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In-process inspection of the additive manufacturing process requires a technique that can provide reliable 
measurements given the extreme operating environments, the small size of the defects and the cyclic melting 
and heating of the material, caused by subsequently deposited layers. A remote and couplant-free ultrasonic 
inspection technique using bulk waves that can image near-surface defects could address these in-process 
inspection requirements. Laser induced phased arrays (LIPA) generate and detect ultrasound based on laser 
ultrasonics principles, while the array is synthesised in post-processing. However, when using LIPAs for 
inspection, the surface acoustic waves (SAWs) interfere with the bulk wave modes giving rise to crosstalk and 
artefacts, which makes near-surface defect imaging difficult. This work experimentally validates and compares 
five techniques for SAW suppression: amplitude thresholding, mean waveform subtraction, principal component 
subtraction, frequency-wavenumber filtering, and phase coherence imaging. SAW suppression is demonstrated in 
ultrasonic images of transverse waves based on 71-element LIPA data synthesised on a Ti-6Al-4V directed energy 
deposition-arc (DED-Arc/Ti6Al4V) sample with a ∼1 mm diameter side drilled hole, located at ∼4 mm below 
the inspected surface. The reported results show that the principal component subtraction approach achieved 
the highest ‘signal-to-crosstalk ratio’ improvement of 16 dB, while successfully suppressing the SAW.
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 Introduction

In-process non-destructive evaluation (NDE) is particularly impor-
nt for AM components addressing the needs of high-value manufactur-
g, such as aerospace or power generation applications. Robustness of 
anufacturing and reliability of the end product are paramount in such 
plications, which have to adhere to strict quality standards [1–5]. At 
e moment, NDE of such components takes place at the end of man-
acturing, mainly using X-ray and ultrasound inspection. The latter 
 delivered either through contact or immersion based ultrasonic sys-
ms, using ultrasonic transducers or transducer arrays. Both X-rays and 
ansducer-based ultrasonics are not suitable for in-process inspection. 
owever, an in-process inspection system would result in significant 
st and material reductions if a defect in the structure was able to be 
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detected as soon as it occurred. This in-process NDE approach would 
also give a chance for remedial action to take place, from the point of 
manufacturing, if this were possible [6–9].

Optical based techniques are best suited for in-process NDE: light 
can sense remotely, addressing the hot temperatures associated with 
AM, and its small footprint suits well for complex geometries. How-
ever, optical based techniques are usually limited to examining the 
near surface. Ultrasound on the other hand can probe the inner struc-
ture of materials, but conventional ultrasonic transducers require con-
tact, an ultrasound coupling medium, are relatively bulky and cannot 
withstand high temperature environments. Laser ultrasound (LU) cir-
cumvents these issues: pulsed lasers are used remotely and without 
ultrasonic coupling medium for ultrasonic excitation of all wave modes 
(bulk and surface waves). This is done through optical absorption of ir-
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diation and thermal expansion or ablation of the material, creating 
astic waves [10]. These waves travel through the bulk or the surface 
d are detected remotely by lasers (usually by means of optical inter-
rometry [11]) after their interaction with the propagating medium. 
e remote delivery of the technique gives laser ultrasound the po-
ntial for in-process, remote sensing of AM, allowing layer-by-layer 
trasound inspection of the AM built structure.
Examples of the potential of laser based ultrasound for in-process in-
ection of AM can be found here [12–15]. Cerniglia et al., [12] demon-
rated a proof-of-concept prototype of laser ultrasonic technique for 
-process inspection of directed energy deposition-laser beam (DED-
) components. The laser system was mounted on the DED-LB robot 
d scanned to acquire ultrasonic data. Side drilled holes (SDH) rep-
senting defects with diameters in the range 154 μm - 500 μm and 
 depths ranging from 13 μm - 800 μm were inspected using the sys-
m. The disruption of the surface acoustic wave (SAW) was the main 
echanism by which the flaws were detected. However, the authors 
port that the sensitivity of the technique decreased significantly for 
ws 100 μm below the surface. Another state-of-the-art laser based 
chnique that can be used for in-process inspection of AM compo-
nts is the spatially resolved acoustic spectroscopy (SRAS). SRAS uses 
avelength-constrained comb excitation of surface acoustic waves to 
tain velocity map of the scanned surface [14]. SRAS enables rapid 
aging of material microstructure and grain orientation. Smith et al., 
5] also reports on using SRAS for defect detection. Micro pores in the 
ze range 115 μm - 119 μm up to a maximum depth of 24 μm were 
aged on a powder bed fusion-laser beam (PBF-LB) component. Dry-
rgh et al., [13] reported on utilising SRAS to image undeformed and 
lled directed energy deposition-arc (DED-Arc) specimens, in both pol-
hed and as-deposited states. Their work proposes a basic algorithm 
r automated measurement, which could be used for in-process closed-
op control of the DED-Arc process. However, the techniques discussed 
ove [12–15] are limited to surface and near-surface imaging where 
e imaging depths are within the re-melting and re-heating zone of 
e AM processes and hence the microstructure and defects imaged are 
ely to change due to re-melting and re-heating when the next layer 

 deposited.
LU-based defect imaging in AM components, using bulk waves, has 

so been performed. For example, Lévesque et al., [16,17] combined 
 and synthetic aperture focusing technique (SAFT) to image porosi-
s in AM components using the longitudinal wave arrival. Zeng et 
., [18] used LU generated and detected SAW and transverse waves, 
 a pitch-catch configuration, to image a 2 mm diameter SDH in a 
ED-Arc sample, using B-scan. Davis et al., [19] performed laser ultra-
nic testing in a through-transmission setting using longitudinal waves 
 an AM component to image SDHs using B-scans and C-scans. The 
ove imaging approaches were limited to B-scans, C-scans and SAFT. 
ser induced phased arrays (LIPAs), have been developed for remote, 
uplant-free NDE [20–22] and we have shown that using imaging algo-
thms such as the total focusing method (TFM), higher quality imaging 
n be achieved compared to B-scan or SAFT [20,23,24].
LIPAs are based on the principles of laser ultrasonics where pulsed 

sers are used for remote, couplant-free ultrasonic excitation and de-
ction of all wave modes (bulk and surface waves) [10]. In a LIPA, the 
ray is synthesised and the beamforming is done in post-processing. 
PAs have superior ultrasonic imaging performance over conventional 
 techniques because they can mitigate the low signal-to-noise ratio 
NR) associated with LU when working in the non-ablative regime by 
nthetic focusing and steering of the ultrasonic beam. This is done 
rough capturing the full matrix [25] which allows the use of a range 
 ultrasonic imaging algorithms, such as the TFM, which is currently 
nsidered the golden standard in ultrasonic imaging [25]. Using these 
odern paradigms of ultrasonics, we have demonstrated the capabil-
es of LIPAs by ultrasonically imaging nested features within AM 
mponents, paving the way for in-process inspection [22]. As part of 
2

is study, LIPAs were shown to be able to image cylindrical features, ex
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Table 1

Table showing typical dimensions of common defects that occur during the 
PBF-LB and DED-Arc process.
Defects Typical sizes PBF-LB (μm) Typical sizes DED-Arc (μm)

Porosity 5 - 20 [6] 126 - 286 (Ti-6Al-4V) [27]

