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Ultrasonic array imaging is widely used to provide high quality defect detection and
characterization. However, the current imaging techniques are poor at detecting and
characterizing defects near a surface facing the array, as the signal scattered from
the defect and the strong reflection from the planar backwall will overlap in both
time and frequency domains, masking the presence of the defect. To address this
problem, this paper explores imaging algorithms and relevant methods to eliminate
the strong artefacts caused by the backwall reflection. The Half-skip Total Focusing
Method (HSTFM), the Factorization Method (FM) and the Time Domain Sampling
Method (TDSM) are chosen as the imaging algorithms used in this paper. Then,
three methods, referred to as FMC (Full Matrix Capture) subtraction, weighting
function filtering and the truncation method, are developed to eliminate or filter
the effects caused by the strong backwall reflection. These methods can be applied
easily with few tuning parameters or little prior knowledge. The performances of the
proposed imaging techniques are validated in both simulation and experiments, and
the results show the effectiveness of the developed methods to eliminate the artefacts

caused by the backwall reflections when imaging near backwall defects.

2)chao.zhangl3@imperial.ac.uk; Readers who are interested in accessing data associated with this paper are
referred to www.imperial.ac.uk/non-destructive-evaluation where either the data or details of how to obtain

the data can be found.
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I. INTRODUCTION

The assessment of the size and type of fatigue cracks and stress corrosion cracks has long
been a significant task for non-destructive evaluation. These cracks are commonly found near
inaccessible interior surfaces, referred to here as ‘backwalls’, and are important to detect and
characterise in safety-critical components under severe working environment (high pressure
or high temperature) or cyclic loading, for example nozzles, piping components and vessel
welds (Collins, 1993). Recently, the use of ultrasonic phased arrays to evaluate near backwall
defects has attracted a lot of attention (Felice et al., 2014> 2015; Takovleva et al., 2014; Zhang
et al., 2016). A great advantage of using ultrasonic phased arrays is that this allows the
acquisition of Full Matrix Capture (FMC (Holmes et al., 2005)) data. The FMC data
contains a set of signals for all send-receive combinations in the array, giving a complete
data set. The FMC data is achieved by using each element as a source transducer to excite
ultrasound waves in turn, which is then measured by all of the elements in the array. After
the acquisition of the FMC data, various post-processing algorithms, especially imaging
algorithms, can be applied to the FMC data to image the defects under detection. Thus,
phased array imaging provides a very convenient way to assess the defect, as the size and
type of the defect can be measured and judged directly from the generated images. Recently,
as a response to the challenge of characterising the defect (e.g. crack length and orientation)
accurately from the image, a scattering matrix based approach (Bai et al., 2015; Zhang et al.,
2010), which compares an experimentally acquired scattering matrix to a database of pre-

calculated scattering matrices to characterize the defect, has been developed. This method



38

39

40

a1

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

JASA /Sample JASA Article

has achieved a good accuracy based on the experiment array data, however, for this method,

even for a limited type of defect, a large number of scattering matrices have to be calculated.

With the development and application of inverse scattering theory and computing tech-
nology, the imaging algorithms developed for phased array imaging have advanced signifi-
cantly in recent years. Among all the existing imaging algorithms, the Beamforming methods
are most common and are able to provide a direct image of the defect under detection. Typi-
cal examples include the Total Focusing Method (TFM) (Holmes et al., 2005), the Synthetic
Aperture Focusing Technique (SAFT) (Martin-Arguedas et al., 2012) and inverse wave-field
extrapolation (Portzgen et al., 2007). These algorithms have been shown to provide reliable
imaging of the defect but their resolution is diffraction limited, i.e. the highest resolution is
half a wavelength (Fan ef al., 2014). In the last twenty years, super resolution algorithms,
also called the sampling methods, which break this % limit, have been demonstrated and
have received a lot of attention. Notable super resolution algorithms are the Linear Sam-
pling Method (LSM) (Cakoni and Colton, 2003), the Factorization Method (FM) (Kirsch
and Grinberg, 2008) and the Time-Reversal Multiple Signal Classification (TR-MUSIC)
(Gruber et al., 2004). Based on the experiment performed in (Simonetti, 2006), it has been
proved that these methods have the ability to provide super resolution imaging of scatterers
relevant to NDE beyond the diffraction limit. In addition to these algorithms, recently, a
novel type of imaging algorithm called the direct sampling method has been proposed for
shape reconstruction in inverse scattering problems, e.g. Time Domain Sampling Method
(TDSM) (Guo et al., 2016a), Orthogonality Sampling (Potthast, 2010) and Direct Sampling
method (Ito et al., 2012). All the imaging algorithms mentioned here are able to reconstruct

4
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the shape of a scatterer inside a component without prior knowledge of the geometry of the

component or the physical properties of the scatterer.

Usually when inspecting such defects, the array has to be placed on the frontwall to
conduct through-wall detection of the defect near the backwall. In these cases, the presence
of the backwall brings a strongly reflecting planar interface which will introduce a strong
specular reflection into the FMC data. As a result, for a typical FMC data set, the signal
from the defect and the backwall reflection always overlaps in both time and frequency
domain, thus, they are hard to separate via the existing signal processing techniques, for
example deconvolution techniques (Cicero et al., 2009). The presence of the strong backwall
reflection will introduce strong artefacts that makes imaging of the defect difficult; these
will be referred to as backwall effects throughout this paper. In response to this problem,
J. Zhang et al. (Zhang et al., 2016) have developed a method which separates the reference
backwall reflection from non-overlapping signals and then propagates the reference backwall
reflection to create a backwall reflection for overlapping signals. After that, the extraction
of the defect signal can be achieved by a simple subtraction. The implementation of this
method needs a prior TFM image to achieve the knowledge of the defect location and
backwall location, and in order to minimise the error, the array should be aligned with the
defect as much as possible. These prerequisites may limit the application of this method in
real applications. E. Iakovleva et al. (Iakovleva et al., 2014) also have developed the Echo
Transformation Method (ETM) to allow the prediction and filtering of the backwall effects
in the TFM images. However, this technique needs to analyse the propagation models of

the longitudinal wave in order to recognise and predict the performance of the backwall
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reflection in the transverse mode TFM image, or the other way around. Recently, C. Zhang
et al. (Zhang et al., 2018) have developed a method, called the FMC subtraction, to suppress
the backwall effects for the Factorization method imaging of near backwall defects.

