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Abstract 

Welding is an integral part of manufacturing and plays an important role in many 

sectors such as transport, energy and defence. Recent global events including the Covid-19 

pandemic and ongoing war in Ukraine have placed significant pressures and challenges 

on the global manufacturing sector. Furthermore, increased focus is being placed on a 

move towards net-zero operations in light of the climate crisis. Challenging environments 

are often catalysts for adaptation and innovation, which is exactly what has been seen 

within manufacturing sectors worldwide. Motivation to remain globally competitive 

within a changing global landscape has placed advanced manufacturing at the forefront of 

future investment plans.  

Many industrial sectors employ Non-Destructive Evaluation (NDE) as a means of 

ensuring the integrity of welded components post-build and throughout their service life. 

In recent years there have been increasing economic and industrial drivers for the 

development of real-time NDE delivered at the point of manufacture. Real-time inspection 

and monitoring of welding processes can help to reduce fabrication costs by detecting 

defects as they occur, enabling more efficient and cost-effective builds whilst also 

supporting the assurance of asset integrity throughout the component life cycle.  

This thesis presents significant advancements in the field of in-process ultrasonic 

inspection and monitoring of fusion welding processes. The challenges associated with 

deployment of ultrasonic NDE during fusion welding are non-trivial. Therefore, 

considerable research has been required to fully understand the extent of these challenges 
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and enable the development of techniques to address and overcome them. As a result, a 

system capable of ultrasonic phased array inspection during fusion welding has been 

realised to allow the detection of defects as they occur, thus reducing rework, repair time 

and helping to delivering high-quality welds right, first time. For the first time, phased 

array ultrasonic testing has been used to successfully interrogate the molten weld pool 

during deposition of gas tungsten arc welds, further reducing defect detection time. There 

is also significant opportunity to leverage this technique for in-process control of welding 

processes to prevent and reduce defect occurrence.  
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Chapter 1 

Introduction  

 

1.1. Industrial Motivation 

The UK remains a global leader within the manufacturing sector, repeatedly being 

ranked amongst the top 10 countries alongside China, the USA and Germany [1], with the 

outlook remaining positive for the remainder of 2023 and into the future [2]. It is 

undeniable that recent global events have placed significant pressures and challenges on 

the manufacturing sector worldwide. Covid-19 highlighted the volatility of global supply 

chains and their inflexibility to the major disruption caused by the pandemic [3]. As a 

result, reshoring and onshoring have become frequent topics of conversation, with 

countries, including the UK, recognising their dependence on overseas components, goods 

and workers [4–6]. Global supply chains are being tested once again, with the ongoing war 

in Ukraine placing substantial strain on the supply of raw materials and, most critically, 

oil and gas [7–9]. Furthermore, increased focus is being placed on the way that energy is 

consumed with a move to net-zero operations seen as critical in light of the climate crisis 

[10]. 
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These global events, although challenging, have also been a catalyst for change 

and development. Innovation has become an imperative, with industrial sectors and 

businesses being forced to adapt and evolve at speed to a continuously changing global 

landscape. This drive towards innovation can be seen clearly within UK industrial sectors 

such as transport, energy and defence, where the motivation to remain globally 

competitive aims to place advanced manufacturing at the forefront of future investment 

plans [11–13]. 

Welding is an integral part of manufacturing and plays an important role in almost 

all aspects of everyday life. The rise in productivity found within the welding sector can 

largely be attributed to process automation which was first seen in the 1960’s with the 

industrial application of a welding robot within the automotive industry [14]. However, it 

was not until the 1980’s that robotic welding began gaining traction within other industries 

as the benefits of robotic deployment became clear [15]. Robotic welding is now a major 

application area for industrial robots [16], with articulated robots continuing to replace 

manual operations particularly in areas of High-Value Manufacturing (HVM) where joint 

strength and safety are of critical importance.  

Many industrial sectors employ Non-Destructive Evaluation (NDE) as a means of 

ensuring the integrity of welded components at manufacture and throughout their service 

life. Often, these welded components are composed of thick sections which necessitate 

the need for high-integrity welding processes with multi-pass weld deposition strategies. 

As a general rule, NDE of multi-pass welds occurs as a final step in the manufacturing 

timeline, on the cold component and once a sufficient time period has lapsed so as to 
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detect delayed defects, such as hydrogen cracking, in accordance with international testing 

standards [17,18]. This greatly complicates the rework procedure, resulting in increased 

cost, particularly where defects are present in early weld runs, as a significant amount of 

work is required to excavate the defective area before repair and retesting. The NDE sector 

has not seen the same rate of uptake in automation as manufacturing sectors, with the 

majority of NDE operations continuing to be performed manually. As a result, inspection 

is often considered a major bottleneck within production environments.  

In recent years, there have been increasing industrial and economic drivers to 

reduce manufacturing costs, particularly as the energy sector is being called upon to play 

a significant role in the delivery of low-carbon energy production in the future [19]. One 

way in which the NDE community can help to reduce this bottleneck and improve 

schedule certainty is to provide faster and more flexible NDE techniques capable of earlier 

defect detection without interrupting the welding and manufacturing process. The 

application of innovative in-process weld inspection and process monitoring techniques 

makes it possible to detect the formation of defects early, to enable quicker and more cost-

effective action and repair. Furthermore, the valuable data gathered through in-process 

monitoring of welding processes may be used to control and optimise the process in real-

time to reduce the overall rate of defect formation. 
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1.2. Research Goals 

The research goals of the work in this thesis are: 

I) Understand existing weld inspection techniques and their current 

applications. 

II) Determine the state of the art in in-process weld inspection and monitoring 

techniques. 

III) Identify the main challenges and complexities associated with in-process 

weld inspection and monitoring.  

IV) Investigate the use of modelling techniques to predict the thermal gradients 

present within the weld volume with respect to in-process weld inspection. 

V) Investigate the quantitative performance of a phased array ultrasonic 

inspection system providing in-process inspection during fusion welding 

of multi-pass welds.   

VI) Investigate the application of traditional phased array ultrasonics for real-

time monitoring of fusion welding processes through imaging of the 

molten weld pool. 

1.3. Contributions to Knowledge 

This thesis presents various unique and novel contributions with direct academic 

and industrially focused applications.  
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I) The development of experimentally validated thermal modelling 

techniques to predict the thermal gradients created by a Gas Tungsten Arc 

Welding (GTAW) process. (Chapter 3) 

II) The development of a repeatable method for artificial defect embedding 

within weld volumes to provide known size reflectors for process 

verification. (Chapter 3) 

III) The successful deployment of a phased array ultrasonic testing system 

capable of providing ultrasonic inspection at the point of manufacture. 

(Chapter 4) 

IV) Utilising  phased array ultrasonics to interrogate and image the molten 

weld pool in real time as a progression towards ultrasonic monitoring and 

control of the welding process. (Chapter 5) 

V) The work presented in this thesis has had direct impact on further research 

into the development of in-process phased array ultrasonic weld inspection 

through various academic and industrially relevant projects.  

1.4. Industrial Engagement  

PEAK NDT Ltd., are a high-end technology company specialising in the 

development, production and support of multichannel and phased array ultrasound 

controllers for the NDE industry. PEAK NDT have long recognised the role of universities 

and academia to enable the development and implementation of their equipment within 

innovative NDE approaches. The systems PEAK NDT provide are based on an open 
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architecture platform, making them flexible and adaptable to the end user’s requirements 

and the perfect building block for academic research and development.  

As with a majority of the NDE community, PEAK NDT are noticing the effects of 

a global NDT skills shortage caused primarily by an aging workforce [20–22]. This is 

causing difficulties in recruitment, as it is becoming difficult to find candidates who are 

both skilled technically and also have the relevant commercial instinct. With the NDE 

market size projected to continue in growth throughout the period 2023 to 2030 [23], it is 

expected that the problems faced as a result of the aging workforce and skills gap is likely 

to intensify without changes being made. This has spurred PEAK NDT to look for new 

methods of recruitment through knowledge transfer partnerships [24] and student 

sponsorship.   

Throughout this project, there has been a significant amount of collaboration with 

the industrial sponsor, PEAK NDT Ltd. This has included: 

• Collaboration with NDE system integrators such as Transform NDT and 

The Welding Institute (TWI) to develop and provide impactful 

demonstrations and systems. 

• Engagement with end-user companies by leading hardware and software 

demonstrations for companies both in the UK and abroad. Such companies 

include Babcock International Group plc, Altrad Babcock, BAE Systems, 

NOV, Northrop Grumman & Hitachi. 

• Dissemination at conferences and exhibitions including the British 

Institute of Non-Destructive Testing (BINDT), the American Society of 
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Non-Destructive Testing (ASNT) & the European Conference for 

Non-Destructive Testing (ECNDT). 

• Development and testing of High Dynamic Range (HDR) & high speed 

acquisition systems to facilitate the work presented in this thesis.  

• Professional development through BINDT’s Personnel Certification in 

Non-Destructive Testing (PCN) training and certification scheme to obtain 

Level 2D Ultrasonic Testing (UT) 3.1 & 3.2 (Plate & Pipe). 

1.5. Thesis Structure 

This thesis is structured as follows: 

Chapter 2 records the relevant background theory which underpins this work, 

including a review into various fusion welding processes and the common defect types 

which may arise from them. A thorough review is given of various NDE techniques, with 

particular emphasis placed on the use of UT. Finally, an outline of current weld process 

monitoring techniques is given. 

Chapter 3 discusses how the extreme temperatures and thermal gradients generated 

by the welding process affect the deployment of an in-process Phased Array Ultrasonic 

Testing (PAUT) weld inspection system. Experimentally verified thermal models are 

developed which are used to predict the thermal gradients within the weld volume in the 

plane of inspection. These thermal models have been used to develop thermal 

compensation strategies which were vital to the successful deployment of an in-process 

ultrasonic weld inspection system as presented in Chapter 4 of this thesis. Furthermore, 
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an artificial defect embedding strategy is introduced which allows for repeatable insertion 

of defects with known size, shape and length within the weld volume. This is of critical 

importance for the verification of in-process ultrasonic weld inspection systems and is 

also used within Chapter 4 of this thesis.  

Chapter 4 introduces the use of phased array ultrasonics to provide inspection at 

the point of manufacture. The system concept is presented along with the associated 

technical challenges and opportunities. The effectiveness of established techniques 

developed to overcome these challenges is critically analysed and quantified. The 

successful deployment of the system is quantified and compared against traditional 

post-weld inspection techniques. 

Chapter 5 explores the use of phased array ultrasonic testing technologies to 

monitor and analyse the molten weld pool during deposition of multi-pass gas tungsten 

arc welds. Analysis of the received ultrasonic signals are shown to contain information 

relating to key physical transitions within the welding process, namely the melting and 

solidification of the weldment. Significant signal changes are also shown to occur in the 

presence of a non-optimal or defective weld. 

Chapter 6 documents the potential future work and concludes the main findings of 

this thesis. 
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Chapter 2 

Research Background 

 

2.1. Fusion Welding Processes 

Fusion welding is the process by which heat is used to join two or more materials 

[25]. The heat is commonly provided by an electrical arc struck between the welding 

electrode and the workpiece creating a localised heat source resulting in a small pool of 

molten material [26]. In most cases, extra material of the same type as the parent material 

is added to this pool by a filler rod or wire [27]. In general, a shielding gas is supplied 

around the weld site to prevent atmospheric contamination during the molten state [28,29], 

which can lead to the introduction of defects. The following sub-sections discuss some 

common fusion welding processes. 

2.1.1. Manual Metal Arc Welding 

Manual Metal Arc (MMA) Welding, also known as Shielded Metal Arc Welding 

(SMAW) or most commonly as stick welding, is the oldest and simplest fusion welding 

process. MMA uses consumable electrode rods, which are wire rods coated in a mixture 

of substances such as silicate binders, carbonates, metal alloys and other minerals [29], 

known as flux.  
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The electrode coating has several roles to play: 

• It acts to stabilise the electrical arc.  