5 - 75 (Al alloy) [28]

Lack of fusion 50 - 500 [6] 20 - 30 (Between layers) [9]

Unfused powder 100 - 150 [6] Not applicable

g. 1. Schematic cross-sectional representation of a typical AM build as a snap-
ot in time, showing the temperature gradients within the build for both the 
D-Arc and PBF-LB processes in terms of deposited layers.

 small as 0.2 mm, printed using PBF-LB of aluminium, located 26 
m below the scanned surface [22]. We have also presented ultrasonic 
aging of a Ti-6Al-4V DED-Arc-built component with 1 mm SDHs lo-
ted 10 mm below the scanned surface [26].
The requirements for in-process inspection of AM components, with 
spect to the size of defects encountered, are shown in Table 1 for PBF-
 and DED-Arc AM processes. Linking the information in this table to 
e current capabilities of LIPAs for defect detection, it can be seen 
at the technique would be able to detect some porosity (DED-Arc) 
d lack of fusion (PBF-LB) defects. In general, a suitable ultrasonic 
chnique should be able to successfully detect defects of this size and 
is ability is related to the ultrasonic frequency excited. In LU, this 
 related to the laser pulse width, which typically is 5-20 ns, corre-
onding to a broadband ultrasonic excitation of 0-200 MHz and would 
 sufficient to detect sub-millimetre size defects. Another set of NDE 
quirements is set by the nature of the AM process during metal de-
sition. Fig. 1 shows a cross-sectional, general representation of the 
mperature gradients present during the AM process, where depth is 
own as a function of deposition layers for DED-Arc [29] and PBF-LB 
0], based on published data.
The representation in Fig. 1 is a snapshot of a dynamic process and 

 the metal deposition source is moving, the location of the thermal 
adient will be moving along. The representation shows that several 
posited layers (not just the top one) are undergoing cyclic heating and 
oling and the material is subject to cyclic change [29,30]. In practice, 
is means that any defects formed at the last deposited layer, may or 
ay not be present when this cyclic heat treatment has subsided. The 
posited layers affected are around five for DED-Arc and ten for PBF-
 and depend on the type of AM process and the specific conditions 
 metal deposition (see references included in Table 2). Some typical 
mbers of the deposited layer thickness are shown in Table 2. Ide-
ly, the NDE system should be able to detect defects at depths greater 
an 0.2 mm for PBF-LB or 5 mm for DED-Arc, below the last deposited 
rface. These requirements regarding the defect size and location dic-
te the need for bulk wave inspection of AM relevant defects. As an 

ample, taking into account the ultrasonic resolution required by the 
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Table 2

PBF-LB and DED-Arc layer characteristics.
PBF-LB [30] DED-Arc [29]

Typical deposited layer thickness (μm) 20 - 60 1000 - 2000

Re-melting zone (number of layers) 4 2

Re-heating zone (number of layers) 10 5

pical defect sizes, these dictate that we should be working roughly 
ith ultrasonic waves > 12 MHz for transverse waves.
In-process ultrasonic inspection should be able to detect defects be-
w the last deposited 10 layers for PBF-LB and 5 layers for DED-Arc. 
is requirement calls for ultrasonic inspection using bulk waves be-
use surface acoustic waves (SAWs) with penetration depth at these 
lues (i.e. >0.2 mm for PBF-LB and >5 mm for DED-Arc) would need 
 be of too low ultrasonic frequency and unable to address the siz-
g requirements of the inspection, as shown in Table 1 (i.e. >12 MHz 
d >20 MHz for PBF-LB and DED-Arc respectively). This is because 
e penetration depth of the SAW is limited to around one ultrasonic 
avelength [31].
The laser ultrasonic generation mechanism excites simultaneously 
W and bulk waves [10]. As a result, there is a crosstalk region where 
Ws will arrive at the detection point at the same expected time of 
rival as waves travelling in the bulk. This crosstalk region is confined 
 the area close to the surface and extending to a certain depth, which 
pends on the aperture size (𝐴) of the LIPA, the ultrasonic velocity of 
e SAW (𝑐𝑅) and the ultrasonic velocity of the bulk wave (𝑐𝐵 ) in the 
aterial, as will be explained in section 2.2.
If we are using LIPAs for in-process inspection during AM deposition, 
en typical values for 𝐴, 𝑐𝑅, and 𝑐𝐵 mean that ultrasonic imaging for 
ssible defects is required at near-surface depths, where SAW crosstalk 

 more likely to be present. Therefore, the objective of this paper is 
 present and experimentally validate possible methods for: a) sup-
essing the SAW crosstalk and b) compare the effectiveness of these 
ethods for successful ultrasonic imaging of near-surface defects in AM 
lated material.
This paper presents and compares five techniques for SAW crosstalk 
ppression. These techniques target the unique characteristics of the 
W, such as its ultrasonic amplitude (amplitude thresholding), wave-
rm shape (mean waveform and principal component subtraction), 
trasonic velocity (frequency - wavenumber filtering) and phase (phase 
herence imaging).
The paper has the following structure: section 2 gives a brief back-
ound on how LIPAs are synthesised based on the full matrix capture 
MC) data acquisition method and the TFM imaging algorithm; the 
ction also describes the phenomenon of SAW crosstalk in detail; sec-
n 3 presents the experimental setup, data acquisition conditions and 
ED-Arc component used in this study; section 4 presents the theory 
 each SAW crosstalk suppression method; section 5 presents experi-
ental results and comparison of each method; section 6 presents the 
nclusions and future potential arising from this work.

 Background

This section details the necessary background information required 
 understand the techniques and approaches considered in this paper. 
is section first introduces the concept of LIPAs followed by the FMC 
ta acquisition strategy and the TFM imaging algorithm. This section 
ncludes by describing the surface acoustic wave crosstalk.

1. Laser induced phased arrays, full matrix capture and total focusing 
ethod

LIPAs are ultrasonic arrays synthesised in post-processing where the 
trasound is generated and detected by lasers [20,32].
In the results presented in this paper, the FMC data acquisition 
3

ethod is used, which means that ultrasonic signals from all possible ar
Materials & Design 236 (2023) 112453

mbinations of ultrasonic generation and detection positions of array 
ements, are acquired [25]. Following the FMC data acquisition, the 
velope (Hilbert transform) of the ultrasonic signal is extracted and 
en a frequency-domain, Gaussian digital filter is applied, followed 
 inverse transformation of the positive half of the filtered signals 
0]. Digital filtering is applied to the data in order to remove the low-
equency ambient noise components, and also the high-frequency elec-
onic noise and the material microstructure-induced scattering noise 
om the ultrasonic signal [33].
The FMC dataset allows for a variety of imaging algorithms to be 
plied during post-processing including the TFM. The TFM algorithm 
ed in this paper is the same applied for transducer phased arrays 
0,25]. In TFM, the acquired signals are focused at every point in the 
age, in post-processing, by applying a delay-and-sum algorithm [34]. 
e TFM algorithm is implemented as follows. First, an image frame is 
nsidered that represents the cross-section of the sample to be imaged. 
e image frame is then discretised into a grid consisting of pixels. 
r each pixel, the ultrasonic signals from every generation-detection 
ir combination are summed using the appropriate time delay. The 
tensity of the TFM image, 𝐼(𝐫), at any position r=[x,z] is given by 
5]:

𝐫) =
|||||
𝑁∑
𝑇=1

𝑁∑
𝑅=1

𝑆𝑇𝑅(𝑡𝑇𝑅(𝐫))
||||| (1)

here ‘T’ represents the generation elements and ‘R’ represents the de-
ction elements. ‘N’ is the total number of array elements. The variable 
𝑇𝑅(t) is the ultrasonic signal for the corresponding ‘T’ and ‘R’ combi-
tion and 𝑡𝑇𝑅 is the time delay, which is given by:

𝑅 =
𝑑𝑇 (𝐫) + 𝑑𝑅(𝐫)

𝑐𝐵
(2)

here 𝑑𝑇 (𝐫) and 𝑑𝑅(𝐫) are the ray-path distances associated with the 
neration and detection elements to a point 𝐫 in the image frame. 𝑐𝐵
 the bulk wave velocity.
Due to its ability to use every possible ultrasonic signal from an 
ray and achieve focusing on every pixel in the image, TFM achieves 
gnificantly higher SNR than other conventional imaging methods such 
 the plane B-scan and the focused B-scan [25,20]. The TFM images are 
rmalised to the defect intensities, and the intensities are converted to 
cibels according to the following equation:

𝐵 = 20 log10
𝐼(𝐫)
𝐼𝑚𝑎𝑥

(3)

here 𝐼(𝐫) is given by equation (1) and 𝐼𝑚𝑎𝑥 has the value correspond-
g to the maximum intensity at the location of the defect.

2. Surface acoustic wave crosstalk

In laser ultrasonics, SAWs, bulk longitudinal waves and bulk trans-
rse waves are generated at the same instant in a material [10]. How-
er, SAWs are generated with the highest amplitude among the wave 
odes (see Fig. 2(a)) [35].
SAWs propagate slower compared to the bulk longitudinal and trans-
rse waves, while they travel a shorter path between the transmitter 
d the receiver, in most metals. Hence, in LIPA, for a few generation-
tection element combinations, the bulk wave reflected from an in-
rnal feature and the SAW arrive at the detection point at the same 
pected time (see Fig. 2). This happens when the internal feature is 
fficiently close to the surface. In this case, the SAW wave mode, with 
 high amplitude, overwhelms the bulk wave modes that may arrive 
 the same instant; hence this is termed as SAW crosstalk. When imag-
g using bulk waves, the SAW crosstalk over-saturates a region near 
e surface and beneath the array location, making it difficult to detect 
ar-surface defects using LIPAs.
The SAW crosstalk phenomenon is explained in Fig. 2(b). 𝑇𝑛 and 𝑅𝑚
e the transmit and receive elements respectively. The ‘green’ and ‘red’ 
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Fig. 2. (a) Finite element simulation generated ultrasonic signal showing the temporal SAW crosstalk phenomenon, (b) schematic demonstrating the principle of 
temporal SAW crosstalk.
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rows represent the path taken by the SAW and bulk wave mode re-
ectively. 𝑑1 is the distance travelled by the bulk wave mode from 𝑇𝑛
 the pixel, and 𝑑2 is the distance travelled by the bulk wave mode 
om the pixel to 𝑅𝑚. 𝑑3 is the distance travelled by the SAW mode 
 the surface from the 𝑇𝑛 to the 𝑅𝑚. SAW crosstalk occurs for the 
-pixel-𝑅𝑚 combination shown, when the time taken by the SAW to 
avel the distance 𝑑3 is equal to the time taken by the bulk wave mode 
 travel the distance 𝑑1+𝑑2. This is represented by the following equa-
n:

1 + 𝑑2
𝑐𝐵

=
𝑑3
𝑐𝑅

(4)

The limiting value of 𝑑3 is the full aperture (A) of the array and 
nce the time for the SAW to travel the full aperture is:

= 𝐴

𝑐𝑅
(5)

hich also provides the maximum depth in an image at which the 
osstalk will occur:

= 1
2

√
(𝑡𝑐 ⋅ 𝑐𝐵)2 −𝐴2 (6)

For a simplified example, in the experiments considered in this 
udy, a LIPA aperture of 14 mm was synthesised and the acoustic 
locities for Ti-6Al-4V (as measured from the experimental data pre-
nted in this paper) were 5866 m/s, 3233 m/s, and 3015 m/s for the 
ngitudinal, transverse, and the SAW respectively. Substituting these 
lues in equation (6) gives the maximum depth of SAW crosstalk as 
7 mm and 11.7 mm for transverse wave mode based imaging and lon-
tudinal wave mode based imaging respectively. However, the SAW 
osstalk is more pronounced in transverse wave mode based TFM 
aging since the transverse wave and SAW velocities are more sim-
r (3233 m/s and 3015 m/s respectively, for Ti-6Al-4V) compared to 
e longitudinal mode velocity, and the maximum crosstalk depth (ℎ) is 
allower. Consequently, the SAW crosstalk affected area is smaller and 
e SAW energy is more dense. This is the reason why we present the 
W suppression analysis for the case of TFM imaging using transverse 
aves.

Artefacts due to SAW signals will also appear in the TFM images 
hen performing ultrasonic imaging using LU data. For example, con-
der the case where a TFM image is generated using the transverse 
ave mode. While the TFM algorithm is applied using transverse veloc-
, other wave modes, such as the SAW and the longitudinal wave, are 
nerated and are present in the ultrasonic signals. Thus, out-of-focus, 
ulti-modal artefacts will occur at incorrect positions on the TFM im-
es, similar to artefacts induced by mode-converted waves appearing 
 TFM using data from transducer based phased arrays [36]. This is the 
4

se with the TFM pixels close to the surface. The SAW will be summed fo
g. 3. TFM image using transverse wave velocity showing the various regions 
 SAW artefact from a Ti-6Al-4V sample. The image was acquired using a 71 
ement LIPA of 14 mm aperture.

herently for these pixels albeit out of focus (due to the difference in 
locity), as the surface is the place of origin of the SAWs. The SAWs 
e incoherent for pixels within the bulk of the sample because they 
iginate at the surface. This incoherence means that the SAW signals 
e out of phase with each other at pixels that are not on the surface, 
us they destructively interfere with each other in the TFM algorithm. 
 the boundary of the crosstalk region, there will be a residual SAW 
gnal in the TFM images. This is due to the SAW signals from the ar-
y elements located at the edges of the array aperture, as there are 
 more SAW to be summed beyond this point. Fig. 3 shows the pres-
ce of the artefact regions induced by the SAW in a TFM image using 
PA data and the transverse wave velocity. As shown in the figure, the 
tefact due to SAW is observed up to a depth of 4 mm. If defects are 
esent at a depth shallower than that defined by equation (6), they 
ill appear within this SAW artefact region, rendering defect detection 
allenging. In fact, the worst-case scenario for defect detection within 
e crosstalk region, is when the defect is at the boundary, and this is 
e case examined in this study. When using LIPAs during AM deposi-
n, such near-surface depths are of great interest for imaging possible 
fects since these depths fall just outside the re-melting and re-heating 
nes, as discussed in section 1.

 Materials and methods

This section describes the experimental setup used for the laser 
duced phased array experiments, the AM sample used and its fab-
cation method, and the approaches considered for SAW suppres-
on.