In this paper, various approaches are evaluated. FMC subtraction is applied to some
recently developed imaging algorithms (e.g. the Time Domain Sampling Method) to sup-
press the backwall effects when imaging near backwall defects. Other techniques which
allow convenient elimination of backwall effects are then presented and their performance
are compared with the FMC subtraction.

The rest of the paper is organised as follows. Firstly, in Section 2, we summarize the
background theory about the forward and inverse scattering. The three imaging algorithms
used in this paper, the HSTFM, the FM and the TDSM, are also introduced in this section.
Then, a detailed introduction to the developed methods which eliminate the backwall effects
caused by the backwall reflection is provided in Section 3. In this section, we also examine the
effectiveness of the developed methods using simulation data. In Section 4, the performance
of the imaging algorithms together with the backwall elimination methods are analysed

through experiments.

II. BACKGROUND THEORY

In this section, we shall briefly review the background theory about the forward and
inverse scattering problems considered in this paper. The formulation here is based on 2D
acoustic scattering theory (Kinsler et al., 2000). For the sake of simplicity, we will restrict

our attention to the scattering problem of acoustic waves in an unbounded homogeneous
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Us

oD 0

FIG. 1. Schematic of the 2D scattering problem. The bounded scatterer D is embedded in free
space and the domain {2 is the exterior space to D. The scattered field measured by the array can

only have been generated at the boundary of the scatterer but cannot have originated at any point

outside the scatterer.

background space R? that contains an impenetrable scatterer D with the Dirichlet (sound-

soft) boundary condition, as shown in Fig. 1.

A. Problem setting

In order to give a basic understanding of the imaging algorithms which will be introduced
in the following section, a comprehensive overview of the expansion of the forward and inverse
scattering problem is given here. Our discussion here is also based on the problem set out

in Fig. 1. We denote an incident plane wave by

Ul(x, k;0) = @9 g cR? @cSt (1)

where S' denotes a unit circle in R? and k is the wave number, which is actually the spatial

frequency of a wave. The scattered field is denoted by U® and the total field is denoted as
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U. Then, we can have
Us(-,:0)=U —U'(-,;0), in R? (2)
The forward obstacle scattering problem is to find a total field which satisfies the Helmholtz

equation

AU+ KU =0 inR*\ D. (3)

Meanwhile, it is also necessary to satisfy the Sommerfeld radiation condition and the Dirich-

let boundary condition, which are

lim /7( ou

r—00 or

—ikU®) =0, forr=|x|, (4)

U+U*=0, ondD xR, (5)

According to (Colton and Kress, 2013), there exists a unique solution for Egs. (3)-(5). Eq.

(4) implies that the scattered field «® has an asymptotic expansion

ezk\w\

Val

as x| — oo for all (0, %) € S! x S!, where & := x/|x|. According to (Griesmaier, 2011), the

U*(, k; 0) = Uno(, k3 0) + O(||2) (6)

representation of the so-called far field pattern u*> is given by

eiw/4 ae—ikazy GUS(y ke)
U>*(x,k;0)= Us(y,k; 0 — L
( ) V87k 8D( (. £:6) du(y) ov(y)

™Y ds(y) (7)

where v(y) is the unit normal vector at y € 0D. Solving Egs. (3)-(5) is a well-posed
problem (Pike and Sabatier, 2002) and several corresponding numerical methods for solving
the forward problem can be found in (Chen et al., 2017; Graham et al., 2013).

In this paper, the inverse problem, which is also called the imaging problem, aims to
reconstruct the location and shape of the scatterer D given the incident field U’ and the

8
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measurements of the far field pattern U>

(U@, k:0)|& €T, 0cT, k=ky, - k). (8)

where M : M € N is the number of wave numbers considered in the problem and I' denotes
some subset of S!. The far-field pattern is assumed to be illuminated from limited directions
and measured at limited directions, i.e. we are concerned with limited-view scattered data
(Kirsch and Grinberg, 2008). We refer to (Kirsch, 1996; Kirsch and Grinberg, 2008) for a
more detailed derivation of the formulations for the forward and inverse scattering prob-
lems. The fundamental difference between the forward and the inverse problems is that the
inverse problem is an ill-posed problem, and we refer to (Kirsch, 1996) for a more detailed

explanation about the well-posedness and ill-posedness of these problems.

B. Imaging algorithms

In what follows, the imaging algorithm means the post processing method applied to
the data obtained though Full Matrix Capture (FMC) (Holmes et al., 2005) which is a
data acquisition method designed for phased arrays. Phased array imaging implies that
only limited aperture data is available (Kirsch and Grinberg, 2008). By assuming that FMC
data is acquired, the knowledge of the time domain scattered data u® or the relevant far-field

pattern U in Eq. (8) is already known.
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1. Half-Skip Total Focusing Method

The Half-Skip Total Focusing Method (HSTFM) is a modified Total Focusing Method
(TFM) developed for imaging and sizing near backwall defects (Felice et al., 2014). A
comprehensive overview of TFM is given at first to help the understanding of HSTFM.