• As the coating is heated, it produces vapours which act as a shield to protect the 

weld from atmospheric contaminants.  

• It breaks down as it is heated to produce a protective coating, known as “slag”, 

which covers the weld, protecting it as it cools. The slag layer is then cleaned 

away once the weld is complete.  

• Depending on its constituent materials, it can provide a source of alloying 

elements to aid in compatibility of the weld metal to the parent material.  

These factors make MMA welding more suitable than other arc welding processes 

for use outdoors, as the protection provided by the flux makes an MMA weld less likely 

to be affected by atmospheric contamination. For other processes, which rely heavily on 

the external supply of a gas “shroud” to protect the weld, wind can blow the gas away, 

resulting in heavily contaminated welds [30]. Furthermore, as there is no need for an 

external gas supply, the equipment for MMA is significantly simpler and easily portable.  

2.1.2. Gas Metal Arc Welding 

Gas Metal Arc Welding (GMAW), or Metal Inert Gas (MIG) welding, has 

remained one of the leading industrial welding processes since the 1970’s [31]. GMAW 

uses a consumable filler wire as the electrode, which is continuously fed from a reel 

through flexible hosing to the welding torch. This makes GMAW more economical with 

fewer stop-starts than MMA where the electrodes require frequent replacement. GMAW 
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also differs from MMA as the shielding gas is supplied from an external source to create 

the protective shroud around the welding arc. The choice of shielding gas is most 

commonly mixtures of argon with some carbon dioxide (CO2) and sometimes some 

oxygen (O2) [32]. Where CO2 is included, the welding process is referred to as Metal 

Active Gas (MAG) welding.  

GMAW is a particularly flexible method, with applications in welding both thin 

and thick materials. The heat input can be made low to help minimise distortion and 

deformation of thinner sheet materials while its high deposition rate results in greater 

productivity when welding thick sections [29,33]. Furthermore, GMAW is suitable for 

use with a variety of materials including mild, low-alloy and stainless steels, aluminium 

and its alloys, copper, nickel and galvanized materials [31].  

2.1.3. Submerged Arc Welding 

Submerged Arc Welding (SAW) is similar to GMAW in that the electrode is also 

consumable and forms the filler material. However, SAW differs from other welding 

processes in that the arc and molten material are buried under granular flux which is fed 

continuously into the weld joint [29]. Therefore, the arc is not visible to the naked eye, 

resulting in an improved working environment when compared to other arc welding 

processes [34]. The granular flux provides the protective gas shield over the molten pool 

and a slag covering on the solidified weld bead and may also be providing supplementary 

alloying elements into the weld zone [29,35]. SAW is used primarily for thicker weld 

sections due to its high deposition rate and deep weld penetration which allows the 

necessary amount of filler material to be reduced [34]. Generally, SAW is an automated 
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process where either the weld head or the workpiece movement is mechanised, often 

through the use of gantry or column and boom units [34,36]. 

2.1.4. Gas Tungsten Arc Welding 

Gas Tungsten Arc Welding (GTAW), or Tungsten Inert Gas (TIG) welding, uses 

a non-consumable tungsten electrode to generate the electrical arc between itself and the 

metal workpiece [37]. The term non-consumable means that the tungsten itself does not 

melt and become part of the weld. Tungsten is used because it has the highest melting 

point of all metals at 3410°C [38] meaning that it can carry very high welding currents 

without melting. In comparison with other welding processes, where the filler material 

also acts as the electrode, GTAW creates a more precise and stable arc making the weld 

more controllable [37] which helps to reduce the Heat-Affected Zone (HAZ) of the weld. 

GTAW, if performed correctly, produces no sparks or spatter, as there is limited metal 

transfer across the arc, producing welds of a superior quality [29]. In a similar manner to 

GMAW, the gas supply is external and the composition is chosen depending on the 

material being welded, with pure argon and argon-helium mixes being the most common 

for use with carbon steels [39]. Although the welds produced are significantly cleaner, 

GTAW has a significantly lower deposition rate than GMAW [29]. 

2.1.5. Plasma Arc Welding  

Plasma Arc Welding (PAW) is an extension of the GTAW process with key 

differences being found in its heat source and applications [29]. As the name suggests, 

PAW uses a high-temperature ionised gas, known as plasma, as the required heat source. 
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A tungsten electrode is used to strike an electrical arc with the workpiece. This electrical 

arc heats the surrounding plasma gas to create the plasma which is then forced through a 

constricted copper nozzle to increase the flow rate and energy density [40]. Shielding gas 

is delivered through an outer nozzle from a separate supply. Filler material may be added 

in a similar manner to GTAW. Figure 2.1 shows a cross section schematic of a PAW torch, 

indicating the inner and outer nozzles and arc constriction. 

The higher energy concentration of this method results in some significant 

advantages [29]. PAW is able to achieve higher welding speeds using lower currents than 

alternative processes. Furthermore, PAW results in lower shrinkage and distortion of the 

finished part. The equipment needed to perform PAW is highly specialised and, therefore, 

it is typically found in industrial settings where its capabilities can be leveraged fully.  

2.1.6. Electron Beam Welding 

Electron Beam Welding (EBW) is a highly specialised fusion welding process 

whereby a stream of high energy electrons is focused on the workpiece using magnetic 

fields [41]. As the beam of electrons impact the surface of the material their kinetic energy 

Figure 2.1. Sectional schematic view of a plasma arc welding torch 
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is converted to heat which causes the material to melt and form a weld pool. The presence 

of gases in the welding environment causes scattering and absorption of the electron beam 

and therefore, the process must be performed in a vacuum environment [42]. EBW is a 

versatile welding process, with applications for both thin sheet materials and thick section 

butt joints over 200 mm in thickness [42]. Its high penetration power means that it is 

capable of welding thick section material in significantly fewer passes than alternative arc 

welding processes, with 50 mm thick welds requiring only one or two passes [43]. EBW 

provides high welding speeds and deposition rates. However, when considering the 

overall productivity rate it is important to also consider the time taken to create the vacuum 

welding environment [42].   

2.1.7. Resistance Welding 

Resistance Welding (RW) is a process by which materials are joined together 

through the application of pressure and high electrical currents [44]. The most common 

application of this welding process is Resistance Spot Welding where copper electrodes 

are used to provide the clamping force and the electrical current to join thin sheet metal 

panels. As electrical current is passed through the base metal via the copper electrodes, a 

maximum point of resistance is experienced at the interface between the two plates which 

raises the temperature in this region to the point of plasticity [45]. This results in the 

formation of an elliptical shaped weld referred to as a “nugget”. Figure 2.2a shows a 

schematic of the spot welding process. In an analogous process, known as resistance seam 

welding, the copper electrodes are in the form of wheels which rotate as the workpiece is 

rolled between them creating a continuous seam weld. Resistance seam welding is 
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commonly used in the production of gas- and fluid-tight joints such as those found in fuel 

tanks [44] and nuclear waste canisters [46]. A schematic showing resistance seam welding 

is shown in Figure 2.2b. 

2.2. Weld Joint Geometry 

The joint configuration, meaning the geometry and placement of a weld within a 

structure, is vital to ensuring that the loads within the structure are distributed correctly. 

Many factors dictate the choice of joint configuration, including accessibility for welding 

and inspection, welding process selection and the type of loading [47]. The basic joint 

configurations are shown in Figure 2.3 and include butt, corner, tee, lap and edge joints 

[48].  

 

Figure 2.2. Schematics of (a) resistance spot welding and (b) resistance seam 

welding 
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Depending on the weld properties required and the dimension of the weld site, the 

joint may be subject to a form of edge preparation on one or both of the pieces [49]. This 

is to allow appropriate access for the welding torch and to achieve even heat input and 

weld penetration. Figure 2.4 shows common joint preparations for thick butt welded joints 

including (a) single-V, (b) double-V, (c) single-J and (d) double-J.  

Figure 2.5a introduces the terminology relating to a single-V butt weld with an 

open root gap. The addition of a root gap helps to ensure proper fusion and penetration of 

the weld through the bottom surface of the plate. Often a vertical face is left at the root of 

Figure 2.3. Basic weld joint configurations including (a) butt (b) corner (c) tee 

(d) lap and (e) edge 

Figure 2.4. Common edge preparations for butt joints including (a) single-V, 

(b) double-V, (c) single-J and (d) double-J 
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the weld, known as the root face, this helps to control the penetration and prevent burn 

through from excessive heat. Figure 2.5b shows further terminology associated with a 

completed weld where the weld toes are indicated as the junction between the weld face 

and the parent material. The HAZ of the weld is also highlighted referring to the area of 

the parent metal which is not melted during the welding process but does experience 

microstructure and grain structure alterations due to the input of heat [27]. 

2.3. Multi-Pass Welding Nomenclature 

When welding thicker sections, as is common within many industries such as 

Nuclear, Defence, Marine and Oil & Gas, a single weld bead is not sufficient to fill the 

weld joint volume [50]. Therefore, a multi-pass weld deposition strategy is necessary, 

where several weld passes are laid down in layers to fill the weld volume. Figure 2.6 

shows the terminology used when referencing a standard multi-pass welding procedure 

for a single-V butt weld. The root pass is the initial pass used to join the two sections 

Figure 2.5. (a) Nomenclature relating to single-v edge preparations and 

(b) associated weld penetration indicating important terminology including the 

Heat Affected Zone (HAZ) 
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together. The hot pass is the second weld pass performed, used to reshape the root pass 

and ensure sufficient penetration of the previous pass. Fill passes serve to fill the 

remaining weld volume to the top of the weld groove. Cap passes are then used to provide 

reinforcement and give the weld site a clean weld face to finish. 

2.4. Common Welding Defects 

Weld defects are flaws which affect the quality and integrity of a welded joint. 

Different welded joints may have varying expected or necessary quality standards 

depending on the service requirements, as defined by internal company standards [51]. 

Defects may form due to discontinuities formed during welding, where the welding 

procedure has not been optimum or may be a direct result of improper welding parameters. 

Discontinuities may amplify stress distributions and alter the mechanical or chemical 

properties of the weld or HAZ. Figure 2.7 shows some common welding defects as 

classified by BS EN ISO 6520-2:2013 [52].  

Porosity refers to areas of entrapped gas, usually occurring as a result of 

insufficient shielding gas flow or contamination of the material surface before welding 

[53]. Gas pores are generally spherical in shape, however, may be elongated forming 

Figure 2.6. Single-V groove geometry with multi-pass weld terminology highlighted 
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“worm-hole porosity” [54]. In general, porosity is not deemed a serious threat during 

normal loading conditions and therefore has reasonably lenient acceptance criteria [51].  

Undercut is a geometrical imperfection characterised by a groove running parallel 

to the weld length along the toe of the weld or between weld passes [55]. It is associated 

with improper welding technique and excessive currents. Undercut creates a sharp 

transition in weld geometry, resulting in a stress concentration point and subsequently  

reducing fatigue properties [51]. Due to it being a common defect, most acceptance 

criteria do allow for some level of undercut [56]. 

Cracks occur where localised stresses exceed the tensile stress of the material [51] 

and are often associated with areas of stress concentration around geometrical 

discontinuities, such as undercut. Cracking within welds can be further divided into 

categories relating to their initiation and propagation. Hot cracks develop during welding 

or just prior to solidification of the weld pool at elevated temperatures [51,57]. They are 

associated with insufficient molten material being present to fill the space between the 

solidified material resulting in excess shrinkage strains which cause the weld to tear. 

