where the validity of FE in predicting attenuation in different regimes
has been validated.

Backscattered ultrasonic grain noise, another phenomenon caused by the scattering,
has also attracted much interest in the past decades. The Independent Scatterer Model
(ISM), which predicts absolute noise levels, was developed and validated with experiments
[43, [44]. This model accounts for system effects by adopting Thompson and Gray’s model
[45] and for the material by a characteristic material parameter, termed the figure of
merit (FOM). The FOM is identical to the square root of the backscattering coefficient
used in [46H48], which relates the backscattered ultrasonic noise to the microstructure
and has been experimentally validated [49]. More recently, another theoretical model
of single scattering response in polycrystalline materials for longitudinal-to-longitudinal
(L-L) scattering was presented [50], being able to capture the overall behaviour observed
in [43]. The model was then extended to include ultrasonic wave propagation through
a fluid-solid interface and experimentally validated [5I]. Following a similar formalism,
models describing longitudinal-to-transverse scattering [52] and transverse-to-transverse
scattering [53] have been developed. Based on these models, research has been carried
out to study materials with more complicated microstructures [54-56].

Most of the noise models established in these studies are based on a single scattering
assumption, which assumes the reflection from one grain is not affected by other grains.
This assumption limits the validity of the models to weakly scattering regimes, because
the interaction between grains is not negligible if the scattering is high [57]. To estimate
the range of the validity, based on a multiple scattering framework [50], a noise model
which accounts for double scattering has been developed and the contribution of double
scattering has been discussed in [58], the results of which allow the uncertainty of the sin-
gle scattering approximation to be determined and show the potential of solving highly
scattering problems. However, significant difficulties remain to develop a theoretical ul-

trasonic backscattering model which includes the full multiple scattering events. Apart
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from the theoretical methods, FE modelling is an alternative approach to study the noise
behaviour. Unlike the theoretical models, the FE modelling is capable of solving the
full-physics scattering problem including multiple scattering, which makes it a promising
tool to give an accurate prediction of grain noise in both weakly and highly scattering
regimes. Until recently, computational costs have limited FE simulations to 2D [59] [60].
Even though it has shown that some representative features of the 3D ultrasonic scatter-
ing can be captured by the 2D model, 3D simulation remains necessary to investigate the
grain noise behaviour due to the inherent 3D nature of the physical phenomenon.

The establishment of the theoretical relationship between the microstructure and at-
tenuation coefficient/grain noise enables the microstructural properties of the material
to be evaluated using the attenuation and noise, which is also an attractive topic in re-
cent years. Grain size has been evaluated using ultrasonic attenuation measurements
[61), [62], corrected ultrasonic attenuation model which accounts for diffraction [63] and for
diffraction and interface losses [64], multi-scale attenuation coefficient [65] and ultrasonic
backscattering data [62, [66]. In addition to grain size, attenuation analysis has also been
used to characterise porosity levels in ceramic products [67] and microstructure evolu-
tion during thermomechanical processing [68]. However, unlike material characterisation,
which benefits from the valuable information provided by the scattering, ultrasound health
monitoring of large grained materials is made difficult by the scattering, which will be

discussed below.

1.3 Aims and objectives

When a large grained material is to be inspected, as the grain size is comparable with
the wavelength, typically of the millimetre scale, grain boundary scattering becomes sig-
nificant. In this case, the attenuation can strongly reduce the amplitude of reflections

received from defects and the scattering can significantly increase the noise level, so that
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the resulting signal to noise ratio (SNR) is often too low for the test to be viable, which
makes the ultrasonic monitoring of plants made of large grained materials challenging.

As the grain noise is temporally coherent and dependent on the excitation intensity,
neither repeating a measurement and averaging the received signals nor increasing the
excitation intensity can effectively enhance the SNR. Therefore, more advanced techniques
are needed to overcome the low SNR problem. Two main approaches have been proposed
to achieve that: one is using signal processing methods, such as split spectrum processing
[69-7T] and wavelet transform methods [72H74], to improve the SNR of the received signal,
and another one is adopting an appropriate inspection technique to get a raw signal with
a good SNR, such as the multizone technique [f5H77], which uses multiple transducers
focusing at different depths to scan a sample to improve SNR throughout the sample.
However, the signal processing techniques which aim at improving the SNR in a raw
signal show limited improvement [7§], and the multizone technique cannot be used if
the sensors are permanently installed on the structure to be monitored, so there are still
limitations.

In this thesis, we will investigate the potential of other two techniques to overcome the
low SNR problem. One is a signal processing procedure based on baseline subtraction,
which has been widely researched in guided wave monitoring [f9-81]. This technique
suppresses the grain noise by subtracting the received signal from a reference signal. The
reference signal is usually obtained at the beginning of the monitoring when it is assumed
that there is no defect so only structural information, including the grain noise, is con-
tained in the signal. The residual after subtraction then contains less grain noise and gives
a higher SNR than the original signal. Optimising the transducers used in the monitoring
system is another potential approach to improve the SNR, as the SNR is dependent on
the frequency and diameter of the transducer due to the different dependence of the defect
reflection and noise on them.

Generally, there are two means to conduct structural health monitoring, repeat scanning
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and permanently installed monitoring. The potential approaches described above can
both be used to enhance the SNR with each monitoring approach. However, there are some
differences between the two approaches which need to be considered when we determine

a strategy for the SNR improvement.

1. When the baseline subtraction is adopted: 1) repeat scanning requires the scans to
be precisely registered so that the signals from the same point can be compared,
so methods for lining up the two scans need to be found; 2) permanently installed
monitoring requires the transducer to survive operation temperatures (up to 700
°C) without changing signal, or changing in a way that can be compensated by an
appropriate signal processing technique, while repeat scanning can be conducted at

shutdowns so is free of this problem.

2. When determining an optimal transducer in a permanently installed monitoring
system, the cost of the monitoring system needs to be considered, while in repeat
scanning, it is not a big concern as many fewer transducers are needed. In order to
control the cost, the requirement of SNR needs to be sacrificed. Therefore, instead of
the maximum SNR, the maximum inspection area/depth from a single transducer
position is often set as a target of the optimisation problem where a minimum

acceptable SNR in the monitored volume is often set as a requirement.

In this thesis, we will first investigate the feasibility of using the baseline subtraction
method to suppress the grain noise in repeat scanning in Chapter 2 and then in Chapter
4 propose a procedure to optimise the transducer used in a permanently installed mon-
itoring system where we assume that the transducer can survive the high temperature.
As reviewed in the last section, there is still a lack of an accurate description of the noise
behaviour for 3D highly scattering problems. However, in order to solve the optimisation
problem of the permanently installed monitoring system, it is desirable that we can pre-

dict the grain noise for both weakly and highly scattering problems. Therefore, a 3D FE
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approach which can achieve it will be proposed in Chapter 3.

1.4 Thesis outline

This thesis will follow the outline listed below.

In Chapter 2, the feasibility and reliability of comparing repeat tests using baseline
subtraction to suppress grain noise is studied. The feasibility of setting the transducer
with the same stand-off and angle relative to the testpiece and registering the C-scans
to compare the same location within the different scans is investigated. An existing
temperature compensation method is adopted to compensate for the temperature change
between tests and a frequency compensation method is developed to compensate for the
transducer frequency response change. Their effectiveness was tested experimentally. Dr.
Chang Liu contributed significantly to section 2.4.2. His work is identified in the chapter
and is included as it contributes to the overall conclusions and was part of the publication
[82].

Chapter 3 presents an alternative approach, the 3D FE method, to study the ultra-
sonic backscattering of polycrystalline materials. The validation of the 3D FE approach
is conducted by comparing the FE predicted longitudinal-to-longitudinal backscattering
amplitude with the theoretical solution given by the established theories. Then, the RMS
noise levels of two transmit-receive configurations, one with a plane wave excitation and
incoherent average of the received signals and another one with a pulse-echo configura-
tion with a finite transducer, are compared with the theoretical solutions developed in a
similar way to the derivation of the ISM in [83]. During the comparison, the contribution
of shear waves and multiple scattering, and the effect of the coherent attenuation on the
grain noise are discussed.

Chapter 4 proposes a procedure of finding the optimal transducer parameters and place-

ment in a permanently installed monitoring system. A combined analytical-and-numerical
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method is introduced to generate a SNR map. The influence of various factors, including
excitation type and duration, grain size and anisotropy factor, defect size, transducer
frequency and diameter on SNR is investigated. Then, two representative example opti-
misation problems, under two possible criteria respectively, are discussed to show how to
implement the procedure. The conclusions and contributions of the thesis are summarised
in Chapter 5.

Since each of the three main chapters considers rather different subjects, the relevant

literature is reviewed in the chapter rather than at the beginning of the thesis.
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Chapter 2 Feasibility and reliability of grain
noise suppression in monitoring

of highly scattering materials

2.1 Introduction

As mentioned in Chapter 1, ultrasound inspection of large grained materials is made
difficult by the scattering from grain or colony boundaries, as it can strongly attenuate
reflections from defects and generate significant noise, resulting in low SNRs. There-
fore, how to enhance the SNR in the testing of highly scattering materials has attracted
considerable interest. Signal processing techniques provide an approach to enhance the
SNR in received signals. Most of the techniques, for example, the split spectrum pro-
cessing [69H71] and wavelet transform de-noising methods [72H74], aim to suppress the
grain noise in raw signals but show limited improvement [78]. If we assume that the
ultrasonic properties of the grains are unaffected by ageing [84], grain noise is coherent
and an opportunity then exists to use a structural health monitoring (SHM) approach in
which a baseline reading is subtracted from the current reading, thus removing the grain
noise and producing a residual signal which reveals the presence of defects. This idea
has been researched extensively in guided wave health monitoring [79-81]; this chapter
assesses the feasibility of applying the idea to the bulk wave ultrasonic testing of materials
that generate substantial grain noise.

Figure defines the degrees of freedom in the tests. 6y and 6y are the transducer

angles in y — z and x — z planes; z represents the stand-off of the transducer; x and y show
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transducer

ot ——————

sample

Figure 2.1: Definition of degrees of freedom in the tests.

the test position in x — y plane. Here 6, showing rotation of the transducer in x — y plane
is not taken into consideration, because the transducer is axisymmetric. Figure [2.2[shows
the situations if the relative positions of the transducer and sample are different in two
tests, which will cause differences in grain noise and so reduce the effectiveness of baseline

subtraction.

Figure 2.2: Schematic drawing (not to scale) of potential errors due to transducer setup
in repeat inspections (a) different transducer angle (b) different transducer
stand-off (c) different test point.

In addition to the positional errors, another challenge is that the repeat scans may be
carried out at different temperatures and with different transducers of similar but non-
identical specifications. A temperature change results in a difference in wave speed, and

a transducer frequency response change alters the excitation waveform. Both of these
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changes influence the received signals. Thus, without compensating for these effects, raw
subtraction of two signals obtained in different situations can be ineffective in enhancing
the SNR or even make it worse. In this chapter, a shift and scale-transform-based stretch
[85] combined method is used for temperature compensation and a frequency compen-
sation method based on frontwall reflection spectra is developed to compensate for the
transducer frequency response change.

In this chapter, the feasibility and reliability of grain noise suppression in monitoring
highly scattering materials using repeat scanning is studied and the success in compen-
sating for the different test setup and environmental issues is compared. The following
Section 2.2 introduces the experimental setup. Section 2.3 shows the reliability of locating
the same position and hence generating the same grain noise in repeat scans. An existing
temperature compensation method and a developed compensation method for transducer
frequency response change are presented in Section 2.4. Finally, conclusions are given in

Section 2.5.

2.2 Experimental setup

The experimental setup of the immersion tests conducted in this chapter is introduced
here, and is shown in Figure [2.3] A sample of 304 stainless steel with a thickness of 40
mm was used in all the tests. It was cut from a material testing specimen supplied by a
collaborating company. The sample was placed on three support feet, as commonly used
in C-scan water tanks, and the transducer orientation about the x and y axes (6x and 6y
in Figure was adjusted using calibrated controls on the transducer holder.

An Olympus 5077PR square wave pulser/receiver was used to send and receive the
signals. In single point tests the signal was captured by a LeCroy WaveRunner 44Xi
oscilloscope that has an averaging facility. The C-scans were carried out using a scanning

system with an Agilent DP1400 acquisition card. The properties of the transducers used
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transducer transducer angle
controls
sample
support feet

Figure 2.3: Experimental setup of the immersion tests conducted in this chapter.

in this study are shown in Table [2.1] The results of Sections 2.2 and 2.3 were obtained
with Transducer 1; Transducers 2 and 3 were used in Section 2.4. It should be noted here
that the purpose of this chapter is to discuss the feasibility of using baseline subtraction
for grain noise removal so sufficient grain noise needs to be generated in the experiments.
It was found that this sample exhibits appropriate grain noise when excited by a 7.5 MHz
transducer, so this centre frequency was used in all the experiments. It is not suggested
that this is the optimum frequency for inspection of this component; the experimental
setup was chosen simply to generate significant grain noise so that the feasibility of its
removal via baseline subtraction could be investigated. Typical A-scan results are shown
in Figure [2.4] where to show the wave propagation time in the sample clearly, both signals
are shifted to make the frontwall peak at time zero. As the intensity of the backscattered
energy was significantly less than that of the frontwall reflection, the Analog-to-Digital
Converter (ADC) range used for collecting the grain noise was around 48 dB below that

for frontwall capture and hence the frontwall signals are clipped in Figure [2.4p.
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Figure 2.4: Typical A-scan signals obtained with Transducer 1 (a) frontwall (b) whole
signal with clipped frontwall. Both signals are shifted to make the frontwall
peak at time zero.

Table 2.1: Transducers used; all were unfocused

Transducers Manufacturer Centre Frequency (MHz) Diameter (in)

1 IMASONIC 7.5 0.24
2 GE 7.5 0.50
3 GE 7.5 0.50

2.3 Repeatability test

As shown in Figure 2.2 there are several potential errors due to the transducer setup in
repeat inspections that would cause the incident wave to interact with different grains and
so generate different grain noise. In order to suppress grain noise with baseline subtraction,
the same relative position of the transducer and sample in repeat tests must be found. In
this section, the feasibility and reliability of finding this same relative position in repeat

inspections is studied.

2.3.1 Transducer angle

It can be clearly seen that in Figure 2.2h, an ultrasound wave at different incident angles

interacts with different grains, hence generating different grain noise. Thus, accurately
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Figure 2.5: Schematic diagram of transducer alignment method.

adjusting the transducer to be perpendicular to the sample in each setup is necessary.
Maximum signal calibration, referred to as the standard method here, is commonly used
to find the normal incident angle. This method adjusts the transducer by finding the
maximum amplitude of the frontwall echo. In theory, the frontwall amplitude reaches the
maximum when the transducer is normal to the sample. However, around the peak, the
rate of change of amplitude with angle is too small for an inspector to manually adjust
the angle to a satisfactory precision.

An alternative method is shown schematically in Figure 2.5] Firstly, the transducer is
adjusted to be roughly perpendicular to the sample using the standard method. Then
the transducer is rotated about the x axis (6 in Figure until a significant amplitude
reduction is seen and the amplitude and angle setting are recorded; the transducer is
then rotated in the opposite direction until the same amplitude is obtained on the other
side of the peak. The optimum angle is then the mean of the two recorded angles. The
same procedure is then followed with the 6y adjustment and the process can be iterated
if necessary.