1. Experimental setup

The experimental setup is shown in Fig. 4 and consists of one laser 

r ultrasound generation (shown as red beam in Fig. 4) and another 
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g. 4. (a) Schematic of the experimental setup used in this study. (b) Schematic 
 the sample illustrating the scanning positions of the generation laser beam 
d detection laser beam.

ser for ultrasound detection (shown as green beam in Fig. 4). The 
neration laser is a pulsed, Ytterbium-doped fiber laser, emitting at 
64 nm wavelength (TruPulse 2005 nano, FK10-EP, UK).
The laser ultrasonic detection system is a rough surface interferom-
er (Quartet, Sound & Bright) [37] making it suitable for as-built AM 
rfaces. It uses a continuous wave laser emitting at 532 nm wavelength 
d has an average power of 780 mW. This system has an ultrasonic de-
ction bandwidth of 1 - 66 MHz and is capable of detecting out-of-plane 
trasonic displacement. Both the laser ultrasonic generation and detec-
n systems are delivered through an optical fiber. The output from the 
terferometric detection system is fed into a computer via an oscillo-
ope (InfiniiVision DSO5014A, Agilent Technologies).
In order to achieve scanning of the two laser beams on the sample 
rface, the setup uses a galvo mirror (GVS302, Thorlabs) with an op-
al scan range of ± 20◦ for the generation laser and a linear stage 
-511.DD1, Physik Instrumente) for the detection laser.
The galvo mirror enables faster scanning due to its lower inertia. The 
lvo mirror, the linear stage and the oscilloscope are controlled by a 
mputer via a LabVIEW interface for data acquisition. A photodiode 
DA10A2, Thorlabs), placed adjacent to the aperture of the generation 
ser, captures some of the light from the generation laser, providing a 
igger pulse for signal acquisition for the oscilloscope.
The detection system uses a built-in lens (focal depth = 200 mm) to 
cus the detection beam on the sample. The detection laser spot size 
 focus was 100 μm diameter, according to the manufacturer specifi-
tions. The generation beam is focused into a line using a cylindrical 
ns (LJ1558RM-C, Thorlabs, focal depth = 300 mm) as shown in Fig. 4. 
e generation laser line dimensions were 3.69 mm × 1.65 mm (length 
width), measured at full width at half maximum (FWHM) intensity. 
e energy density on the sample surface was calculated to be 4.41 
J/cm2, and this is below the ablation threshold for Ti-6Al-4V, which 
5

 calculated to be 100 mJ/cm2 based on [10,38]. by
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Table 3

Laser ultrasonic test parameters used for the experiments.
Instrument Parameter Value

Generation laser Energy per pulse (mJ) 0.268

Pulse repetition frequency (kHz) 5

FWHM pulse duration (ns) 23

Oscilloscope Averaging 64

Sampling rate (MHz) 50

Signal length (μs) 20

Vertical resolution (mV/div) 50

Table 3 lists the parameters used for the experiment.

2. Sample and LIPA synthesis

The sample used for the experiments was made of Ti-6Al-4V us-
g the directed energy deposition process, using a plasma arc as the 
rected energy source. The feedstock was in the form of a wire and 
as deposited following the single bead deposition strategy with a 1 
m diameter wire [26]. The process is also known as wire-arc additive 
anufacturing (WAAM) because it uses a wire feed as the feedstock 
d plasma arc as the energy source. The sample dimensions were 84.5 
9.3 x 26.4 mm. An SDH of 1.28 mm diameter was drilled on the sam-
e at a depth of 3.7 mm from the scanned surface (inspection surface) 
 illustrated in Fig. 5. The scan surface was polished to maximise the 
flectivity of the surface, thereby improving the signal detection by the 
terferometric receiver. The one-dimensional (1D) LIPA elements were 
nthesised (on the sample surface) across the SDH (perpendicular to 
e axis of the SDH).
The depth of the SDH was chosen to be representative of a depth 

here the effects of re-melting and re-heating during subsequent layer 
ED-Arc deposition in the AM process would have subsided. Conse-
ently, the LIPA synthesised was designed for a maximum imaging 
pth of 5 mm (see Fig. 6). The imaging depth is defined by the -6 dB 
gion of the array sensitivity. A 1D LIPA was constructed by scanning 
e lasers along one axis of the sample. For the work presented here, 
e coordinates of generation and detection array element positions are 
e same. A LIPA of 𝑁 = 71 elements was synthesised and 5041 (= 
2) ultrasonic signals were acquired. The separation between the el-
ents (also known as pitch or inter element spacing) was 0.2 mm, 
sulting in an array aperture of 14 mm. The array sensitivity for the 
 element, 0.2 mm pitch LIPA is shown in Fig. 6 (calculated based on 
0]). The pitch was chosen to be less than half the smallest acoustic 
avelength being used for imaging (corresponding to 8 MHz) in order 
 satisfy the Nyquist criterion and ensure that the grating lobes are 
t produced [39]. For every acquisition, the signals were averaged 64 
es. The TFM images are plotted with a pixel size of 0.033 mm x 
033 mm. Table 4 gives the LIPA and post-processing parameters used 
 this work.

 Surface acoustic wave crosstalk suppression

This section details the five different approaches considered for SAW 
osstalk suppression: amplitude thresholding (AT); mean waveform 
btraction (MWS); principal component subtraction (PCS); frequency-
avenumber filtering (𝑓 − 𝑘 filtering) and phase coherence imaging 
CI).

1. Amplitude thresholding

Amplitude thresholding is a simple approach for SAW suppression. 
is approach considers the fact that in laser ultrasonics, the SAW is 
ually the wave with the highest amplitude in the detected signal. 
us, the SAW crosstalk in a TFM image can be partially suppressed 

 applying an amplitude threshold to the raw time-signals prior to 
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Fig. 5. (a) CAD drawing of the sample used for the experiments showing the sample dimensions and the defect dimensions and location. (b) Close-up photograph 
of the Ti-6Al-4V DED-Arc sample showing the targeted SDH within the imaged area (dashed yellow rectangle). The ‘red’ line depicts the scanned aperture size and 
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g. 6. Sensitivity map for the imaged region based on laser generated and laser 
tected transverse wave for a LIPA with parameters from Table 4.

Table 4

Parameters used for synthesising LIPA and TFM images.
Method Parameter Value

LIPA Aperture (mm) 14

Number of elements 71

Pitch (mm) 0.2

Number of signals 5041

Number of sampling points 1000

Digital frequency filtering Filtering method Bandpass

Filter type Gaussian

Centre frequency (MHz) 5

Bandwidth (%) 120

TFM imaging Wave mode used Transverse (shear)

Wave mode velocity (m/s) 3233

Pixel size (mm x mm) 0.033 x 0.033

age formation. The disadvantage of this technique is that any bulk 
ave mode signal with an amplitude above the threshold is also sup-
essed. For this reason, the threshold is evaluated based on the peak 
plitude of each individual signal: for every ultrasonic signal, there 

 a corresponding threshold value rather than a global threshold. This 
proach considers the variability across the ultrasonic signals, mak-
g it unbiased. The threshold level was finally optimised based on the 
gnal-to-Crosstalk Ratio (see section 5) of the resulting TFM image. For 
e work presented here, the optimum threshold was 10% of the peak 
plitude of the SAW in each ultrasonic signal.