Figure 2.7. Common welding defects including (a) porosity, (b) undercut, 

(c) cracking, (d) lack of root penetration, (e) inclusions and (f) lack of sidewall fusion 
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Generally, hot cracks form at the centreline of welds, where shrinkage strains are at their 

highest, and propagate between grain boundaries [58]. Cold cracks are often delayed and 

associated with hydrogen embrittlement as a result of diffusion of hydrogen within the 

material [59,60]. Toe cracks initiate and propagate from the toes of the weld where 

residual stresses are higher. They are a result of thermal shrinkage in the HAZ material 

[51].  

Lack of Root Penetration (LORP) occurs where the weld bead has not fully bonded 

the fusion faces at the root of the weld [51,61]. Lack of Root Fusion (LORF) occurs where 

the weld bead fails to fuse one side of the joint only. This can occur due to improper fit-

up or joint design, inadequate heat input or improper welding parameters.  

Solid inclusions refer to solid foreign substances trapped within the weldment such 

as slag or tungsten inclusions. Slag inclusions can form when improper removal 

procedures are adopted, generally when access to the joint is limited [51]. Tungsten 

inclusions can form where the tungsten electrode has been unintentionally dipped into the 

molten weld pool or where excessive current has been used which results in the melting 

of the electrode tip [51,62]. 

Lack of Sidewall Fusion (LOSWF) occurs when the weld material does not fuse 

properly with the bevel of the edge preparation, resulting in the formation of a gap. This 

is caused by improper welding technique and parameters, restricted joint access or poor 

cleaning of the base material prior to welding [63].  
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2.5. Non-Destructive Evaluation 

Non-Destructive Evaluation (NDE) is a generic term for a group of non-invasive 

techniques used to quantitatively investigate the properties of a material or component 

without causing damage. The term NDE is often used interchangeably with 

Non-Destructive Testing (NDT), however, NDE describes a more quantitative method 

where measurements are taken either to do with defects found (size, shape, orientation) or 

the material properties. The term NDE will be used throughout the remainder of this thesis.   

NDE plays a critical role in the safety of many products, infrastructure and 

engineering systems, helping to ensure their integrity both at the point of manufacture and 

throughout their service life. The importance of NDE within industries such as nuclear, 

defence and aerospace cannot be overstated as it is used to predict and prevent catastrophic 

failures.  

2.5.1. Visual Testing Techniques 

Visual Testing (VT) is the most basic and inexpensive NDE technique. 

Nevertheless, it plays an important role in detecting surface-breaking defects. Often, 

defects which will have the most detrimental effect on the strength and safety of the 

component are surface-breaking and visible to the human eye with careful inspection 

[64,65]. This can allow for immediate rejection or repair of a component without the need 

for the use of other more expensive and time-consuming inspection techniques.  

VT techniques can be further enhanced with the use of Penetrant Testing (PT) or 

Magnetic-Particle Testing (MT). In many cases, cracks can be particularly deep with only 
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a very small opening visible on the surface of the material and therefore are particularly 

difficult to detect under normal visual inspection [66]. The basic principle of PT is that a 

liquid dye is added to the surface of the material which is then drawn into the volume of 

the crack. Excess liquid is removed and a developer is then added to the surface to draw 

the trapped dye out [67,68]. The added contrast of the developer and the dye makes surface 

breaking defects significantly easier to detect. Figure 2.8 shows the application of PT to a 

small-bore circumferentially welded pipe, highlighting its use in adding contrast to 

surface-breaking flaws. 

MT is a quick and simple inspection technique suitable for the detection of flaws 

within ferromagnetic materials [69]. The material under test is magnetised either locally, 

by applying a magnetic yoke across the area, or entirely by passing an electrical current 

through the part and inducing a magnetic field. This introduces a magnetic flux within the 

material, which can be used to detect any flaws which will disrupt its otherwise uniform 

shape and density. In a sound material, without discontinuities, the magnetic flux will be 

contained within the material and of uniform shape and distribution. However, the 

Figure 2.8. (a) Dye penetrant added to the surface of a small-bore circumferential pipe 

weld and (b) developer added, highlighting surface-breaking porosity. These images 

were taken by the author during a practical NDT course at Lavender NDT Intl. 
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presence of a discontinuity will distort the shape of the magnetic field resulting in some 

flux leakage around the discontinuity. This flux leakage is made visible by applying fine 

iron particles, either dry or as part of a liquid suspension, to the surface of the material. 

The iron particles will collect around regions where there is magnetic flux leakage present 

indicating a discontinuity [69]. Figure 2.9 shows MT applied to a carbon steel plate weld, 

highlighting the presence of a surface-breaking crack. 

2.5.2. Eddy Current Testing 

Eddy Current Testing (ECT) is an NDE technique which uses the principle of 

electromagnetic induction to detect and characterise both surface-breaking and 

sub-surface flaws [70,71]. ECT is a technique which can be applied only to electrically 

conductive materials such as metals, graphene and concrete [72]. ECT has the advantage 

of being suitable for use on painted and coated surfaces, with little effect on the results, 

since no direct electrical contact is necessary. This makes ECT a useful technique for 

Figure 2.9. Magnetic Particle Testing (MT) applied to a carbon steel plate weld. 

These images were taken by the author during a practical NDT course at Lavender 

NDT Intl. 
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accurately measuring and monitoring the thickness of coatings [73] e.g. anti-corrosive 

coatings used to prevent rusting of safety-critical components. 

2.5.3. Radiographic Testing 

Radiographic Testing (RT) is a volumetric inspection technique, most commonly 

associated with medical imaging. However, the same underlying principle is also applied 

for the imaging of industrial components and structures to monitor their health and 

integrity [74,75]. Traditional physical film based RT is a time-consuming procedure 

owing to the exposure time necessary, which is dependent upon the material type and 

thickness. Digital RT is a faster and more flexible option but is less common within 

industrial environments. A high-level of skill is required to interpret the final images, 

which do not indicate depth of any flaws, only size and location [75]. RT has significant 

limitations in terms of applicability on thicker materials [76] and the need for radiation 

safety management [77].     

2.5.4. Ultrasonic Testing 

Ultrasonic Testing (UT) is the application of ultrasonic waves into objects or 

materials for characterisation or for flaw detection. Ultrasonic waves are sound waves 

with frequencies above the range of human hearing, > 20 kHz, with common frequencies 

for NDE applications being in the range of 1 to 10 MHz. UT is the most common NDE 

technique within a variety of industries owing to its versatility, high penetration power, 

allowing for flaw detection deep within components, and its ability to locate, size and 

characterise both planar and volumetric defects with high sensitivity [78,79].  
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2.5.4.1. Wave Propagation Principles 

Since ultrasonic waves are mechanical vibrations of the particles within the 

material rather than electromagnetic radiation, the wave propagation can be characterised 

by its interaction with the material particles [79] as shown in Figure 2.10.  

If the particle motion is along the same line as the direction of wave propagation, 

the wave is known as a longitudinal, or compression, wave. Here, the particles are being 

compressed and expanded along the axis of propagation. If the particle motion is 

perpendicular to the direction of wave propagation, the wave is known as a shear, or 

transverse, wave. There are other modes of wave propagation, such as Rayleigh and Lamb 

waves, however longitudinal and shear are the most common within industrial NDE 

applications. While longitudinal waves can propagate in solids, liquids and gases, the 

transmission of shear waves is limited to solids as liquids and gases have no shear strength 

with which to support the transverse movement of particles [79]. As a general rule, the 

shear wave velocity in a material is approximately half that of the longitudinal velocity 

resulting in a shorter wavelength (�) [79]. The wavelength of the ultrasonic wave is related 

Figure 2.10. Ultrasonic wave modes relative to material particle motion: longitudinal 

(top) and shear (bottom) 
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to the wave speed (�) and the frequency (�) through the well-known formula given in 

Equation (2.1). 

 � = �� (2.1) 

2.5.4.2. Attenuation 

As ultrasonic waves propagate through media, they are subjected to energy loss 

through scattering and absorption [80]. This loss of energy is known as attenuation and is 

highly dependent on both material structure (grain size and orientation) and the frequency 

of the ultrasonic wave within the material. Higher frequency waves experience higher 

attenuation due to their short wavelength [79]. Attenuation of ultrasonic waves can be 

generalised using Equation (2.2). 

 � =  ���	
� (2.2)  

Where � is the amplitude of the wave after some distance, �, has been travelled, 

��  is the initial amplitude and 
  is the attenuation coefficient and is a function of 

frequency. 

2.5.4.3. Ultrasonic Waves at Boundaries 

When an ultrasonic wave meets a boundary between two different materials, part 

of the acoustic energy is transmitted across the boundary while the rest is reflected [79,81]. 

The amount of energy transmitted is dependent on the acoustic impedance of the materials 

either side of the boundary. Acoustic impedance in a lossless, isotropic material can be 

calculated from Equation (2.3). 
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 � = �� (2.3)  

Where Z is the acoustic impedance (kg/m2s or Rayl), � is the material density 

(kg/m3) and � is the ultrasonic wave velocity within the material (m/s). 

For two materials of different acoustic impedances, �� and ��, the percentage of 

transmitted energy (��) and reflected energy (��) can be calculated using Equation (2.4) 

and Equation (2.5) respectively. 

 �� =  4������� + ���� × 100 (2.4)  

 �� = ��� − ���� + ���� × 100 (2.5)  

In the simplest case, the ultrasonic wave is incident on the boundary 

perpendicularly, as shown in Figure 2.11a, where the incident, reflected and transmitted 

waves are denoted �,   and ! respectively. In the case where the ultrasonic wave is incident 

at some angle other than normal, the waves will be transmitted and reflected at different 

angles. The transmitted wave will undergo some refraction, where the direction of 

propagation changes, as shown in Figure 2.11b. The angle of refraction can be calculated 

using Snell’s Law, a simple relationship given by Equation (2.6). 

 
sin 
sin % =  ���� (2.6)  

Where 
 and % are the angles of incidence and refraction respectively and �� and 

�� are the ultrasonic wave velocities in materials 1 and 2 respectively. 



32 
 

Additionally, when an ultrasonic wave is incident on a boundary at an angle, the 

wave undergoes mode conversion upon reflection and refraction, meaning that both 

longitudinal and shear waves are produced. This only occurs in materials where both 

longitudinal and shear waves can be supported, i.e. solids. Figure 2.11c shows a shear 

wave incident upon a solid-to-solid boundary and the resultant mode converted waves. 

When the order of relative acoustic impedances across a boundary is from high to 

low (e.g. a boundary of steel to water), the reflected wave will undergo  

phase reversal [81], where it is 180° out of phase with the incident wave, as shown in  

Figure 2.12.  

Figure 2.11. Ultrasonic waves incident on boundaries (a) planar incidence, 

(b) oblique incidence and (c) oblique incidence with mode conversion highlighted. S -

shear wave mode, L – longitudinal wave mode 
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2.5.4.4. Beam Spread 

The particles within a material do not transfer 100% of the acoustical energy in the 

direction of propagation. This results in what is referred to as beam spread, where the 

sound field from a transducer diverges from the expected path. Figure 2.13 shows a 

simplified Two Dimensional (2D) diagram indicating the diminished beam energy as it 

expands further from a central axis.  

The beam spread for a given ultrasonic transducer can be calculated using 

Equation (2.7). 

 sin �&2� = (�) =  (�)� (2.7)  

Figure 2.12. A plane wave incident upon a high-Z to low Z boundary 

Figure 2.13. Beam spread characteristics for varying energy losses 
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Where & is the angle of the beam spread around the central axis of the beam, as 

show in Figure 2.13, ) is the element diameter and ( is a constant used to calculate the 

beam spread values for various energy losses.  

2.5.4.5. Generation Methods 

There are a number of methods for generating ultrasonic waves, with the primary 

method for industrial applications utilising the piezoelectric effect [82]. A piezoelectric 

material has the property by which it generates an electrical charge in response to applied 

mechanical stress. The inverse of this is also true, in that if an electrical current is applied 

across a piezoelectric material, it will deform. These phenomena form the basis for the 

generation and reception of ultrasonic waves where ultrasonic transducers utilise elements 

made from piezoelectric materials such as Barium-Titanate and Lead Zirconate Titanate 

(PZT).  