The two calibration methods were then used to adjust the transducer angle and quantify
the influence of an angle error on baseline subtraction. For each method, eight A-scans

were recorded having reset the angle between each reading; the first reading was then used
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Figure 2.6: Noise to frontwall amplitude ratio versus distance from sample surface before
and after baseline subtraction. The data consists of eight A-scans where the
first represents the baseline and the seven successive traces are used for sub-
traction. Each data point shows the mean (line) and standard deviation (bar)
of the RMS for a 14 mm window centred about its indicated x—axis value.
The range of depths considered here corresponds to the grain noise which
lies in-between the frontwall and backwall signals. Electrical noise residual is
around 94 dB below the frontwall signal.
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as the baseline and the subsequent readings were subtracted from it; the test was repeated
at three randomly selected positions to verify the robustness of the method to different
grain geometry. The results at one position are shown in Figure 2.6} the blue and yellow
curves show the mean grain noise level of the seven subsequent A-scans as a function of
depth; the points show the root mean square (RMS) over a 14 mm range centred on the
marked depth for the standard method and the alternative method respectively. As the
RMS values are calculated over a 14 mm range, the central depth used for calculation
is from 13 mm to 32 mm (the total depth is 40 mm) to remove the influence of the
frontwall and backwall on the RMS grain noise calculation. It can be seen that there is
little difference between these curves. In contrast, the red and purple curves show the
mean residual level after baseline subtraction for the standard method and the alternative
method respectively, together with error bars corresponding to the standard deviation of
the noise level obtained from seven baseline subtracted residuals. It can be seen that the
residual obtained with the alternative method, which is around 18 dB lower than the noise
level in a single signal, is an average of about 14 dB better than that with the standard
method and the variability is substantially lower. The level of improvement with both
methods decreases with depth; this may be because when beams at different incident
angles travel deeper into the sample, the spatial separation between them increases so
the probability of them interacting with different grains increases. Similar results were
obtained at the other two test positions. It is shown that the alternative method is
more reliable for the transducer angle adjustment and it provides high repeatability and
accuracy in transducer angle setting, thereby making it possible to use baseline subtraction
to suppress grain noise in repeat scanning. As a cautionary note, due to a single operator
performing both methods for the present investigation, the variability of operator skill is
not taken into account. Although this plays a role in determining performance for both
methods, we have assumed the investigator to be representative of the average skill for

both methods.
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2.3.2 Transducer stand-off

A transducer stand-off change, shown in Figure 2.2, is very likely to happen in repeat
inspections. The change in the distance between the transducer and sample introduces a
shift in received signals. In addition, due to beam spreading, the pressure distribution on
the sample surface also changes with distance. This results in different grains interacting
with the beam and so different grain noise being generated. Therefore, we need to accu-
rately adjust the transducer stand-off to generate the same grain noise in each setup to
make it possible to remove the grain noise by baseline subtraction.

Assuming a constant speed, there is a one-to-one correspondence between distance and
time. Therefore, the frontwall arrival time is often used to adjust the transducer stand-
off. However, in repeat tests, the temperature can be different, which causes a difference
in wave speed and so changes the relationship between the distance and time. In this
case, if a transducer is adjusted using the arrival time of a frontwall signal collected at
a different temperature, a stand-off error will be introduced. For example, suppose a
reference frontwall arrival time obtained at 19 °C when the stand-off is 65 mm. If this
reference time is used to adjust the transducer stand-off when the temperature changes
to 22 °C, a stand-off difference of around 0.4 mm will be introduced.

In order to see how much this difference influences baseline subtraction, the stand-off
was changed with a motor from 65 mm to 65.5 mm to simulate the effect of a small
temperature change on the transducer stand-off adjustment. At each stand-off, tests were
repeated ten times. The first reading of the ten at 65 mm stand-off was used as the
baseline and subsequent readings were subtracted from it. Figure shows the average
improvement between raw grain noise level and residual after baseline subtraction over the
thickness of the sample at different stand-offs. It is clear that small variations in stand-off

have only a minor effect on the residual after subtraction and the standard deviation.
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Figure 2.7: Mean noise reduction over sample depth after baseline subtraction as a func-
tion of transducer stand-off difference. Error bars show the standard deviation
of ten repeats at each stand-off.

2.3.3 Test position

It is obvious that if tests are carried out at different positions on the sample, the ultra-
sound wave will interact with different grains (as shown in Figure[2.2c) and then different
grain noise will be generated. If the grain noise in the baseline is different from that in the
current signal, baseline subtraction will be ineffective in grain noise suppression. There-
fore, in order to suppress grain noise, the subtraction needs to be conducted at the same
positions. Locating a specific position by conducting single A-scans is difficult. However,
it becomes possible to locate a position by aligning different C-scans. The alignment of
two C-scan images is done by using one of them as the target and translating and rotating
the other one with the relative translations in x and y directions and the rotation angle
being determined from the maximum correlation coefficient.

C-scans of the backwall echo amplitude across the whole sample were carried out four
times, and before each scan, the rig was recalibrated by removing and readjusting the
transducer and sample. Figure [2.8] shows overlapped images of the first and second C-

scans before and after alignment. It can be seen that before registration, the position and

18



Chapter 2

Figure 2.8: Overlapped C-scan images (backwall echo amplitude) from repeat tests (a)
before and (b) after alignment.

orientation of the sample in the two images are different; after registration, the scans are
well aligned. A-scans at ten randomly distributed positions on the sample were extracted
from the registered C-scans. The A-scans of the first C-scan were used as the baselines
and the A-scans from the subsequent C-scans were subtracted from them. The RMS
grain noise to frontwall amplitude ratio over the thickness of the sample before and after
baseline subtraction was calculated for each of the 10 points. The average of the grain
noise level at the ten points in the second C-scan is shown in Figure together with
the mean residual after subtraction from the corresponding signals in the first C-scan. It
can be seen that after subtraction, the residual is an average of around 15 dB lower than
the grain noise and there is no obvious change in the variability. Similar results were
obtained with signals from the third and fourth C-scans.

It can be seen from Figure that the sample boundary is a very clear structural
feature, and features like this are likely to dominate the registration process. However, in
some circumstance scans may be recorded over regions where there is no clear boundary.
In order to test whether the registration procedure is still effective in this case, another
C-scan of a small area containing no boundary of the sample was conducted. This C-scan

was aligned with the first C-scan of the whole sample using the registration method. It
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Figure 2.9: Noise to frontwall amplitude ratio versus distance from sample surface before
and after baseline subtraction. The data consists of ten A-scans from the first
C-scan representing the baselines and the other ten traces from the second C-
scan used for subtraction. Each data point shows the mean (line) and standard
deviation (bar) of the RMS for a 14 mm window centred about its indicated
x—axis value. The range of depths considered here corresponds to the grain
noise which lies in-between the frontwall and backwall signals. Electrical noise
residual is around 84 dB below the frontwall signal.
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was found that the registration process correctly located the scan of the small region onto
the larger scan, showing that for highly scattering materials, grain features are sufficiently
rich for satisfactory C-scan registration. After registration, A-scans at six randomly dis-
tributed positions on the sample were extracted from the C-scans. By subtracting the
A-scans of the smaller area C-scan from the corresponding signals of the whole sample
C-scan, an average noise reduction of around 15 dB was obtained. The results therefore
show that the image alignment method enables C-scans to be registered accurately enough
to give residual noise levels after subtraction similar to those obtained in repeat tests at

the same point.

2.4 Compensation

As mentioned above, setup errors can cause the ultrasound wave to interact with different
grains and so generate different grain noise. However, even if the setup is identical, the
grain noise can still be different, since it can also be affected by other factors, such as
temperature variations and transducer frequency response changes, both of which are very
likely to happen in repeat scans. Temperature variations can change the wave speed, and
transducer frequency response changes can affect the waveform, thereby modifying the
ultrasonic response, which makes raw subtraction ineffective. Therefore, compensation
for these changes needs to be conducted before using baseline subtraction. In this section,
compensation methods for the temperature and transducer frequency response changes

are presented, along with experimental results to test their effectiveness.

2.4.1 Temperature compensation

2.4.1.1 Influence of temperature on baseline subtraction

Temperature changes can significantly influence wave propagation. Before introducing

compensation methods, the influence of temperature change on baseline subtraction is
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briefly presented here [86].
Two tonebursts (Hann-windowed here, but the analysis is not limited to this case.) Iy
and I, with a temperature difference 8T which causes an arrival time difference ot, are

used as the baseline and current signals.

Iy = ughw(z) sin(wt) (2.1)
I = ughw(z + 61) sin (w(t + 61)) (2.2)

where ug is the amplitude, and in this case, hw(z) is the Hann-window function, ¢ is time
and w is the angular frequency.

For RF subtraction, the main concern is the phase shift caused by the temperature
change, which is not affected by the window, thus the difference between hw(z) and hw(z +

0r) is neglected. Hence, the result of subtracting Iy from I; can be written as
I — Iy ~ uphw(#)(sin (w(t + 81)) — sin (wt)) (2.3)
Assuming 0t is small enough, the small angle approximation can be applied
I — Iy = 2 fuphw(z)dt (2.4)

where f is frequency.

According to [81], the time shift due to the temperature change 8T can be expressed as
d k

ot = —(a — —)oT (2.5)
v v

where d is the propagation distance, v is the phase velocity, @ is the thermal expansion

coefficient and k = ov/dT.
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Therefore,

I — Iy~ Qthuohw(t)g(oz - E)6T (2.6)
v v

From Equation 2.6, it can be seen that the residual from direct subtraction increases
with the temperature change, which means that the grain noise will not be suppressed

effectively by direct subtraction if 87T is significant.

2.4.1.2 Temperature compensation methods

The Optimal Baseline Subtraction (or the Baseline Selection) [81) [87] has been proposed
as an effective method to overcome this problem. This method establishes a database of
baseline signals obtained from the undamaged structure under the different environmental
conditions under which subsequent tests might be conducted. The baseline signal which
is most similar to the current signal is then selected in subsequent inspections; this is
generally the signal acquired at the closest temperature to that of the current test. The
selection is generally done by subtracting all the baseline signals in the database from the
signal collected during the inspection and choosing the one giving the minimum residual
after subtraction. However, it is impractical to have a database covering all environmental
conditions at a small enough temperature step.

The Optimal Stretch method is another common technique [88] 89], which uses a signal
processing method to compensate for the temperature difference. As shown in Equation
2.5 the temperature change introduces a time shift, which can be corrected by stretching
the signal in either the time [88] or frequency [89] domain. The advantage of the Optimal
Stretch method is that it only needs one baseline signal; however the drawback of the
method is that the stretching distorts the waveforms as well as changing the arrival
time and this, coupled with other factors such as multiple overlapping echoes, limits the
temperature difference that can be compensated [86]. A combination of Optimal Baseline

Subtraction and Optimal Stretch has been shown to be an effective way of reducing the
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number of baselines needed in the optimal baseline method while not requiring excessive
stretch.

The Optimal Baseline Subtraction and the Optimal Stretch techniques have been suc-
cessfully applied in guided wave monitoring where the wave propagates in only one
medium. However, in immersion ultrasonic testing the wave propagates in both the test-
piece and the coupling medium that have very different temperature coefficients. They
must therefore be considered separately.

In this chapter, the Optimal Stretch technique is used to compensate for temperature
changes in the sample. Since the effects of temperature on wave propagation in water and
metal need to be considered separately, a two-step temperature compensation method is
used. The first step is to align the frontwalls of the baseline and current signals in order
to eliminate the temperature influences on the wave propagation in water; the alignment
is done by cross correlating the frontwall signals. Then, a scale-transform-based stretch

method [85] is used to compensate for the wave speed change in the metal.

2.4.1.3 Experimental results

In order to test the effectiveness of the temperature compensation method, it was used
to compensate for the difference in signals collected at different temperatures. This tem-
perature difference was achieved by changing the temperature of the water used in the
immersion tests. The water was heated up to around 33 °C and then naturally cooled
down to room temperature (around 23 °C); a Pico PT-104 Platinum Resistance Data
Logger was used to record the water temperature data. A-scans were recorded with
Transducer 2 at the same position every 80 seconds; this gave 331 readings between 33
°C and room temperature.

The noise level across the thickness of the sample at 33 °C is shown in Figure [2.10]
together with the residual after subtraction from the signal at 23 °C with and without

temperature compensation. It can be seen that after subtraction without temperature
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Figure 2.10: Noise to frontwall amplitude ratio versus distance from sample surface before
subtraction and after subtraction with and without temperature compensa-
tion. Each data point shows the RMS for a 14 mm window centred about
its indicated x—axis value. The range of depths considered here corresponds
to the grain noise which lies in-between the frontwall and backwall signals.
The temperatures of the baseline and current signals are 23 °C and 33 °C
respectively. Electrical noise residual is around 98 dB below the frontwall
signal.
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Figure 2.11: Mean noise reduction after subtraction with and without temperature com-
pensation at different temperatures. The temperature of the baseline signal
is 23 °C.

compensation, the residual increases with increasing depth; at above around 30 mm, it is
even higher than the original noise level. This is because the temperature change causes a
wave speed change and the phase shift produced increases with distance travelled. After
temperature compensation, the residual is reduced by about 11 dB compared to the
original grain noise, approximately independent of depth. This shows that temperature
compensation is very effective and compared to the raw subtraction without temperature
compensation, the noise reduction increases with increasing depth.

The effect of temperature difference between the baseline and current signals was then
investigated. Figure 2.11]| shows the average noise reduction over the depth of the sample
as a function of temperature difference between the current signal and the baseline at
23 °C. The reduction in the residual noise level decreases with increasing temperature
difference both with and without compensation, but the drop is significantly less rapid
when compensation is applied. When the temperature difference is 1 °C, the improvement

with compensation is only 2 dB; this is because the noise reduction of about 20 dB
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is already at a similar level to that shown in Figure for subtraction with minimal
temperature difference. At higher temperature differences the improvement rises to about
8 dB. It is shown that it is feasible to obtain a noise reduction of around 11 dB via
temperature compensation and subtraction, where a temperature difference up to 10 °C

can be tolerated.

2.4.2 Compensation for transducer frequency response change

In repeat inspections at long time intervals, it is likely that different transducers with
similar specifications would be used in successive tests, and even if the same transducers
are used, their frequency response could change due to ageing. As a result, the later
received signals will not have the same grain noise even though the same grains are
inspected, and baseline subtraction will not perfectly remove grain noise to reveal small
reflections from defects. Therefore, we need to compensate for the potential differences in
transducer response. In this section, we demonstrate a frequency compensation scheme
that uses the frontwall reflection to calibrate for changes in transducer frequency response,
and to reduce the difference in the received grain noise so that it can be removed by
baseline subtraction. This method also accounts for any change in the excitation and
reception electronics. It is possible that other changes may occur due to transducer
ageing, e.g., the effective transducer area could change and so alter the field pattern.

However, we believe that frequency response changes are likely to be the major effect.

2.4.2.1 Methodology

In an immersion inspection configuration, the ultrasonic wave excited by the transducer
first propagates through a liquid medium before arriving at the interface of the testpiece.
Depending on the impedance difference, a portion of the signal is reflected from the front
surface and the rest of the signal being transmitted into the material. The reflected and

transmitted signals have the same frequency content, and are equally affected by the

27



Chapter 2

change in the transducer response. Assuming linearity, the frontwall signal F(w) reflected

from the interface and received by the transducer can be written as
F(w) = X(w)hr(w)hi(w)hr(w) (2.7)

where X(w) is the excitation signal and hp(w) and hy(w) are the transfer functions of the
transducer and the transmitting and receiving path of F(w). The reflection signal Y (w)

received by the transducer from inside of the testpiece can be written as
Y(w) = X(w)ht(w)hs(w)ht(w) (2.8)

where ho(w) is the transfer function of the transmitting and receiving path of Y (w).

From Equation , it can be seen that if hAp(w) changes to Al (w), due to transducer
ageing or the use of a different transducer, the new received signal Y’(w) would be different
from the original Y(w), limiting the utility of direct subtraction in the time domain.