TFM is implemented by focusing a sound beam to each point in the region of interest
and recording the reflections from these points. According to (Holmes et al., 2005), based

on the imaging setup shown in Fig. 2(a), the indicator function of TFM is given by

ITFM(Z) = /F /F Us(ilfm |wr - Z|;: ‘mt - z’§mt)d3(mr)d3($t)- (9>

where I'; is the surface where transmitters and receivers are located, x; € I'; is the location
of the transmitter, o, € I'; is the location of the receiver and u® (x,,t; x¢) denotes the time
domain scattered data from a transmitter located at x; to a receiver located at x,. The
ray path considered in TFM is the direct ray path, which is the wave that directly travels
from the transmitter to the image point P and back to the receiver, as shown in Fig. 2(a).
However, in the case of detecting a near backwall defect, there is additional complexity from
the wave reflecting from the backwall, which is not accounted for in TFM. In response,
Felice et al. (Felice et al., 2015) developed the Half-Skip Total Focusing Method (HSTFM)
to image and size the near backwall defects. Unlike TFM, HSTFM considers the ‘half-skip’
ray paths which are reflected on the backwall once, either before or after interacting with
the defect, as shown in Fig. 2(b).

Imagine that there is a mirrored imaging point P, located at z,,, as shown in Fig. 2(c).
The length of the post-defect reflection half-skip path defined in Fig. 2(b) is that of a path

10
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FIG. 2. (a) Schematic showing the inspection of a component containing a surface-breaking crack
and an example of the direct ray path considered in TFM, (b) Schematic showing the ray paths of
different signal components contained in a typical recorded signal during detection; note that the
red ray path represents the backwall reflection, the blue ray path represents the ‘half-skip’ reflection
and the green ray path represents the tip diffraction. (c¢) The related two array configuration with
the crack located in the middle of the material and the equivalent ray paths of the signal components

shown in (b). The depth of the crack in (c) is twice the depth of the crack in (b).

from the real array to the imaging point P and then from the point P back to the mirrored
array, as shown in Fig. 2(c). It is obvious that the ray path from the point P to the mirrored
array is equivalent to the ray path from the mirrored point P, to the real array. It is noted
that the same is true for a pre-defect reflection by reciprocity. Based on this, the indicator

function of HSTFM is given by

Ty — 2|+ |Xr — Zm
Tusrrm(z)= / / uS(a:T,’ el C' |;zct)ds(zcr)ds(a:t). (10)
r;JT; 0

11
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where I'; is the surface where transmitters and receivers are located, x; € I'; is the location
of the transmitter, «, € I'; is the location of the receiver and u(zx,,t; x;) denotes the time

domain scattered data from a transmitter located at x; to a receiver located at x,..

2. Factorization Method

The Factorization Method (FM) is based on the Linear Sampling Method (LSM), which
is the first non-iterative inverse scattering algorithm developed to reconstruct the support
of the scatterers. These sampling methods utilise the fact that the scattered field can only
be generated at the boundary of the scatterer and can not be produced for a point outside
the scatterer, as shown in Fig. 1.

The LSM uses an indicator function based on the far-field operator F' to determine

whether a point P(z) is inside or outside the scatterer. Based on the far-field pattern the

scattered field defined in Eq. (8), the far-field operator F' : L*(S?) — L*(S) is defined as

(Fo)@) = [ U™(@.5:0)9(0)d5(0) (1)

where ¢ is called the Herglotz density. The Herglotz density corresponds to the density of

plane waves in each direction superposed to form an incident field vy, which is defined as

vy(x) = /S1 exp(ikx - &o)g(Eo)ds(To) (12)

where S' denotes the unit circle in R?, v, is also called the Herglotz wavefunction. The far-
field pattern of the scattered field created by the incident field v, is actually equivalent to
the Flg in Eq. (11). Here we introduce the far-field pattern of the Green’s function (Cakoni

12
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18 and Colton, 2013), namely
/4 .
Do (ki ) = SPUT/D) s (13)
8km
15 Then, the far-field operator of a sampling point P(z), z € 2 is defined as

Fg, = (&, k; 2) (14)

s According to (Cakoni and Colton, 2003; Fioralba and David, 2003), the following are true:

187 e if z € D, then for every € > 0, there exists a solution g that
Hng(> —(I)Oo(',z7]€)|‘L2(Q) <g; (15)
188
189 and
lim [[g5l12) = oo, (16)
i {[vge| | (py = oo, (17)
10 where v, is the Herglotz wavefunction with density g;.
191 e if 2 € R?\ D, then for every e > 0 and 6 > 0, there exists a solution g that
1Fg2°() = Poo (-, 2, k)l 12() < €+ (18)
192
193 and
: €,0
B — 1
%g%”gz ||L2(Q) o0, ( 9)
lim o,z 10y = o0, (20)
104 where Ve is the Herglotz wavefunction with density g=°.

13
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From the above results, it is clear that the ||gZ||z2() becomes unbounded as z — 9D and
is small if z ¢ dD. The LSM utilises the behaviour of ||gZ|[12(q) to reconstruct the support
of the scatterer. However, it will meet convergence issues if the data is noise free (Cakoni
and Colton, 2013), which motivated the development of the Factorization Method. The FM

replaces the far-field operator F' by (F*F)1, then Eq. (14) becomes
(F*F)ig = ®. (21)
Picard’s theorem shows that z € R? belongs to D if and only if

o0 1 X
Zm‘<®W(w7k7 Z),¢i>L2’2 < 00, (22)
i=1 "

where {0, ¥;,1;}5° is the singular system of far-field operator F. BEq. (22) is also called
Picard’s criterion. For the detailed derivation of Picard’s criterion, we refer to the classical
book about the Factorization Method (Kirsch and Grinberg, 2008). Thus, the indicator
function of the FM algorithm is given by

1

Z m|<cboo(iv k; z)7¢i>L2|2
i=1 !