Laser ultrasonics is a non-contact method for ultrasound production, where the 

piezoelectric transducer and detectors are replaced by a laser and optical system [83]. The 

generation of ultrasound by this technique utilises the thermoelastic properties of the 

material. By exposing the surface of a material to a pulsed laser beam, rapid heating and 

cooling of the material causes local expansion and contraction, resulting in the generation 

of ultrasonic waves within the material [84].  

Electromagnetic Acoustic Transducers (EMATs) utilise the 

electromagnetic-acoustic phenomena to generate ultrasonic waves within components 

without the need to be in direct contact with the material surface [79]. A flat coil of current 
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carrying wire and permanent magnet are used to induce eddy-currents within the material. 

The interaction of the static magnetic field and the eddy-current density within the 

material results in Lorentz forces which cause the generation of ultrasonic waves [85]. 

This method has the advantage of being non-contact, couplant-free and suitable for use 

within high-temperature environments [86]. 

2.5.4.6. Conventional Ultrasonic Testing 

Conventional ultrasonic testing utilises single-element piezoelectric transducers 

for transmission and reception of ultrasonic signals. In most instances, the transducers are 

in direct contact with the surface of the material under test, with a thin layer of couplant 

in between which acts to reduce the impedance mismatch between the materials and 

increase transmission energy. Figure 2.14 shows a pulse-echo configuration, where a 

single transducer is used to both transmit (Tx) and receive (Rx) the ultrasonic signal. In 

the presence of a flaw, which could be a loss of wall thickness, delamination or inclusion, 

the ultrasonic energy is reflected back due to the acoustic impedance mismatch, resulting 

in additional echoes within the ultrasonic A-scan (amplitude display). The initial pulse 

shown in the A-scan is caused by the continued ringing of the piezoelectric crystal after 

transmission and can mask any near surface flaws. This can be eliminated by using a split-

crystal probe with two separate, acoustically isolated crystals, where one is used to 

transmit and the other to receive. This is the standard set up for thickness measurement 

and the initial inspection of the parent material of a welded component. The thickness of 

the component can be determined by accurately knowing the acoustic velocity of the 
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material under test, and similarly the depth of defects or loss of wall thickness can be 

calculated. 

2.5.4.7. Conventional Ultrasonic Testing of Welds 

UT of welded components relies on the use of wedges, which are designed to 

utilise refraction to introduce shear waves at specific angles into the weld volume. This is 

known as angled beam inspection. Standard weld inspection probes are available in 

common angles of 45°, 60° and 70° although any angle is possible through correct wedge 

design. Standard wedge materials include Perspex and Rexolite, while specialised 

materials can be used to gain specific properties such as temperature resistance. Shear 

waves are used due to their shorter wavelength which results in increased sensitivity to 

smaller flaws within the material. As a general rule, the smallest detectable defect size is 

equal to half of the acoustic wavelength within the test material [87]. Figure 2.15a shows 

a standard pulse-echo, angled beam inspection of a weld where the resultant refracted 

Figure 2.14. Pulse-echo ultrasonic testing with representative A-scans shown 
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angle is denoted &. Figure 2.15b shows how a flaw within the weld, such as a LOSWF, 

results in the ultrasonic wave being reflected. 

2.5.4.8. Standard Phased Array Ultrasonic Testing 

Phased Array Ultrasonic Testing (PAUT) has become increasingly popular in 

many NDE applications in recent years. Ultrasonic arrays are made up of a number of 

independently connected piezoelectric elements which can be individually controlled. 

This offers a higher degree of flexibility when compared with conventional and 

split-crystal piezoelectric transducers [88]. By individually controlling the firing times of 

each element, the shape and direction of the ultrasonic beam can be modified, this is 

known as beam forming [79]. Figure 2.16a shows a plane wave imaging approach where 

all elements are fired simultaneously while Figure 2.16b and Figure 2.16c show how 

different firing delays can be applied to generate focused and steered beams respectively. 

Figure 2.15. Angled beam inspection of a weld with (a) no flaws present and 

(b) a LOSWF present 
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Phased arrays therefore offer the ability to implement a large number of inspection 

modalities with a single transducer from a single inspection point, increasing coverage, 

inspection speed and sensitivity [89].  

PAUT also enables the use of Full Matrix Capture (FMC) where all possible 

transmit-receive pairs are acquired. By capturing this data at the point of inspection, post 

processing allows for beam-forming to be applied retrospectively. FMC also facilitates 

the use of advanced post-processing techniques such as the Total Focusing Method (TFM) 

[90].  

2.5.4.9. Data Presentation  

Ultrasonic data can be displayed to the user in a variety of formats to aid in their 

understanding and interpretation. The three most common ultrasonic display formats 

within NDE are the A-scan, B-scan and C-scan. Each of these display formats offers a 

different way of looking at the material or component under test.  

Figure 2.16. Phased array beam forming with respective firing delays for (a) plane 

wave, (b) focused, (c) steering and focusing 
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The raw ultrasonic data is collected as an amplitude vs. time trace displayed as an 

amplitude scan or A-scan as shown previously in Section 2.5.4.6. This is the simplest and 

most common method for displaying ultrasonic data and forms the basis for all other 

display formats. A-scan data can be displayed in its natural Radio Frequency (RF) form, 

as a fully rectified signal or either the positive or negative half of the RF signal, depending 

on the user’s preference [91].  

Aligning a series of A-scans along the axis of transmission results in a B-scan 

display, where amplitude is represented by a colour- or grey-scale. A B-scan is a plot of 

the ultrasonic data as a 2D cross-sectional view of the component under test [91]. B-scans 

are commonly used within PAUT testing of welds, where beam-steering is used to sweep 

the ultrasonic inspection beam through several angles, known as sectorial scanning. The 

resultant A-scan signals are stacked beside one another, maintaining their insonification 

angle, to produce a B-scan commonly referred to as a Sectorial Scan (S-scan). A standard 

manual PAUT setup is shown in Figure 2.17. Here, two Side Drilled Holes (SDHs) act as 

reflectors within the weld volume and can be seen as indications on the resultant B-scan 

image. Overlaying the weld geometry within the B-scan aids in interpretation of the 

ultrasonic data, particularly where multiple skips are performed during the inspection.  
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A C-scan display format gives a 2D image in the plane parallel to the sample 

surface in a plan-type view [91]. They are produced by gating the corresponding A-scans 

to provide a single value for each imaged point, which can then be displayed using a 

colour- or grey-scale. C-scans are commonly used to display corrosion maps and can be 

modified to show quantitative measurements, such as the extent of wall thickness loss, in 

a way that is more intuitive to the user [92].    

2.6. Weld Process Monitoring 

The automation of welding processes has increased the necessity for providing 

efficient and capable monitoring techniques to help ensure weld quality. Monitoring of 

the welding process is one way in which the prevalence of defects and discontinuities can 

be managed and reduced. In its simplest terms, this can mean monitoring and controlling 

weld parameters, such as current and voltage, a technique offered by most modern welding 

power supplies. In GTAW, for example, the arc length is directly proportional to the arc 

Figure 2.17. Ultrasonic B-scan for PAUT weld inspection showing full skip inspection 

of SDH’s. This data was collected by the author. 
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voltage. Therefore, by monitoring the arc voltage and comparing it to a preset desired 

parameter value, a control system may be implemented to regulate the arc length or torch 

height [93]. More advanced techniques use external sensors and multiple input sources to 

monitor and control the welding process.  

One of the most important information sources which requires monitoring to help 

ensure weld quality is the weld seam [94]. Weld seam tracking has been successfully 

implemented using laser and active vision systems [95–98] which utilise structured light 

patterns and algorithms to provide information about the weld groove geometry. This 

information can be utilised to provide path planning and motion control of automated 

welding processes to ensure correct positioning of the welding torch [99]. Other methods 

of seam tracking utilise arc sensing technologies [97,100]. Arc-sensing relies on the 

relationship between the variation of the Contact Tip to Work Distance (CTWD) and the 

electrical arc signals (arc voltage and arc current) [101]. As the welding torch weaves and 

moves along the weld groove, changes in the distance between the tip of the electrode and 

the work-piece results in variations in the electrical arc signals. These signal variations 

can be used to interpret the geometry of the weld groove and update the motion of the 

welding torch. This is of significance to SAW, where there is no direct access for other 

vision sensing systems [101]. Ultrasonic sensing has been proposed as an alternative 

method of seam tracking [102–104], however, this has not seen widespread adoption.  

Many weld monitoring techniques aim to imitate the function of human perception 

by utilising the same external information sources available to a manual welder. The 

auditory feedback available to manual welders during the process is vital to ensuring their 



42 
 

capability to maintain a high quality weld. The process stability, arc behaviour and droplet 

transfer mode can all be characterised within the acoustic emissions during welding and 

directly related to the overall weld quality [105]. Removal of the acoustical feedback to a 

manual welder has been found to drastically reduce their ability to compensate for changes 

within the welding process resulting in the formation of defects [106]. The same study 

found that delaying the acoustic feedback by as little as 400 milliseconds was enough to 

destabilise the control conditions of the human welders in the trials, resulting in erratic 

motion. Acoustic emission analysis during welding has, therefore, formed a significant 

research area in recent years [107]. Low frequency (0 – 100 Hz) air-borne acoustic signals 

have been used to monitor the generation of unwanted spatter during a GTAW process 

[108]. Measurement of acoustic signals has also been used to monitor the penetration 

depth of a GTAW process, with the suggestion made that the information contained in the 

signals was sufficient to form the basis of a control system [109]. Ultrasonic acoustic 

emission has also been considered as an information source for in-situ weld monitoring 

[110,111]. 

It is well recognised that visual perception is the primary source of information for 

humans, often receiving priority over auditory and tactile sources [112,113]. The visual 

information available during welding is key to understanding the stability of the process. 

Visual monitoring of the weld pool through the use of specialised High Dynamic Range 

(HDR) cameras is widely adopted within industry with many commercial systems 

available [114,115]. Figure 2.18 shows a still image taken from a commercial HDR weld 

monitoring camera during a GTAW welding process.  



 

43 
 

Vision systems have been used to recognise and track the weld pool [117] and 

provide quantitative feedback on the weld pool geometry, such as weld pool width [118], 

length and overall shape and symmetry [119,120]. The surface convexity of the weld pool 

can also be measured, which is an important parameter for understanding weld penetration 

[121,122]. Infrared (IR) cameras have been used to monitor the temperature of molten 

weld pools which can also be related to the penetration depth [123,124].  

2.7. Chapter Summary  

This chapter has outlined the required background knowledge to fully appreciate 

and understand the subsequent chapters of this thesis. Various welding processes were 

detailed to highlight their differences and the variety of processes used within industry. 

Nomenclature relating to weld joint geometry, fit up and multi-pass welding were 

introduced along with important information regarding common welding defects and their 

causes and effects on overall weld integrity. An introduction to NDE techniques is given, 

providing information relating to a variety of testing techniques used within industry. 

Figure 2.18. Image from commercial Cavitar welding camera during Gas Tungsten 

Arc Welding deposition. This image was taken by the author during preliminary tests 

of a Cavitar vision system.  
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Specific emphasis was placed on the understanding of UT, from the basics of ultrasound 

production and propagation, through to complex beam forming and data presentation 

methods for PAUT. Finally, an introduction to weld process monitoring is given, 

highlighting the various techniques currently being researched and those which have made 

it through to industrial deployment. Finally, an introduction to weld process monitoring is 

given, highlighting the variety of information sources available which can be used to assist 

in maintaining correct process parameters. Emphasis is placed on parallels drawn between 

human operators and automated systems.  