To reliably compare the received signals from different inspections, this difference has to
be compensated, so that Y(w) is similar to Y’(w) if no defect exists along the propagation
path. If all other factors (inspection location, incident angle, etc) are the same, the
transfer functions hj(w) and hs(w) remain the same for the particular paths in different
inspections. Then by comparing Equation and [2.8] it can be found that Y(w)/Y"(w) =
F(w)/F'(w), which indicates that the frontwall reflection signal can be used to calibrate
the change in the transducer response and adjust the received signal in the frequency
domain for both amplitude and phase differences. Considering F(w) and F’(w) are the
Fourier transform of the baseline and current frontwalls and Y’(w) is that of the current

signal, we can obtain the Fourier transform of the compensated current signal

Flw) o,
F’(a))Y (w) (2.9)

Y(w) =
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To avoid extremes in the compensation term (F/F”), we filtered the frequency response
F with a threshold 15 dB below the peak of the response, i.e. we set the values below
the threshold to be zero. The threshold to use in practice should be determined by
the SNR of the frontwall signal. The inverse Fourier transform of Y(w) then resembles
the compensated current signal y(¢), whereas any difference between the baseline and

compensated current signals may suggest the existence of a potential defect.

2.4.2.2 Experimental setup

We test the scheme for three types of change:

1. change in the excitation frequency spectrum;
2. change of transducer;

3. a combination of the two.

Two nominally identical 7.5 MHz transducers (Transducers 2 and 3) were used to scan
our specimen (shown in Figure at 41 x 16 locations covering a 20 x 7.5 mm? area. We
repeated the C-scan with each transducer four times, each time exciting the transducer
with a square wave having a different pulse-width, effectively changing the frequency
spectrum of the excitation. When the transducer was changed for the second set of
four C-scans, the stand-off and angle adjustment techniques and the C-scan registration
procedure described in Section 2.3 were used.

Figure [2.12| shows typical frontwall reflection signals obtained at one location. Figure
2.12h-d show time traces of the frontwall reflection, and Figure 2.12p-h show the corre-
sponding frequency responses. We use the peak frequencies to refer to the excitations
in the following text, but note that the entire frequency spectrum changes besides the

small shift in the peak frequency; the peak frequencies of the excitation in Figure [2.12a-d

29



Chapter 2

60 Peak Frequency 6.50 MHz Peak Frequency 6.75 MHz

Peak Frequency 7.00 MHz Peak Frequency 7.25 MHz

s

s
—
b
s

)

[ ~ [ ~ ~
//\\ | \ E \‘ “ \ 2 20 f 2
\ R 5’ | A = A | » b N
0 [~ f [ /\_/\~ =) /\/’\A | “ \/\/\f £ oo~/ \,’ \/\\/\ — £ o/ \w‘ A o—
TRIAY -l \ g \/ g \
0 \ g g X g
< < <

Amplitude (a.u.)

| TR
i 20 \J I v B
i | “ |
-40 | J‘ -40 \‘ | -40 -40 .
\ |
V
-60 -60 -60 -60
0 0.5 1 0 0.5 1 0 0.5 1 0 0.5 1

(a) Time (us) (b) Time (us) (c) Time (us) (d) Timg(us)

10 10 10 10
T 2

IS

Magnitude (a.u.)
Magnitude (a.u.)

Magnitude (a.u
IS

-

Magnitude (a.u.)
IS

7
U

0 y 0 Y, —_ 0 / N~

0
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

(e) Frequency (MHz) 6] Frequency (MHz) (g) Frequency (MHz) (h) Frequency (MHz)

Figure 2.12: Typical A-scans showing the frontwall reflection. Plots (a-d) and (e-h) rep-
resent the time and frequency domain signals collected with different excita-
tions, whose peak frequencies are respectively 6.5, 6.75, 7.0 and 7.25 MHz.
Blue and red represent signals obtained from two different transducers.

are, respectively, 6.50, 6.75, 7.00 and 7.25 MHz. The frequency responses of Figure [2.12]

and [2.12g are relatively simple because the excitation is well matched to the transducer

resonance, whereas the 6.5 MHz and 7.25 MHz excitations give the distorted frequency

responses of Figure 2.12¢ and 2.12h respectively.

It is clear from Figure[2.12]that the signals from two transducers differ slightly. However,
as the wave propagates through the grains, the scattered grain noise signals become
substantially different, as shown in Figure 2.13] Note that the frontwall (at time zero)
and backwall (at 14 ps) reflection signals in Figure are clipped because the signals
are amplified to give better resolution of the grain noise signals in between.

Direct subtraction between any pair of the signals of Figure 2.13 will not perfectly
remove the grain noise, thereby reducing the ability to detect small defects in the material.
The frequency compensation scheme aims to correct this. By comparing different pairs

of signals, we simulate different practical scenarios:

1. comparing two signals from different plots with the same color simulates repeat
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Figure 2.13: Typical A-scans showing the grain noise signals in between frontwall and
backwall reflections. Plots (a-d) and (e-h) represent the time and frequency
domain signals collected with different excitation, whose peak frequencies

are respectively 6.5, 6.75, 7.0 and 7.25 MHz. Blue and red represent signals
obtained from two different transducers.

inspections with the same transducer but with different excitation electronics or

after transducer ageing;

comparing the two signals with different colors in any plot in Figure simulates

repeat inspection with different transducers but identical excitations;

comparing two signals from different plots with different colors simulates repeat

inspection with different transducers and different excitations.

2.4.2.3 Experimental results before and after compensation

We process all pairs from the eight different signals from two transducers and four exci-
tations, and show the results before and after the frequency compensation. We first show
the absolute correlation coefficients that indicate the similarity between two signals on a
0 to 1 scale, where a unity correlation coefficient suggests the two signals have identical

shapes. Figure [2.14] shows the correlation coefficients between the baseline signal with
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peak frequency of 7.0 MHz and a current signal with other peak frequencies on all 41X 16
locations on the sample covering an area of 20 x 7.5 mm?. The signals were all collected
with one transducer but with different excitation frequency spectra, corresponding to
scenario 1 above.

Figure show correlation coefficients between baseline and current signals
without compensation. Light-yellow pixels indicate correlation coefficients close to unity,
which means the baseline and current signals are alike, and dark-blue pixels indicates the
two signals are dissimilar. It can be seen that a small difference in frequency spectrum
can significantly change the grain noise signals. For example, when comparing signals
using 7.00 MHz excitation and signals using 6.50 MHz excitation, the mean correlation
coefficient across the points is as low as 0.2.

Figure show the correlation coefficients after the signals are compensated
using the procedure of Section 2.4.2.1, the baseline being the signals with 7.00 MHz exci-
tation. There is a clear improvement in correlation coefficients, suggesting that baseline
subtraction will be more effective.

Figure [2.15|shows the mean noise reduction across the scan area obtained by processing
the signals with frequency compensation and baseline subtraction, compared to the noise
level in the original baseline inspection. A x dB noise reduction means that by compen-
sating and subtracting the signal, we can suppress the grain noise by x dB. Figure [2.15p
shows the results where signals were taken with different excitations, where the horizon-
tal and vertical axes correspond to the excitation peak frequencies for, respectively, the
current and baseline signals used in the subtraction. As an example, the second row from
the top in Figure corresponds to the test scenario in Figure[2.14] where we compare
current signals obtained with an excitation peak frequency of 7.00 MHz with baseline
signals taken at other excitation peak frequencies. Figure shows the corresponding
results when the signals were taken with two different transducers.

The diagonal line from top right to bottom left in Figure when the baseline
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Figure 2.15: Mean noise reduction across the scan area from compensation and subtrac-
tion compared to the original baseline inspection. (a) Current and baseline
signals were measured from the same transducer. (b) Current and baseline
signals were measured from different transducers. Horizontal and vertical
axes indicate the peak frequencies of the excitation used in, respectively,
current and baseline signals.
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and current excitations signals are the same is left blank because here the signals are
identical. The off-diagonal values correspond to the cases where excitations are different
and need to be compensated. Note that the image is asymmetric, the values in the bottom
triangle being larger than their counterparts in the upper triangle. This is because the
excitation was controlled by the pulse width of a square wave, so a higher peak frequency
corresponds to a wider bandwidth; compensating for frequency response differences is
easier when going from a wide band signal to a narrower band signal than vice versa. When
compensating from wider band to narrower band for the same transducer, an improvement
of 14-20 dB was obtained when the spectrum of the signal is relatively simple as in Figure

2.12f and [2.12k; the gain was much smaller when the distorted spectrum of Figure 2.12

was used.

The diagonal line from top right to bottom left in Figure represents the case where
the baseline and current signals were taken with different transducers but with nominally
the same excitations. In this case, a gain of about 10 dB was obtained from the com-
pensation and subtraction compared to the baseline inspection. The off-diagonal values
suggest that when the response spectrum has a simple form and the frequency difference
between current and baseline excitations is small (where the peak frequency response
changes as much as 250 kHz), a gain of over 10 dB can still be obtained from the com-
pensation procedure; when difference between the spectra increases, the noise reduction
drops quickly. It should be noted that the repeat scans with different transducers involve
resetting the transducer. Therefore, the results show the combined noise reduction of
the frequency response compensation and the stand-off adjustment, angle calibration and
image registration procedure illustrated in Section 2.3. This is what would be involved in

a real case of two inspections before and after a period in service.
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Table 2.2: The improvement achieved by calibrating and/or compensating for various fac-
tors in baseline subtraction

Calibrated /Compensated Factors (differences between current and Improvement
baseline signals) level

Angle 18 dB
Re-setup Stand-off 17 dB

Angle, Stand-off and Lateral positions 15 dB
Temperature (10 °C test temperature change between baseline and 11 dB
current signals.)
Transducer frequency response change (with the same transducer; 14-20 dB

relatively simple frequency spectrum; a peak frequency difference

of £250 kHz from a baseline value of 7 MHz)

Transducer frequency response change (with different transducers, 10 dB
thus including all above factors due to transducer re-setup; rela-

tively simple frequency spectrum; a peak frequency difference of

+250 kHz from a baseline value of 7 MHz)

2.4.3 Overall influence of different factors

The influence of various experimental and environmental parameters after calibration
and/or compensation are compared in Table . It shows that if the transducer and
sample are reset up with no environmental changes, using appropriate calibration meth-
ods, an improvement of 15 dB can be obtained with baseline subtraction. However modest
changes in test temperature and transducer frequency response are less successfully com-
pensated, dropping the overall improvement to 10 dB. Also the tests were done in a lab
environment with no changes to the sample surface due to oxidation or corrosion that
would significantly affect the ultrasonic signals. It has also been assumed that no changes
to grain structure affecting the ultrasonic signal occur with exposure to service environ-
ments as indicated in [84]; if this assumption is not valid in a particular application then

baseline subtraction could not be used.
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2.5 Summary of the chapter

In this chapter, the feasibility and reliability of comparing repeat tests using baseline
subtraction to suppress grain noise has been studied. The feasibility of setting the trans-
ducer with the same stand-off and angle relative to the testpiece in repeat immersion tests
has been investigated and the influence of errors due to the transducer settings has been
illustrated. An image alignment method has been used to register the C-scans and so to
compare the same location within the different scans; the effect of errors in the registra-
tion has been investigated. The results show that the residual grain noise can be reduced
by around 15 dB via baseline subtraction, which offers a much higher defect detection
sensitivity.

Since repeat tests may be carried out at different temperatures and with different trans-
ducers of similar but non-identical specifications, compensation methods for temperature
variations and transducer frequency response changes have been presented and their ef-
fectiveness has been tested experimentally. After subtracting a temperature compensated
baseline from a current signal collected with a temperature difference of 10 °C, an im-
provement of around 11 dB was obtained. A gain of around 10 dB was achieved with the
proposed frequency compensation method when compensating a small frequency shift on
different transducers. Overall, it is feasible to obtain a noise reduction of around 10 dB
using baseline subtraction in monitoring highly scattering materials when temperature
variations are below 10 °C and the transducer peak frequency response changes by as
much as 250 kHz from a baseline value of around 7 MHz; the dominant factors restrict-
ing the improvement gained from baseline subtraction are the temperature and transducer
frequency response changes. However, this relatively modest improvement is obtained at
significant cost in test complexity and data storage requirements. Also, this improvement
was obtained in lab conditions with no sample surface or grain structure changes.

This work has been published in [82]. Section 2.4.2 was written by Dr. Chang Liu and
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with his kind permission, it is put here for completeness since it was part of the paper and
contributes to the overall conclusions. The experimental data used in Section 2.4.2 were

collected by the author and the data processing of frequency compensation was done by

Dr. Chang Liu.
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Chapter 3 A finite element model for ultra-
sonic backscattering of polycrys-

talline materials

3.1 Introduction

It has been shown in Chapter 2 that the low SNR caused by the grain boundary scattering
can be improved by suppressing the grain noise using the baseline subtraction method.
With this method, the SNR is not determined by the initial noise, but the residual noise
after subtraction. Therefore, the main efforts are made to improve the similarity of the
grain noise between the baseline and current signals, rather than understand the initial
grain noise level. However, under some circumstances, e.g. there is a big change in
the temperature, transducer frequency response, sample surface or grain structure, it is
difficult to get a high similarity to make baseline subtraction effective, even along with
the compensation methods. In this case, it is desirable to find other strategies to achieve
a good SNR in a raw signal, which requires a good understanding of the noise behaviour.

As reviewed in Section 1.2, the validities of the theories which have been established
to describe the grain noise behaviour are often limited to weakly scattering regimes and
until recently, computational costs have limited FE simulations to 2D [59, 60]. Since it
has been shown in [41], [42] that the 3D FE approach can successfully predict attenuation,
this chapter investigates whether it can be used quantitatively for backscattering noise
prediction. Initially, a FE model which considers the scattering response from grains on an

individual basis is developed and the measured backscattering amplitudes are compared to
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the theoretical predictions of the established theories. Then a FE model with the entire
aggregate of grains is considered with two transmit-receive configurations, one with a
plane wave excitation and incoherent average of the received signals and another one with
a finite transducer and coherent average of the received signals. The RMS noise levels of
both configurations are compared with the theoretical solutions developed following the
derivation of the ISM in [83]. The contribution of shear waves and multiple scattering,

and the effect of the coherent attenuation on the grain noise are discussed.

3.2 Measurement and validation of backscattering
amplitude

Before using the 3D FE approach to study the grain noise, which is a result of the scatter-
ing from an aggregate of grains, it is important to show that this approach can accurately
predict the scattering response from a single grain. The theoretical models to describe
the L-L scattering of a plane wave by an inclusion in an isotropic host material have been
well established; for example, the exact solution for an isotropic spherical inclusion has
been given in [90], and a more general solution applicable to a small weakly-scattering
inclusion, shown in [91], has been developed based on the Born approximation. This
enables the FE approach to be validated by comparing the FE predicted L-L backscat-
tering amplitude of a single grain, which can be regarded as a small inclusion, with the
theoretical prediction.

To measure the L-L backscattering amplitude, a “single-grain” FE model, shown in
Figure is developed. This model has dimensions of 10 x 10 x 35 mm?® and contains
85 x 10% degrees of freedom. It is meshed with uniform hexahedral elements and the
inclusion, located on the central axis, is modelled by the aggregate of elements whose
material properties are different from those of the medium. The medium made from an

isotropic material, of which the Young’s modulus, Poisson’s ratio and density are 214 GPa,
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0.3 and 8000 kg/ m? respectively, will be used in all the cases discussed in this section.
Symmetry boundary conditions are used on the model surfaces parallel to the z—axis,
which mirror the model on the boundaries so effectively generate an infinitely wide model
with repeating grain structures. All the nodes on one of the model surfaces in the x — y
plane which is indicated by the blue arrows in Figure 3.1] are used as transmitters, with
which a plane wave propagating in the z—direction is effectively generated. The centre
frequency of the excitation considered in this section is in the range of 2 MHz to 6 MHz.
As the longitudinal velocity of the host material is 6000 m/s, compromising between
accuracy and efficiency [92], the element edge length is set as 0.05 mm, so there are at
least 20 elements per wavelength. A point receiver located on the central axis is used to
capture the first backscattered longitudinal reflection from the inclusion.