𝑇𝑅(𝑡𝑇𝑅(𝐫)) =
{
𝑠𝑖𝑔𝑛(𝑆𝑇𝑅(𝑡𝑇𝑅(𝐫)))𝐴𝑡ℎ𝑟𝑒𝑠ℎ if |𝑆𝑇𝑅(𝑡𝑇𝑅(𝐫))| ≥𝐴𝑡ℎ𝑟𝑒𝑠ℎ

𝑆𝑇𝑅(𝑡𝑇𝑅(𝐫)) otherwise

(7)

here 𝐴𝑡ℎ𝑟𝑒𝑠ℎ = 0.1 ×𝑚𝑎𝑥(𝑆𝑇𝑅(𝑡𝑇𝑅(𝐫)))
Fig. 7 (b) illustrates the implementation of the amplitude threshold-
6

g on a representative LU signal (Fig. 7 (a)). tu
2. Mean waveform subtraction

Mean waveform subtraction for SAW suppression is based on sub-
acting the SAW response from each signal according to the separation 
stance between generation and detection of LIPA elements. The appli-
tion of the method to LIPAs is described below.
Firstly, the ultrasonic signals of the FMC are grouped according to 
e separation distance between generation and detection of LIPA el-
ents. The LIPA synthesised in this work is a periodic array (i.e. 
nstant element pitch). Following [40], we introduce the parameter 
, which describes the integer multiple of the array pitch that equals 
e surface separation for a given ultrasonic signal. In this case, the 
trasonic signals are taken in groups with the same value of Δ (see 
g. 8). These are elements of the diagonals of the full matrix with the 
me offset from the main diagonal.
The group of ultrasonic signals for which Δ = 0 corresponds to the 
ain diagonal of the full matrix and also forms a group in this analysis. 
e SAW will have the same time-of-arrival for all ultrasonic signals in 
e same group, since the surface path length between the generation 
d the detection element is the same and the SAW velocity is constant 
r the material investigated here. Several other types of signal will also 
ow consistent time-of-arrival in all ultrasonic signals with a constant 
, such as bulk reflections from a flat back-wall and any other mode 
 surface-propagating wave. A ‘mean waveform’, 𝑆Δ, for each group 
 signals can be obtained by taking the mean amplitude of all the ul-
asonic signals in this group at each point in time, as shown in the 
llowing equation:

Δ(𝑡) =
1
𝑁Δ

∑
Δ
𝑆𝑇𝑅(𝑡) (8)

here 𝑁Δ is the number of signals in the FMC dataset with the same 
paration distance Δ between generation and detection elements. This 
ean waveform is then subtracted from each of the ultrasonic signals 
ith the corresponding Δ value to achieve SAW suppression:

𝑅 = 𝑆𝑇𝑅 −𝑆Δ(𝑡) (9)

g. 7 (c) illustrates the implementation of the mean waveform subtrac-
n on a representative LU signal (Fig. 7 (a)).

3. Principal component subtraction

Even though SAWs that are temporally coherent across all captured 
trasonic signals will be represented in the mean waveform and will 
 subtracted from the raw signals, each ultrasonic signal in the groups 
 the same Δ is likely to feature some residual content from the direct 
W signal due to slight variations in the amplitude and time-of-arrival 
 the SAW (Fig. 7 (c)). After mean waveform subtraction, the resid-
l SAW signal content in the ultrasonic signal batch, will be associated 
ith the times in the original, raw ultrasonic signal groups of Δ that fea-

red the highest variance in amplitude values (since variance describes 
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g. 7. Plots of the same laser ultrasonic signal showing the transverse wave echo originating from a defect present at 4 mm depth and the SAW: (a) before SAW 
ppression; (b) after amplitude thresholding; (c) after mean waveform subtraction; (d) after principal component subtraction; (e) after frequency-wavenumber 
tering.

g. 8. (a) Schematic showing a batch of transmit (T) - receive (R) scanning positions (element pairs) with the same spacing (Δ). (b) Schematic showing a batch of 
nsmit (T) - receive (R) pairs in swapped positions (i.e., R - T) with the same spacing (Δ) with respect to (a). (c) Representation of the full matrix for the LIPA 
own in (a) and (b). The ‘blue’ diagonal corresponds to the ultrasonic signals for the batch of T - R shown in (a) and the ‘purple’ diagonal corresponds to the 
7

trasonic signals with swapped T and R positions (i.e., R - T) shown in (b).
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e square of average squared deviation from the mean). These resid-
l SAW contributions can be suppressed further by the subtraction 
 appropriately weighted principal components, obtained by covari-
ce analysis of the amplitude values measured at each time across 
ch ultrasonic signal group of the same Δ [40,41]. Principal compo-
nt analysis (PCA) is thus performed on groups of ultrasonic signals, 
ving the principal components of each grouping of signals as eigen-
ctors of a covariance matrix. Finally, the principal components with 
e largest eigenvectors, which include the SAW, are subtracted from 
ch acquired ultrasonic signal, resulting in SAW suppression. This pro-
ss is described in detail in Couret & Paul [40] for FMC data acquired 
ith transducer-based ultrasonic phased arrays.
The ultrasonic signals for each Δ are organised in a matrix 𝐴Δ with 
mber of rows equal to 2(𝑁 − Δ) and number of columns equal to 
, where 𝑚 is the number of sampling points. The covariance matrix 
Δ associated with this data set is then calculated, which has dimen-
ons 𝑚 × 𝑚, and is populated by the variances and covariances of the 
plitude values measured at each time across this group of ultrasonic 
gnals. The mean waveform subtracted ultrasonic signals, 𝑠𝑇𝑅, can be 
pressed in the eigen basis, 𝜈Δ,𝑘 as:

𝑅(𝑡) =
𝑚∑
𝑘=1

(
𝑚∑
𝑙=1

𝑠𝑇𝑅(𝑙)𝜈Δ,𝑘(𝑙)

)
𝜈Δ,𝑘(𝑡) (10)

ese eigenvectors are then ranked according to their associated eigen-
lues, with the eigenvector possessing the highest associated eigen-
lue being the first principal component and so on for the second 
ghest eigenvalue. Each principal component can likewise be plotted 
 a shape function with the same number of sampling points as an 
trasonic signal (𝑚 points). These shape functions will resemble vari-
s parts of the residual direct SAW signal persisting in the ultrasonic 
gnals after mean waveform subtraction, and can hence be used to 
hieve further SAW suppression by subtraction, after appropriate scal-
g. Depending on the temporal resolution and capture duration of the 
trasonic signals recorded during full matrix capture, 𝑚 can be a very 
rge number (e.g. several thousand), and 𝑚 principal components are 
tained as eigenvectors of the 𝑚 ×𝑚 covariance matrix. Since the first 
incipal component represents the majority of the variance around the 
ean waveform, with subsequent principal components capturing less 
d less, subtracting higher order principal components from the zero-
ean ultrasonic signals yields diminishing returns in SAW suppression. 
 threshold in the number of principal components to subtract can 
erefore be set to improve computational efficiency. Following [40], 
 adaptation of the Kaiser rule can be used to calculate a threshold 
lue against which the eigenvalues of the eigenvectors are compared. 
genvectors with eigenvalues that fall below this threshold are not in-
uded in the scaling and subtraction stage. In this case, equation (10)
comes:

𝑅
=

𝐾Δ∑
𝑘=1

(
𝑚∑
𝑙=1

𝑠𝑇𝑅(𝑙)𝜈Δ,𝑘(𝑙)

)
𝜈Δ,𝑘(𝑡) (11)

here 𝑠𝑝
𝑇𝑅

is the matrix containing the first few principal components 
presenting the coherent SAW signals and 𝐾Δ is the integer represent-
g the best number of principal components that represent the coherent 
W signal. Following this step, the SAW suppressed FMC ultrasonic 
gnals 𝑠∗

𝑇𝑅
are given from the following expression:

𝑅
= 𝑠𝑇𝑅 − 𝑠

𝑝

𝑇𝑅
(12)

g. 7 (d) illustrates the implementation of the principal component 
btraction on a representative LU signal (Fig. 7 (a)).