(23)

The intensity of Eq. (23) is large on the boundary of the scatterer and is small outside. Eq.
(23) only utilises single frequency data, and as a result, the quality of the reconstruction
may not be the best possible if the frequency is poorly chosen (Guo et al., 2016b). In order
to overcome this problem, the FM which uses the multi-frequency data defined in Eq. (8)
was developed, namely

Irm(z) = Z = 1 ' 2y
j=1 Z : (Poo (&, kj; 2), 15) 2]
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where 1 < 7 < M and M refers to the number of wave numbers used for calculation. It
has been proved in (Guzina et al., 2010) that this multi-frequency indicator function is able
to avoid some ill-effects that may occur in the single-frequency indicator function when the
chosen wavenumber k is close to an interior transmission eigenvalue of the scatterer. The FM

used in the following sections of this paper should be understood to be the multi-frequency

FM.

3. Time Domain Sampling Method

To facilitate the following formulation, we have defined the time-reversed scattered data

by

ui(xp, T —t;zy), 0<t<T
u' (X, t;xy) = (25)

0, t<0,
if the time domain scattered data u® is given, where x; € T'; is the location of the transmitter,
x, € I'; is the location of the receiver, I'; is the surface where transmitters and receivers are
located and u® (., t; x¢) denotes the time domain scattered data from a transmitter located
at oy to a receiver located at @,.. Inspired by the frequency domain sampling methods (Ito
et al., 2012; Potthast, 2010), Guo et al (Guo et al., 2016a) developed the Time Domain
Sampling method as a strengthened TFM. Asssuming the time-reversed scattered data u'"

is given, the indicator function of TDSM is given by

swta) = [ [ ( | u”(a:m—’z;—f"';waczs(w»yds(wodr (20

15
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The TDSM shares the same essential requirement of the imaging scheme of the FM, that
is to find a spatial varying indicator function which has significant difference in values for
points inside and outside the scatterer. In fact, the indicator function of the TDSM (Eq.
(26)) is similar to the indicator function of the TFM (Eq. (9)), but the indicator (Eq.
(26)) has an integration over the recording time 7" and a square of the integrand, thus,
Guo et al (Guo et al., 2016a) believe that these differences in indicator function will help
the TDSM to achieve a better performance over the standard TFM. Although the theory
behind the TDSM is only partially resolved, the TDSM has already been implemented for
imaging point-like scatterers and regular-size cracks, and achieved satisfactory results on

these applications (Guo et al., 2016a).

III. ELIMINATING BACKWALL EFFECTS

A. Imaging setup

In this paper, we consider the problem as shown in Fig. 2(a). There is a component
which has two flat parallel surfaces and a thickness of h. A surface-breaking crack with
a depth of d appears perpendicular to the backwall. An ultrasonic phased array is placed
on the upper surface to detect this surface-breaking crack. We define the angle ;.. as the
angle between the line joining the centre of the array to the point where the crack intersects
the backwall and the vertical line going through the array centre. Thus, based on 6., the

horizontal distance between the array centre and the crack position is h X tan 6;..

16
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In fact, the angle 6,.s; not only determines the relative position between the crack and
the array, but also relates to the available viewing aperture or the angle of view. In Fig. 3,
we compare the aperture difference between two different imaging configurations based on
the same array and the same component, one with the crack located directly beneath the
array (0ess = 0°), another one with the crack located a distance from the array (usually,
Orest = 30° or 45°). It is obvious that the biggest aperture can be achieved when 6.5 = 0°.
In some papers, for example (Felice el al., 2014), the array was placed at a distance from
the crack (Ot = 45°), so that the backwall reflection can be easily separated from the
defect signal. However, this method will not only result in a small viewing angle but also
a longer ray path and increasing attenuation. With longer path lengths the coherent noise
from grain scattering will be worse, and the signal-to-noise ratio will be reduced for greater
attenuation. Also, the (often necessary) introduction of wedges will introduce noise and
reduce amplitude further. In order to achieve the biggest aperture and improve the signal

strength, the incident angle 6;.,; was set to be zero in this paper.

Assuming a zero incident angle, since the planar backwall is a very strong reflector for
the ultrasound, a typical recorded signal during detection will contain three components of
primary interest in this paper: the backwall reflection, the ‘half-skip’ reflection and the tip
diffraction, as shown in Fig. 2(b). It should be noted that other components can be present,
such as a second ‘half-skip’ signal if the receiver is not at the same location as the source, a
‘full-skip’ signal from the defect (likely from tip diffraction), as well as a range of multiply
scattered signals (depending on the defect) and multiple components corresponding to mode
conversion at the backwall. Among the three components of primary interest, the ‘half-skip’

17
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FIG. 3. Schematic showing the aperture difference between two different imaging setups.

reflection and the tip diffraction will be referred to as the defect signal in this paper as they
contain information about the defect. The backwall reflection has a much stronger energy
than the defect signal as the backwall reflection is the direct specular reflection from the

array to the backwall and back to the array, yet provides no information about the defect.

B. Signal overlap problem

In a typical FMC dataset acquired based on the imaging configuration shown in Fig. 2(a)
when 0,.,; = 0°, the defect signal and the backwall reflection often overlap in both the time
and frequency domains. In order to visually study the overlap of the defect signal and the
backwall reflection, we perform a numerical simulation using a finite element model which
was created in Abaqus (Dassault Systemes Simulia Corp., Providence, RI) to approximate
simulated array data. In keeping with the theoretical analysis in Section II, a 2D FE
model is used to analyse this problem under the assumption that all the properties are
uniform out of the plane. Here, as the shear wave and the mode conversions between the
longitudinal and shear wave always arrive later than the longitudinal wave, making the
use of longitudinal waves more logical in practice, only a longitudinal wave was excited and
recorded for simplicity (Drozdz, 2008). This is also in keeping with previous work with these

18
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Asser g e em Incident P wave