When calculating the backscattering amplitude, apart from the amplitude of the reflec-
tion from the inclusion, the amplitude of the incident wave illuminating the inclusion is
also needed. In addition, limited by the model dimensions, the raw reflection captured by
the receiver may be polluted by the boundary reflections. Therefore, another FE model,
which is referred to as the reference model, is developed with the same properties and
dimensions but without the inclusion. Two point receivers, one at the same location as
the centre of the inclusion in the “single-grain” model and the other at the same loca-
tion as that of the receiver in the “single-grain” model, are used to capture the incident
wave arriving at the position of the inclusion and a reference signal which can be used
to remove the boundary reflections from the raw signal obtained with the “single-grain”
model, thereby revealing a clear reflection from the inclusion.

We begin with a simple case, an isotropic spherical inclusion, and then consider more
complicated cases, such as an inclusion with anisotropic material properties or an irregular
shape. It is assumed that in all cases, there is no variation in density from the inclusion
to the medium, in which case the L-L scattering amplitude in the Born approximation

can be written as [47]:
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Figure 3.1: “Single-grain” model (10 x 10 x 35 mm?): an inclusion located at the central
axis along the excitation direction in an isotropic host material is subject to a
plane wave excitation. A point receiver used to capture the first backscattered
longitudinal reflection from the inclusion is located on the central axis.

ACijk
4pv?

A=— /y(y)u”ukl dv (3.1)

where ACjji; denotes the difference between the elastic constants of the inclusion and the
medium; i, j, k,/ indicate the directions of the 1 —2—3 coordinate system; p is the density;
v is the longitudinal wave speed of the host material; V is the volume of the inclusion; y(y)
is defined to be unity if y is inside of the inclusion and zero otherwise; u® is the incident
displacement field; repeated subscripts indicate summation, while subscripts following the
commas indicate derivatives.

If the excitation signal is assumed to be a unit harmonic plane wave propagating in the
z—direction, which can be expressed as u® = [0,0,e*?] in the x — y — z coordinate system

(corresponding to the 1 — 2 — 3 system), Equation can be written as:

k* A C
A= ——28 / y(y)eHk: av (3.2)
S Ampv?

where ACs333, which will be written as ACs3 in the following text, denotes the difference

between the 3333 elastic constant of the inclusion and the medium.
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3.2.1 Spherical inclusion

In this section, the backscattering amplitude from an isotropic spherical inclusion under
a 4 MHz plane wave excitation is predicted. The radius of the inclusion is 0.31 mm, i.e.
0.24. The Young’s modulus, Poisson’s ratio and density of the inclusion are 223 GPa,
0.3, 8000 kg/m? respectively. The relatively small impedance difference (2 %) between
the inclusion and the medium is to ensure the validity of the Born approximation, and
therefore the accuracy of the theoretical prediction based on that.

By dividing the frequency response of the reflection from the inclusion by that of the
incident wave arriving at the inclusion and multiplying it by the distance to account
for the spherical divergence of the scattered field, the FE backscattering amplitude can
be obtained [01]. This result is plotted as the red dots in Figure [3.2h, along with the
prediction of the theoretical solution based on the Born approximation, shown as the blue
curve, and that of the exact solution [90], shown as the purple curve. The x—axis shows
the product of the wave number, denoted by k, and the radius of the inclusion, denoted by
b (b is constant at 0.31 mm in Figure . Good agreement among the three predictions
can be seen and this shows the validity of the FE approach in describing the scattering
from a spherical isotropic inclusion.

As cubic single-crystal symmetry is considered in this study, it is of great importance
to show the validity of the FE approach to accurately predict the scattering from an
inclusion with this symmetry. So, next, we will consider the same spherical inclusion
under the same excitation but with a cubic material, of which the Voigt averages are the
host material properties given in the beginning of Section 3.2. The density and Poisson’s
ratio are the same as those of the isotropic inclusion, while the elastic constants Ciq,
Ci2 and Cyy are 266.7 GPa, 134.1 GPa and 92.9 GPa respectively. 100 realisations with
random crystallographic orientations of the inclusion are run and the RMS of the 100

backscattering amplitudes is shown as the red dots in Figure [3.2b, along with the error
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Figure 3.2: Comparison of FE and theoretical backscattering amplitudes of a spherical
inclusion with (a) an isotropic material and (b) a cubic material with a Zener
anisotropy factor (A, = 2Cy44/(C11 — Ci12) [1]) of 1.4. One hundred random
orientations for the cubic material are considered. The RMS of the 100 FE
results are plotted as red dots in (b) and the error bars show their standard
deviation.

bars showing their standard deviation.

The theoretical prediction of the RMS backscattering amplitude of the inclusion with
random crystallographic orientations can be calculated using Equation where ACs3 is
replaced by /< AC§3 >, which is the RMS difference between the 3333 elastic constant of
the inclusion, averaged over all grain orientations, and that of the medium. The expression
of < AC§3 > for a cubic material is given by [83].

_ 16(C1q = Cia — 2C44)*

< ACYy > = o (3.3)

The theoretically predicted RMS backscattering amplitude is plotted as the blue curve
in Figure [3.2p, from which good agreement between the FE and theoretical predictions
can be seen. A relatively large standard deviation can be seen in the FE results, which
shows that the crystallographic orientation of a grain has significant influence on its

backscattering amplitude.
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Figure 3.3: The irregular shaped inclusion modelled with uniform hexahedral elements
with an edge length of 0.05 mm.

3.2.2 Irregular shaped inclusion

So far, the FE approach has been proved to be valid in predicting the scattering from
a spherical inclusion. However, the shape of a real grain is usually far more irregular
than a sphere. Therefore, we consider an inclusion with an irregular shape, which is more
representative of a real grain.

In order to get an inclusion with a representative shape of a real grain, a FE model with
an aggregate of grains, which will be referred to as a “multi-grain” model, is generated
using 3D Voronoi tessellation, a mathematical method which uses 3D entities to fill a 3D
space with no overlaps and no gaps [93]. This “multi-grain” model has the same size as the
“single-grain” model and contains 28000 grains with an average linear dimension of 0.34
mm (the averaged grain volume is 0.125 mm?). Structured meshes, which have been shown
to perform well with sufficiently fine discretisation in modelling a grained material [16],
are used here. The element size (element edge length) needs to meet two requirements,
at least 10 elements per wavelength [94], and at least 10 elements per cubic root of the
averaged grain volume [16]. From the model parameters given above, it can be seen that
the element size adopted here is restricted by the latter requirement and therefore, it is

set to be 0.05 mm. (As all the “multi-grain” models used in this paper have the same
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mean grain size, the same element type and size will be adopted in their discretisations.)
Using the same discretisation in the “multi-grain” model and the “single-grain” model
enables a grain in the “multi-grain” model to be “moved” to the “single-grain” model to
represent an inclusion.

Then a grain, of which the FE model is shown in Figure[3.3] is randomly picked from the
“multi-grain” model. Its geometry is used to model the inclusion, replacing the spherical
one, in the “single-grain” model. Similarly, we first consider the inclusion with an isotropic
material and then a cubic material. The results are shown in Figure|3.4] where the x—axis
shows the product of the wave number k and half of the average linear dimension of the
grains in the “multi-grain” model, denoted by b (b is constant at 0.17 mm in Figure .
A 4 MHz excitation is used in the FE simulations for the isotropic inclusion and two
centre frequencies, 2 MHz and 4 MHz, are used in the FE simulations for the inclusion
with cubic symmetry in order to cover a large range of kb. Good agreement between the
FE and theoretical predictions can be seen for both the isotropic and cubic inclusions.
Similar to Figure [3.2p, a large standard deviation can be seen in the FE results, showing
the significant influence of the crystallographic orientation of a grain on its backscattering

amplitude.

3.2.3 RMS backscattering amplitude of single random shaped

inclusions

Up to now, it has been shown that the FE approach is valid for calculating the backscat-
tering of a single grain with an isotropic or a cubic material. In this section, a further
test will be carried out to assess whether it can give an accurate statistical prediction of
the RMS backscattering amplitude of single random shaped inclusions.

The theoretical prediction of the RMS backscattering amplitude of single grains, which

can be regarded as random shaped inclusions, can be written as [47], 48] [83]
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Figure 3.4: Comparison of FE and theoretical backscattering amplitudes of an irregular
inclusion with (a) an isotropic material and (b) a cubic material with a Zener
anisotropy factor of 1.4. One hundred random orientations for the cubic mate-
rial are considered. The RMS of the 100 FE results are plotted as red dots in
(b) and the error bars show their standard deviation. Two centre frequencies,
2 MHz and 4 MHz, are used in the FE simulations for the inclusion with cubic
symmetry.
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ARMS = (3.4)
Vit

where ng is the grain density; f is the frequency; p is the density; v is the Voigt averaged

longitudinal velocity, for cubic symmetry which is given by

(3.5)

. \/3011 +2C)5 +4Cy
50
w(L) is the two-point correlation (TPC) function which shows the probability that two
arbitrarily placed points a distance L apart in the specimen are located in the same grain.
Here, w(L) is obtained by fitting a 4-exponential series to the real correlation function
obtained from the “multi-grain” model [42].
To predict the RMS backscattering amplitude with FE simulations, a number of inclu-

sions which are representative of real grains are needed. The same “multi-grain” model,

which is made from the same cubic material used in Section 3.2.1 and 3.2.2, with different
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Figure 3.5: Comparison of FE and theoretical RMS backscattering amplitudes of single
random shaped grains with a cubic material whose Zener anisotropy factor
is 1.4. Five hundred random grains with random orientations for the cubic
material are considered as the inclusion at the central axis in the “single-grain”
model. The RMS of the 500 FE results are plotted as red dots and the error
bars show their standard deviation. Two centre frequencies, 3 MHz and 6
MHz, are used in the FE simulations.

orientations to different grains, is used here to provide the geometry and material infor-
mation for inclusion in the “single-grain” model. 500 grains are randomly picked from
the “multi-grain” model. For each of them, the geometry and material information are
used to define the inclusion, which is at the central axis in the “single-grain” model, as
shown in Figure [3.1] and the backscattering amplitude from it is calculated.
Figure|3.5|shows the comparison of the FE and theoretical predictions, where the x—axis
shows the product of the wave number k and half of the average linear dimension of the
grains in the “multi-grain” model, denoted by b (b is constant at 0.17 mm in Figure .
The FE predicted RMS backscattering amplitude is plotted as the red dots and their
standard deviation is shown with the error bars. Two centre frequencies, 3 MHz and 6
MHz, are used in the FE simulations in order to cover a large range of kb, therefore there
are two sections of the FE results. The theoretical prediction calculated using Equation

is plotted as the blue curve. Good agreement between the FE and theoretical predictions
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shows the validity of the 3D FE approach in predicting the scattering response from single
grains and therefore a strong potential to deal with the grain noise, which will be discussed

in the following sections.

3.3 Prediction of grain noise measured with plane
wave excitation and point receivers

In this section, the grain noise generated with plane wave excitation will be investigated.
A theoretical model will be developed following the derivation of the ISM in [83] and the
noise predicted by the model will be compared with that given by the 3D FE approach
validated in the previous section.

We will start with the development of the theoretical model. The assumptions adopted

during the derivation are:

A
transmitting and receiving plane : |, infinite direction

Y

i-th grain
-2+
scattered wave |u plane wave excitation 1,

point receiver

model surfaces

Figure 3.6: A schematic of a 2D section of the 3D theoretical model used for grain noise
prediction with the plane wave configuration

1. Only longitudinal-to-longitudinal wave scattering is considered.
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2. There is no multiple scattering phenomenon, i.e. the reflection from one grain is

not affected by other grains.

3. Total grain noise is the incoherent sum of the reflections from single grains, i.e. the

phases of the individual reflections are not correlated.

4. No attenuation is considered, which is a direct consequence of assumption 2 above
that stipulates that the reflection from one grain is not affected by other grains.
This is different from the ISM [83], which included attenuation in the derivation.
However, in [83], a study on the effective attenuation was carried out and it was
shown that the attenuation coefficient determined by the decay of grain noise is
significantly less than that determined by coherent frontwall and backwall signals.
This difference has also been reported in [95, 96], along with an idea that this
difference is due to the sensitivity of the coherent wave echoes to deviations of the
wavefronts from their initial simple shape. Therefore, it is not appropriate to use
the coherent attenuation coefficient to describe the attenuation of the grain noise.
Furthermore, in some cases shown in [83], the attenuation coefficients deduced by
the depth dependence of the grain noise are close to zero, which indicates that it is

reasonable to adopt this assumption in our theoretical model.

5. As the configuration with a plane wave excitation and point receivers is adopted,
considering the duration of the excitation pulse, the reflections arriving at a given
time instant are from the grains in between two paraboloid surfaces. Here for
computational convenience, the surfaces are only approximated as hemispherical
surfaces, i.e. the grains contributing to the grain noise at a given time instant are
located in between two hemispherical surfaces. As a result of this approximation,

the Nrms(?) calculated in Equation [3.15]is actually independent of time ¢.

6. Only the normal component of the received displacement contributes to the received

signal.
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7. The directionality of the scattering from the grain is neglected.

Consider a 3D model with an infinite width. The points on one of the model surfaces,
referred to as the transmitting and receiving plane in Figure |3.6] are used to transmit a
plane wave excitation into the model (in the normal direction) and receive the reflected
signals.

Assume all the transmitters are excited by a toneburst

ug(r) = E(t)e! (3.6)

where E(t) is the envelope function of the excitation signal, whose peak amplitude is unity,
w is the angular frequency and 7 is time.

Consider the reflection from a grain with an index of i. This grain is located at (r;, 6;, ¢;)
in the spherical coordinate system. According to assumptions 6 and 7, the amplitude of
the reflection from this grain received by one of the point receivers located at the origin

can be written as

A; cos(0,)E(t — to;)el®—101)

ri

Ms(l, 1i,6;, (,0,') = (37)

where to; = 2r; /v, (according to assumption 5, where v is the longitudinal velocity), A; is
the L-L backscattering amplitude from the grain and the meanings of other symbols are
shown in Figure [3.6, The cos function is introduced to account for the angle of incidence
of the scattered wave at the location of the point receiver, as it is assumed that only the
normal component of the received displacement contributes to the received signal.

For convenience, Equation |3.7| can be rewritten as

us(t,7;, 0i, i) = B;eli=100) (3.8)

51



Chapter 3

where
_ A; cos(0;)E(t — to;)

T

B;

(3.9)

Under assumptions 2 and 3, the grain noise received by the point receiver at a given
time instant is the sum of the reflections from individual grains arriving at the receiver

at that time instant [83]:

m

u(t) = Z us(t, 1, 0, i) (3.10)

i=1
Compared with coherent averaging, incoherent averaging enables more information of
the grain noise to be shown in the averaged signals, rather than cancelled out during the
averaging. Therefore, here, instead of the mean of the received signals, the RMS of them
will be used to quantify the grain noise level. As it is understood that the physical value
of the reflection amplitude is the real part of its complex counterpart [83], the normalised

RMS of the noise received by multiple point receivers is defined as:

Nrus(?) = v/ < Re2(u(r)) > (3.11)

where <> denotes the average over all the point receivers on the transmitting and receiving
plane.

According to [83]

< Re®(u(t)) >= %Z < |Bi]* > (3.12)
i=1

Substituting Equation [3.9] into [3.12] and replacing the sum over grains by an integral

over the volume of the model,

< Re*(u(t)) >= %ng <A > / / / COSQ(Q)fQQ(I_tO)ﬂ sin(0)drdéde (3.13)

where t = 2r/v.

