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A B S T R A C T   

Near-vertical flaws in thick-section narrow-gap welds are notoriously difficult to detect and size using traditional 
Phased Array Ultrasonic Testing (PAUT) techniques. Self-tandem shear inspection has been considered for 
detection but lacks appropriate full weld sensitivity. The dual-tandem phased array inspection method is pro-
posed to enable multi-mode Total Focusing Method (TFM) pulse-echo imaging with longitudinal through- 
transmission inspection, by introducing a second, opposite-facing probe on the far weld side. Pulse-echo and 
through-transmission datasets are obtained in a single Full Matrix Capture (FMC) acquisition, for each weld side. 
Analysis of the optimum Probe Centre Spacing (PCS) based upon image sensitivity suggests that a spacing 
corresponding to a longitudinal beam crossover at 2/3 sample thickness provides greatest weld coverage. Testing 
on near-vertical EDM notches in a 120 mm thick mock narrow-gap carbon steel sample has shown high sensi-
tivity TFM imaging, at notch depths of 27.5 mm, 60 mm and 92.5 mm. Pitch-catch through-weld transmission 
imaging has exhibited tip-diffraction images with a Signal-to-Noise Ratio (SNR) of up to 17.3 dB. Pulse-echo 
imaging using multi-mode TFM has shown tip-diffraction and reflection with up to 19.2 dB and 34.8 dB SNR 
respectively. The possibility of image mixing by considering image defect response type has provided full 2D 
notch reconstruction. These results demonstrate the strength of the dual-tandem method in enhancing the 
detection reliability and detection of near-vertical defects in thick-section narrow-gap welds.   

1. Introduction 

The emergence of Phased Array Ultrasonic Testing (PAUT) technol-
ogy to the Non-Destructive Testing (NDT) industry has dramatically 
changed the landscape of ultrasonic inspection capabilities. This is 
largely due to the flexible acquisition process and improved scanning 
efficiency that phased arrays can guarantee [1]. By manipulating time 
delays of electrical excitation pulses sent to individual piezoelectric el-
ements in the phased array, ultrasonic phase delays can be induced, 
allowing resulting beams focussed and steered accordingly [2]. In turn, 
this has led to the rapid uptake and dependability of PAUT in NDT, in 
areas such as weld inspection [3], additive manufacturing [4,5], com-
posite testing [6], and non-piezo wave generation such as laser induced 
phased arrays [7]. 

The ability to excite elements singularly or simultaneously in ultra-
sonic transmission and reception is a key enabler to Full Matrix Capture 
(FMC) acquisition. This allows delay-and-sum imaging algorithms to be 

applied in post-processing, contrary to traditional PAUT which requires 
active beamforming during inspection [8]. There are a vast number of 
imaging algorithms available for post-process imaging of FMC datasets, 
which are practically inefficient to implement using traditional beam-
forming phased array techniques. These techniques include the wave-
number algorithm [9], Phase Coherence Imaging (PCI) [10], and Inverse 
Wave field Extrapolation (IWEX) [11]. However, it is the Total Focusing 
Method (TFM) which is widely considered the ‘gold standard’ of the 
available post-processing imaging algorithms [12]. An amplitude-based 
delay-and-sum method, TFM provides synthetic focusing of the full 
array aperture in transmission and reception at every point in a dis-
cretised image region. This is performed by applying post-acquisition 
time delays to full matrix data and has been shown to provide 
high-resolution reconstruction and sensitivity to flaws [13,14]. 

Given the extensive focusing capabilities of the TFM algorithm in 
both transmission and reception, Time-of-Flight (ToF) maps are typi-
cally generated to efficiently provide the time delays required. A 
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focussed beam can be synthesised accordingly, and an amplitude value 
obtained from the FMC dataset at each point in the image. The ToF map 
depends upon the ultrasonic wave velocity of the given material, as well 
as refractive effects observed across velocity variations caused by 
changing elastic properties. The ability to calculate time delays in this 
manner lends itself to the Multi-Mode TFM (MM-TFM) algorithm [13]. 
This algorithm provides increased array adaptability to detection of 
planar-type defects, such as cracks and Lack-of-Sidewall-Fusion 
(LOSWF) flaws in weld inspection. 

An open V-groove geometry is often used for standard bevel welds, 
such as that shown on the left of Fig. 1. V-groove welds are typically 
machined to a bevel angle between 20◦ and 45◦. International standard 
BS EN ISO 13588:2019 [15] requires an inspection of this kind to ensure 
an incident beam within 6◦ of the bevel normal, and can typically be 
achieved using a sectorial scan, or shear half-skip (e.g. TT-TT) TFM. By 
solely considering shear waves in transmission and reception, an effec-
tive reflection can be obtained from a potential LOSWF defect positioned 
on the weld bevel. 

However, narrow J-groove bevel geometries are commonly selected 
to conserve weld volume in thick section narrow-gap welds. Contrary to 
the large bevel angles associated with V-groove welds, narrow-gap 
grooves typically utilise angles from 2◦ to 6◦. For this reason, LOSWF 
flaws manifest at near-vertical angles, and complicate the inspection 
procedure required to observe a consistent sensitivity for LOSWF 
detection. Traditional phased array methods can show improvement 
using the self-tandem 3T (TT-T) TFM image mode. The use of multi- 
mode self-tandem imaging has also been shown to be effective using 
FMC-TFM [16]. However, this relies on achieving a favourable reflected 
angle from the LOSWF flaw and can require several scan positions to 
cover the full weld area – particularly in thick-section components. The 
requirement for a maximum beam deviation of 6◦ on the bevel also 
becomes impractical and would require large probe offset distances to 
satisfy. 