4. Frequency-wavenumber filtering

In a non-dispersive medium, the ultrasonic wave modes travel with 
8

unique but constant velocity. This unique velocity feature opens up a 𝑢𝑊
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ay for filtering the wave modes using their velocity. This is achieved 
 transforming the ultrasonic signals into the frequency-wavenumber 
− 𝑘) domain where the slope of the 𝑓 − 𝑘 domain gives the veloc-
 of the propagating wave mode [42]. However, this is only true for 
ided waves (such as SAW and Lamb waves) and it is not true for 
lk wave modes, as bulk waves do not propagate parallel to the array. 
ence, the SAW mode can be filtered in the 𝑓 − 𝑘 domain using its ve-
city. Transformation to the 𝑓 − 𝑘 domain requires spatially sampled 
ta which is readily available from the FMC. In LIPA FMC acquisition, 
ch row (one row of FMC represents data from all receiving elements 
rresponding to one transmission element, Fig. 9(a)) of the full matrix 
ovides the spatially sampled data to perform a two-dimensional fast 
urier transform (2D FFT) to obtain the frequency-wavenumber spec-
um of the data. SAW suppression is performed by creating a band-stop 
ter in the 𝑓 −𝑘 domain and multiplying the filter with the 𝑓 −𝑘 data. 
e graphic representation of this process is shown in Fig. 9. The size 
 the 𝑓 − 𝑘 filter used is the same as that of the 𝑓 − 𝑘 data, for com-
tibility.

The 𝑓 − 𝑘 filtering process for 1D wave propagation (in 𝑥-direction) 
n be mathematically expressed as [43]:

𝑊 (𝑓,𝑘𝑥) =𝑈 (𝑓,𝑘𝑥)𝑊 (𝑓,𝑘𝑥) (13)

here 𝑈 (𝑓, 𝑘𝑥) is the 𝑓 −𝑘 spectrum of each row of the FMC, 𝑊 (𝑓, 𝑘𝑥)
 the 2D 𝑓 − 𝑘 filter function and 𝑈𝑊 (𝑓, 𝑘𝑥) is the filtered spec-
um.

In this work, a 1D band-stop filter was constructed for every 𝑘𝑥. 
en the 2D band-stop filter was created from all 1D filters for all 𝑘𝑥. 
 order to construct the 1D band-stop filters, the gradient (velocity) 
 the forward-travelling SAW (𝑣SAW) was extracted from the 𝑓 − 𝑘

ta. This gradient allows the frequency corresponding to the absolute 
plitude peak of the forward-travelling SAW (𝑓SAW+ ) for each 𝑘𝑥 to 
 calculated according to:

AW+(𝑘𝑥) =
𝑣SAW𝑘𝑥

2𝜋
(14)

For every 𝑘𝑥, a 1D Gaussian band-stop filter was created according 
 the equation:

𝑘,SAW+(𝑓 ) = 1 −
exp(−(𝑓 − 𝑓SAW+,𝑘)2)

2𝜎2
BS

(15)

here 𝜎BS is the standard deviation of the Gaussian band-stop filter. In 
is work, the value of 𝜎BS was evaluated based on the full width at half 
aximum (𝑤FWHM) of the SAW amplitude peak according to:

S =𝐴
𝑤FWHM

2.355
(16)

scaling factor (𝐴) was used to increase the standard deviation value 
 achieve SAW filtering without filter artefacts. A value of 𝐴 = 10 was 
ed in the experimental results presented in this paper. Equivalent 1D 
ters (𝑤𝑘,SAW−(𝑓 )) were designed for the backward-travelling SAWs, 
ntred at 𝑓SAW−.
Two 2D filters were created, one for the forward (𝑤SAW+(𝑓, 𝑘)) and 
e for the backward (𝑤SAW−(𝑓, 𝑘)) travelling SAWs, for every 𝑘𝑥. The 
o filters were combined to produce a single 2D filter, 𝑊 (𝑓, 𝑘𝑥) ac-
rding to the following equation:

(𝑓,𝑘𝑥) =

{
𝑤SAW+(𝑓,𝑘𝑥) if 𝑤SAW+(𝑓,𝑘𝑥) ≤𝑤SAW−(𝑓,𝑘𝑥)
𝑤SAW−(𝑓,𝑘𝑥) if 𝑤SAW+(𝑓,𝑘𝑥) >𝑤SAW−(𝑓,𝑘𝑥)

(17)

This 2D filter was applied to the real and imaginary parts of the 
urier spectrum separately as described in equation (13). Following 
is step, the filtered spectrum 𝑈𝑊 (𝑓, 𝑘𝑥) was transformed back into 
e time-space domain using the inverse 2D FFT in order to obtain the 
tered wavefield 𝑢𝑊 (𝑡, 𝑥):
(𝑡, 𝑥) = 𝐹2𝐷
−1[𝑈𝑊 (𝑓,𝑘𝑥)] (18)
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Fig. 9. (a) - (f) Schematic of the 𝑓 − 𝑘 filtering process.

Fig. 10. Simplified, schematic representation of phase coherence in the received ultrasonic signals. (a) Cross-sectional view of a sample with a defect and a 6-element 
1D LIPA synthesised on its top surface. 𝑇1 is the transmitting element and 𝑅2 to 𝑅6 are the receiving elements. (b) TFM implementation on the ‘pixel’ representing 
the defect (in (a)) showing the SAW crosstalk from the 𝑇1-𝑅4 element combination. (c) Plot representation of the phase of the signals (in (b)) for a specific sampling 
point (red dotted line in (b)).
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is process (equations (13) & (18)) was repeated for each row of 
e FMC, prior to forming a TFM image using equation (1). Fig. 7 (e) 
ustrates the implementation of the 𝑓 − 𝑘 filtering process on a repre-
ntative LU signal (Fig. 7 (a)).