According to assumption 5, the grains contributing to the grain noise at a given time
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instant are located in between two hemispherical surfaces with radii of r; and ro. This
assumption is not accurate at a large reflection angle 8. However, due to assumption 6,
the main contribution to the noise comes from the grains located at a relatively small
reflection angle 6, which makes this simplification applicable. In this case, Equation [3.13

can be rewritten as

1 27 z ro
< Re*(u(t)) >= 3" < |A)? > / dtp/z cos?(6) sin(@)d@/ E2(t — to)dr (3.14)
0 0 ri

Substituting Equation into |3.11}, Nrwms(f) can be expressed as

L
Nrwms(?) = \/@ARMS\/g / E2(t — tp)dr (3.15)
ry

where Agrms = V< |42 >. The choice of time origin in Equation is arbitrary. Here,

it is chosen as the centre of the excitation signal, which means that r; = v(f + 71)/2 and
ro = v(t+712)/2, where 7 is a time coordinate which is defined to be zero at the centre of the
excitation signal and the envelope function of the excitation signal is non-zero between 71

and 19. In this case, Equation [3.15 can be expressed as

Nrwms(t) = \/n_gARMS\/% /72 E%(7)dr (3.16)

From Equation [3.16] it can be seen that without the attenuation, the noise RMS is
independent of time. This is because, although the reflection from single grains at larger
depth is smaller than their counterparts close to the receiver, the total number of grains
increases with depth, which compensates for the decrease of the contribution from single
grains.

Next, we will use the 3D FE approach to predict the normalised noise RMS and compare
the results with the theoretical predictions. Another “multi-grain” model, which has

dimensions of 13x13x50 mm? and contains 67600 grains (with an average linear dimension
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of 0.34 mm), will be used in the FE simulations.

symmetry boundary condition
transmitting and receiving plane ™

L M

S il
[ TR\ <

r‘f,‘

=
N
\ ]

y symmetry boundary condition

Figure 3.7: Multi-grain model (13x13x50 mm?) with plane wave excitation. Point trans-
mitters/receivers are uniformly distributed on the transmitting and receiving
plane.

As shown in Figure 3.7, symmetry boundary conditions are used on all the model
surfaces parallel to the z direction; one of the model surfaces on the x —y plane is used as
the transmitting plane where all the nodes are sending a 3-cycle Hann-windowed toneburst
into the model (For a Hann window with the peak amplitude of 1, /T 12 E?(t)dt in Equation
is 3(r2 — 71)/8.), thereby producing a plane wave excitation propagating in the z
direction; the same nodes are also used as receivers to measure the grain noise. For each
case discussed in this section, 5 realisations with random crystallographic orientations of
the model are run. In each realisation, an incoherent average (RMS) is taken over the
signals received by all the receivers. Then the RMS of the 5 incoherently averaged signals
will be used for discussion. This configuration represents a phase-insensitive measurement
of the backscattered incoherent ultrasonic field [97].

Figure [3.8[shows the RMS signals under a 3 MHz excitation. Three cubic materials are
used. They have the same density, Poisson’s ratio and longitudinal wave speed calculated
by the Voigt approximation, as 8000 kg/m?, 0.3 and 6000 m/s respectively, but different
degree of anisotropy, which is described by the Zener anisotropy factor A, [I] here. The

elastic constants of the materials are listed in Table 3.1, along with their Zener anisotropy
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Figure 3.8: Spatial RMS of signals received by all the point receivers. The centre frequency
of the excitation is 3 MHz. Three anisotropy factors, 1.4, 2.2 and 3.0, are
discussed here. The frontwalls and backwalls are clipped where needed to
highlight the grain noise.

factors, which will be used to refer to the materials. To highlight the grain noise, the
frontwalls and backwalls are clipped in the figure. It can be seen that a higher noise level
can be observed with a higher anisotropy factor. In addition, it is observed that with
relatively low anisotropy factors, 1.4 and 2.2, the grain noise is independent of time, which
is consistent with the theoretical solution, while with a relatively high anisotropy factor,
3.0, the noise decreases with time, which indicates that scattering induced attenuation
occurs. The scattering induced attenuation is inherently a multiple scattering effect, as
under the single scattering approximation, backscattering from any given scatterer is not
affected by scattering from other scatterers. However, as mentioned earlier, the theoretical
model ignores multiple scattering effects and predicts a noise level constant with time.
Therefore, the FE results received in an early time range, 5 us to 8 us, which is less
affected by the scattering induced attenuation, will be used later for comparison with the
theoretical predictions.

Figure|3.9[shows the comparison of the FE and theoretically predicted noise RMS. The
centre frequency used in the FE simulations is in the range of 0.6 MHz to 3 MHz. The

blue, red and green curves show the predictions of cubic materials with anisotropy factors
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Table 3.1: Elastic constants and anisotropy factors of the cubic materials discussed in this

section
Ci1 (GPa) Cio (GPa) Cy4 (GPa) A, = 2Cy4/(C11 — C12) [1]
266.8 134.0 92.9 1.4
242.0 146.4 105.3 2.2
228.1 153.4 112.2 3.0
O14r — Anisotropy factor 1.4
—— Anisotropy factor 2.2
0.12 |—Anisotropy factor 3.0/ e
- - FE P
0.1 [|—ISM theory e -
-------- ISM theory x 7 s
& 0.08
Z
= 0.06

0.04 |-

0.02

0 0.1 0.2 0.3 0.4 0.5 0.6

Figure 3.9: Comparison of FE, theoretical noise RMS and sevenfold theoretical noise
RMS. The points on the dashed lines are the RMS noise (as shown in Figure
3.8) within a rectangular time window between 5 us to 8 us at different centre
frequencies.

of 1.4, 2.2 and 3.0. The theoretical predictions are plotted as the solid curves and the FE
results are shown as dashed curves. The points on the dashed lines are the RMS noise, as
shown in Figure , within a rectangular time window between 5 us to 8 us (to reduce
multiple scattering effects, as mentioned above) at different centre frequencies. From the
figure, a big discrepancy between the two predictions can be seen and significantly higher
backscattering is observed in the FE predictions. After multiplying the theoretical results
by seven (the dotted curves), relatively good agreement can be seen, which shows that
the FE results indicate a similar frequency dependence to the theoretical predictions.

A possible reason for this discrepancy is the contribution of shear waves, which is not

accounted for in the theoretical model, but is implicitly captured in the FE simulations.
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This contribution can be particularly strong when the shear wave reflection hits a point

receiver at an oblique angle, as shown in Figure [3.10

incident plane wave  point receiver

grain —| shear wave reflection

Figure 3.10: A schematic showing how a shear wave contributes to a signal received at a
point receiver.

As can be inferred from Figure [3.10] the shear waves incident at oblique angles will
be cancelled out quickly by taking a coherent average over the receiving plane, since the
phase varies rapidly over the receiver face. Figure|3.11|shows the relationship between the
noise RMS and the edge length of a square coherent averaging area (expressed in shear
wavelengths and denoted by m). Each point on the blue curve is obtained in a similar way
as that used to plot Figure [3.9, except that the spatial RMS is no longer taken over the
signals received by the point receivers, but is taken over the signals obtained by coherently
averaging the received signals on areas with dimensions of m xXm wavelength square across
the receiving plane. This simulates the signals received by a transducer with the same
dimensions at different locations (i.e. different locations of a m X m wavelength square
transducer are simulated and the RMS of the signals obtained at the different transducer
locations is taken). It can be seen that the noise RMS drops rapidly after the edge length
of the coherent averaging area reaches the shear wavelength. Some of this effect could be
due to the cancellation of longitudinal waves. However, the oblique longitudinal waves are
relatively weak as longitudinal scattering is stronger close to the normal direction, and
the longitudinal waves are slower to cancel as their wavelength is longer than the shear
wavelength. Therefore, the decrease of the noise RMS is mainly due to the cancellation of
the shear waves, which indicates that oblique shear waves are a significant contributor to

the noise seen by a point receiver and so explains the discrepancy between the FE results
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and the analytical solution for L-L scattering with point receivers, shown in Figure |3.9|
It can also be seen from Figure that the noise RMS decreases with 1/m, as indicated
by the red line, rather than 1/4/m, which is because the coherent averaging is over a 2D

surface rather than a line.

10 T T
1
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10k Lz 1
[75]
2
=
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102 107! 10° 10! 10
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Figure 3.11: Noise RMS vs edge length of the square coherent averaging area (expressed
in shear wavelengths and denoted by m). Each point on the blue curve
is obtained in a similar way as that used to plot Figure [3.9, except that
the spatial RMS is taken over the signals obtained by coherently averaging
the signals on areas with dimensions of m X m wavelength square across the
receiving plane. The red line is proportional to 1/m.

To sum up, for a realistic transducer whose diameter is significantly larger than the shear
wavelength, it is not expected to be a problem to predict the noise with a theoretical
model ignoring the longitudinal-to-transverse (L-T) scattering, which will be cancelled
out during the spatial averaging process over the transducer surface. This will be further

discussed in the next section.
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3.4 Prediction of grain noise measured with a finite
transducer

Having discussed a basic configuration, in which the grain noise is excited by a plane
wave and received by individual point receivers, in this section, we will investigate a
more practical configuration with a finite contact transducer, and predict the grain noise
generated and captured by it. This section will follow a similar procedure as that described
in the last section. Firstly, a theoretical model predicting the grain noise level will be
developed and then the result will be compared with that obtained by FE, where the
contribution of shear waves and multiple scattering will be discussed.

We will start with a brief introduction of how to establish the theoretical model using
a similar procedure to that used in [44]. During the derivation, all the assumptions
mentioned in the last section, except assumption 5, are adopted and it is also assumed
that the grains are small compared to the beam diameter, in which case, the excitation
incident on each grain can be regarded as a quasi-plane wave.

In [44], Thompson and Gray’s model [45], which was developed for rigid piston trans-
ducers, was used to calculate the reflection coefficients from single grains. According to
[98], this model can be used without any modification for apodized transducers if the
apodization is the same in transmission and reception, which is the case that we con-
sider in this section. Therefore, the normalised change of the displacement received by an

apodized transducer induced by a grain located at (x;,y;, z;) can be expressed as

2V3(w, X1, yi,71) Ai(w)
% jk(w)a®

6Fs(w,xi,)’i, Zi) = (317)

where a, p, v, A;, k denote transducer radius, medium density, longitudinal wave speed,
backscattering amplitude of the grain and wave number. V is the peak particle velocity at

the location of the grain. Vj is the peak velocity amplitude at the centre of the transducer.
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Assume the transducer is excited by a toneburst So(f) = E(f)e¥0!. The peak amplitude
of E(t) is unity and the Fourier transform of Sy(¢) is denoted by Up(w). The reflection

signal in the frequency domain can be expressed as

OUs(w, xi, yi, zi) = 01 s(w, x;, yi, zi)Up(w) (3.18)

In the time domain, it is denoted by 0S8s(t + o3, X;, yi, 2i), Where tg; = 2z;/v. If we replace
t + to; with ¢ and collect all the constants and functions which are slowly varying with w

into a term H and evaluated at w = wyp, 0S5 can be written as

8S8s(t, xi, yi, 2i) = H(wo, xi,yiazi)% /_: Uo(w)e dw = H(wo, i, yi, 1) E(t — to;)el*0~10)
(3.19)
where
H(wo. xi.y1.2:) = 2V2(wo, Xi, yin %) Ai(wo) (3.20)

14 jk(wo)a?
It is assumed that the total noise, W(t), is an incoherent sum of reflections from indi-

vidual grains, expressed as

W(r) = Z O8(t, Xis Yis 2i) (3.21)
i=1

The normalised noise RMS over multiple transducer positions is defined in the same way

as in the last section

Nus(t) = V< [Re(W(@))? > (3.22)
According to [83], the term in the square root sign in Equation can be expressed as

m

< [Re(W()]? >= %; < |Bi|* > (3.23)
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where

|Bil = [H(wo, X, yi, ) E(1 = to;)] (3.24)

Substituting equations and into Equation and replacing the sum over grains
by an integral over the volume containing the grains, the normalised RMS noise level is

given by

Nrwis(?) = +2ng 35‘2?5(‘;’0)\/ / / / IVA(wo, %, v, )| E(1 — 19)dxdydz (3.25)

It is assumed that the grains contributing to the noise at a given time instant are
located in between two depths z; and z. As mentioned in the last section, the time
origin is chosen as the centre of the excitation signal, therefore, z; = v(t + 71)/2 and
79 = v(t + 12)/2, where 7 is a time coordinate which is zero at the centre of the excitation

signal. Then Equation |3.25| can be rewritten as

Nrats() = 3528(6;22 \/ / G(wo V(”T))E% )dr (3.26)
where
Gon " = [ [ xS D vy (3.27)

The V(wo, x,y,z) required in Equation [3.27] can be approximated by a Gaussian model or
a Gauss-Hermite model [83], or obtained by a FE simulation, as discussed in the following
example.

Next, an example case will be given to predict the grain noise with the theoretical model
developed above and the FE approach. A focused contact transducer, which has a radius
of 5 mm and an actual focal length of 6 mm, is used, exciting the testpiece with a 3-
cycle Hann-windowed toneburst, of which the centre frequency is 4 MHz. The amplitude

distribution of the excitation across the transducer surface follows a 2D Hann-window.
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The cubic materials listed in Table B.1] will be used.

As a comparison of the theoretical and FE predictions will be carried out, the peak
amplitude of the velocity excitation at the centre of the transducer (Vp in Equation
and the velocity field (V(wo, x,y,z) in Equation used for theoretical noise calculation
will be measured with FE to ensure that the same excitation and wave field are considered.

The multi-grain model used in the FE simulations is shown in Figure [3.12] The white
circle outlines the focused transducer, where focusing is achieved through adding time
delays to the excitation and reception of individual nodes. Symmetry boundary conditions
are used on all the surfaces normal to the transducer plane. For each case discussed in
this section, 50 realisations with random crystallographic orientations of the model are
run. For the sake of computational efficiency, the tessellation of the grain structure is kept
the same. In each realisation, a coherent average over the transducer surface is taken,
simulating a signal received by the transducer at one position. Then the RMS signal of

the 50 averaged signals is used for comparison with the theoretical prediction.

transducer
radius = 5 mm

Figure 3.12: “Multi-grain” model (13 x 13 x 20 mm?®). A 5 mm radius focused transducer
is outlined by the white circle. Focusing is achieved through adding time
delays to the excitation and reception of individual nodes. A Hann-window
is applied on the excitation amplitude over the plane of the transducer to
remove surface waves.
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The FE predicted grain noise is plotted as the blue curves in Figure|3.13| along with the
theoretical predictions, shown as the red curves. Figure [3.13h, where the anisotropy factor
is 1.4, shows very good agreement. However, relatively large discrepancies can be seen in
Figures|3.13b and with anisotropy factors of 2.2 and 3.0, where the peaks caused by
focusing in the FE predictions appear at earlier times than those in the theoretical curves.
This is because the peak of the noise predicted by FE shifts to an earlier time with a higher
anisotropy factor, while that given by the ISM theory is independent of anisotropy factor.
The discrepancies of noise levels are dependent on time (or depth), indicating that this is

caused by the scattering induced attenuation, which is not accounted for in the theoretical

model.
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Figure 3.13: Comparison of FE and theoretical grain noise with anisotropy factors of (a)
1.4, (b) 2.2 and (c) 3.0. Attenuation of noise is not taken into account in the
theoretical theory.
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Figure 3.14: Comparison of theoretical grain noise with and without coherent attenua-
tion and FE results. The anisotropy factors are (a) 1.4, (b) 2.2 and (c) 3.0
respectively.

To test if the scattering induced attenuation is the reason for the discrepancies, an
attenuation term, which is deduced by comparing the amplitude of the average of the
backwall reflection with that of the excitation obtained in the last section, will be added
to the theoretical solution. The unattenuated and attenuated theoretical predictions are
compared with the FE results in Figure[3.14] It can be seen that the attenuated theoretical
predictions have more similar shapes to the FE results than the unattenuated solutions,
which indicates the discrepancies could be due to the attenuation. However, it can also be
seen that the attenuated theoretical solutions are significantly lower than the FE results.
This means that the scattering induced attenuation has a more significant influence on
the coherent waves than the grain noise, so the attenuation coefficient deduced using the

coherent waves is much higher than that deduced by the incoherent noise, which has been
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reported in [83] [95] 96].