As the prominence of narrow-gap welding increases, the desire to 
develop an efficient and reliable inspection method for the testing of 
narrow-gap welding components is in high demand. This work attempts 
to address this issue by proposing a dual-tandem phased array inspection 
method. This method introduces a second, opposite facing array on the 
far weld side, designed to address the difficulty in the detection of near- 
vertical defects. The addition of a second probe not only ensures a 
consistent detection sensitivity from each weld side, but also introduces 
the ability to perform through-weld detection (see Fig. 2). By separating 
the transmission and reception across two probes, sensitivity to geo-
metric effects - such as diffraction - can be increased, improving the 
likelihood of detection and reducing sizing errors associated with near- 
vertical defects. In addition to this, a wedge design balancing the 
transmission of both longitudinal and shear modes would allow the full 
benefit of multi-mode TFM to be exploited. Such a wedge would allow 
longitudinal through-transmission imaging, utilising diffraction effects, 

while maintaining the ability to perform multi-mode pulse-echo 
imaging. 

In recent years, the ability to combine welding and NDT processes at 
the point of manufacture has grown in demand. An in-process inspection 
approach enables flaws to be detected and corrected between weld 
passes, reducing rework, increasing manufacturing throughput, and 
schedule certainty. However, when considering in-process ultrasonic 
inspection, several key challenges - including partially-filled geometries, 
high temperature gradients and process interference - limit deployment. 
While traditional phased array techniques using high-temperature 
wheel probes [17,18] have shown promise in traditional open 
V-groove weld inspection, such approaches have not yet been consid-
ered for narrow-groove welding practices. Therefore, there is a 
requirement for the design of narrow-groove weld inspection processes 
for both fully-filled cold welds and partially-filled welds inspected 
in-process. 

In this paper, the dual-tandem method is introduced and demon-
strated as a method for the detection and inspection of near-vertical 
defects in cold thick section components mimicking fully-filled nar-
row-gap welds. Notches created using an Electrical Discharge Machining 
(EDM) process were placed within the samples to simulate the posi-
tioning expected from a LOSWF defect in a 2◦ narrow J-groove weld. It 
will be shown that this method can provide high sensitivity imaging of 
near-vertical flaws using multi-mode pulse-echo TFM and longitudinal 
through-transmission imaging. Furthermore, the possibility of image 
mixing will be explored, in order to visualise the full geometric extent of 
a defect in the two-dimensional image plane. 

2. Methodology 

In this paper, the process of determining the presence and geometry 
of a given defect begins with the acquisition of the full-matrix dataset. 
However, to acquire an FMC dataset in which beam energy is optimised 
to cover the full weld area, the probe position must be considered. Once 
one or more FMC frames are collected, the data can be processed, and 
ToF maps calculated, to form the necessary images to assess the presence 
and extent of potential flaws. This requires consideration of known weld 
geometries, to determine the correct imaging mode to select to maximise 
flaw sensitivity. Once images have been obtained, they can be observed 
separately, or ‘mixed’ to condense the information gathered. 

In order to ensure the transmission and reception of both shear and 
longitudinal modes in a single acquisition, a numerical analysis of 
Snell’s law was conducted to identify an optimised wedge angle for the 
probe assembly. This considered the ability of the assembly to transmit 
and receive longitudinal and shear modes in a single acquisition. The 
refraction angle of the resulting shear and longitudinal modes versus 
wedge angle were computed and displayed in Fig. 3. 

From this study, a wedge angle of 20◦ was determined to provide a 
balance between increasing the longitudinal refraction angle towards 

Fig. 1. Comparison of open V-groove weld geometry (left) and narrow-gap J-groove geometry (left).  

E. Nicolson et al.                                                                                                                                                                                                                                



NDT and E International 135 (2023) 102808

3

the first critical angle and limiting the shear refraction angle. This 
provided refraction angles of 60◦ and 28◦ for longitudinal and shear 
waves respectively, across a Rexolite (vR

L = 2330 ms−1) wedge to carbon 
steel (vS

L = 5930 ms−1, vS
T = 3240 ms−1) interface. 

The equipment used throughout this work is therefore as follows.  

• 5 MHz 64-element Olympus A32 arrays (0.50 mm pitch, 0.42 mm 
element width)  

• 60LW Rexolite Olympus A32 wedges (20◦ angle)  
• PEAK-NDT MicroPulse 6 128/256 channel array controller 

The workflow of the imaging system proposed in this work is out-
lined in Fig. 4. The components highlighted will be discussed in the 
relative section, starting with the acquisition process, then ToF map 
calculation, TFM imaging algorithm, multi-view and multi-mode image 
mixing, and finally an image sensitivity calculation method. 

2.1. FMC acquisition 

With the inclusion of two phased array probes, the FMC acquisition 
process increases in complexity. Considering the two individual arrays 
as a single aperture, the full matrix dataset can be obtained at a size 4x 
greater than that for a single probe. For two arrays of N elements each, a 
dataset of 4N2 A-scans is obtained. 

This dataset can be split into four sub-datasets of size N2, each of 
which will be referred to as an individual ‘view’ available to the system. 
An example of the full matrix dataset obtained can be seen in Fig. 5. This 
assumes that elements 1 to N belong to the left array, and elements N + 1 
to 2N to the right array (see Table 1). 

This means that from a single acquisition, a full dataset containing 
the two pulse-echo and two through-transmission views can be 
collected, to be analysed with post-processing imaging techniques. 

Throughout this work, consistent scan parameters were used in the 

Fig. 2. Dual-tandem phased array configuration.  

Fig. 3. Shear and longitudinal refraction angles at a Rexolite-Steel boundary as a function of incident angle.  

Fig. 4. Imaging system workflow.  
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FMC acquisition process. These are detailed in Table 2. The data 
acquisition was conducted using software designed in National In-
struments LabVIEW [19], to interface with the PEAK NDT array 
controller. Data was saved in a HDF5 Multi-Frame Matrix Capture 
(MFMC) file format [20], and subsequently processed in MATLAB-based 
imaging software. 