5. Phase coherence imaging

Phase coherence imaging is an adaptive beamforming algorithm that 
hances the ultrasonic image at pixels where there is strong spatial co-
rence in the raw data [44]. The phase of every ultrasonic signal is 
easured and high phase coherence between signals is observed when 
e synthetic focal point is at an internal feature because the signals 
e all scattered from the same point. Conversely, the surface wave sig-
ls causing crosstalk travel directly from the location of the ultrasonic 
neration array element to the location of the ultrasonic detection ar-
y element, without scattering from points in the bulk material. Hence 
ere is low phase coherence of surface wave signals in the raw data at 
age pixels in the bulk material (see relevant discussion in section 2.2
d Fig. 10).
In phase coherence imaging, a weighting factor is applied to each 
dividual pixel of the original TFM ultrasonic image in order to reduce 
e effects of signals that are not spatially coherent (e.g. noise, grating 
be signals or SAW). By calculating the phase coherence of the signals 
 each pixel and applying the coherence weighting factor, the pixels 
ntaining only SAW crosstalk are suppressed, while the pixels contain-
g bulk wave information are preserved.
A variety of methodologies have been published for measuring the 
herence of ultrasonic signals [45]. The circular coherence factor 
CF) and the vector coherence factor (VCF) have been presented as the 
st performing phase coherence factors, from these published methods, 
9

ith the latter offering a less computationally demanding algorithm. m
e vector coherence factor, 𝑉 (r), is used in the work presented in this 
per and is calculated by the following equation [45]:

(𝐫)=

√√√√√(
𝑁∑
𝑇=1

𝑁∑
𝑅=1

𝑅𝑒(𝑆𝑇𝑅(𝑡𝑇𝑅(𝐫)))|𝑆𝑇𝑅(𝑡𝑇𝑅(𝐫))|
)2

+

(
𝑁∑
𝑇=1

𝑁∑
𝑅=1

𝐼𝑚(𝑆𝑇𝑅(𝑡𝑇𝑅(𝐫)))|𝑆𝑇𝑅(𝑡𝑇𝑅(𝐫))|
)2

(19)

The final image is then produced by taking the product of the TFM 
age, 𝐼(r), and the vector coherence factor, 𝑉 (r).

𝐶𝐹 (𝐫) = 𝐼(𝐫) 𝑉 (𝐫) (20)

 Results and discussion

The acquired data was processed using a computer with an Intel(R) 
re(TM) i7-4770K CPU @ 3.50 GHz processor, 4 cores and 32 GB 
M. The computer’s GPU was not used during the data and image 
ocessing. All TFM images presented in this section are plotted with a 
namic range varying from 0 dB to the RMS noise level, wherein the 
S noise level is measured outside the crosstalk region for every image 

.e. in a crosstalk and defect free area). The TFM images are plotted 
owing the noise floor in order to compare the effectiveness of the 
ethods. A new parameter, signal-to-crosstalk ratio (SCR) is introduced 
 this paper and this parameter is used to assess the performance of the 
ppression techniques used. The evaluation of SCR is described using 
g. 11 (a). In Fig. 11 (a), the region inside the dotted black triangle 
 an approximation of the SAW crosstalk region. SCR is given by the 
tio of peak intensity in the region of the defect (the black dotted circle 
gion in Fig. 11 (a)) and the RMS value of the triangular region.
Fig. 11 (a) shows the normalised TFM image using transverse wave 

ode obtained from the FMC data. The image was normalised with 
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Fig. 11. TFM ultrasonic images using transverse wave arrival and a 5 MHz digital filter: (a) without SAW suppression, (b) after amplitude thresholding, (c) after 
mean waveform subtraction, (d) after principal component subtraction, (e) after frequency-wavenumber filtering, (f) after phase coherence imaging.
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spect to the defect (maximum intensity within the region inside the 
ack dotted circle in Fig. 11 (a)) using equation (3). It is observed 
at the SAW artefact and crosstalk region are present up to a depth of 
3 mm from the scan surface. Hence, the defect indication from the 
ansverse wave arrival in this TFM image is affected by it. The SCR of 
e TFM image was measured as 6.97 dB.
Fig. 11 (b)-(f) show the TFM images generated after the various 
ethods for SAW suppression presented in section 4 having been ap-
ied and Table 5 presents the comparison of the performance of each 
ethod with respect to the SCR and processing time required to gener-
e each TFM image. The quantitative results presented in the top half 
 Table 5 demonstrate that all methods perform very well at suppress-
g the SAW crosstalk and improve SCR by at least 8.5 dB and at most 
 dB.
According to this SCR comparison, the amplitude threshold method 
hieves the lowest improvement in SCR, while PCS achieves the high-
t improvement in SCR. It is to be noted that even though PCI is used 
 a SAW suppression technique, the parameter SCR cannot be used 
 compare the performance of PCI with the other techniques. This is 
cause PCI is a nonlinear imaging process and this is evidenced by 
e difference in dynamic ranges used in the TFM images presented 
10

 Fig. 11. Therefore comparing the SCR improvement of PCI with the SA
Table 5

Summary of performance comparison of various SAW crosstalk sup-
pression techniques.
Suppression method SCR (in dB) Change in processing time (%)

No suppression 6.97 Baseline

AT 15.45 1

𝑓 − 𝑘 filtering 17.58 33

MWS 18.95 27

PCS 22.78 27

SCR* (in dB)

PCI 22.94 46

AT+ PCI 24.32 48

𝑓 − 𝑘 filtering+ PCI 35.04 73

MWS+ PCI 35.52 60

PCS+ PCI 36.44 67

SCR*: The PCI operation is nonlinear and hence affects the signal and 
crosstalk nonlinearly.

her techniques would be meaningless. The quantitative improvement 
 SCR due to PCI is not included in the top half of table.
The PCI method can be combined with other methods for effective 

W suppression. Fig. 12 shows the TFM images wherein the other SAW 
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Fig. 12. TFM ultrasonic images obtained by implementing PCI after (a) amplitude thresholding, (b) 𝑓 − 𝑘 filtering, (c) mean waveform subtraction, (d) principal 
component subtraction.
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ppression methods are combined with the PCI method. It is observed 
at the PCS followed by PCI gives the best SCR of 36.44 dB compared 
 the SCR of 22.94 dB by using PCI alone.
Regarding the methods that perform best at increasing SCR, the 
alitative comparison of the TFM images presented in Fig. 11 shows 
at PCS achieves the best SAW suppression, where the SAW has suc-
ssfully been suppressed throughout the SAW affected crosstalk region 
ig. 11 (d)). Regarding the TFM image with the amplitude threshold 
 10% of the SAW amplitude (Fig. 11 (b)) and comparing it with those 
sulting from other methods (Fig. 11 (c-f)), it can be seen that some 
gnal from the defect (signal with lowest amplitude from left and right 
rt of the defect) has been suppressed along with the SAW induced 
osstalk. Fig. 11 (c) shows the TFM image generated after mean wave 
btraction. It can be observed that SAW residuals remain (close to the 
an surface) after this method has been applied. These residuals have 
en effectively removed when using the PCS method (Fig. 11 (d)), 
hich follows the MWS method, as described in section 4.
Table 5 includes the comparison between processing time required 
r each TFM image shown in Fig. 11 and Fig. 12. It shows that am-
itude threshold is the technique that requires the least amount of 
mputational resources while PCI and 𝑓 − 𝑘 filtering are more de-
anding. PCI takes approximately 46% more processing time than the 
her methods and this is expected as it is an image processing method, 
hereas the other methods are signal processing approaches. 𝑓 − 𝑘 fil-

ring takes approximately 33% more processing time than the other 
ethods. This method is computationally expensive for either an array 
ith large number of elements or large number of sampling points or 
th. This is because 𝑓 −𝑘 filtering involves computing the 2D FFT; as a 
sult, the computation time increases as the size of the 2D FMC matrix 
creases.