The following chapters of this thesis will draw on the fundamentals presented here 

when discussing the use of ultrasonic inspection techniques during welding for defect 

detection and process monitoring. 
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Chapter 3 

In-Process Ultrasonic Weld Inspection 

Challenges and Opportunities 

 

3.1. Introduction 

Although most traditional ultrasonic inspections take place at room temperature, 

as per international standards [125,126], there are many situations where the material 

under test is at an elevated temperature. This is most common within process industries, 

such as oil & gas and nuclear, where efficiency is key and in-service and on-stream 

inspection and monitoring is necessary to prevent substantial losses in productivity and 

revenue [127–129]. Elevated material temperatures present unique challenges to the way 

in which ultrasonic inspections are performed. 

From a deployment perspective, traditional ultrasonic probes are limited in their 

capabilities to perform inspections at elevated temperatures. Primarily due to limitations 

of the bonding materials and the effects of thermal expansion, the maximum tolerated 

temperature of conventional ultrasonic probes are ~60 °C [127]. This makes them 

impractical for situations where the material temperature exceeds these limits. Significant 
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advancements are being made to bring high-temperature ultrasonic probes to market with 

specialized materials and equipment [128–132].  

The effect of temperature on the mechanical and material properties of steel and 

its alloys has been studied in depth [133–135]. A material’s ultrasonic properties are 

intrinsically linked to its mechanical properties through the elastic constants; Poisson’s 

ratio, Shear Modulus and Young’s modulus. Figure 3.1 shows the elastic constants for 

mild steel for varying temperatures as derived by Scruby et al. [136]. 

Variations in these elastic constants result in changes to ultrasonic parameters such 

as attenuation and acoustic velocity [136–138]. Figure 3.2 shows how the longitudinal and 

shear wave acoustic velocities within mild steel change with temperature as derived by 

Scruby et al. [136]. 

Figure 3.1. Elastic constants of mild steel versus temperature, Poisson’s ratio, Shear 

modulus and Young’s modulus [136] 
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In situations where the material temperature is uniform, inspections can be carried 

out as normal with simple corrections made to the acoustic velocity and compensations 

made for the increased attenuation expected. However, the presence of thermal gradients 

within the material, particularly in the case of angled beam inspections, results in complex 

acoustic refraction where the ultrasonic beam will bend towards higher temperature 

regions within the material where the acoustic velocity is slower.  This effect is shown 

visually in a simplified manner in Figure 3.3. Furthermore, in the case of PAUT where 

beam focusing has been implemented, the presence of thermal gradients causes beam 

defocusing which can affect the resolution and sensitivity of the inspection.  

The consequences of these “beam bending” effects for ultrasonic inspection are 

well documented [132,139–143], resulting in positional misalignment of any potential 

signals of interest in the order of millimetres [139]. This makes in-process weld inspection 

a very challenging inspection scenario, as the localized heat source used during welding 

operations results in harsh thermal gradients within the material.  

Figure 3.2. Acoustic velocity in mild steel versus temperature for both shear and 

longitudinal wave modes [136] 
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The application of in-process ultrasonic weld inspection would likely place the 

ultrasonic probe as close to the welding torch as possible, while being at a safe operating 

distance, to inspect the deposited material. In order to overcome the negative effects of 

the thermal gradients present, it is vital to have an accurate understanding of how the 

material temperature changes in the inspection plane during welding. This prior 

knowledge would allow for compensation methods to be developed and applied to correct 

for the effects of beam bending and ensure that relevant indications are shown in their true 

position. 

Thermal gradients also present challenges for the verification of PAUT inspection 

systems. Verification is crucial to ensure their accuracy and reliability in detecting flaws 

within components. Key aspects of the verification process are adversely affected by the 

introduction of thermal gradients. For example, calibration of phased array probes is 

necessary to ensure consistent beam angles and focal points. Probe calibration is typically 

performed at room temperature using reference calibration blocks with known geometries 

and reflectors [126]. These reference blocks are designed to simulate the conditions and 

Figure 3.3. Diagram showing beam-bending effects of thermal gradients 
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characteristics of the material under test and often contain artificial reflectors of different 

sizes, shapes and orientations. The beam bending and defocusing which occurs as a direct 

result of thermal gradients complicates this procedure, as it is challenging to accurately 

replicate the thermal gradients present during welding in such reference blocks. Strategies 

must be developed to limit the number of variables changing during in-process inspection 

to allow for accurate and repeatable verification of system performance in-process.  

In this chapter, thermal models are produced and experimentally verified to 

accurately model the thermal gradients experienced during a multipass welding procedure. 

The development of these models has allowed analysis of the thermal gradients 

experienced during in-process inspection and provide the knowledge needed for thermal 

gradient compensation, which is discussed in Chapter 4. Furthermore, this chapter also 

explores the development of a method for introducing repeatable artificial defects into the 

weld volume. These artificial defects are of known size, shape and location enabling 

verification of the in-process PAUT weld inspection system developed in Chapter 4.  

3.2. Thermal Gradient during Fusion Welding 

To accurately understand and quantify the thermal gradients present within a weld 

joint at varying stages during a multipass welding procedure, Finite Element (FE) models 

were produced and experimentally verified. The geometry chosen for this study was a 

15.8 mm thick carbon steel (S275) butt weld with a 90° included bevel preparation, as 

shown in Figure 3.4. This weld geometry has been used extensively during previous and 

subsequent projects and throughout the remaining chapters of this thesis, making it a 
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practical choice for this thermal analysis [139,140,144,145]. The welding process chosen 

for these trials was GTAW, as it is a common industrial welding process which is more 

precise and stable when compared with other fusion welding processes. The welding for 

this joint comprised a 21 pass, seven-layer procedure as shown in Figure 3.4.  

The following sub-sections document the approach taken for the FE modelling and 

experimental validation respectively. Accuracy of the thermal models was established 

through comparative error analysis. 

3.2.1. Thermal Modelling 

The commercial Finite Element (FE) package COMSOL [146] was used to 

generate thermal models representative of the GTA welding of the weld joint shown in 

Figure 3.4. It should be noted that this model is a balance between various complex 

electrical, mechanical and fluid dynamic interactions, with its primary aim being to better 

replicate the thermal gradients within the material during fusion welding. Comprehensive 

modelling of the welding process would require several additional considerations 

Figure 3.4. Schematic drawing of weld joint geometry highlighting the welding 

procedure, pass structure and relevant dimensions 
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including but not limited to heat and fluid modelling of the weld pool [147,148], arc-metal 

interaction [147] and microstructural changes [147,149]. 

Important information with regards to the geometry of the welded component was 

collected during welding of the validation component and used to update the thermal 

models to increase their accuracy. After each weld layer had been deposited, the geometry 

of the surface was collected using a 2910-100 Micro-Epsilon laser scanner [150]. These 

scanned geometries were used to generate accurate Computer Aided Design (CAD) 

models of each layer for the thermal modelling and are shown in  

Figure 3.5.  

Figure 3.5. Laser profiles of each layer with associated  2D CAD geometries 
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Each CAD geometry was loaded into a separate thermal simulation, where each 

model domain was 16 × 600 × 400 mm, comprised of ~ 15,600 tetrahedral elements. An 

example domain for the simulations is shown in Figure 3.6, with the co-ordinate system 

and welding path highlighted. An ambient boundary of 20°C was applied at each domain 

surface where conductive, natural convective and radiative heat transfer occurs. The steel 

was modelled with a thermal conductivity of 44.5 -
./  and a specific heat capacity of 

475 1
23/, from the COMSOL material libraries.  

The welding heat source within the FE models was modelled as a gaussian heat 

source [151–154] as defined in Equation (3.1), where 45 is the heat flux in 
-

.6, 7 is the 

process efficiency, 8 is the weld voltage, 9 is the weld current,  :;�<  is the arc radius, 

 =�>?: is the spatially and temporally dependant centre of the gaussian function, ! is time 

and !;@:: refers to the time to complete the weld pass. !;@:: is a function of the linear 

Figure 3.6. Diagram of COMSOL domain for a fully-filled weld with dimensions, 

co-ordinate system and welding heat source path indicated 
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velocity of the weld torch and weave frequency and, therefore, will alter for different 

passes.  

 45�A, C, !� = 2789D :;�<� �	E�FGHIJK6
FKLHM6 N, ! <  !;@:: (3.1)  

Process efficiency is a complex variable dependent on a number of process 

parameters such as welding current, welding speed, parent material type, type of shielding 

gas used etc. [155,156]. Previous work has used calorimetric methods to evaluate the 

process efficiency of different welding processes [155,157] and published arc efficiency 

values report a wide range, from 0.36 to 0.90 [158–160]. A number of published studies 

have reduced this range and placed the average to be in the region of 0.77 ± 10% [155,158]. 

For the purposes of these models, an efficiency value of 0.70 was used and found to be 

accurate.  

The arc spot size,  :;�<, was determined through analysis of the experimental weld 

recordings taken using a XIRIS High-Dynamic Range camera. Here, the weld electrode 

diameter was used as a reference measurement to establish an approximate arc width of 

3.0 mm.  

With reference to the co-ordinate system indicated in Figure 3.6, equations 

describing the spatial and temporal variation of the gaussian heat source in dimensions A 

and C can be formed, given by A=�>?: and C=�>?: in Equations (3.2) and (3.3) respectively. 
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 A=�>?:�!� = 2�PD sin	� �sin �2DQP � !� + A�==:R<, ! < !;@:: (3.2)  

 C=�>?:�!� = �S − �2TSD cos	� �cos �2DQS !��� , ! < !;@:: (3.3)  

 A=�>?: is a triangular waveform which describes the weaving of the weld torch in 

the A direction over time. The weave of the torch is described by its amplitude, �P, and 

oscillation period, QP , which correspond to welding variables used during the 

experimental validation. A�==:R< was used to adjust the central A position of the weave for 

scenarios where the weld pass is off-centre with respect to the centre of the weld 

preparation. C=�>?: is also a triangular wave used to describe the linear progression of the 

weld torch in the C  direction over time. The amplitude of this triangular wave, �S , 

corresponds to the maximum and minimum C displacements while the period, QS, was set 

to be double the pass time, !;@::. The movement of the weld torch in A and C is shown in 

the diagram in Figure 3.6. A=�>?: and C=�>?: contribute to the vector sum,  =�>?:, given by 

Equation (3.4). 

  =�>?:�A, C, !� = WXA − A=�>?:Y� + XC − C=�>?:Y�
 (3.4)  

With all of the welding parameters defined as per the experimental validation 

given in Section 3.2.2, each model was run for double the time of a weld pass to observe 

how the thermal gradient changed within the domain during and after welding as the 

substrate cools.  

Figure 3.7 shows the final 3D thermal model for layer 7 of welding, highlighting 

the shape of thermal dissipation behind the welding heat source. For clarity, the 
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temperature colour scale has been restricted to below 500°C although the maximum 

temperature extends to 4800°C in the centre of the gaussian heat source.  

3.2.2. Experimental Validation 

Experimental validation of the simulations was carried out in parallel, to provide 

the appropriate information to the thermal models, including the initial domain 

temperatures and geometries.   

Two steel plates with the same dimensions and joint geometry as used in the 

modelling were welded, as shown in Figure 3.8a [139]. The pass structure of the welding 

procedure is shown again in Figure 3.8b for convenience. Pass 1 and 2 refer to layers 1 

and 2 respectively, while passes 3-4, 5-7, 8-11, 12-16 and 17-21 refer to layers, 3, 4, 5, 6 

and 7 respectively.  