2.2. Mode selection 

Six imaging modes were chosen with a mix of mode converted and 
non-mode converted imaging modes, to allow an understanding of the 
imaging performance of various modes in both pulse-echo and through- 
transmission views. 

Six pulse-echo modes were selected, including the direct longitudinal 
mode (L-L) and five self-tandem modes. For through-transmission im-
aging, only the direct longitudinal mode was used. Of the eight possible 
self-tandem modes, these five were chosen to provide a variety of mode 
conversion and propagation angles. As the focus of this work is the 
enabling and improving of diffraction sensitivity to near-vertical defects, 
five of the six modes were chosen with a longitudinal mode incident or 
reflection/diffracted from a defect. A final TT-T mode was also selected 
to provide comparison to the standard shear self-tandem weld inspec-
tion technique. These are detailed in Fig. 6. 

2.3. ToF mapping 

To accurately extract the correct amplitude values at each pixel in 
the discretised image region, a ToF value must be calculated for each 
array element in the system, and for each image mode. The result is a 
four dimensional array, of size X × Z × NT × M, where X and Z are the 
pixel counts along the x- and z-dimensions of the image domain, NT is 
the total number of source elements in the system, and M is the number 
of image modes selected. 

There are currently several ray-tracing methods to calculate the ToF 
maps. One such method is the generalised bisection method, which is a 
root-finding method for determining the optimum ray path through one 
or more boundaries [21,22]. This method is efficient when considering 
flat layers of homogenous material and assumes that refraction occurs 
only at a defined boundary. A more involved method of ToF mapping is 
the Multi-Stencil Fast Marching Method (MSFMM). This is an efficient 
path finding algorithm which continually computes a solution to the 
Eikonal equation [23–25]. This method defines a ToF value based upon 
an upwind difference scheme condition, allowing refractive effects to be 
accounted for at every grid point. 

The result of the MSFMM is a numerical array containing a ToF map 
for each view - pulse-echo and through-transmission from each side - for 

Fig. 5. Full matrix obtained from dual tandem FMC, showing four unique views.  

Table 1 
Element numbers for each dual-tandem view.   

Direction Ntx Nrx 

Pulse-Echo Left 1 - 64 1 - 64 
Right 65 - 128 65 - 128 

Through-Transmission Left 1 - 64 65 - 128 
Right 65 - 128 1 - 64  

Table 2 
FMC acquisition parameters.   

Unit Value 

PRF Hz 1 
Sample Frequency MHz 25 
Excitation V 200 
Gain dB 60 
Time Window μs 64 - 224  

Fig. 6. Six modes selected for multi-mode imaging.  
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every element pair, for each mode. The ToF values generated by a single 
execution of this algorithm need only be run once and can be used to 
produce TFM images for any number of FMC frames which posses the 
same geometric setup, given that material properties can be assumed to 
remain consistent across each frame. 

2.4. TFM algorithm 

For a pixel position (xi, zj) on the TFM image, the amplitude value is 
determined by the expression defined in Eq. (1). This performs a post- 
processing pseudo-focusing of the full array aperture at each point in a 
discretised image region. 

The Hilbert transform û(t) of the FMC dataset allows the computa-
tion of the analytic image. For each transmit tx and receive rx element 
pair in the system, the Hilbert transform of the corresponding A-Scan in 
the FMC dataset is selected. The amplitude value extracted from the 
Hilbert transform is selected based upon the time delay obtained from 
the ToF map, for both transmission and reception at pixel position (xi,

zj). The resulting pixel amplitude is the sum of amplitude values across 
each transmit-receive element pair. 

I
(
xi, zj

)
=

∑Ntx

tx=1

∑Nrx

rx=1
ûtx,rx

(
τtx

(
xi, zj

)
+ τrx

(
xi, zj

))
Eq. (1) 

In this instance, the element vectors Ntx and Nrx are ‘view’ depen-
dant. This assumes that N is a vector containing element numbers 1 to 
NT, where NT is the total number of active elements within the system. In 
this case, two 64-element arrays are used, and such NT = 128. The 
element vector required for each view in this case is outlined in the 
following table. 

The TFM algorithm was processed on a Graphics Processing Unit 
(GPU) using the MATLAB GPU Coder [26,27]. This creates optimised 
CUDA C++ code from a MATLAB function. This allowed imaging pro-
cessing times to be reduced, with an average processing time of 
approximately 1s per 600x125 pixel TFM frame, using an NVIDIA 
Quadro T2000 graphics card. 

2.5. Image mixing 

To condense the number of images produced for analysis, views and 
modes can be mixed based on the information obtained to produce a 
single image. This is approached by first categorising images into three 
groups; (1) images which do not contribute to a defect response, (2) 
images which display a defect diffraction response, and (3) images 
which display a defect reflection response. In turn, two mixed images 
can be created: a diffraction response image ID and a reflection response 
image IR. 

Diffraction effects across multiple images will be coherent in posi-
tion, so are suitable to mix by a product method. By taking the product of 
each pixel across multiple images, we can exploit this positional 
coherence, while suppressing incoherent noise regions. A clear indica-
tion of the defect length, by way of top and bottom tip indications, 
should therefore be observed. This is achieved using the expression in 
Eq. (2), where Id is a given TFM image which contributes to diffraction 
effects. 

ID =
∏N

n
Id

n Eq. (2) 

Reflection indications, unlike diffraction effects, are not necessarily 
coherent across multiple images. This is due to the non-negligible width 
(1.0 mm) of the notch, as shown in Fig. 7. Therefore, a combined 
reflection image IR is defined as the pixel-by-pixel sum of reflection 
contributing TFM images as defined in Eq. (3), for reflection contrib-
uting images Ir. Similarly, to the diffraction image, this should give us an 
indication of the width of the defect. 