In this section, the grain noise excited and captured by a finite contact transducer has
been predicted with the adapted theoretical model and the FE approach, the contributions
of shear waves and multiple scattering being included in the FE analysis but not in the
analytical solution. From the results shown in Figure |3.13a, good agreement between the
unattenuated theoretical prediction and the FE result can be seen, which implies that the
contribution of shear waves is negligible, as expected due to the spatial averaging over the
transducer surface, and the multiple scattering has little influence on the grain noise level,
as the anisotropy factor is relatively low and the backscattering is weak. However, with
relatively high anisotropy factors, discrepancies are observed in Figure and [3.13k,
indicating the occurrence of the multiple scattering, in which case the theoretical model
cannot give an accurate noise prediction, but does still provide a rough estimate of the
noise level. Therefore, when an accurate noise prediction is required in highly scattering
regimes, the FE approach is more appropriate as it can solve the full-physics problem
including multiple scattering. However, if only a rough estimation of the grain noise level
is needed or if weakly scattering problems are to be solved, the theoretical model is more

desirable as it can give a reasonable estimate very efficiently, as shown in Figure [3.13

3.5 Summary of the chapter

Theories describing the grain noise behaviour have been widely researched. Most of them
are based on a single scattering assumption and only consider longitudinal-to-longitudinal
wave scattering, which limit their application. In this chapter, an alternative approach,
the 3D FE method, has been presented to study the ultrasonic backscattering of poly-
crystalline materials. This method can solve the full-physics scattering problem including
multiple scattering, which enables it to be used in both weakly and highly scattering

regimes. In addition, it can implicitly capture the longitudinal-to-transverse scattering
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which is ignored in the theories.

The validation of the 3D FE approach has been conducted with a “single-grain” model.
By comparing the FE results with the theoretical predictions, it has been shown that the
FE approach is capable of giving an accurate prediction of the scattering amplitude from
a single grain.

The grain noise generated with a transmit-receive configuration of a plane wave excita-
tion and point receivers has been discussed. When compared with the theoretical result,
the FE predicted noise is significantly higher, which has been demonstrated to be largely
due to the contribution of shear waves which is not accounted for in the theoretical model.
As the shear wave components can be cancelled out quickly by taking a coherent aver-
age over the receiving plane, it is expected to be no problem to predict the grain noise
captured by a finite transducer with a theoretical model ignoring the shear waves, as the
transducer generates a spatial average.

The grain noise excited and received by a finite transducer has been predicted. Without
considering the attenuation, good agreement between the theoretical and FE predictions
can be seen with a relatively low anisotropy factor, 1.4, while discrepancies are observed
with anisotropy factors 2.2 and 3.0, which indicates the occurrence of multiple scatter-
ing. When the coherent attenuation coefficient is applied to the theoretical model, the
theoretical predictions have more similar shapes to the FE results, indicating that the
discrepancies could be due to the scattering induced attenuation. However, significantly
lower noise is observed in the attenuated theoretical predictions than that in the FE re-
sults for all the anisotropy factors, which implies the attenuation coefficient of the grain
noise is much lower than that of the coherent waves.

To sum up, the FE approach has been validated to be a powerful tool to predict
the grain noise. However, the high computational costs it requires (It takes around 12
minutes to run one realisation discussed in Section 3.4 using 8x Nvidia K80 dual cards.)

can limit its application in practice. Furthermore, as shown in Figure|3.13], although there
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are discrepancies between the unattenuated theoretical predictions and the FE results,
the unattenuated theoretical model can give a rough estimation of the grain noise very
efficiently. Therefore, when a high accuracy is not required, there is no doubt that the
theoretical model is an efficient approach to investigate the ultrasound backscattering.
Thus, in the following chapter which presents a broad approach to the development of an
optimal monitoring system, the theoretical model ignoring the attenuation will be used

to predict the grain noise.
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Chapter 4 Optimal permanently installed mon-
itoring system for polycrystalline

materials

4.1 Introduction

As mentioned in the previous chapters, ultrasonic monitoring of coarse grained polycrys-
talline materials is often restricted by a low SNR due to grain boundary scattering. In
Chapter 2, some widely researched signal processing techniques used to enhance the SNR
have been reviewed and baseline subtraction, along with compensation methods, has been
used to suppress the grain noise. By subtracting a compensated signal from the corre-
sponding baseline, a relatively modest improvement in the SNR is achieved. However,
this method is sensitive to the sample surface and grain structure changes and has a
significant requirement of data storage, which limit its application in practice.

In addition to using post processing methods, there are other strategies which can be
used in a monitoring system to enhance the SNR, such as the multizone technique [7T5H77].
Multizone uses multiple focused transducers focusing at different depths to scan a sample.
This enables most of the material to be covered in the focal zone, so that good SNRs can
be achieved throughout the sample. However, scanning is not practical for a permanently
installed monitoring system, where transducers are located at fixed positions. In this
case, focusing can only improve the SNR near the fixed focal zones, leaving low SNRs
outside of the focal areas. As a high sensitivity is required throughout the monitored area,

focusing is less effective for detection improvement. Furthermore, apart from the SNR,
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the cost is also an important aspect that needs to be considered in a permanently installed
monitoring system. This means that a transducer covering a larger depth or area is more
desirable, so small area coverage from a single transducer position also makes focused
transducers less desirable than unfocused transducers.

As the transducer frequency and diameter dependence of the signal and the grain noise
differ, an opportunity exists to determine the frequency and diameter of the unfocused
transducers by solving an optimisation problem. This optimisation problem usually gives
a criterion related to the cost of the system as the target and requires a minimum value of
SNR in the inspection volume of a single transducer. Another requirement often imposed
is the maximum radial variation of signal in the inspection volume, because signals from
defects along a radial line appear at similar times and it is desirable for a given sized
defect at any radial location at a given depth to give a similar reflection amplitude. As
noise is constant in the radial direction, this can be regarded as a requirement of the
maximum radial variation of SNR. Axial variation of signal can be compensated with
Distance Amplitude Correction (DAC) [99] which is typically applied, so it is acceptable.
In this chapter, a procedure of solving this problem and finding the optimum frequency
and diameter with a combined analytical-and-numerical method is presented.

This chapter begins by introducing an approach to produce a SNR map. The grain
noise is predicted using the theoretical solution derived in Chapter 3. The signals from
a flat-bottom hole, representing a calibration defect, at one position are computed using
finite element simulations. Overall signal to noise maps for flat-bottom holes at different
locations are produced by scaling the signals by squared particle velocity and scattering
induced attenuation. This chapter then investigates how various factors affect the SNR
value and distribution. T'wo possible optimisation criteria are given and two representative
examples showing how to find the optimum transducer parameters and placement under

each criterion are discussed at the end of this chapter.
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4.2 SNR map generation

To solve the optimisation problem, it is essential to have a good knowledge of the SNR
map produced by a single transducer. Each point in the SNR map shows the ratio of
the peak amplitude of the reflection from a flat-bottom hole at that position to the RMS
grain noise level received at the same time. A theoretical solution of SNR has been
developed in [83], where the SNR is independent of attenuation, as it is assumed that the
effective attenuation coefficients are identical for the signal and backscattering noise. In
this section, we will introduce a combined analytical-and-numerical approach to generate
a 3D SNR map, where the attenuation is ignored in the noise calculation but considered
in the signal prediction, which is different from the theoretical model [83]. Next, we
will introduce the procedure of generating a SNR map, including the prediction of signal

reflection, particle velocity field, scattering induced attenuation and grain noise.

4.2.1 Signal reflection prediction

A flat-bottom hole is used as a calibration defect and the reflection from it is predicted
with POGO [40]. A schematic of a 3D model with an on-axis flat-bottom hole is shown in
Figure The model is meshed with uniform hexahedral elements and the flat-bottom
hole, shown as the long-dashed cylinder in the figure, is modelled by deleting the elements
whose centre points are inside of the cylinder. This method significantly speeds up the
modelling and meshing process at the cost of the arising staircase in the modelling of the
hole. The error caused by the staircase effect can be suppressed or minimised by adopting
a large ratio of the hole diameter to element size (element edge length) [92]. Therefore,
with a given defect size, the element size should be small enough to minimise the staircase
effect. However, the element size is also restricted by computational resources. This limits
the minimum ratio of the hole diameter to element size in this study to be 8, in which

case the error caused by the staircase effect still exists but is acceptable [92]. Details of
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Table 4.1: Model and mesh sizes used for defect reflection prediction at different frequen-

cies
Frequency (MHz) 0.1 0.45,0.75 1.0 to 2.2
Model dimensions x X y x z (mm?3) 190 x 190 x 150 100 x 100 x 100 40 x 40 x 40
Element edge length (mm) 0.25 0.20 0.10

the model and mesh sizes used to predict defect reflections can be found in Table [4.1]

The red dots in the solid circle in Figure |4.1| show the nodes which are used to transmit
and receive signals in the z—direction, simulating a contact unfocused transducer in a
pulse-echo configuration. The received signals are then averaged coherently to produce a
predicted signal. Restricted by the model size, the defect reflection is often overlapped
with boundary reflections. To remove the reflections unrelated to the defect, a reference
signal collected in the absence of the defect is subtracted from the predicted signal and a
clean reflection from the defect can be obtained.

The model is assigned an isotropic material whose properties are the Voigt averages of
the elastic constants of a cubic material, so the reflection signal is unaffected by scattering.
The scattering induced attenuation will be considered later in Section 4.2.3 by adding an

attenuation term.

symmetry boundary condition

™
at-bottom hole

transmitters
and receivers

symmetry boundary condition

Figure 4.1: A schematic of a 3D isotropic model with an on-axis flat-bottom hole used for
defect reflection prediction
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To generate a SNR map, the reflection amplitudes from holes at all the positions are
needed. It is too computationally expensive to predict every point in the map using FE.
However, if the size of the hole is small compared to the wavelength, Equation which
shows the reflection from a small grain can also be used to give an approximation of
the reflection from the hole. In this case, the reflection amplitude is proportional to the
squared particle velocity at the defect location, i.e. U(x1,y1,z1) o« V2(x1,y1,21), where
U(x1,y1,z1) is the reflection amplitude from a defect at (x1,y1,z1) and V(x1,y1,21) is the

particle velocity at (x1,y1,z1). Therefore, the reflection amplitude U(x,y,z) from a hole

V2(x,y.2)

with the same radius at any position (x,y,z) can be estimated as U(xy, y1,z1) X Vo)

where V(x,y,z) is the particle velocity at (x,y,z). This approximation will be adopted
in this study for SNR map generation. As it will break down when the defect size is a
significant fraction of the wavelength, the results obtained using the procedure should be

regarded as first estimates to be refined later with a better defect response model.

4.2.2 Particle velocity field and Gaussian beam fitting

The particle velocity field can be obtained using the same 3D model but without the
defect. However, because the transducer is axisymmetric, the velocity field produced
by it can be predicted with an ABAQUS 2D axisymmetric model, shown in Figure [4.2]
Compared to the 3D simulation, the 2D axisymmetric analysis enables a larger model
with finer mesh to be solved in a shorter time, so it is adopted here.

The blue long-dashed line at the top edge shows the axis of symmetry. The red dots
on the left edge represent the transmitters exciting the model in the z—direction. The
receivers are uniformly distributed in the model to measure the displacement signals and
by taking the derivative with respect to time, the velocity signals can be obtained. The
velocity field is then generated by taking the peak amplitudes of the velocity signals.

Relatively large models are used to minimize the boundary effect on the velocity field.

As the affected area is larger with a lower frequency, larger models are used in the lower
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transmitters axis of symmetry
D=
receivers _ |
X 4[ BT ~
z

Figure 4.2: A schematic of an ABAQUS 2D axisymmetric model with uniformly dis-
tributed point receivers used to predict velocity field

Table 4.2: Model and mesh sizes used for velocity field prediction at different frequencies

Frequency (MHz) 0.1 0.45 to 2.2
Model dimensions x X z (mm?) 500 x 600 100 x 120
Mesh edge length (mm) 0.25 0.05

frequency cases. Details of the model and mesh sizes (uniform quadrilateral element) used
for velocity field prediction can be found in Table

A 3D velocity field with uniformly distributed data points can be generated by either
interpolating the obtained 2D field or using a 3D Gaussian beam model which gives the
best fit to the 2D field. Compared to interpolating the 2D results, using a Gaussian beam
enables a larger velocity field with higher resolution to be obtained with good accuracy.
Therefore, the 3D velocity field is estimated by a Gaussian beam model obtained with a
two-parameter (beam waist radius and position) fit and will be used in both the scaling
process and noise calculation. It would also be possible to do a purely analytical solution,

as discussed later.

4.2.3 Scattering induced attenuation

So far, attenuation has not been accounted for in the calculation. In this study, the

attenuation due to viscous losses in the thermoplastic host is not considered. However, as
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the scattering induced attenuation has a significant impact on coherent signals, it needs
to be taken into account when generating a SNR map.

A 3D grained model, shown in Figure 4.3] is used to predict the coherent attenuation
coefficient. The model with dimensions of 13 x 13 x 50 mm? contains 204 x 10° degrees of
freedom and 67600 grains with an average linear dimension of 0.34 mm. As in Chapter
3, uniform elements are used and the element size meets the requirements mentioned in
Section 3.2.2.

The cubic material whose Voigt averages are used in Section 4.2.1 and 4.2.2 is assigned to
the model, with different orientations to different grains. Symmetry boundary conditions
are used on the model surfaces parallel to the z—axis. All the nodes on one of the model
surfaces in the x—y plane, shown as the red dots in Figure[4.3] are used as transmitters and
receivers, with which a plane wave propagating in the z—direction is effectively generated.
The coherent attenuation coefficient @ can be obtained by comparing the amplitude of the
average of the backwall reflection with that of the excitation. Since a significant number
of grains are considered in this model, one realisation is expected to be enough to get
an accurate prediction of the attenuation coefficient, although it is ideal to run multiple

realisations to gather more statistics.

symmetry boundary condition

transmitters
. ~
and receivers

X

y symmetry boundary condition

Figure 4.3: A schematic of the 3D grained model used for attenuation prediction

The attenuation coefficient is then used to estimate an attenuated reflection amplitude
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received by a finite transducer. If we assume the modelled transducer is centred at the
origin, the attenuated reflection amplitude U,(x1,y1,7z1) from a defect at (x1,y1,z1) is
approximated by U(x1,y1,z1) X € 2% where U(x1,y1,z1) is the unattenuated reflection
amplitude from the defect. This approximation gives a good estimation when the defect
is close to the centre line of the beam. In this study, due to the requirement of the
maximum radial variation of the signal, the area of interest is relatively close to the
central axis, so this approximation is applicable.

To sum up, the reflection amplitude from a defect at any position (x,y,z) can be esti-

mated as:

2
Vv (X, y’Z) xe—2az

4.1
V2(x1,y1,21) (4.1)

Ua(x,y,2) = U(x1,y1,21) X

where «@ is the coherent attenuation coefficient, U(x1, y1,z1) is the unattenuated reflection
amplitude from a defect at (x1, y1,z1), V(x,y,z) and V(x1, y1, z1) are the particle velocities at

(x,y,z) and (x1, y1,21) respectively. Using this equation, a 3D signal map can be produced.

4.2.4 Grain noise calculation and SNR map generation

Equation gives a relationship between the RMS noise level and the depth where the
grains contributing to the noise are located. Using this equation, a 1D noise map along
the z—axis can be obtained, where the velocity field is generated by the fitted Gaussian
beam. As mentioned in Chapter 3, the incoherent backscattering is much less affected
by scattering induced attenuation than the coherent defect signal. Therefore, scattering
induced attenuation is only considered in the defect reflection prediction, but not in the
noise calculation, which is different from Margetan’s model [44], as discussed in Chapter
3.