Figure 3.7. 3D temperature map taken from thermal model for layer 7 of welding 

showing dissipation of heat behind welding heat source 
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A robotic cell as described in previously published work was used to perform the 

welding [161,162]. Figure 3.9 shows the robotic cell hardware, while Figure 3.10 shows 

the high-level architecture and flow of data between components. The National 

Instruments (NI) cRIO 9038 real-time controller was the building block for control of the 

hardware components shown [162]. A KUKA KR5 robotic manipulator was used to 

facilitate GTAW using a JÄCKLE/TPS ProTIG 350A AC/DC welding power supply. A 

2910-100 Micro-Epsilon laser scanner is fitted to the welding head to capture weld 

geometry data after each layer of weld, while a XIRIS XVC 1100 high dynamic range 

camera is used to provide visual feedback of the welding process. This robotic cell was 

configured to allow both robotic welding and inspection, however the inspection 

capability was not required for these experiments. 

 

 

Figure 3.8.  (a) A photograph showing completed welded assembly [139] and (b) 

a schematic of the joint geometry highlighting the welding pass structure 



 

57 
 

 

 

 

 

 

 

Figure 3.9. Robotic welding cell hardware showing robotic welding head with 

additional laser profiler and HDR camera, GTAW power supply, thermocouple 

attachment for temperature monitoring and NDT robotic deployment. 
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To monitor the temperature distribution and give points of comparison to validate 

the thermal models, 13 K-type thermocouples were attached to the plates prior to welding. 

Seven were attached to the upper surface of the left-hand plate and six were attached to 

the bottom surface of the right-hand plate as shown in Figure 3.11. The data from these 

thermocouples was logged through the NI 9214 Thermocouple Module at  

1 Hz frequency throughout welding of the final pass within each layer and for a period 

after the welding had finished to a total of 380 s. It should be noted that during welding, 

Figure 3.10. Robotic welding and inspection cell block diagram with data flows 

highlighted 
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thermocouple 13 became detached from the plate surface and could not be reattached, 

therefore no readings were collected for this thermocouple.  

 

 

The welding procedure, including all welding parameters, is given in Table 3.1.  

Table 3.1. Welding Parameters *Arc Voltage Control (AVC) 

Pass 

Number 

AVC* 

(V) 

Current 

(A) 

Travel 

Speed 

(mm/min) 

Wire Feed 

Speed 

(mm/min) 

Weave 

Amplitude 

(mm) 

Weave 

Frequency 

(Hz) 

1 12 120 50 910 2 0.3 
2 13.5 220 100 1225 4 0.6 
3 to 16 13.5 210 120 1470 3 0.55 
17 to 21 13.5 240 100 1225 4 0.6 

Figure 3.11. Thermocouple placement on (a) top surface of left-hand plate and (b) 

bottom surface of right-hand plate. (c) Thermocouple placement measurements taken

from centre of weld preparation in millimetres (not to scale). [139] 
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After deposition of each layer, the plates were allowed to cool until a consistent 

temperature throughout the component was reached, taking on average a period of 1.0 to 

2.0 hours. A uniform temperature was confirmed both by continuous monitoring of the 

thermocouple outputs and with a contact thermocouple at multiple points on the plates 

surface. The starting temperature after each layer was also fed back in to the thermal 

simulations to increase their accuracy. 

3.2.3. Results  

The simulation and experimental data could be compared directly by extracting 

temperature data from the COMSOL simulations at points corresponding to the placement 

of the thermocouples in the experiment (see Figure 3.11). Comparisons of thermocouples 

for various layers are shown in Figure 3.12. Full comparison results for each layer are 
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Figure 3.12. Comparison of experimental and COMSOL data for thermocouples  for 

various layers and thermocouple numbers 
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given in Appendix A. Some noise is present in the experimental data as a result of the high 

frequency component of the welding process and is therefore only visible during the 

period where the welding process is active. 

Some variation in these datasets is expected due to the inherent variability in the 

experimental process. For example, there may be slight differences in the material 

properties between the experiment and simulation. During welding, the Arc Voltage 

Control (AVC) value was altered instinctively at various points to maintain a high quality 

weld, which is difficult to recreate in a simulation environment. The effects of 

experimental variability are seen most clearly in the comparison results of thermocouple 

ten, shown in Figure 3.13. Thermocouple ten consistently read lower than the COMSOL 

result for all layers, despite all other thermocouple readings being in strong agreement 

with the simulation. This could indicate an error in the placement the thermocouple or a 

poor connection formed during the mounting process (spot welding). Although great care 

was taken to mount the thermocouples in exact positions, there is likely some positional 

error involved. For this reason, thermocouple 10 was discounted from any further analysis. 
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Error analysis of these results confirmed strong agreement between the simulation 

and experimental results. Absolute and percentage errors for each thermocouple were 

calculated for all data points in the time series. Percentage errors were calculated using 

Equation (3.5). Where the true value is taken as the experimental result.  

 % �  [ = �\]^_`T!�� aT`_� − ! _� aT`_��bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb
! _� aT`_�  × 100 (3.5)  

The results from the error analysis of layer 3 are shown in Table 3.2. The 

measurement error associated with the K-type thermocouples used is ±2.2°C or ±0.75%, 

whichever is greater [163,164]. These results show the largest errors correspond to the 

two thermocouples closest to welding groove (thermocouple 0 and 7). Since data is 

collected throughout the entirety of the welding process, this includes the point where the 

weld pool is directly in line with the thermocouple positions. This is the point where the 

Figure 3.13. Comparison of experimental and COMSOL results of thermocouple 10 

for various layers 



 

63 
 

maximum temperature readings were collected and where this maximum error occurs. As 

previously stated, these models are not intended to be accurate in modelling the weld pool 

itself and therefore the temperature gradient in the plane bisecting the weld pool is likely 

to be the least accurate. Calculated error values for all subsequent layers are given in 

Appendix A. 

Table 3.2. Error analysis - layer 3  

Thermocouple 

Number 

Maximum 

Absolute  

Error (°C) 

Average 

Absolute  

Error (°C) 

Maximum % 

Error 

Average % 

Error 

0 14.70 4.57 17.71 4.36 
1 5.80 1.76 15.47 2.90 
2 6.89 2.14 9.50 2.88 
3 7.00 2.26 8.60 3.66 
4 5.21 1.45 10.00 3.29 
5 3.22 0.93 8.70 2.75 
6 2.42 0.61 7.52 2.06 
7 12.68 2.69 12.98 2.72 
8 8.96 1.82 11.50 2.06 
9 4.44 2.16 6.91 2.50 

11 2.59 0.79 5.40 1.95 
12 3.37 0.60 8.43 1.87 

From these validated models, cross-sectional temperature maps were extracted 

from planes at varying distances from the welding heat source (datum), as shown 

diagrammatically in Figure 3.14.  
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Examples of these temperature maps are shown in Figure 3.15. Figure 3.15a and 

Figure 3.15b illustrate how the thermal distribution changes for the final weld layer for 

inspection planes at varying distances behind the welding heat source. The thermal 

distribution is seen to change rapidly from a highly localised region to an almost one 

dimensional gradient within the inspection plane as close as 110.0 mm behind the welding 

heat source. Figure 3.15c illustrates the thermal distribution for the final pass within layer 

3 of welding. The thermal distribution can be seen to be skewed to the right, which is 

realistic given that the final pass in layer 3 includes an offset in A. 

Figure 3.14. Diagram indicating cross-sectional temperature maps taken with respect 

to a datum point (welding heat source) 
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The development of these thermal models has provided vital information 

regarding the thermal gradients experienced during in-process weld inspection. 

Furthermore, these validated results have been used to develop compensation techniques 

to counteract the negative effects of thermal gradients within the inspection volume during 

in-process weld inspection. These thermal maps have been used in conjunction with the 

Figure 3.15. Temperature maps taken from experimentally validated COMSOL models 

showing cross sections taken through various planes relative to the heat source. (a) 

Layer 7, 15 mm behind datum, (b) Layer 7, 110 mm behind datum, (c) Layer 3, 100 mm 

behind datum  



66 
 

well-defined material properties of steel with respect to temperature to develop a novel 

compensation strategy for TFM imaging of welds in the presence of thermal gradients 

[165]. Real-time PAUT imaging compensation methods utilising these thermal maps as 

the required prior knowledge have also been developed and are discussed and analysed in 

more detail in Chapter 4. 

3.3. In-Process Weld Inspection Defect Verification 

Strategies 

As previously discussed, a robust method for verifying the performance of an 

in-process PAUT inspection system must be developed to overcome the challenges 

associated with thermal gradients. This method must be flexible yet repeatable, producing 

defects of known size and location, to eliminate as many changing variables as possible. 

3.3.1. Artificial Defect Embedding Strategies 

The manufacture of specimens with artificial or intentionally embedded defects is 

common. Such specimens are employed for training to ensure that students are exposed 

to a wide variety of flaws during their training. In this educational scenario, it is vital that 

these artificial defects are representative of any real defects which will be encountered by 

students during their future career. These specimens are also useful for the development 

of new NDE techniques and qualification of testing procedures. There are various methods 

utilised within industry to manufacture reference test pieces, the most common of which 

are discussed below. 
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Real defects can be cut from previously operational components, inserted and 

welded into position within a new test piece [166,167]. With this method, there is 

flexibility in the types of defects which can be inserted and they are sure to be 

representative of real defects. However, ensuring a cohesive and continuous union 

between the test material and defect insert can be challenging. This can impact the 

effectiveness of the test piece for training purposes, as the mismatch between the insert 

and parent material can create artefacts indicating the presence of the insert and 

influencing the response obtained during inspection. 

Deliberate alterations to the welding procedure (current, voltage, torch position 

etc.) can be made to induce real defects such as LOF, porosity and inclusions [166]. 

Material changes can also be made to better facilitate the formation of cracks i.e. using a 

hard-facing filler wire to increase brittleness within the weldment [140]. A significant 

disadvantage of this approach is that it is difficult to predict the size, shape and 

morphology of the resultant defect.  

Representative defects can be obtained through machining, typically through spark 

erosion or Electrical Discharge Machining (EDM) [168,169]. Machined defects have the 

advantage of being highly controllable to obtain the desired dimensions. However, the 

performance of these types of machined defects in comparison to the real defects which 

they are representing is low. For example, EDM notches can be used to represent surface 

breaking cracks, however, they lack the complexity of a true crack’s morphology. It is 

difficult to create EDM notches with the same branching, roughness and narrow width as 

would be expected with an real crack [170,171].  
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As an alternative to EDM notches, fatigue and heat cycling can be used to recreate 

representative in-service crack defects [166,172,173]. Often these methods require a slot 

to be added to the component to facilitate the formation of a crack in a specified place. 

The crack can then be generated through a sequence of heating and cooling cycles or 

through fatigue cycling [166].  

When considering verification of an in-process NDE system, a flexible yet 

repeatable method for generating defects of known size, geometry and location at various 

stages of manufacture is vital. Machining of defects, while offering repeatability in terms 

of the defects shape and dimensions, is not practical in this scenario. While it is possible 

to machine a notch within lower layers of a multi-pass weld and cover it to create a 

sub-surface defect, it is challenging to then predict its final dimensions. Therefore, it is 

necessary to embed defects at the point of manufacture. Previous work has looked at 

inserting tungsten artefacts within the weldment [174]. Given tungsten’s high melting 

point (~3414°C [175]), tungsten rods and balls can be inserted within the weld volume 

during welding without melting, to provide acoustic reflectors [174,176]. Further 

development of this technique resulted in a repeatable method for inserting tungsten tubes 

within the weld volume [145,177]. The tubes provide a volumetric air gap within the weld 

volume of known position, length and diameter, acting in the same manner as a SDH.  
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3.3.2. Tungsten Tube Embedding Procedure 

The process for inserting tungsten tubes to act as ultrasonic reflectors within the 

weld volume consists of four main steps. This process is shown as a flow chart with 

accompanying photographs in Figure 3.16. First, a slot is machined within the weld 

volume in the desired place to fit the length and diameter of the tungsten tube snugly. The 

tungsten tube can then be fitted, with the addition of iron powder to fill any spaces left 

within the slot. The iron powder fuses during welding to eliminate air gaps which can 

interfere with the acoustic reflection. However, emphasis is placed on machining the slot 

to provide a close fit to reduce the volume of these air gaps as much as possible. The 

placement and orientation of the tungsten tube can be altered to replicate the position of 

various defects, i.e. LOSWF. Tack welding the tungsten tube in place prevents any 

unwanted movement during welding to maintain the desired position and orientation. This 

is especially important for fitment within pipe specimens where rotation of the pipe can 

cause the tube to become dislodged. Welding can then continue as per the welding 

schedule to completely cover the tungsten tube.  