IR =
∑N

n
Ir

n Eq. (3) 

The result of this is two images, each theoretically displaying the 
extent of the defect in each dimension in the image plane. By adding the 
two mixed images, a mixed image which shows the full extent of the 
defect can be created. This final mixed image IT, defined in Eq. (4), is the 
sum of the two linearly normalised images for diffraction and reflection 
responses. 

IT = ÎD + ÎR Eq. (4) 

Normalisation before summation allows the relative amplitudes to be 
ignored, as diffraction effects are typically much lower in amplitude 
than reflected responses, and results in a superimposed image. 

In this work, this process is done manually by observing each of the 
image modes and subsequently determining their relevant category. 
However, this requires prior knowledge of the defect location and ge-
ometry, as well as the human interpretation of images. Similar methods 
exist for completing this process automatically. One method is the 
matched filter approach for fusion of multi-mode TFM images in char-
acterising crack-like defects [28,29]. Such methods can remove the 
requirement for prior defect knowledge, while providing statistical 
analysis of mixed modes to produce a single image showing the full 
extent of a defect. Additionally, a correlation approach for determining 
contributing modes has been demonstrated for near-vertical planar 
flat-bottom holes (FBHs) using multi-mode C-SAFT (TFM) method [16]. 
This has also been approached from a machine learning perspective, 
with the goal to improve performance and accuracy of multi-mode im-
mersion imaging [30]. 

2.6. Image sensitivity calculations 

The sensitivity of a given TFM image is quantified by its Signal-to- 
Noise Ratio (SNR). This value is defined as the logarithmic ratio of 

Fig. 7. Demonstration of incoherent reflections from each LL-T pulse-echo view 
in sample NG2. 
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maximum amplitude Amax(I) and the Root Mean Square (RMS) of the 
noise level Anoise(I) of the image domain I, as expressed in Eq. (5) [31]. 

SNR = 20 log10

⎛

⎜
⎝

Amax(I)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

〈Anoise(I)
2〉

√

⎞

⎟
⎠ Eq. (5) 

However, the generalisation of this value, by considering the 
maximum amplitude of the image, may not give an accurate reflection of 
the image sensitivity. For instance, artefacts such as wedge and backwall 
reflections may provide the highest amplitude and therefore falsify the 
apparent sensitivity of an image. 

In this work, where the position and extent of flaws are known well, 
the SNR value is calculated based upon a defined region around the flaw. 
The maximum image amplitude is replaced with the maximum ampli-
tude defined within this region r surrounding the known defect, 
ensuring that only defect indications are considered. Furthermore, the 
noise level can be defined in Eq. (6) as the RMS of the image noise solely 
excluding the defect indication Anoise(In), where In = {In ∈ I,

∼ (In ∈ {r})}. 

SNR = 20 log10

⎛

⎜
⎝

Amax(r)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

〈Anoise(In)
2〉

√

⎞

⎟
⎠ Eq. (6) 

This method will be used to quantify the relative sensitivity between 
images. To retain an accurate relative sensitivity, comparisons can only 
be made where the image domain and defect regions are of the same 
area and pixel density. 

3. Test samples 

Three carbon steel samples were created to test the dual-tandem 
phased array setup, all with a height of 120 mm, length 500 mm and 
35 mm depth. Each sample was cut from the same steel block, and as 
such consistent elastic properties were observed. The longitudinal ve-
locity was determined to be 5930 ms−1 by considering backwall re-
flections through the sample depth, with the shear velocity 
approximated at 3240 ms−1. 

Each sample contained one EDM notch of dimensions 5.0 mm by 1.0 
mm machined 10 mm into the sample face, machined along a mock 
narrow-groove weld face at a 2◦ rotation to the Z-axis, placed at depths 
of 27.5 mm, 60 mm and 92.5 mm, to positionally and geometrically 
represent expected LOSWF flaws throughout the full thickness of a 
narrow-groove weld. The three samples used in this work are shown in 
Fig. 8, presented in the X-Z image plane. The details of the EDM notch 
defects in the samples are shown in Table 3, in terms of x-position, z- 
position and rotation, relative to the centre of the EDM notches. 

4. Probe Centre Separation 

The separation between the centre of the two arrays, defined sym-
metrically at the centre of the weld, is a crucial consideration in terms of 
imaging sensitivity. A Probe Centre Separation (PCS) value must be 

carefully selected based upon a knowledge of the height of the weld 
sample, such that the full depth of the weld is covered by the array beam 
profiles. Assuring this ensures that only a single acquisition is necessary 
to observe potential flaws across the full weld height. A low PCS value 
will concentrate energy towards the sample surface, while reducing 
energy at the backwall. Conversely, a high PCS will reduce energy near 
the surface of the sample, as well as encourage energy loss with 
increased path lengths. 

4.1. PCS study 

A study to understand the sensitivity of images at different PCS 
values was conducted using the dual-tandem setup for each of the three 
mock narrow gap samples (NG1, NG2 & NG3), to ensure PCS sensitivity 
across the full height of the weld could be considered. The sensitivity 
values obtained in this study were calculated using the method discussed 
in Section 2.6. Three PCS values were chosen, such that the longitudinal 
normal beam of the two arrays intersected at a depth of 1/3 (167 mm), 
1/2 (238 mm) and 2/3 (314 mm) of the sample thickness. A TFM image 
was created for each PCS value, using the dual-tandem FMC acquisition 
process discussed above. The sensitivity for each of the four ‘views’ was 
calculated for the modes presented in section 2.2, for each of the three 
PCS values in each sample. 