EEL

FIG. 4. Snapshot of the FE model used for simulation in Abaqus (Dassault Systemes Simulia
Corp., Providence, RI). The length of the crack is 2, the thickness of the component is 20\ and
the distance between two transceivers of the array is 0.5\. Frequency is 2MHz, giving a wavelength

(A\) of 3mm.

algorithms which have just considered the longitudinal waves (Fan et al., 2014; Felice et al.,
2014; Tant et al., 2017). The material used for simulation is isotropic steel with a density of
7700kg/m?, a Youngs modulus of 195G Pa and a Poisson ratio of 0.28. The element used in
this model is the linear 2D plane strain element. The phased array has 64 elements and the
wave generated by the array is a Hann windowed 5 cycle tone burst with a central frequency
2MHz. Thus, the wavelength \ of the longitudinal wave is about 3mm. To make this model
more general, all of the geometric lengths are defined relative to the wavelength. Here, the
length of the crack is 2, the thickness of the component is 20\ and the distance between two
transceivers of the array is 0.5A. Absorbing layers (Rajagopal et al., 2012) were attached
to the model to absorb any wave entering them, acting as ‘reflectionless boundaries’, to
effectively model a small section of an infinite region. Fig. 4 shows a snapshot from the FE

model used in Abaqus.
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FIG. 5. The time traces of three different elements based on simulated FMC data. Note that

element 1 is used as the transmitter while all the elements used as receivers.

From the simulated FMC data from this model, we observed that in the case of detecting
the near surface defect, it is easy for the backwall reflection and the defect signal to overlap
with each other, and the overlap phenomenon happens in both time and frequency domains
(Zhang et al., 2016), as shown in Fig. 5. Additionally, from Fig. 5, we can also see that the
amplitude of the backwall reflection is always much stronger than the defect signal. These

problems make the extraction of the defect signal challenging.

The overlap phenomenon will also seriously affect the imaging result. Fig. 6 shows the
imaging results of TFM, FM and TDSM based on the measured signal containing both the
backwall reflection and the defect signal. From Fig. 6, it is clear that in all of the three
images, the indication of the crack is masked by the strong indications of the backwall and
artefacts introduced by the backwall reflection.
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FIG. 6. Results from setup shown in Fig. 4. (a) HSTFM, (b) FM using 10 uniformly distributed
frequencies between 1.5MHz and 2.5MHz, and (c) TDSM images based on the overall signal. The
red "X’ symbols at the top of the images represent the location of the transceivers and the amplitude

is normalized to the maximum value in each image. The results here were from simulated data.

Thus, in order to get a strong and clear indication of the crack through these imaging
algorithms, the primary problem for imaging a near surface defect at ;. = 0° is how to
eliminate the effects introduced by the strong backwall reflection. In response, we have
developed several methods to eliminate the backwall effects and to ensure a clear and strong

indication of the crack, these methods will be described in detail below.

C. Backwall subtraction method

One possible way of extracting the pure defect signal from the overall signal is to measure
the backwall reflection of a defect-free copy of the component, then extract the scattered
field through a subtraction, a method we will refer to as the baseline subtraction. However,
this method is not practical in real inspection as it is not possible to achieve a defect-free
copy of the component, so in most of the occasions, the acquired FMC data is the only
available data. As a result, FMC subtraction has been developed in (Zhang et al., 2018)
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FIG. 7. Several time traces of element pairs of the same lateral separation.

to estimate the the backwall reflection based on the FMC data. This method relies on the
phenomenon that for element pairs of the same lateral separation, the length of ray paths of
backwall reflections are identical but the ray paths of the defect signals are different for the
case of two planar surfaces and homogeneous material. That means these signals will have
the same arrival time and amplitude of the backwall reflection but different arrival time and
amplitude of the defect signal (Fig. 7).

Based on this, according to (Zhang et al., 2018), if we denote the recorded time trace
with the ith element used as transmitter and the jth element used as receiver by (i, j), the
defect signal S(i,7) can be estimated as:

N—l|i—j|

§0.9) = 16.9) = gry—y=gy & UGi+li=i+16+i—ili). @D

where i =1---N, j=1---N and N is the number of array element. Readers are referred
to (Zhang et al., 2018) for a more detailed derivation of the FMC subtraction. In this paper,
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if not otherwise specified, the summation and averaging in Eq. (27) is implemented over the
full time duration. The main disadvantage of the FMC subtraction is that the time traces of
the paired outer elements will undergo less averaging; it is acknowledged that this could be
more problematic because these components are likely to encode more information on the
half-skip for a flat crack-like defect perpendicular to the surface. Because of this, there will
always exist some residue of the backwall reflection after subtraction, which may introduce

artefacts into the images.

Fig. 8 compares different imaging algorithms based on the signal before and after FMC
subtraction. Fig. 8 (a), (b) and (c) are the HSTFM, FM and TDSM results based on the
original FMC data, and these three images are the zoomed-in views of the images in Fig.
6. In all of these images, it is clear that the strong indication introduced by the backwall
seriously influenced the imaging results. Although the baseline subtraction is impractical in
real inspections, it is easy to implement through simulations. In order to provide benchmark
results that can support the effectiveness of the FMC subtraction, the imaging results based
on the equivalent defect-free model are shown in Fig 8 (d)-(f) and the imaging results based
on the data processed by the baseline subtraction are shown in Fig. 8 (g)-(i). Fig. 8 (j),
(k) and (1) are the HSTFM, FM and TDSM results based on the FMC data after the FMC
subtraction. Obviously, by using the FMC subtraction, there are significant improvements in
the imaging results. For the HSTFM and the TDSM (Fig. 8(j) and (1)), the FMC subtraction
shows excellent performance as the imaging results after FMC subtraction have very strong
and clear indications of the crack and the residue backwall reflections only introduce some