By dividing the signal map with the noise map, a SNR map is generated. This SNR

map generation approach involves theoretical calculation, 2D ABAQUS axisymmetric
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and 3D POGO simulations, which makes it less easy to use. Initially, we tried to solve
this problem with a 3D FE analysis. However, during the study, it was found that
a pure 3D FE approach is too computationally expensive, and the analytical solution
of noise shows a good match with the FE result. Therefore, the analytical solution is
used for noise calculation instead of the FE simulation and the signal map is estimated
via a scaling process. Compared to a pure FE approach, this combined analytical-and-
numerical approach can generate a valid SNR map with less computational cost, although
the procedure is a little complicated. An opportunity exists to solve this optimisation
problem analytically, which is beyond the scope of this thesis and can be pursued in the

future.

4.3 Influence factors of SNR

The SNR is determined by a combination of factors, including defect characteristics,
material properties, excitation and transducer parameters. More specifically, defect type
and size strongly affect the signal amplitude; grain size and anisotropy factor significantly
influence the noise and attenuation; excitation type and duration determine the grains
and their weights contributing to the noise at a given time instant; transducer frequency
and diameter both have a substantial impact on the signal and noise, and transducer
frequency also affects the attenuation. As the SNR is a function of so many variables,
it will be difficult to understand the result of the optimisation problem without a good
understanding of how these factors affect the SNR.

In this section, taking a flat-bottom hole as a calibration defect, the SNR dependence
on the various factors (except the defect type) will be investigated. It is desirable that
SNR maps can be used to show the effects directly. However, limited by computational
resources, the effects of excitation parameters, which can be easily explained by the theory

introduced in Chapter 3, and the effects of grain size, the discussion of which requires

76



Chapter 4

huge computational costs to generate SNR maps, will be investigated only with theories.
It should be recalled that these maps are first estimates and are liable to be less accurate

when the defect size to wavelength ratio increases beyond unity:.

4.3.1 Effects of excitation parameters

Equation [3.25] shows that the noise can be regarded as a weighted sum of the reflections
from grains. The envelope function of the excitation determines the number and weights of
the grains contributing to the noise at a given time instant. If the excitation is longer, more
grains are involved and if the excitation envelope is more like a square wave, the average
weight of the grains is greater. In both cases, the noise increases, thereby decreasing the
SNR. Therefore, in practice, to reduce the noise, a short excitation is usually desirable.
In this chapter, a relatively short excitation, a 3-cycle Hann-windowed toneburst will be

used.

4.3.2 Effects of grain size

Compared to the excitation parameters, the effects of grain size on SNR is more com-
plicated, as it affects not only the noise, but also the scattering induced attenuation. In
Chapter 3, to get an accurate noise prediction, a weighted sum of four exponentials is
used to fit the TPC function of the model, which is more time consuming than a one-
exponential fit. As the noise dependence on grain size is independent of the fit method
of the TPC function, here it is fitted with one exponential, with which the FOM can be

expressed as [83]:

83 f4 < (aC33)? > b3
FOM = ( f 2( - 33) I 2)% (4.2)
e
_ _ 2
where v = (%)%g (AC33)? >= L6(C1 %g 2C44) , f is frequency, p is density, b

is half of the average linear dimension of grains, Cy1, C12, C44 are elastic constants for a
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cubic material.

From Equation one can see that if kb is sufficiently small (k = QL), FOM is pro-

v
portional to b%; if kb is sufficiently large, FOM is proportional to b~3. The relationships
between FOM and b at frequencies 1, 2 and 5 MHz are shown as the red, yellow and
purple curves in Figure [£.4] It can be seen that at all the frequencies, the FOM increases
when b is below 0.15 mm. After that, the FOM at 1 MHz starts to decrease, while the
FOM curves at 2 and 5 MHz still increase but at slower rates, which shows that the
transition region happens at a smaller b with a higher f (larger k), as expected. As grain

size only affects the FOM term in the noise calculation, the noise has the same grain size

dependence as the FOM.
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Figure 4.4: Typical FOM against half of grain size curves, plotted using Equation at
frequencies 1 MHz, 2 MHz and 5 MHz. p = 8000 kg/m3, Ci1 = 246.8 GPa,
Ci2 = 144.0 GPa, Cy4q = 102.9 GPa.

Grain size also has a significant impact on the attenuation. The grain size dependence
of the attenuation has been discussed in [29]. It has been demonstrated that the atten-
uation coefficient is proportional to 5% in the Rayleigh region, b in the stochastic region
and b~! in the geometric region. The relevance of the squared noise and the scattering
induced attenuation can be found by comparing the grain size dependence of them. They
both increase with b% at low kb and decrease with b~' at high kb. This relevance can
be explained by the law of energy conservation and indicates that the increase in noise is

always along with the increase in attenuation. Therefore, in the Rayleigh or stochastic re-
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gion, increasing the grain size increases both the noise and scattering induced attenuation,
thereby decreasing the SNR. In this study, the grain size is defined as the average linear
dimension of grains and it is constant at 0.34 mm, a typical grain size for creep-resistant

materials.

4.3.3 Effect of defect size

In the following sections, examples will be given for discussion. SNR maps of the examples
are generated using the procedure introduced in Section 4.2. As the inspection cylinder
of a single transducer is always the target for an optimisation problem, the dependence of

the cylinder parameters on various factors is of great interest and will be discussed here.

dmin_D dmax_D
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Figure 4.5: A schematic of a SNR map. 6 represents the divergence angle of a —6 dB
decrease in the echo field of the SNR. dpin p and dpax p are the minimum

and maximum depths of a cylinder with the same diameter as the transducer,
in which ASNRy <6 dB and SNR>10 dB. It is also required that the cylinder
is beyond the dead zone.

Figure [4.5] shows a schematic of a SNR map with an inspection cylinder of the same
diameter as the transducer. The green lines show a —6 dB decrease in the echo field of
the SNR with a divergence angle 8 between them. The long-dashed curve shows where
the SNR is equal to 10 dB. The end of the dead zone, the region in which the reflection

from a reflector overlaps with the excitation signal and so cannot be identified, is shown
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with a black dash-dotted line. The minimum and maximum depths dyin p and dpax p of

the cylinder are determined by the example requirements:

1. the cylinder is beyond the dead zone (dpyinp > %, where n is the number of cycles

in the toneburst and A is the wavelength);

2. in this cylinder, the SNR must be larger than 10 dB (inside the black long-dashed

curve);

3. in this cylinder, the radial variation of the SNR must be less than 6 dB (in between

the green lines).

Next, we will discuss how the divergence angle 8, minimum and maximum depths dyin D
and dmax p of the cylinder change with the parameters. It is worth noting that the trends
obtained with this cylinder are not restricted to the cylinder diameter but are expected
to be seen for an inspection cylinder of any diameter.

Three defect diameters, 1, 2 and 5 mm, are considered for comparison. The anisotropy
factor, transducer centre frequency and diameter are 2.0, 1.8 MHz and 3.4 mm respec-
tively. The SNR maps are shown in Figure [4.6|

It can be seen that the divergence angle 6 and the minimum depth of the cylinder dyin D
do not change with the defect diameter. This is obvious as the divergence angle 6 is only
affected by the transducer diameter to wavelength ratio [13] and dyin p is determined by 6
and D, which are the same in the three cases. It can also be seen that the maximum depth
of the cylinder dax p rises with increasing defect size. This is also expected because the
defect reflection from a small flat-bottom hole is proportional to the squared hole radius

[100].

4.3.4 Effects of anisotropy factor

Next, we will discuss how anisotropy factor affects the SNR. Three fictitious materi-

als, which have the same Voigt velocity, Poisson’s ratio and density but have different
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Figure 4.6: SNR maps (in dB) with defect diameters of (a) 1, (b) 2 and (¢) 5 mm. @
represents the divergence angle of a —6 dB decrease in the SNR echo field.
dmin D and dpax p are the minimum and maximum depths of a cylinder with
the same diameter as the transducer, in which ASNRy <6 dB (in between the
green lines) and SNR>10 dB (inside the black curve).

Table 4.3: Elastic constants for the fictitious cubic materials

Anisotropy factor Ci1 (GPa) Ci2 (GPa) Cy (GPa)
1.2 276.2 129.3 88.2
2.0 246.8 144.0 102.9
2.8 231.0 151.9 110.8

anisotropy factors of 1.2, 2.0 and 2.8 are discussed here and their elastic constants are
listed in Table The defect diameter, transducer centre frequency and diameter are 5
mm, 1.8 MHz and 3.4 mm respectively. The SNR maps are shown in Figure [4.7]

It can be seen from Figure that dninp and 8 are not affected by the anisotropy
factor, which is expected because the transducer diameter and wavelength are constant
in the three cases. Figure [4.7] also shows that with increasing anisotropy factor, dpax.p
decreases, which indicates a decrease of the SNR in the maps. To explain this trend, the
relationships of FOM and anisotropy factor at different frequencies 1, 2, 5 and 10 MHz
are obtained with Equation [£.2] and plotted in Figure Each point in the figure shows
the FOM calculated with the elastic constants which are obtained with the corresponding

anisotropy factor. It can be seen that the FOM increases with the anisotropy factor
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Figure 4.7: SNR maps (in dB) with anisotropy factors of (a) 1.2, (b) 2.0 and (c) 2.8. 6
represents the divergence angle of a —6 dB decrease in the SNR echo field.
dmin D and dpax p are the minimum and maximum depths of a cylinder with
the same diameter as the transducer, in which ASNRy <6 dB (in between the
green lines) and SNR>10 dB (inside the black curve).

at any frequency, which results in an increase in both the noise and scattering induced
attenuation, causing the decrease of dpax p shown in Figure [4.7] It is also noticed that
the FOM does not always increase with frequency, which is consistent with the finding

shown in Figure [3.5]

4.3.5 Effects of transducer parameters

As the transducer frequency and diameter to wavelength ratio are usually the solutions
to the optimisation problems, it is of great importance to have a good understanding
of their influence on SNR. Compared to the factors discussed in the previous sections,
the transducer parameters have more complicated influence on SNR, as they affect the
backscattering noise, scattering amplitude of the defect, scattering induced attenuation
and beam divergence. Therefore, we will mainly use the SNR maps to show their influence.
This section will begin with investigating the effects of the transducer frequency on SNR
and then discuss those of the transducer diameter to wavelength ratio.

Three frequencies, 1.4, 1.8 and 2.2 MHz are considered here. To keep % constant, the

transducer diameters are 6.4, 5 and 4.1 mm respectively. The transducer diameter to
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Figure 4.8: FOM versus anisotropy factor at frequencies 1, 2, 5 and 10 MHz obtained
using Equation Each point shows the FOM calculated with the elastic
constants which are obtained with the corresponding anisotropy factor.

wavelength ratio, defect diameter and anisotropy factor are 1.5, 2 mm and 2.0. The SNR
maps are shown in Figure

It can be seen that the divergence angle § does not change with the frequency as % is
constant. dmin p decreases with frequency, as 6 is constant but D decreases. It is also
shown that dy.x p decreases with frequency, which is dominated by the scattering induced
attenuation, demonstrated by Figure 4.10| showing the SNR maps without attenuation.

Next, the effects of the transducer diameter to wavelength ratio on SNR will be inves-
tigated. Three ratios, 1, 1.5 and 2, are used here for discussion. The defect diameter,
anisotropy factor and transducer centre frequency are 5 mm, 2.0 and 1.8 MHz respectively.
The SNR maps are shown in Figure |4.11

Figure 4.11| shows that with increasing transducer diameter to wavelength ratio, the
divergence angle 6 decreases, as expected, and dnin p increases as a result of the decrease

D

of 8 and increase of D. It is also shown that dy.x p increases with <, as the energy is

more concentrated.
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Figure 4.9: SNR maps (in dB) with transducer frequencies of (a) 1.4, (b) 1.8 and (c)
2.2 MHz with a constant % The attenuation term is applied in the signal
computation but not in the noise calculation. 6 represents the divergence
angle of a —6 dB decrease in the SNR echo field. dpin p and dpyax p are the
minimum and maximum depths of a cylinder with the same diameter as the
transducer, in which ASNRyx <6 dB (in between the green lines) and SNR>10
dB (inside the black curve).

4.3.6 Summary

In this section, the influence of various factors on SNR has been investigated. It is
shown that increasing the grain size (in the Rayleigh or stochastic region), anisotropy
factor, excitation duration and decreasing the defect size reduce the SNR. The SNR also
decreases with increasing frequency (at constant transducer diameter to wavelength ratio),
dominated by the scattering induced attenuation. With an increasing transducer diameter
to wavelength ratio (at constant frequency), the divergence angle decreases, which results
in an increase in the SNR close to the centre line of the beam due to energy concentration.

The dependencies of the divergence angle 8, the minimum and maximum depths (dyin D
and dpax p) of an inspection cylinder with a diameter of D on the various factors are
discussed. The results are summarised in Table [£.4] where the upward arrows, downward
arrows and short-lines indicate that the quantities increase, decrease and are unaffected
respectively with the corresponding factors. The effects of the grain size and excitation

duration on the quantities are not obtained directly from SNR maps, but inferred from
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Figure 4.10: SNR maps (in dB) with transducer frequencies of (a) 1.4, (b) 1.8 and (c) 2.2
MHz with a constant %. No attenuation term considered in the calculation.
0 represents the divergence angle of a —6 dB decrease in the SNR echo field.
dmin.D and dpax p are the minimum and maximum depths of a cylinder with
the same diameter as the transducer, in which ASNRyx <6 dB (in between
the green lines) and SNR>10 dB (inside the black curve).

Table 4.4: Summary of how dyin D, dmax D and 6 change with various factors

Increasing dmin D dmax D 0

Grain size (in the Rayleigh or stochastic region) -
Excitation duration -
Defect size -
Anisotropy factor -

Transducer frequency f (at constant 2)
Transducer diameter to wavelength ratio %

_)(_
e —
|

the changes predicted with the theories. It is worth noting that although an inspection
cylinder with a diameter of D is used for discussion, the trends shown in Table [4.4] are
expected to be seen for an inspection cylinder of any diameter and they will be used in

the discussions of general cases later.

4.4 Case studies

In addition to the requirements of the minimum SNR value and maximum radial SNR

variation in the inspection cylinder from a single transducer, mentioned in Section 4.1,
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Figure 4.11: SNR maps (in dB) with transducer diameters of (a) 3.4, (b) 6.7 and (c) 10
mm. With a constant frequency of 1.8 MHz, the transducer diameter to
wavelength ratios are 1, 1.5 and 2 respectively. 6 represents the divergence
angle of a —6 dB decrease in the SNR echo field. dyin p and dmax D are the
minimum and maximum depths of a cylinder with the same diameter as the
transducer, in which ASNRy <6 dB (in between the green lines) and SNR>10
dB (inside the black curve).

the optimisation problem also often requires:

e a minimum transducer diameter to ensure that it is practical to construct and deploy

with the appropriate cables;

e a minimum transducer diameter to wavelength ratio to guarantee the efficiency of

the radiation to the longitudinal wave [101];

e the inspection cylinder diameter to be greater than or equal to the transducer di-

ameter to avoid the need to overlap transducers to obtain full coverage;

e the inspection cylinder to be beyond the dead zone to get a full depth coverage in

the inspection volume.

All the requirements mentioned above are considered in this section as example require-

ments, of which the details are listed below:

1. the minimum SNR in the inspection cylinder is 10 dB;
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2. the maximum radial SNR variation in the inspection cylinder is 6 dB;
3. the minimum transducer diameter Dy,i, is 3 mm;
4. the minimum transducer diameter to wavelength ratio (%)min is 0.5;

5. the inspection cylinder diameter D, is greater than or equal to the transducer di-

ameter D;

6. the inspection cylinder is beyond the dead zone.

Apart from the requirements, the optimisation problem also needs a criterion. In this
section, two possible criteria are given, as discussed below.

In some applications, it is desirable to monitor the sample from a given depth, referred
to as the minimum depth of interest, to a depth as deep as possible with non-overlapping
transducers. For an optimisation problem like this, the optimal transducer gives the
largest maximum depth (dpax D) of the inspection cylinder projected from the transducer
with a given minimum depth of interest (dmyin). With this criterion, the whole surface
=)

is covered with transducers so the fractional surface area covered with transducers ( D2

C

is unity. A schematic of a SNR map under this criterion (referred to as Criterion 1) is
shown in Figure [£.12.