The bar plot in Fig. 9 shows the mean sensitivity at each PCS for each 
mode, for each of the four views. A PCS corresponding to a longitudinal 
crossover of 2/3 sample thickness, showed the highest sensitivity across 
each of the pulse-echo modes, except LL-T and right L-L. The 1/3 
thickness PCS exhibited the highest sensitivity for through-transmission. 
However, this was due to a strong reflection from the top of the lower 
notches, while exhibiting no diffraction effects. Therefore, it was 
decided that the ability to resolve diffractive effects – as part of the 
purpose of this work – was considered more valuable to this work. 

Based upon these findings and given that all samples used in this 
work had a height of 120 mm, the 2/3 thickness PCS value of 314 mm 
was chosen to be the PCS value used throughout the remainder of the 
study. 

4.2. PCS error study 

To understand the precision levels required for array positioning, a 
PCS sensitivity study was conducted with added artificial errors. This 
considered a single FMC frame with a PCS of 314 mm, by adding a PCS 
error during the ray-tracing process. The artificial error was 

Fig. 8. EDM notches in carbon steel samples.  

Table 3 
Carbon steel samples defect positioning.  

Ref. Name Defect 

X (mm) Z (mm) Θ (◦) 

NG1 −7.9 27.5 2.0 
NG2 −6.8 60.0 2.0 
NG3 −5.6 92.5 2.0  
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incremented from −5 mm to +5 mm and applied to the true PCS value, 
with image sensitivity recorded for each view in each mock narrow- 
groove sample (NG1, NG2 & NG3). This error was applied to the PCS 
value, while maintaining a consistent centre point, as shown in Fig. 10. 

As this is a linear offset, the error should not noticeably affect the 
synthetic focusing of pulse-echo views as this is dependent on a single 
array. Instead, this is expected to provide a positional error – shifting the 
defect position with respect to the ‘real’ position. Conversely, for the 
through-transmission views, focusing will be altered as the relative po-
sition of each array is considered in the delay law calculations. 

The results of this study can be found in Fig. 11. It is clear that a 
positional error does affect the sensitivity of TFM images, and the effect 
is mode dependent. 

This demonstrates that generally, the PCS does not affect the sensi-
tivity more than ~3.0 dB at what is considered an extreme PCS posi-
tional error in this study. However, as previously stated, the effect of this 
error creates a purely positional error in pulse-echo images - equal to the 
positional error of the wedge position relative to the PCS centre point - 
as focusing is unchanged. It is the through-transmission imaging that is 

Fig. 9. PCS sensitivity study results for pulse-echo (left), pulse-echo (right) and through transmission.  

Fig. 10. PCS values used to study PCS error.  
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likely to be impacted most by this error. 
A final sensitivity analysis was conducted to understand the effect of 

PCS error on through-transmission focusing in TFM images using the 
direct longitudinal mode, L-L. The results of this are shown in Fig. 12. 

It is clear from this study that, particularly at positive values, the 
sensitivity of through-transmission images is heavily dependent on PCS 
error. This asymmetrical sensitivity trend may be due to the encroach-
ment of the lateral wave further into the image due to a positive posi-
tional error. In any case, this underlines the importance of precise PCS 
measurements when considering through-transmission imaging. 

5. Mock narrow-groove samples 

As previously discussed, mock narrow-groove samples NG1, NG2 & 
NG3 were designed to replicate LOSWF defects in a 2◦ narrow-gap J- 
groove. These were placed at depths of 27.5 mm, 60 mm and 92.5 mm 
respectively, relative to the notch centre. This section will firstly present 
TFM images obtained from a standard shear wave inspection, and then 
images generated using the dual-tandem method, with a PCS of 314 mm. 

5.1. Shear inspection 

To ensure a fair comparison and quantification of the improvement 
offered by the dual-tandem method, a standard shear inspection was 
conducted. An Olympus 36.1◦ Rexolite shear wedge (SA32-N55S-IHC) 
was used to observe the performance of a typical ultrasonic inspection of 
each of the three-mock narrow-groove samples. The Probe was posi-
tioned 100 mm from the sample centre, as a suitable trade-off between 

required beam steering and path length. 
A TFM image was obtained from each sample, using the self tandem 

shear mode TT-T. Fig. 13 (b) shows the TFM image of the sample con-
taining a notch at half the sample thickness. There is a clear notch 
indication in this image, with relatively good sensitivity, although the 
height of the notch cannot be accurately quantified. However, Fig. 13 (a) 
and (c), where notches are present at 27.5 mm and 92.5 mm depths 
respectively, provide no obvious notch indications. This demonstrates 
the lack of weld coverage available using this method. 

5.2. Pulse-echo 

The following section discusses the pulse-echo imaging results ob-
tained using the 20◦ wedge discussed previously for transmission of both 
shear and longitudinal waves. Fig. 14 shows the pulse-echo images from 
the left array, for each imaging mode in sample NG1. Two modes appear 
to show clear indications from the 27.5 mm deep 2◦ notch. The direct 
longitudinal mode L-L in Fig. 14 (a) displays the highest sensitivity to the 
notch, however it appears distorted due to the intensity of the beam 
steering required to reach the shallow depth. Conversely, the longitu-
dinal self-tandem mode LL-L in Fig. 14 (b), provides the most accurate 
notch geometry, despite having a poorer SNR. The added backwall skip 

Fig. 11. PCS error effect on image sensitivity applied to 314 mm PCS.  

Fig. 12. PCS error mean-view sensitivity study for L-L through- 
transmission images. 

Fig. 13. TFM images of mock narrow-groove samples using self-tandem shear 
(TT-T) pulse-echo inspection with a shear-transmission optimised wedge. 
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demands less extreme steering for focusing at the shallower depth, 
relative to the direct longitudinal mode. However, the LL-L mode has 
several artefacts which could be mistaken for additional defects, and as 
such is likely to return several false-positives if considered in isolation. 
This is likely ‘leakage’ of another mode indication – which is something 
that must be considered when analysing multi-mode TFM images. 