Figure 3.16. Artificial defect insertion process flow chart 
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3.3.3. Results 

To analyse the effectiveness of this embedding process, completed welds were 

first ultrasonically tested, to ensure detection capability. Figure 3.17 shows the results of 

ultrasonic testing on an embedded tungsten tube with dimensions of 1.0 mm Internal 

Diameter (ID), 2.9 mm Outer Diameter (OD) and length 30.0 mm, placed in such a way 

as to replicate the placement of a LOSWF type defect. The resultant signal shows a clear 

acoustic response from the embedded defect with high Signal-to-Noise Ratio (SNR) of  

35 dB. The response is specular and smooth as expected from a smooth, consistent air gap 

within the weld material, suggestive of complete fusion between the tungsten tube and the 

weld material.  

To confirm fusion of the tungsten tube with the weld volume, completed welds 

were destructively examined [145]. Welded samples were divided and macrographs 

prepared of sections including the embedded tungsten tubes. Figure 3.18 [145] shows the 

resultant macrograph of a tungsten tube placed centrally within the weld volume. 

Subsequent microscopic examination, also shown, indicates complete fusion of the 

Figure 3.17. B-Scan (left) and A-scan (right) of embedded tungsten tube defect taken 

during cold ultrasonic testing for verification 
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tungsten pipe to the surrounding material without any dimensional change. In this sample, 

iron powder was added to fill small unwanted air gaps present underneath the tungsten 

pipe. This technique was found to be successful as all three materials (tungsten, iron 

powder, weld) can be identified through microscopic examination and are seen to be 

completely fused. 

3.4. Chapter Summary 

This chapter has highlighted the challenges associated with the deployment and 

verification of in-process PAUT weld inspection systems due to the thermal gradients 

experienced during welding. Developing a robust understanding of these challenges and 

methods to overcome them was vital to the development of the PAUT inspection and 

monitoring systems discussed in subsequent chapters of this thesis (Chapter 4 and 5). 

Thermal models were developed to gain a better understanding of the changing 

thermal gradients produced by a GTAW process on a relevant weld joint geometry. These 

models were experimentally validated to ensure their accuracy and the resultant 

Figure 3.18. Destructive examination of welded sample with embedded tungsten 

tube including (a) macrographic and  (b), (c) microscopic investigations [145] 
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temperature maps obtained are used in Chapter 4 for the development of thermal gradient 

compensation strategies. 

Additionally, a new method for producing artificial defects of known size, shape 

and position was introduced and implemented, which is vital to be able to verify the 

performance of an in-process ultrasonic weld inspection system as discussed in  

Chapter 5.  
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Chapter 4 

In-Process Ultrasonic Phased Array 

Inspection During Fusion Welding 

 

4.1. Introduction  

High-integrity fabrications often found in the Nuclear, Defence and Energy sectors 

commonly require thick section multi-pass welds when joining multiple components 

together. Traditionally, the manufacture and inspection of these joints are performed as 

entirely separate processes which limits productivity and fabrication throughput along 

with increasing re-work when defects are detected post-build. There are, therefore, several 

tangible commercial and economic benefits which may be realised by introducing 

in-process inspection directly into the welding process.  

As previously discussed, the welding environment poses significant challenges for 

traditional UT inspection hardware and imaging approaches. In general, material surface 

temperatures experienced in the region surrounding an active welding process far exceed 

the operating range of most contact ultrasonic inspection systems, especially when 

considering that many industrial components are subject to pre- and post-weld heat 



74 
 

treatments [178,179], which can be in the region of 200 °C or higher. Therefore, it is 

important that inspection sensors can tolerate these temperatures without negative effects. 

Furthermore, liquid coupling between the sensor and component, as is required for 

traditional UT, is not a viable option during in-process inspection as any liquid or gel 

couplant near the weld site runs the risk of contamination and the introduction of gross 

defects, such as porosity [143]. In this scenario, a non-contact inspection method could be 

leveraged.  

Vision systems are used extensively within industry for weld monitoring and have 

been used for automatic inspection of welds, using feature extraction and, in some cases, 

machine learning to provide defect classification and sizing [180,181]. However, vision 

systems are only able to provide information on surface breaking defects and require direct 

line of sight to the weld which is not possible for some welding processes, such as SAW. 

A volumetric inspection technique would, therefore, be advantageous. 

Laser Ultrasonics (LU) is a non-contact NDE method for the inspection of welded 

components [182,183]. Recently, there has been significant research into the use of Laser 

Induced Phased Arrays (LIPAs) as an alternative to traditional PAUT systems [184,185]. 

Laser ultrasonic systems require stringent safety measures to be in place for deployment 

within production environments and are currently significantly more expensive than 

conventional contact UT systems [186]. SNR for LU systems is also low when compared 

with contact UT alternatives [187].  

Extensive research and development has been undertaken in recent years to 

implement ultrasonic inspection of multi-pass welds during deposition, to provide real-
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time defect detection whilst the welding process is active. Initial developments utilised 

traditional liquid-coupled PAUT techniques to provide in-process weld inspection 

[143,188,189]. The inspection was performed after the deposition of a weld pass and while 

the material remained at temperatures in excess of 100°C. A novel PAUT NDE sensor has 

been developed to progress towards sensor deployment during weld deposition [132]. The 

high-temperature compliant roller-probe was found to be successful in detecting 

intentionally embedded defects in a multi-pass weld where the inspection was carried out 

between the deposition of each pass. However, this inspection system still required the 

use of liquid coupling to the surface of the component, making it inappropriate for use 

during welding.  

When considering the aim of reducing bottlenecks and improving productivity, it 

is important to note that NDE of welds is still commonly performed manually, which is 

time-consuming, expensive and relies predominantly on the availability of highly-skilled 

operators. Automated deployment of inspection brings increased accuracy and 

repeatability of measurements [190,191], especially in cases where the inspection 

procedure is recurring and consistent. Removing manual operators from dangerous and 

hazardous environments such as those found during welding is a further incentive for 

automated inspection deployment [192].  

The development of an in-process weld inspection system can be separated into 

three main research areas: (i) the sensor, (ii) the deployment strategy and (iii) the imaging 

algorithms. The requirements for each are dictated by the operating environment and 

associated challenges as shown in Figure 4.1. 
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In this chapter, new sensor hardware, deployment strategies and novel imaging 

algorithms enable, for the first time, continuous PAUT during fusion welding. A 

high-temperature compliant automated weld inspection roller-probe is deployed alongside 

imaging algorithms to compensate for the effect of negative process parameters such as 

temperature gradients, partially-filled groove reflectors and Electromagnetic Noise 

Interference (EMI). The effectiveness of these imaging algorithms is evaluated and 

quantified. Results of this work are presented on carbon steel pipe demonstrators with 

intentionally embedded defects. The SNR of the imaging and inspection system is 

measured, evaluated and compared against traditional PAUT techniques. The in-process 

inspection system developed here shows SNR values comparable with that of traditional 

post-weld ultrasonic testing techniques, showing an average SNR value of 31.21 dB. 

Figure 4.1. Block diagram indicating necessary components of an in-process weld 

inspection system. These requirements were established and co-developed with 

industrial partners to ensure their relevance for industrial deployment. 
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4.2. High Temperature PAUT Roller-Probe Sensor 

The automated inspection of welded components during welding requires the use 

of specialised PAUT equipment. Previous work has developed a phased array ultrasound 

roller-probe for the inspection of welds [132,193]. This advanced roller-probe is 

configured to have a 5 MHz, 64-element piezo-composite linear phased array probe with 

0.5 mm pitch to perform angled weld inspection using shear waves around a nominal 

refracted angle of 55°. The assembled roller-probe is shown in Figure 4.2. 

As previously discussed, one of the key operating challenges related to the 

deployment of this hardware is the temperature limitations imposed by the use of 

ultrasonic arrays. The following sub-sections explore the approach undertaken to first 

understand the temperature limitations of the PAUT roller-probe and then the 

development of additional hardware to extend the operational duty-cycle through the 

addition of active-cooling. 

Figure 4.2. PAUT roller probe 
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4.2.1. Passive Operation Temperature Benchmarking 

In order to better understand the effects of component surface temperature on the 

roller-probe itself, a thorough investigation of the temperature distribution within the 

roller-probe was conducted. The internal temperature distribution and inspection cycle of 

the roller-probe when traversing a heated surface was examined experimentally. A 

thermistor carriage was mounted to the roller-probe’s internal chassis. This thermistor 

carriage was manufactured from a high-temperature polymer and contained seven 

immersion thermistors, which were bonded using precision water-resistant, conductive 

adhesive and calibrated. Internally, this carriage was positioned such that the thermistors 

were aligned to the vertical, central plane of the roller-probe to monitor the internal 

temperature distribution.  

An experimental testbed was developed, as shown in the schematic of Figure 4.3, 

comprising the roller-probe with the thermistor carriage mounted to a six-axis KUKA 

KR10 R1100 articulated robot and a base plate placed over two ceramic heating blankets. 

The heating blankets were externally controlled through a closed-loop temperature 

controller. The robotic motion was programmed to perform a continuous back-and-forth 

motion across the heated base plate (1m length) at a velocity of 1.6 mm/s while the 

temperature of each thermistor was recorded at 2.0 Hz acquisition frequency. An internal 

temperature threshold of 55°C across all thermistors was set which, if exceeded, triggered 

the robot to retract the roller-probe to a safe position. 
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The duty cycle of the roller-probe was evaluated for five base plate temperatures 

between 150°C and 350°C. Figure 4.4 shows a plot of the mean internal temperature of 

the roller-probe against time for each base plate temperature. It was observed that the 

roller-probe could perform continuous travel for 32 minutes and 30 seconds before 

reaching the transducer operating limit of 50°C when the base plate was uniformly heated 

at 150°C. As expected, the inspection window decreased as the base plate temperature 

was raised, with a maximum inspection window of 11 minutes and 51 seconds with a base 

plate temperature of 350°C. These duty cycles are not sufficient for continuous inspection 

of industrial work pieces where the active weld time can be multiple hours. 

Figure 4.3. Experiment sectional schematic for PAUT roller probe passive operation 

temperature benchmarking 
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4.2.2. Sensor Active Cooling 

To ensure the safe operation of the NDE system, the internal temperature of the 

roller-probe must not exceed the operating limit of the ultrasonic array. One option for 

maintaining hardware devices within specific temperature operating ranges is active 

cooling, a technique which is common in industries such as welding (weld torches), 

computers (graphical card heatsinks) and optoelectronics (lasers) [194,195]. Active 

cooling of the roller-probe would, therefore, offer benefits in reducing the temperature 

within the probe to safe limits and enabling longer inspection duty cycles.  

A bespoke active-cooling mechanism [196] was used to maintain the PAUT 

roller-probe’s internal temperature below 50°C during an extended scan window.  

Figure 4.5 shows the schematic of the roller-probe active cooling system.  
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Figure 4.4. Mean internal roller probe temperatures for various base plate 

temperatures 
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To calculate the required mass-flow rate to maintain the roller-probe at a suitable 

operating temperature, a simplified system diagram was created to better understand the 

thermodynamics at play. The simplified control system and heat transfer diagrams are 

shown in Figure 4.6a and b respectively.  