uniform background noise which could be eliminated by post-processing the image, such
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FIG. 8. Results from setup shown in Fig. 4. (a) HSTFM, (b) FM using 10 uniformly distributed
frequencies between 1.5MHz and 2.5MHz, and (¢) TDSM images, all based on the original signal.
(d)-(f) are as (a)-(c) respectively except with the equivalent defect-free model. (g)-(i) are likewise
the same algorithms as (a)-(c) except based on the signal after baseline subtraction. (j)-(1) are
likewise the same algorithms as (a)-(c) except based on the signal after FMC subtraction. All

images have been normalised to the maximum value in each image.
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as thresholding to remove artefacts below a certain level — any estimated intensity below a
certain level is set to zero (White and Ghosal, 2014). It is acknowledged that this approach
is only possible when the artefacts are weak relative to the defect signal. For the FM, the
FMC subtraction also helps to achieve a sharp and strong indication of the crack (see Fig.
8(k)), which means the majority of the backwall reflection has been removed. However, as
the FM imaging algorithm is more sensitive to noise than the HSTFM and the TDSM, the
residual backwall reflection brings more obvious artefacts to the FM image compared to the
HSTFM and the TDSM. These artefacts are the ‘side bars’ near the strong indication of the
crack in Fig. 8(k), which may raise the risk of falsely judging the type of the defect. Note
that since FMC subtraction is a preprocessing method which operates on the data itself,
rather than being incorporated into the algorithm, this method is theoretically suitable for

any imaging algorithm which utilises the scattered signal to reconstruct the defect.

D. Weighting function method for HSTFM

Apart for the FMC subtraction, we also developed a specific method for the HSTFM,
which is called the weighting function in this paper. The weighting function method is
inspired by the work done by P. Huthwaite in (Huthwaite, 2016), where it is shown that the
subtraction of the incident wave is unnecessary when imaging using Diffraction Tomography
(DT) as the effects introduced by the incident wave will vanish automatically in the DT
algorithm. Also, in (Simonetti and Huang, 2008), F. Simonetti et al. have found that there
is a linear mapping between Beamforming (BF) and DT. As TFM or HSTFM is actually
a BF algorithm, the results in (Huthwaite, 2016) can be directly applied to HSTFM. Since
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HSTFM only considers the ‘half-skip’ ray paths which are reflected on the backwall once,
either before or after interacting with the defect, an equivalent ray path of the ‘half-skip’ ray
path can be derived as in Fig. 2(c). Specifically, the equivalent ray paths of the backwall
reflection and the ‘half-skip’ reflection considered in the HSTFM are shown in Fig. 2(c). We
neglect the tip diffraction here as the energy of the tip diffraction is too weak compared to
the ‘half-skip’ reflection and backwall reflection. If we define Ay as the angle between the
incident direction and the receiving direction in the equivalent model, then all the equivalent
ray paths of the backwall reflections will have the same angle Ay = 0°, as shown in Fig.
2(c). At the same time, from Fig. 2(c), Ay will vary from point to point when considering
the ‘half-skip’ reflection and in this case, Ay cannot be 0° or 180°.

Based on this phenomenon, a weighting function, which can be used as a filter to eliminate

the backwall effects, has been introduced as:

f(@y, z;xe) = |sin(Ay)| (28)

Readers who are interested in the choice of the weighting function are referred to (Huthwaite,
2016) for more information. It is obvious that the value of this weighting function will tend

to 0 if Ay is close to 0° or 180°. Then, this weighting function is integrated in Eq. (10) as:

Yy — 2|+ |[Tm — 2|
Co

IHSTFM(z):/F./F.f(wT,z;wt) u® (2, sxy)ds(x,)ds(ay). (29)

where I'; is the surface where transmitters and receivers are located, x; € I'; is the location
of the transmitter, o, € I'; is the location of the receiver and u® (x,,t; xs) denotes the time
domain scattered data from a transmitter located at x¢ to a receiver located at x,.. Fig.
9(a) and Fig. 9(c) are the HSTFM images based on the original FMC data without and
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FIG. 9. Results from setup shown in Fig. 4. (a) Conventional HSTFM image based on the overall
signal, (b) Conventional HSTFM based on the data proposed by the base line subtraction, (c)
Conventional HSTFM with the weighting function image based on the overall signal. The images

were normalized to the maximum value in each image. The results here were from simulated data.

with the weighting function, respectively. Again, the imaging results based on the baseline
subtraction are shown in Fig. 9(b) to support the effectiveness of the weighting function

method.

From Fig. 9, it is obvious that by using the conventional HSTFM together with the
weighting function, the effects introduced by the backwall reflection vanish automatically,
which means the weighting function shows an excellent ability to eliminate the backwall
effects. As a result, a good indication of the crack can be imaged without the backwall
subtraction when using the HSTFM with the weighting function. Using the weighting
function to eliminate the backwall effects will be called the ‘weighting function method’
throughout this paper.

27



408

409

410

411

412

413

414

415

416

4138

419

420

JASA /Sample JASA Article

80% of the maximum

Eigenvalues
(normalized to the maximum value)

70

FIG. 10. Singular values spectrum for the simulated FMC data at 2MHz.

E. Truncation method for FM

If we observe the indicator function of the FM algorithm (Eq. (23) or Eq. (24)), it can be
found that the calculation of the FM image heavily depends on the singular values and the
corresponding eigenvectors of the far-field operator. It has been proved that the singular
values and the relevant eigenvectors of the far-field operator are linked to the scatterers
(Prada and Fink, 1994), which means by using different singular values, the FM is able
to reconstruct different scatterers. Based on this theory, an imaging experiment has been
conducted using different numbers of singular values for the calculation. In these cases,
a threshold criterion can be used to determine how many singular values will be used for

imaging.