The remainder of the modes present no clear notch response, and as 
such exhibit low SNR values. Of these four in Fig. 14(c–f), the TL-L mode 
is the only one which shows a slight indication, however this cannot be 
confidently resolved from surrounding artefacts without prior 
knowledge. 

In sample NG2, where the notch is located at half the sample thick-
ness, all modes provide a greater sensitivity to the notch relative to 
sample NG1, as seen in Fig. 15. The LL-L mode in Fig. 15 (b) provides a 
high sensitivity indication of reflection from the notch, with no artefacts 
which could present a false-positive as seen with the shallow notch. The 
direct longitudinal mode L-L also exhibits top and bottom tip-diffraction, 
which allows the extent of the defect length to be obtained through 
geometric sizing methods. In addition, the LT-L mode in Fig. 15 (d) 

provides tip diffraction, albeit with the poorest sensitivity. The 
remaining modes exhibit reflections from the notch face, with the LL-T 
mode providing the greatest sensitivity of the selected modes. Notably, 
the TT-T mode exhibits a higher SNR value than is seen in Fig. 13 (b), 
where a shear wedge is used. 

Fig. 16 demonstrates the sensitivity of each mode to a notch at 92.5 
mm depth, in sample NG3. Again, the L-L and LT-L modes, in Fig. 16 (a) 
and (d), exhibit tip diffraction effects, with the direct mode showing the 
best sensitivity to these effects. The shear mode TT-T provides the 
highest sensitivity to notch reflections observed across all samples, as 
seen in Fig. 16 (f). Furthermore, the LL-T and TL-L modes present 
additional second artefacts, which could be mistaken for a second notch 
and again risks a false-positive in isolation. This again highlights the 
caution required when considering multi-mode TFM. All but one (LT-L) 
of these modes provide a higher sensitivity value than the 16.1 dB value 
seen using the shear wedge in Fig. 13 (b), demonstrating the increased 
sensitivity to near-vertical defects obtained by using the optimised 
wedge angle. 

The TFM images presented in this section have demonstrated the 

Fig. 14. Sample NG1, 27.5 mm notch depth multi-mode pulse-echo TFM.  

Fig. 15. Sample NG2, 60 mm notch depth multi-mode pulse-echo TFM.  
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capability of pulse-echo imaging for detection of near-vertical defects in 
a mock narrow gap sample, using multi-mode TFM. The sensitivity 
values of the images presented in this section are summarised in Table 4. 
Sensitivity has been shown to be greater for larger depths, where 
focusing requires less extreme beam steering. The shallow notch in 
sample NG1 is only visible in the L-L and LL-L modes, with relatively low 
sensitivity when compared with notches in samples NG2 and NG3. The 
shear and longitudinal self-tandem modes provide the best sensitivity at 
the deepest notch. 

5.3. Through-transmission 

Considering the L-L mode in through-transmission in Fig. 17, the 
lateral wave response is again observed. The dead zone due to this 
lateral wave masks the defect response from the shallow notch in NG1. 

The notch at half the sample thickness in Fig. 17 (b) displays a strong 
bottom tip-diffraction. However, due to the directivity of the longitu-
dinal beam, there is a large difference between this and the top tip- 
diffraction response. In turn, the top tip is lost in the colour scale, 
with an amplitude response 6.0 dB below the bottom tip. The peak-to- 
peak response displays a notch size of 6 mm. 

In Fig. 17 (c), the deepest defect at 92.5 mm depth exhibits both top 
and bottom tip diffraction responses, with a peak-to-peak size of 5.5 mm. 

5.4. Image mixing 

Due to the large number of images produced using this method, 
interpretation can be arduous. In order to condense the acquired image 
information, an image mixing process is performed as discussed in sec-
tion 2.4. 

For each of the mock narrow-groove samples, a mixed image was 
formed based on interpretation of images and their indication of 
diffraction and reflection responses from the EDM notches. Based upon 

this interpretation, it was determined that the L-L mode would form the 
fused diffraction image, by a pixel-by-pixel product of the pulse-echo 
and through-transmission images, as defined in Eq. (2). Furthermore, 
the pulse-echo images of modes LL-L, LL-T and TT-T were fused by pixel- 
by-pixel summation according to Eq. (3). These two images were then 
normalised and superimposed as defined in Eq. (4), to provide a single 
image. Fig. 18 shows the resulting mixed images for each of the mock 
narrow-groove samples. It should be noted that, although these images 
are presented on a logarithmic decibel scale, they do not represent 
relative amplitude values - due to the superimposing of two normalised 
images. 

As the diffraction and reflection images are normalised prior to 

Fig. 16. Sample NG3, 92.5 mm notch depth multi-mode pulse-echo TFM.  

Table 4 
Summary of pulse-echo image sensitivity for mock narrow-groove samples.  

Sample Sensitivity (dB) 

L-L LL-L LL-T LT-L TL-L TT-T 

NG1 15.3 12.5 < 6 <6 7.9 < 6 
NG2 19.1 19.1 30.6 13.0 28.0 18.0 
NG3 19.2 29.8 13.8 11.2 24.9 34.8  

Fig. 17. Narrow-groove sample imaged at 314 mm PCS in through- 
transmission with mode L-L for samples (left) NG1, (middle) NG2 & 
(right) NG3. 
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mixing, a sensitivity value should not be calculated due to the post- 
normalisation superimposition of the diffraction and reflection images. 
Any attempt at such calculation of the final mixed image would provide 
a misleading and inaccurate result. Nonetheless, in Fig. 18 (b) and (c) - 
samples NG2 and NG3 - where the EDM notch is placed at a depth of 60 
mm and 92.5 mm respectively, there is an indication of the geometric 
extent of the notch in both image axes. 