All presented methods perform very well at suppressing the SAW 
osstalk. The following part of this section discusses advantages and 
11

sadvantages of presented methods, in addition to those previously in
esented, in order to aid the choice of the most appropriate one de-
nding on the inspection requirements.
The AT method is comparatively a simple approach. The computa-
nal resource required for this method is relatively low since it only 
volves simple mathematical operations. This method is effective when 
e wave mode to be suppressed is an order of magnitude higher than 
e wave mode to be retained. Hence in the case of LU, this method 
orks only to suppress SAW and its strong reflections. This method 
nnot be used to suppress other, low amplitude modes such as surface 
imming longitudinal wave and the airborne shock wave (arising from 
lative generation). Furthermore, this method is effective when SAW 
duced artefacts are present in the TFM image but suppresses part of 
e bulk wave as well as the SAW when SAW crosstalk takes place (see 
g. 11 (b)), which is the experimental case presented here. The effec-
eness of this method highly depends on the threshold value chosen, 
hich, in this work, is 10% of the peak amplitude of the SAW.
The MWS method, applied on its own, is a relatively simple tech-
que as it involves basic mathematical operations. This method will 
ppress the direct wave arrival from all surface-propagating waves 
AW, surface-skimming longitudinal wave, shock wave etc.), as well 
 other temporally coherent features such as bulk wave echoes from 
flat back-wall, parallel to the scanned surface. The disadvantage of 
is method is that it becomes less effective when there is a variation 
 the amplitudes of the wave modes to be suppressed. The variation in 
plitudes may arise due to: 1) variation in the optical energy output 
om the ultrasonic generation laser; 2) variation in the laser spot size 
d subsequent laser energy density due to changes in the focusing of 
e laser beam; and 3) changes in surface quality due to roughness or 
fferent material (e.g. local presence of metal oxides).
The PCS method is an effective method for suppressing the wave 
odes propagating on the scan surface and can effectively suppress any 
siduals left after MWS as seen in Fig. 11 (d). This method preserves the 
lk wave mode when SAW crosstalk takes place. The main challenge 

 implementing the PCS method is in choosing the best number of 
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incipal components for extracting the SAW wave mode. In the case 
 LIPAs, SAW suppression using PCS is easier to work with since the 
W wave mode has the highest energy of the wave modes generated 
 LU and hence the first few principal components of the re-arranged 
escending) eigenvalues.
The 𝑓 − 𝑘 filtering is a highly effective technique in crosstalk sup-
ession as it targets a specific wave mode based on its velocity. The 
− 𝑘 filtering can be used to suppress any wave mode whose disper-
on curves can be measured. Hence, this method can also be applied 
r wave suppression in dispersive media. This is a unique advantage 
 this method compared to the others used in this work. In addition to 
W suppression, this method can be used to suppress shock waves and 
flected SAWs. The design of the filter used is critical and a poor filter 
sign can introduce new artefacts. This method also requires sufficient 
atial sampling to resolve the different wavelengths.
Combining the above methods with PCI was also found to be very ef-

ctive for SAW suppression. However, this approach comes at the cost 
 an increase in processing time, which may or may not be an issue 
pending on the available computational resources. It is noted here 
at PCI will also achieve suppression of multi-modal artefacts induced 
 other wave modes including bulk wave modes. This is because the 
ntribution of other, unimaged wave modes will not exhibit phase co-
rence as they are out-of-focus at the imaged wave velocity and thus, 
I will suppress them.
The depth of the SDH was chosen to be representative of a depth 

here the effects of re-melting and re-heating during subsequent layer 
ED-Arc deposition in the AM process would have subsided. Defects ap-
aring closer to the surface would be subjected to cyclic change due 
 melting, heating and cooling caused by the AM process as described 
 section 1. However, the presented SAW subtraction techniques will 
ve applications beyond in-process AM inspection and for this reason 
e note that the proposed methods would be effective at suppressing 
e SAW from defects located nearer to the surface than the case pre-
nted here, as the depth of the defect was chosen to be at a worst-case 
enario with respect to the SAW crosstalk effect (see relevant discus-
on in section 2.2). A limitation is when the defect is very close to the 
rface, closer than 1 mm for the LIPA characteristics presented in Ta-
e 4 (see Fig. 11 (a)). This is because, at this depth, the SAW summed 
 the TFM algorithm using the transverse wave velocity will be coher-
t (see relevant discussion in section 2.2). In this case (defect depth 
1 mm), some of the methods (AT, MWS, f-k filtering) would be less 
ective in SAW suppression than others (see Fig. 11 (b), (c), (e), (f)). 
A is expected to cope better at these depths, as it is the most success-
l method at suppressing the SAW at the surface as shown in Fig. 11
).

The SAW suppression methods presented in this paper have been 
plied for the case of imaging using TFM. However, SAW induced arte-
cts and crosstalk are present in other imaging algorithms when laser 
trasound data are used, for example, B-scan [12], SAFT [46] or plane 
ave imaging [47]. All the presented methods can be used with these 
aging algorithms to improve imaging quality. An exception to this 

 PCI, which can only be used with imaging algorithms that perform 
cusing and this is not the case, for example, with B-scan.

 Conclusions

In AM process, near-surface defects beyond the re-melting and re-
ating zones in the build should be imaged for successful, in-process 
DE. Ultrasonic bulk wave imaging using LIPAs can detect near-surface 
fects that cannot be imaged using SAWs, without couplant and re-
otely. However, the presence of SAW crosstalk in bulk wave imag-
g hinders the successful imaging of near-surface defects. Thus, SAW 
osstalk suppression is essential.
We presented five different methods for SAW crosstalk suppression 
d demonstrated their effectiveness in imaging a 1.28 mm SDH, lo-
12

ted at 3.7 mm below the scanned surface, using LIPAs, in a Ti-6Al-4V 
Materials & Design 236 (2023) 112453

ED-Arc made sample. All presented methods perform very well at 
ppressing the SAW crosstalk. The AT method was shown to be less 
ective in the case of a SAW crosstalk but can be applied to sup-
ess SAW induced artefacts. All other methods can be implemented 
r both these cases. PCS has been shown to be best at suppressing the 
W while preserving the bulk wave signal. PCI is an image processing 
ethod whereas the other methods are signal processing approaches 
d hence PCI can be combined with other methods to maximise SAW 
osstalk suppression as well as suppression of multi-modal artefacts in-
ced by other wave modes, including bulk wave modes. However, PCI 
quires more computational resources and processing time. It is noted 
re that the processing time of all these methods can be reduced to 
1 second if a GPU is used during the post-processing [48]. In this 
se, successful SAW suppression can be achieved in real-time, during 
e AM cycle, for in-process inspection.
The focus of this paper has been on SAW suppression for the purpose 

 defect detection in AM components. One future aim is to develop 
ethods for defect characterisation, such as size and type (e.g. porosity 
 lack of fusion) of defect in order to link them with the AM deposition 
ocess. Another future aim is to evaluate these methods with defects 
turally occurring in AM as opposed to idealised ones (side drilled 
les) and ultimately test the performance during AM deposition.
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