As shown in Fig. 10, 10% of the maximum means that the calculation of the FM algorithm
will only use the singular values whose amplitudes are bigger than 10% of the maximum
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FIG. 11. Results from setup shown in Fig. 4. (a) FM image using the 80% criterion, (b) FM

80% of maximum

(a) 14

0
x/\

image using the 10% criterion, (c¢) FM image using the 1% criterion. The FM uses 10 uniformly
distributed frequencies between 1.5MHz and 2.5MHz in each image. The images were normalized

to the maximum value in each image. The results here are from simulated data.

value at each frequency. Three threshold values have been set, 80%, 10% and 1%, and the

imaging results of the FM algorithm based on these 3 criteria are shown in Fig 11.

From Fig. 11(a), it is clear that the image only contains a strong indication of the
crack, and there are no artefacts introduced by the backwall reflection near the indication
of the crack. By using more singular values (10% of maximum), the backwall effects start
to dominate the image, see Fig. 11(b). If most of the singular values are used (1% of
maximum), the indication of the crack is totally masked by the backwall effects, see Fig.
11(c). From these images, it indicates that the most significant singular values (80% of the
maximum) are linked to the crack and the information brought by the backwall reflections
are encoded in the smaller singular values. Here, based on the imaging results, a criterion
of 80% of the maximum value at each frequency was found to be a good threshold for the
FM algorithm to eliminate the backwall effects, indicating that the backwall reflection is not
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included in the FM image when the small singular values are truncated. As this method
contains a truncation of the small singular values, this method is called the ‘truncation
method” throughout this paper. Note that the threshold criterion depends on the type of
defect and the structure of the component, so the threshold criterion should be tuned for

different inspection scenarios.

One problem of this method is that by ignoring the the small singular values, it leads to
a loss of information. In the case of limited-view imaging, a common way to compensate
for the loss of information is to increase the available aperture (Hutt and Simonetti, 2010Db).
In (Hutt and Simonetti, 2010a), with the purpose of achieving a more detailed image in
the case of limited-view, T. D. Hutt has developed a method which utilises the backwall
to provide additional views. This method essentially increases the available aperture for a
specific array, however, this method is not able to provide good results if the defect is located
close to the backwall. Inspired by this, a new method has been developed to increase the
available aperture in the case of imaging the near backwall defects, especially the surface-
breaking cracks. Based on the derivations of the HSTFM and the weighting function for the

HSTFM, it is obvious that the two models in Fig. 2(b) and (c) are related.

Here, we are now focusing on the relationship between the defect signal (tip diffraction
and ‘half-skip’ reflection) shown in Fig. 2(b) and its equivalent wave shown in Fig. 2(c). In
order to facilitate the following derivations, the backwall reflection and its equivalent wave
in Fig. 2(b) and (c) are not considered. For the model shown in Fig. 2(b), we define the tip
diffraction as U;®, the ‘half-skip’ reflection as U;° and the overall defect signal as U, while
for the model shown in Fig. 2(c), we define the forward scattering from arrayl to array2
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as U7y, the forward scattering from array2 to arrayl as Usy, the backward scattering from
arrayl back to arrayl as Uy and the backward scattering from array2 back to array2 as
Uss. The ray path of the tip diffraction based on the model shown in Fig. 2(b) is actually
equivalent to the ray path of the backward scattering from arrayl back to arrayl based on
the model shown in Fig. 2(c), similarly, the ray path of the ‘half-skip’ reflection based on
the model shown in Fig. 2(b) is actually equivalent to the ray path of the forward scattering
from arrayl to array2 based on the model shown in Fig. 2(c). Because of the symmetry of
the model shown in Fig. 2(c) and the principle of reciprocity, it is clear that U = Uss and

Ups = Usy. Based on all these facts, we have

U™ = U® + U, (30)
U =Up =Ug, (31)
Up® = Uiz = Uy (32)

This makes the assumption that the singular value filtering approach developed for the
standard FM, which effectively attempts to include just the tip-diffraction signals in the
reconstruction, is also valid for the ‘half-skip’ components, where the waves interacting with
the defect have reflected once off the backwall. As the energy of the ‘half-skip’ reflection and
the energy of the specular reflection are much larger than the energy of the tip diffraction,

it is clear that

US> U®, UX 0. (34)
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Then, Eq. (30) becomes

U = Uy, Upi=U3=Ur". (35)

Thus, the full data-set U5, which can be recorded based on the model shown in Fig. 2(c)

becomes

U Uiy
Uﬁu =

0o 00
U21 U22

Q
W
=

U~ 0

Through Eq. (36), we can reconstruct the full data-set Uz, based on the model shown in
Fig. 2(c) through the defect signal recorded in the model shown in Fig. 2(b). As a result,
the available imaging aperture is essentially increased by using the reconstructed Ugy;, and
the relevant imaging configuration (Fig. 2(c)) for the FM algorithm. This method is called
the mirror enhancement throughout this paper and is used to compensate for some of the
lost information when the truncation method is used with the FM algorithm to eliminate
the backwall effects for near backwall defects. It should be noted that T. Hutt et al. (Hutt
and Simonetti, 2010a’b) have developed a method that uses a modified Green’s function in
the calculation of the FM image to utilise the effect of mirror, however, their method has

shown a poor performance for near backwall defects.
The effect of the mirror enhancement is shown in Fig. 12. From this, it is clear that by

using the FM algorithm together with the truncation method and the mirror enhancement,
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FIG. 12. Results from setup shown in Fig. 4. (a) FM image using the the truncation method
to eliminate the backwall effects, (b) FM image using the the truncation method to eliminate
the backwall effects and the mirror enhancement to improve the image quality. The FM uses 10
uniformly distributed frequencies between 1.5MHz and 2.5MHz in each image and the images were

normalized to the maximum value in each image. The results here were from simulated data.

the majority of the backwall effects can be removed without causing an obvious image

degradation.