6. Discussion 

It has been shown that the dual-tandem phased array setup can 
provide greater coverage and sensitivity to thick-section, narrow-groove 
weld inspection. To further quantify the imaging performance, both the 
relative image amplitudes and defect sizing accuracy are considered. 
These will be discussed in the remainder of this section. 

6.1. Relative amplitude 

To understand the relative amplitudes between each mode in the 

three-mock narrow-groove samples imaged in Section 5, both the 
maximum image amplitude and maximum notch amplitude were 
extracted. This allows the difference – if any – between the maximum 
image amplitude and maximum notch response amplitude to be 
observed. If the image and notch amplitude values are equal, it can be 
reasoned that the notch response is the maximum amplitude response 
within the image. A difference in these values suggests that an artefact 
other than the notch dominates the image. 

Firstly, this was conducted for pulse-echo views only in samples NG1, 
NG2 and NG3 - the results of which are found in Fig. 19. Each bar is 
notated with an ‘L’ or ‘R’ to indicate a left or right pulse-echo view. Each 
view has a maximum image value shown as the wider bar, as well as the 
maximum notch amplitude by the thinner bar. By normalising these 
values to the maximum amplitude value across all images, a relative 
comparison can be made. In this case, values are normalised to the 
maximum image value of the left TT-T pulse-echo image in sample NG3, 
and all other values are displayed as a percentage of this amplitude 
value. 

As the notch is offset from the centre of the sample to the left in this 

Fig. 18. Image mixing in mock narrow gap samples (a) NG1, (b) NG2, and (c) NG3 using diffraction modes L-L, and reflection modes LL-L, LL-T & TT-T.  

Fig. 19. Relative amplitude study of mock narrow-groove pulse-echo TFM images. Amplitudes are normalised to the maximum amplitude (NG3 left pulse-echo), 
with maximum image and defect amplitudes shown. Left pulse-echo views are noted by ‘L’ and right pulse-echo views by ‘R’. 

E. Nicolson et al.                                                                                                                                                                                                                                



NDT and E International 135 (2023) 102808

12

reference frame, there is a disparity in amplitude between left and right 
views, with the left pulse-echo view predominantly exhibiting higher 
notch response amplitudes. An inequality in the maximum amplitude 
value extracted from the notch and from the image as a whole, suggests 
that artefacts with high amplitude relative to the notch response are 
present in the image. 

As observed in the TFM images above, some modes in sample NG1 do 
not provide any notch indications, so the notch amplitude is zero. 
Considering samples NG2 and NG3, with notch depths of 60 mm and 
92.5 mm respectively, modes L-L and TL-L provide the most consistent 
notch sensitivity. Despite providing the highest notch amplitude 
response, the disparity between left and right TT-T views is notable due 
to the offset position of the notch relative to the PCS centre. 

The same study can be conducted to observe the relative amplitudes 
of L-L pulse-echo and L-L through-transmission images, shown in 
Fig. 20. Again, the amplitude values are normalised to the same value as 
in Fig. 19. 

As discussed previously, the L-L through-transmission images in 
sample NG1 do not provide notch responses, as these are likely masked 
by the lateral wave. In the through-transmission images of sample NG2 
and NG3, it is seen that the notch response is approximately 5.0 dB 
below the maximum image amplitude. This suggests that the lateral 
wave response is often double the amplitude of that of the notch, 
quantifying the difficulty in imaging shallow flaws near the lateral wave 
response. 

It is also noted that the maximum through-transmission image 
amplitude of sample NG1 is higher than that of the other two samples. As 
the notch response is masked by the lateral wave, this increase may 
because by the summation of the notch and amplitude responses, even 
though they cannot be individually resolved in imaging. 

The pulse-echo notch responses are higher in amplitude than 
through-transmission for samples NG2 & NG3 by an average of 8.8 dB 
for the right view and 11.0 dB for the left. This increase in relative 
amplitude for the left view is expected, as the notch is physically offset 
from the PCS centre in this direction, reducing the pulse-echo path 
relative to through-transmission. 

6.2. Notch sizing 

Typically, when sizing LOSWF defects with a pulse-echo phased 
array inspection methods, amplitude drop methods are employed - 
typically 6 dB, 12 dB or 20 dB [32]. The 6 dB drop case works on the 
assumption that once the maximum defect amplitude response drops to 
approximately 50% when the beam is focussed on the very edge of the 

flaw. However, the accuracy of this method relies heavily on defect 
orientation and geometry, as an assumption of defect orthogonality to 
the ultrasonic beam must be made in this case of planar defects such as 
LOSWF. 

The advantage of using longitudinal modes, particularly for through- 
transmission imaging, is the ability to observe tip diffraction effects. This 
provides accurate sizing of a planar defect’s height, using the peak-to- 
peak distance between the top and bottom tips. As these indications 
are inherently caused at the extremities of a flaw, they provide more 
precise measurement capabilities than amplitude drop methods. 

By utilising both the 6 dB amplitude drop method for reflective re-
sponses, and peak-to-peak method for diffraction indications, a mean 
notch size across each pulse-echo view was obtained for each mode and 
sample. Fig. 21 highlights the obtained notch height, with reference to 
the expected 5 mm height. 

As is clear from the pulse-echo images presented previously, only the 
L-L and LL-L modes provided a resolvable defect response from the 
shallow notch in sample NG1. The L-L mode did not provide an accurate 
size, due to the spread of the notch response. However, the LL-L mode 
provided a height close to the expected 5 mm using the 6 dB drop 
method. 