In some other applications, where there is a specified depth range of interest, a small
transducer being able to cover a large area relative to the transducer surface in the given
depth range is desirable. For an optimisation problem like this, the optimal transducer
gives the smallest fractional surface area that has to be covered with transducers to
monitor a specified depth range of interest (dmin t0 dmax) over the whole testpiece. A
schematic of a SNR map under this criterion (referred to as Criterion 2) is shown in Figure
H12b.

In this study, the optimal transducer parameters and placement are determined via

comparing the SNR maps generated with multiple transducer frequency and diameter
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(f — D) combinations.

Next, two representative example optimisation problems, under each criterion respec-
tively, will be discussed and the results of the examples will be illustrated with the trends
obtained in Section 4.3. Both of the examples consider a flat-bottom hole with a diam-
eter of 2 mm in a fictitious cubic material of which the elastic constants (Ci1,Ci2,Caq)
are (246.8 GPa, 144.0 GPa, 102.9 GPa), the anisotropy factor A; is 2.0 and the Voigt

longitudinal wave velocity is 6000 m/s.
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Figure 4.12: Schematics of SNR maps under Criteria (a) 1 and (b) 2. D and D, show
the diameters of the transducer and inspection cylinder respectively. dpin
and dpax are the minimum and maximum depths of interest. dpax p is
the maximum depth that can be covered by an inspection cylinder with a
diameter of D, in which ASNRyx <6 dB (in between the green lines) and
SNR>10 dB (inside the black curve).

4.4.1 Example 1

This section will show how to find the optimal f — D combination under Criterion 1 with
a minimum depth of interest dy, of 7.5 mm.

Firstly, the minimum frequency and diameter to wavelength ratio are determined by
the requirements. As the inspection cylinder should be able to cover the minimum depth
of interest dpin, according to requirement 6, there should be no dead zone effect beyond

dmin, which means 37’1 < dpin (the excitation is a 3-cycle toneburst), where A is wavelength.
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From this inequality, it can be seen that if regions close to the top surface are to be
monitored, a relatively high frequency is needed to limit the dead zone, while if the
regions are far away from the transducer, a low frequency can be used. By solving the
inequality, the minimum frequency is obtained as 1.2 MHz. According to requirement
4, the minimum diameter to wavelength ratio (%)min is 0.5. Then, the frequency and
ratio will be increased gradually from the minima and with each f — D combination in
which the transducer diameter meets requirement 3 (D > 3 mm), a SNR map will be
generated. The process will stop when the optimal combination is found by comparing
the SNR maps.

Figure shows the maximum depths of the inspection cylinders (in mm) obtained
with different f — D combinations. The vertical axis shows the diameter to wavelength
ratio and the horizontal axis shows the frequency. From the figure, two blank parts at the
top-right and bottom-left corners can be seen. The SNR maps with the f—D combinations
in the top-right blank area are not generated as the transducer diameter is less than 3
mm. With the f — D combinations in the bottom-left blank area, where % is relatively
high, no inspection cylinder with a diameter equal to the transducer diameter can be
obtained, due to the relatively small divergence angle and big transducer diameter.

From Figure [4.13, we can see that the optimal frequency and diameter to wavelength
ratio are 1.2 MHz and 1 respectively, with which the maximum depth is 111 mm. The
optimum is at a defect diameter to wavelength ratio of 0.4, so the approximation using
the squared particle velocity is reasonable. From the parametric studies in the previous
sections, we know that the maximum depth of an inspection cylinder decreases with
frequency, dominated by the scattering induced attenuation, and increases with % due to
energy concentration. Therefore, to get the largest diyax p, the minimum f and maximum

% should be used, which is consistent with the result.
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Figure 4.13: Maximum depths of the inspection cylinders at different f — D combinations.
D and Dy, are the transducer diameter and its minimum requirement. D,
here shows the maximum inspection cylinder diameter determined by the
requirements. The inequalities show the reasons for the blank areas. The
y—axis scale increases downwards.

4.4.2 Example 2

Next, we will discuss another optimisation problem based on Criterion 2 with a depth
range of interest from 95 mm to 105 mm. This example has potential application in weld
monitoring, of which the geometry is shown schematically in Figure [£.14] It can be seen
from the figure that the transmit-receive distances are similar over the whole fusion face,
so it is equivalent to monitoring over a narrow depth range relatively far away from the

transducer.

50 mm

Figure 4.14: Weld monitoring geometry; T/R means transmitter/receiver.

With the same procedure described in example 1, the SNR maps with multiple f — D
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combinations are generated, from which the fractional surface areas covered with trans-
ducers (1%22, in percentage) at different f — D combinations are obtained and shown in
Figure [4.15, The vertical axis shows the diameter to wavelength ratio and the horizontal
axis shows the frequency. From the figure, three blank parts can be seen. Like example 1,
the blank areas at the top-right corner (shown with a blue triangle) and the bottom-left
corner (shown with a red rectangle) are because the transducer diameter is less than the
minimum requirement and no inspection cylinder with a diameter greater than or equal
to the transducer diameter can be obtained respectively. With the f — D combinations in
the orange polygon, the maximum depth of interest cannot be covered with any inspec-
tion cylinder with a diameter equal to the transducer diameter due to strong attenuation

induced by scattering. As the value of %22 varies in a large range, in order to show the

minimum clearly, the colour bar is set with a relatively small range from 0 % to 4 %.
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Figure 4.15: Fractional surface areas covered with transducers (%22) at different f — D
combinations. D and D, show the diameters of the transducer and inspection
cylinder respectively. dpax is the maximum depth of interest. dmax p i8S
the maximum depth that can be covered by an inspection cylinder with a
diameter of D. Dy, is the minimum requirement of the transducer diameter.
The inequalities show the reasons for the blank areas. The y-—axis scale
increases downwards.

From Figure we can see that the optimal frequency is 1 MHz and the optimal
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D2
D2

diameter to wavelength ratio is 0.5, with which is 0.17 %. The optimum is at a
defect diameter to wavelength ratio of about 0.33, so the approximation using the squared

particle velocity is reasonable. Compared to example 1, it is difficult to predict the result

of this example by the trends obtained previously, because the relationship between [l))c 22
and f and the relationship between 522 and % are not monotonic. For example, if D,

C

is restricted by the divergence angle, which is not affected by f, D%QQ will decrease with
increasing f at a constant %. However, if D, is restricted by the contour line of the
minimum SNR value (10 dB here), as shown in Figure 4.12b, D, is affected by f, and in

this case, no consistent trend of %22 with increasing f can be predicted.

4.5 Summary of the chapter

In this chapter, a combined analytical-and-numerical method for SNR map generation
has been introduced. The grain noise is predicted theoretically and the reflections from a
flat-bottom hole, as a calibration defect, at one position are computed using FE. Overall
SNR maps for holes at different locations are produced by scaling the reflection amplitudes
by the squared particle velocity and the scattering induced attenuation.

The influence of various factors, including excitation type and duration, grain size
and anisotropy factor, defect size, transducer frequency and diameter on SNR has been
investigated. It is found that the SNR decreases with increasing grain size (in the Rayleigh
or stochastic region), anisotropy factor, excitation duration and decreasing defect size.
Increasing the frequency (at constant transducer diameter to wavelength ratio) reduces
the SNR, dominated by the scattering induced attenuation. Increasing the transducer
diameter to wavelength ratio (at constant frequency) decreases the divergence angle, which
results in an increase in the SNR close to the centre line of the beam due to energy
concentration. The dependencies of the 6, the minimum and maximum depths (dyin D

and dpax p) of an inspection cylinder with a diameter of D on the various factors are
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summarised in Table where the upward arrows, downward arrows and short-lines
indicate that the quantities increase, decrease and are unaffected respectively with the
corresponding factors.

A procedure of how to solve the optimisation problem and find the optimal transducer
parameters and placement with SNR maps has been proposed. Two representative exam-
ple optimisation problems, under two possible criteria respectively, have been discussed.
In these examples the optimum is at a defect diameter to wavelength ratio of 0.3 ~ 0.4,
so it is reasonable to approximate the reflection from a defect at any position by scaling
by the squared particle velocity. It is found that if regions close to the top surface are
to be monitored, a relatively high frequency is needed to limit the dead zone. For highly
scattering materials and large inspection depths, a low frequency is required to reduce the
attenuation and the depth range can be increased by increasing % at a cost of increasing
the fractional surface area that must be covered with transducers. For modest scattering,
a narrow depth range far from the surface can be monitored with a small surface area

covered with transducers, which has potential application in weld monitoring.

93



Chapter 5

Chapter 5 Conclusions

5.1 Thesis review

This thesis aims at overcoming the low SNR problem caused by grain boundary scatter-
ing in monitoring of large grained materials. The potential of two techniques, a signal
processing procedure based on baseline subtraction and optimising the transducers and
their placement used in the monitoring system, to achieve the goal has been investigated.
As there is a lack of an accurate noise prediction for 3D highly scattering problems, which
is desirable in optimising the transducers, 3D FE modelling has been proposed as an
approach to achieve it.

Chapter 2 has presented an experimental study investigating the feasibility and reli-
ability of comparing repeat tests using a signal processing procedure based on baseline
subtraction to suppress grain noise. The calibration methods used to set the transducer
with the same stand-off and angle relative to the testpiece in repeat scans have been pre-
sented and the effect of transducer set-up errors has been discussed. An image alignment
method has been used to register C-scan images to find the same location in different
scans and the effect of errors in the registration has been investigated. Compensation
methods for temperature variations and transducer frequency response changes, which
are very likely to happen in practice, have been presented and their effectiveness has been

tested. The main results obtained in Chapter 2 are listed below.

1. When there are no temperature and transducer frequency response changes, a SNR

improvement of around 15 dB was achieved by baseline subtraction.

2. A SNR improvement of around 11 dB was obtained by subtracting a temperature
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compensated baseline signal from a current signal with a temperature difference of

10 °C.

3. Using the proposed frequency compensation method, an improvement of around 10
dB was achieved when the transducer peak frequency response changed by as much

as +250 kHz from a baseline value of around 7 MHz.

To summarise, a modest noise reduction can be achieved by using baseline subtraction
when there are relatively small temperature and transducer frequency response changes
between the baseline and current signals and the dominant factors restricting the im-
provement are the temperature and transducer frequency response changes. However, it
is also worth noting that this improvement was obtained in lab conditions without any
change of the sample surface or grain structure and at significant cost in test complexity
and data storage requirements.

Chapter 3 has presented an alternative approach to predict grain noise, 3D FE mod-
elling. Unlike the established theories whose validities are often limited to weakly scatter-
ing regimes, the FE approach shows a strong potential in describing the noise behaviour
in highly scattering regimes, as it solves the full physics problem including multiple scat-
tering. This approach has been validated by comparing the FE predicted L-L scattering
amplitudes from a single grain with the theoretical solutions. Two transmit-receive con-
figurations, one with a plane wave excitation and incoherent averaging of the received
signals and another one with a pulse-echo configuration with a finite transducer, have
been considered. The RMS noise levels of the two configurations have been predicted
by FE and the theoretical models which are developed in a similar way to that used to
develop the Independent Scatterer Model that is the basis of most previous analytical
predictions.

The main findings of Chapter 3 are listed below.

1. 3D FE modelling is a valid approach for grain noise prediction.
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2. With a plane wave excitation and incoherent averaging of the received signals, sig-
nificantly higher noise is observed in the FE results than the theoretical predictions.
This has been demonstrated to be largely due to the shear wave component which
is not considered in the theoretical model. As the contribution of shear waves can
be cancelled out quickly by doing a spatial average over the transducer surface, a
theoretical model ignoring shear waves is expected to give good estimations of grain

noise when considering a realistic transducer which generates a spatial average.

3. With a pulse-echo configuration with a finite transducer, when neglecting the attenu-
ation, good agreement between the FE and theoretical predictions can be seen when
the anisotropy factor is relatively low, while discrepancies can be observed when the
anisotropy factor gets higher, indicating the occurrence of multiple scattering. When
adding the attenuation whose coefficient is deduced from the excitation and back-
wall signals to the theoretical noise model, the predictions are significant lower than
the FE results for all the anisotropy factors. This is because the incoherent noise is

much less affected by the scattering induced attenuation than the coherent signals.

To sum up, it has been demonstrated that the FE approach is a powerful tool to
predict the grain noise. However, it is very computationally expensive, which can limit
its application in practice. Furthermore, the comparison of the FE and theoretical noise
shows that the theoretical model can give a rough estimation of the grain noise level very
efficiently, although there are some discrepancies. Therefore, the theoretical model can
be used to give a first estimate of grain noise level, and the FE approach can be used to
provide a more accurate prediction where required.

Chapter 4 has proposed a procedure of finding the optimal transducer parameters and
placement for a permanently installed monitoring system. A combined analytical-and-
numerical method to generate a SNR map has been introduced and the influence of

various factors, including excitation type and duration, grain size and anisotropy factor,
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defect size, transducer frequency and diameter, on SNR has been investigated. It has

been found that:

1. the SNR decreases with increasing grain size (in the Rayleigh or stochastic region),

anisotropy factor, excitation duration and decreasing defect size;

. increasing the frequency (at constant transducer diameter to wavelength ratio) re-

duces the SNR, which is dominated by the scattering induced attenuation;

3. with increasing transducer diameter to wavelength ratio (at constant frequency),

the divergence angle decreases, which causes an increase in the SNR near the centre

line of the beam due to the concentration of energy.

Two possible criteria and two examples showing how to find the optimal transducer pa-

rameters under each criterion have been given. The main findings of Chapter 4 are:

1. a relatively high frequency is needed if regions close to the top surface are to be

monitored to remove the dead zone effect in the monitored area;

. a low frequency is required if highly scattering materials and large inspection depths
are to be monitored to reduce the attenuation and by increasing %, the monitoring
depth can be increased at a cost of increasing the fractional surface area that must

be covered with transducers;

. for modest scattering, a narrow depth range far from the surface can be monitored
with a small surface area covered with transducers, which has potential application

in weld monitoring.

5.2 Suggestions for future work

Reviewing the aim of the project and the work having been done, it is clear that significant

achievement has been made to address the goal. However, there are still some issues which
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can be further pursued. Since each of the three main chapters considers rather different
subjects, the suggestions for future work will be given for each chapter separately.

In Chapter 2, as the results show that the improvement of baseline subtraction is
restricted by the temperature and transducer response changes, efforts can be made to
develop other signal processing techniques to increase the similarity of the compensated
baseline and current signals, thereby enhancing the improvement. As the change of the
grain structure can significantly affect the validity of baseline subtraction, the effect of
long-term exposure at high temperatures, like 700 °C, on grain structures also needs to
be looked into. This can be done by heating the material to a high temperature for one
or two months between two repeat scans and comparing the results.

In Chapter 3, it has been reviewed that most of the theoretical models are based on the
single scattering assumption, which limits their application to weakly scattering problems.
Hu and Turner have developed a model considering single and double scattering effects
[58]. This shows potential for solving the full multiple scattering problem theoretically,
which can be further pursued. On the other hand, although 3D FE modelling has been
proved to be a powerful tool for noise prediction, the high computational costs can limit
its application in practice. Therefore, how to reduce the computational costs of FE
simulations is also worth investigating.

In Chapter 4, the optimisation problem of how to find the optimal transducer for a per-
manently installed monitoring system has been solved in an analytical-and-numerical way.
It is also possible to solve this problem in a purely analytical way, where the analytical
solution of SNR is required. Although it might be less accurate due to the assumptions
introduced in the analytical model, it can significantly reduce the computational costs
and provide first estimates very efficiently. Experimental validation of the proposed pro-
cedures of generating SNR maps and finding the optimal transducer parameters should

also be pursued and will be before submitting a paper for journal publication.
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