IV. EXPERIMENTAL VALIDATION

For experimental validation, an array with the parameters shown in Table I was used
for the experimental measurements. This array probe was manufactured by IMASONIC
(Haute — Saone, France). The sample used for the experimental measurements was a block
of 180 x 450 x 40mm, 304 stainless steel. This sample contains a surface-breaking crack with
a size (depth x length) of 5 x 20.4 mm and an average opening of 73.0um, see Fig. 13. The
crack was produced by using controlled thermal fatigue loading (Kemppainen et al., 2003).
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TABLE 1. Specification of the array transducer used in experimental measurements.

Central frequency Bandwidth Element width Element pitch Aperture size
Element number

(MHz) (-6dB; MHz) (mm) (mm) (mm)

48 2.5 1.66 to 3.22 1.0 1.2 57.4

[ [ A

FIG. 13. The picture of the sample and the crack opening.

The depth of the crack is estimated empirically, by destructively analysing previous samples
made under the same loading conditions, while the length and opening are measured from
the micrograph (Virkkunen et al., 2009). The surfaces of this sample are flat and smooth.
The flawed sample was produced and measured by Trueflaw Ltd. The longitudinal wave
speed in 304 stainless steel is 5920m/s, thus, the depth of the crack is about 2\ for the
centre frequency of the 2.5MHz probe. The FMC data were collected from this sample
using the 2.5MHz probe, with the same array configuration of ;. = 0 (Fig. 3(a)).
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FIG. 14. (a) HSTFM, (b) FM, and (c) TDSM images based on the FMC data after FMC sub-
traction, (d) HSTFM with the weighting function image based on the original FMC data, (e¢) FM
with the truncation method and the mirror enhancement image based on the original FMC data.
The FM uses 10 uniformly distributed frequencies between 2.5MHz and 3MHz in each image and
the images were normalized to the maximum value in each image. The results here were from

experimental data.

After the acquisition of the FMC data, the three imaging algorithms, i.e. the HSTFM,
the FM and the TDSM, together with the relevant methods developed to eliminate the
backwall effects, were applied to the same FMC data, and all the imaging results are shown
in Fig. 14. These image results based on the experimental data show a good consistency

with those obtained from simulated data.
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All the images in Fig. 14 show a very good indication of the surface-breaking crack,
indicating that the methods developed in this paper, i.e. the FMC subtraction, the weighting
function for the HSTFM, and the truncation method for the FM, can successfully eliminate
the backwall effects while imaging the near backwall defects, although it is recognised that
this is an idealised lab-based setup. The difference between the FMC subtraction and
the weighting function method (or the truncation method) is that the FMC subtraction
attempts to remove the backwall reflection in the FMC data while the weighting function
method (or the truncation method) attempts to directly remove the backwall effects in the
imaging process. From the imaging results, it is clear that the images processed by the direct
methods (the weighting function method and the truncation method) show a better image
quality and contain fewer artefacts than the images processed by the FMC subtraction,
see Fig. 14(a) vs Fig. 14(d) (or Fig. 14(b) vs Fig. 14(e)). This is because the FMC
subtraction will leave a residual backwall reflection in the FMC data after subtraction. The
advantage of the FMC subtraction is that this method is very easy to implement as no prior
knowledge is needed and it is therefore suitable for any imaging algorithm which utilises
the scattered signal to reconstruct the defect. Unlike the FMC subtraction, the weighting
function method is developed specifically for HSTFM while the truncation method for the
FM requires tuning of the threshold criterion for different imaging configurations. The
imaging results also indicate that the three imaging algorithms, i.e. the HSTFM, the FM
and the TDSM, have the potential to reconstruct small near backwall defects if the backwall

effects can be removed.
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V. CONCLUSIONS

In this paper, new techniques to image near-surface defects and to eliminate the back-
wall effects were presented. This involves both the imaging algorithms themselves and
pre-processing methods to eliminate the backwall effects. Three imaging algorithms, the
HSTFM, the FM and the TDSM, were chosen in this paper to solve the problem of imag-
ing the near backwall defects. However, the three imaging algorithms failed to image the
near backwall defects when applied to the original FMC data which contains the backwall
reflection, because this will introduce strong artefacts to the images. In response to this
problem, three methods were explored in this paper to eliminate the backwall effects and
to ensure a good image quality of the defect. FMC subtraction attempts to reconstruct the
pure backwall reflection based on the original FMC data and the defect signal can be simply
extracted by subtraction. The implementation of this method needs no prior knowledge
of the component geometry and this method is theoretically suitable for any imaging algo-
rithms, although it does require the backwall to be parallel to the array. This method will
leave some residual backwall reflection in the data, but this is not entirely problematic as
the majority of the backwall reflection will be removed. The second method, the weighting
function method, is based on the angle difference between the backwall reflection and the
defect signal considered in the HSTFM. The weighting function method is developed specif-
ically for HSTFM and can directly filter the artefacts introduced by the backwall reflection
in the HSTFM image. The third method, the truncation method, attempts to control the
behaviour of the image by selecting the singular values used for the FM algorithm. The
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implementation of this method needs to tune the threshold criterion at first. The threshold
criterion is used to determine which singular values should be used for calculation and this
criterion depends on the geometry of the component and the type of defect expected. The
truncation of the singular values will cause a loss of information which may degrade the im-
age quality. To compensate for the loss of information caused by the truncation method, a
method called the mirror enhancement has been developed to increase the available aperture

when imaging the near backwall defects.

All three imaging algorithms together with the relevant methods to eliminate the backwall
effects are tested with simulated and experimental data, and their performance is assessed
through the imaging results. Based on the imaging results, it can be concluded that all the
methods developed in this paper have shown effectiveness to eliminate the backwall effects
and are simple in their implementation at the same time. All the imaging results have shown
a significant reduction in artefacts when the described methods were applied. The results
also indicate that the three imaging algorithms, i.e. the HSTFM, the FM and the TDSM,

are able to image the near backwall defects if the backwall effects are eliminated.
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