Considering the notch at half the sample thickness, in sample NG2, a 
notch height is determined for each mode. Modes L-L and LT-L provided 
tip-diffraction effects and had a 6.9 mm and 6.5 mm peak-to-peak notch 
height respectively. The TT-T mode 6 dB drop shows a 3.6 mm notch 
size. Despite having the lowest error of all modes in this sample, it is the 
only mode which under-sizes the notch. To ensure the safety of a scan-
ned component, it is preferred to over-size rather than under-size flaws, 
and this result would therefore be a concern. The remaining modes, all 
using the 6 dB drop, oversize the notch height by at least 5 mm. 
Conversely, oversizing of a defect in this manner can be costly and can 
force unnecessary part rejection, or temporary operation shutdown. For 
this reason, it is important that defects can be accurately sized such that 
the appropriate action can be taken. 

Now considering the deepest notch, in sample NG3, sizing was able 
to be conducted using each mode. Of the three notch depths considered, 
this provided the most accurate sizing across all modes. Again, modes L- 
L and LT-L provided tip diffraction indications, with the remaining 
modes showing reflections from the notch face. L-L and LT-L provided 
the most accurate notch height at 6.0 and 5.8 mm respectively. Modes 
LL-T and TT-T showed relatively accurate defect heights of 6.5 mm and 
8.1 mm, with modes LL-L and TL-L greatly oversizing using the 6 dB 
drop method. 

The same method can be applied to through-transmission imaging. In 

Fig. 20. Relative amplitude study of mock narrow-groove L-L TFM images. Amplitudes are normalised to the maximum amplitude (NG2 left pulse-echo), with 
maximum image and defect amplitudes shown. 
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this case, only diffraction effects are seen, so the peak-to-peak sizing 
method is used. Furthermore, only the direct longitudinal mode L-L is 
considered for through-transmission imaging. 

It is initially obvious from Fig. 22 that the sizing error using through- 
transmission is reduced relative to the sizing conducted with pulse-echo. 
As discussed, the lateral wave masks the shallowest notch in sample 
NG1, therefore no defect response is present to allow sizing. Sample NG2 
demonstrates a mean size across the through-transmission views of 6.1 
mm. Furthermore, NG3 demonstrates a mean notch height of 5.0 mm. 
This follows the same pulse-echo trend for mode L-L, with increased 
sizing accuracy for deeper notches. 

This demonstrates the ability to size the notch height in both pulse- 
echo and through-transmission imaging, with through-transmission 
improving the sizing error. However, due to the views available using 
this method, the width of the notch may also be sized. By considering the 
image mixing discussed previously, there is an opportunity to size the 
notch in both imaging axes. However, as discussed, this requires a great 
deal of operator input. Work is required to produce mixed images seen in 
Fig. 18 programmatically, such that the size can be extracted without the 
inclusion of human error. 

In reality, defects such as LOSWF sized in this manner often have 
minimal width, so determining the width of the defect is not necessary. 
However, this method could be useful for other flaw types such as 
porosity and inclusions, to obtain a two-dimensional perception of the 
defect shape, without the requirement for amplitude drop methods. 

It is clear that the dual-tandem method provides advantages to 
traditional shear pulse-echo in both detection and sizing of near-vertical 
defects in mock narrow-groove samples. The inclusion of pulse-echo 
acquisition from both weld sides allows each weld bevel to be imaged 
with equal sensitivity. Furthermore, the inclusion of longitudinal 

through-transmission allows increased sensitivity to tip-diffraction ef-
fects. This has been shown to improve near-vertical notch sizing accu-
racy relative to pulse-echo methods. 

7. Future work 

The potential of the dual-tandem imaging method for imaging of 
near-vertical planar defects in mock narrow-gap samples has been 
shown in this work. Future work is focussed on the automated imple-
mentation of the dual-tandem method for inspection of narrow-groove 
welds in-process. This introduces added complexity both mechanically 
and ultrasonically and could require an adaptable PCS varied on a pass- 
by-pass basis. The use of Plane-Wave Imaging (PWI), which has been 
shown to provide comparative multi-mode imaging quality to TFM with 
a notable reduction in acquisition and processing times [33], may pro-
vide the possibility for a real-time implementation of the dual-tandem 
method. 

In addition, the inspection of challenging (coarse-grained and 
anisotropic) materials may be suited to the increased diffraction sensi-
tivity offered by the dual-tandem method. Furthermore, the optimisa-
tion of the acquisition and imaging processes could be improved by pre- 
inspection sensitivity mapping, allowing efficient mode selection and 
optimisation of the FMC acquisition method. 

8. Conclusion 

Traditional phased array weld inspection is conducted using a single 
probe in shear mode. However, this has proven to be ineffective when 
detecting and imaging near-vertical defects. In narrow-groove weld in-
spection, LOSWF defects present themselves along the bevel, at typically 
near-vertical angles. Furthermore, the thick-section nature of narrow- 
groove welding poses issues with increased attenuation and reduced 
full weld sensitivity. For this reason, the dual-tandem method is pro-
posed to allow both pulse-echo and through-transmission detection of 
such defects. 

An FMC acquisition and TFM imaging process which allows two 
pulse-echo and two through-transmission views to be obtained and 
imaged in a single scan. This was tested using three 120 mm thick carbon 
steel samples, with EDM notches placed in a position representative of a 
narrow-groove LOSWF defect at a varying sample depth. The resulting 
TFM images were found to show good sensitivity to near-vertical 
notches at various depths from both reflection and diffraction effects. 
Through-transmission imaging provided accurate notch sizing at deeper 
defects with high-quality TFM images. The introduction of an image 
mixing algorithm allowed the full extent of the defect in the image plane 
to be observed at lower notch depths. 

Future work includes developing a sensitivity mapping algorithm for 
optimal mode choice, imaging of coarse-grain microstructures, and 
development towards an automated in-process inspection system. 

Fig. 21. Pulse-Echo sizing of notches in each mock narrow-groove sample. Peak-to-peak sizing method used for tip-diffraction indications, and 6 dB drop method 
for reflections. 

Fig. 22. Through-Transmission sizing of notches in each mock narrow-groove 
sample using peak-to-peak sizing method using L-L mode. 
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