Figure 4.5. Block diagram of hydraulic active cooling system 
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It was considered that the system is at a Steady-State (SS) and the mechanical work 

done at the control volume boundary is zero. The inlet flow temperature to the PAUT 

roller-probe is assumed to be fixed at a user-defined value. It was also assumed that the 

internal energy of the control volume is constant and  ∑ d̂ ef =  ∑ d̂ �?< =  d̂ . 

Additionally, it is assumed that the heat transfer in this system is dominated by conduction 

and convection, with the effects of radiation being considered negligible. 

Based on Figure 4.6a, the energy-balance equation can be written as follows, 

 gd ef − gd�?< =  d̂ h�i� − i�� + j8�� − 8��
2 k + l��� − ���m (4.1)  

Where subscripts 1 and 2 denote the inlet and outlet respectively, gd  is the heat 

transfer rate, d̂  is the mass flow rate, i  is the enthalpy of the coolant fluid, 8  is the 

velocity of the coolant fluid, l is the gravitational constant and � is the inlet/outlet height. 

Figure 4.6. Simplified thermodynamic systems for PAUT roller-probe (a) control 

system and (b) heat transfer diagram 
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Assuming there is no significant change in inlet and outlet water density there will 

be no change in inlet and outlet velocity. Therefore, �� = �� → 8� − 8� = 0, where �� is 

the cross-sectional area of the inlet, �� is the cross-sectional area of the outlet, 8� is the 

inlet flow velocity and 8� is the outlet flow velocity. Additionally, since there is no height 

difference between the inlet and outlet in the mechanical design, �� − �� = 0. Therefore: 

 gd ef − gd�?< =  d̂ �i� − i�� (4.2)  

 d̂ =  gd ef − gd�?<i� − i�  (4.3)  

Considering the heat and flow boundaries shown in Figure 4.6b, expressions for 

the total heat transfer across each of the four boundaries can be found. It is assumed that 

gd ef is the total heat input to the roller-probe, gd�?< is the total heat dissipated from the 

roller-probe, g� is the heat input from component surface due to conduction, g�, go and 

gp are the heat dissipated to the surroundings from the roller-probe due to the metal end-

caps and rubber tyre through conduction and convection. For � = 1 to 4, qe = outer surface 

temperature of face � , �e  = thickness of surface �  and (e  is the coefficient of thermal 

conductivity of face �. Additionally, q> is the coolant temperature, q@ is the surrounding 

atmospheric temperature and ℎ is the co-efficient of convection of air. 

 gef = g� = (����q� − qs���  (4.4)  

 g�?< = g� + go + gp (4.5)  

 g� = ℎ��(��q> − q@�(� + ��ℎ  (4.6)  
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 go = ℎ�o(o�q> − q@�(o + �oℎ  (4.7)  

 gp = ℎ�p(p�q> − q@�(p + �pℎ  (4.8)  

From equations (4.3), (4.4) and (4.5), we can derive final expressions for the mass 

flow rate and volume flow rate as follows: 

 d̂ =  gd� − �gd� + gdo + gdp�i� − i�  (4.9)  

 td =  1� × gd� − �gd� + gdo + gdp�i� − i�  (4.10)  

Where � is the coolant fluid density. 

It was determined that to ensure a steady state internal temperature of 25°C, the 

volume flow rate of coolant should be td  = 2.13 litres-per-minute by substituting in the 

known values.  
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Figure 4.7 shows the roller-probe with active cooling performing the same 

experiment as described in Section 4.2.1. 

Figure 4.8 shows the internal temperature of the roller-probe, with active cooling, 

where the base plate temperature was set to 350°C. With the addition of the active cooling 

system, the internal temperature of the roller-probe did not exceed 30°C and approached 

a steady state temperature within 90 minutes of the continuous test cycle. The additional 

noise present in the data when compared to passive operation is due to the additional 

components in the active cooling system, i.e. the pump and Peltiers. 

Figure 4.7. Active cooling temperature benchmarking experimental setup 
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4.2.3. Sensor Deployment Strategy 

When developing the deployment strategy for the PAUT roller-probe, there were 

three main considerations: 

I) Accurate and repeatable motion and positioning during inspection. 

II) Compensation for the effects of industrially applicable non-machined 

surfaces. 

III) Achieving consistent coupling during inspection. 

To provide solutions to the above challenges, a bespoke robotic control system 

was used. Accurate and repeatable motion was achieved through a 6 Degree of Freedom 

(DOF) robotic manipulator, where its end-effector is the PAUT roller-probe sensor. 

Dry-coupling of the PAUT roller-probe sensor requires the application of sufficient force 

to ensure adequate transmission of the ultrasound into the component. The application of 

this force must be consistent throughout the inspection, adapting to any variability in the 
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Figure 4.8. Mean internal roller-probe temperature before and after active cooling 
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component surface. This was achieved by integrating a 6 DOF Force-Torque (FT) sensor 

between the robot flange and end-effector, which allowed continuous monitoring of forces 

and torques around all axes. Furthermore, appropriate safety limits were set based on the 

maximum force and torque limits that the UT roller-probe sensor could sustain during 

inspection. The real-time, deterministic control of the above elements was performed 

through a central programming environment in LabVIEW®. The feedback of the FT 

sensor was linked to the robotic manipulator motion, with real-time corrections in the 

desired direction of inspection being made to maintain the setpoints and ensure consistent 

coupling throughout the inspection. Figure 4.9 shows the PAUT roller-probe mounted to 

a KUKA KR10 R1100 robotic manipulator through the FT sensor.  

Figure 4.9. PAUT roller-probe with force-torque sensor and robotic manipulator 
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4.3. In-Process Ultrasonic Weld Inspection Imaging  

4.3.1. Thermal Gradient Compensation 

As previously discussed in Section 3.2, the presence of bulk thermal gradients, as 

expected with a localised heat source as used during welding, results in complex acoustic 

refraction where the ultrasonic beam will bend towards higher temperature regions within 

the material. If the temperature distribution within the component is known, then the beam 

bending effects experienced by the acoustic wave can be predicted and an appropriate 

correction made.  

Although it is possible to perform calibration for an inspection carried out at a 

uniform elevated temperature by heating the calibration block to the same temperature, 

the same is not easily feasible for thermal gradients. The aim of in-process inspection, at 

this stage, is not to provide a fully-calibrated, code-compliant inspection but rather to 

introduce a greater certainty of a defect-free component entering the final inspection stage. 

There are still sufficient financial and scheduling benefits to be realised through this 

process to provide significant commercial advantages.  

The array is able to steer and focus by applying time delays, known as focal laws, 

to the transmit and receive signals for each element, to compensate for the difference in 

transit time between the element and the focal point. This process, known as beamforming, 

requires the path and transit time to be calculated for every element in the array and every 

focal point. Since the speed of sound varies with temperature, reducing as the temperature 

increases, the thermal gradients present during welding produce distortion of the focus 
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and sound path, bending it towards the higher temperature region. Various techniques 

from FE Modelling [197] to ray-tracing [198] have been used to model the path and to 

derive the transit time through interfaces. Ray-tracing, treating closely spaced thermal 

contours as the interface between different materials (i.e. different velocity regions), was 

adopted due to faster computational speed [199]. This ray-tracing approach generates 

focal laws that ensure that the correct focus is achieved at the desired locations for the 

specified thermal map. However, the rest of the image will be distorted unless the bent 

beams are placed in the correct location in the image. A thermal compensation method 

was used to counteract the effects of beam bending and ensure that during the scan-

conversion process, the bent beams are adjusted accordingly to correct for misalignments 

and produce a correct geometry throughout the whole image [200]. 

This thermal gradient compensation method was validated in the following 

experiment. A 15.8 mm thick flat carbon steel plate (S275) was machined with two  

2.0 mm diameter SDHs at 5.0 mm and 10.0 mm depths to act as acoustic reflectors aligned 

along a 45° angle to mimic Lack of Fusion (LOF) along a 90° V-groove weld prep, as 

shown in Figure 4.10. A realistic thermal gradient was induced by performing an 

autogenous weld on the plate surface. Eight thermocouples, bonded to the top surface of 

the plate, were used to monitor the temperature distribution until it matched with the 

predictive model derived from COMSOL as described in Chapter 3, Section 3.2.1. The 

area covered by the thermocouples was equivalent to the footprint of the roller-probe. 
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Three ultrasonic B-scan images were collected as shown in Figure 4.11: (a) At 

room temperature which acts as a reference image, (b) after welding, with thermal 

gradients affecting the ultrasonic transmission and no thermal gradient compensation and 

(c) after welding with real-time thermal gradient compensation applied. These B-scan 

images are shown in Figure 4.11. As expected, the thermal gradient results in a spatial 

shift of the indications within the B-scan, which can be seen clearly when tracking the red 

beam marker as highlighted. The echo tracked by this beam marker has the apparent range 

increased by 4.6 mm and the angle reduced by 1.2°. Figure 4.11c shows the positive 

effects of applying the compensation strategy, with the location of the reflector indications 

corrected and the range and beam angles matching well with the reference room-

temperature image. 

Figure 4.10. Experimental setup for validation of thermal compensation strategy 

showing the roller-probe position, calibration side-drilled holes and thermocouple 

placement 
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4.3.2. Partially Filled Grooves 

Ultrasonic inspection of partially-completed welds results in considerable 

reflections from the un-welded sidewall of the weld preparation creating false positive 

echoes and masking potential defects. It is necessary to mask out the effects of these strong 

reflections. This is achieved by implementing a Region of Interest (ROI) within the 

imaging area which is linked to the pass structure of the weld and therefore adaptive to 

the fill level at the point of inspection. An alarm system can then be set to be triggered by 

indications reaching pre-set amplitude thresholds and linked to this ROI. Therefore, the 

system will only flag a positive when there is an indication above the set threshold within 

the ROI and will not be triggered spuriously by the bevel reflection. Figure 4.12 shows 

the strong indication from the unfilled bevel present within the B-scan image. In Figure 

Figure 4.11. B-scan images taken (a) at room temperature, (b) after welding without 

thermal compensation applied and (c) after welding with thermal gradient 

compensation applied 
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4.12a there is no ROI set within the imaging area and therefore the alarm is being triggered 

even though there are no true defect indications present. In Figure 4.12b an ROI is set to 

include only the weld volume present within the joint and, since there are no defects 

present, the alarm is no longer being triggered as the unfilled bevel is masked out. 

4.3.3. Interference Suppression 

The electromagnetic interference experienced during in-process weld inspection 

comes from a variety of sources. Most notably from the motor drives of the robotic 

manipulators used for deployment of both the sensor and welding process. These produce 

bursts of interference whose frequency is within the bandwidth of the transducer so cannot 

be rejected by traditional electrical filtering. Figure 4.13 shows three consecutive frames 

of ultrasonic data collected during an in-process weld inspection. The interference bursts 

Figure 4.12. B-scan images of inspection of a partially filled weld joint showing the 

strong reflection present from the bevel where (a) there is no ROI implemented and 

(b) the ROI is restricted to the weld volume present at the point of inspection 
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appear at different positions across the three frames producing moving patterns on the 

image (B-scan) and A-scan displays, while the ultrasonic reflector remains constant. 

Suppression of this interference is vital as the bursts generally have an amplitude 

exceeding the alarm threshold, resulting in unwanted, false-positives within the inspection.  

To counteract this, an interference suppression algorithm was used, which uses a 

modified acquisition sequence followed by matched signal processing to completely 

remove the interference bursts without degrading the true ultrasonic signals [200]. Figure 

4.14 shows a comparison between the un-processed B-scan image where the interference 

Figure 4.13. Three consecutively acquired frames showing raw A-scan signals (left) 

and B-scans (right). Highlighted are the true ultrasonic reflection echo and 

interference bursts which can be seen to occur at different times on each frame 
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bursts are easily identifiable and the resultant B-scan image after noise suppression has 

been applied.  

Improvements are conventionally quantified by a change to the SNR, however, 

this is not appropriate here, where the amplitude of  the interference can easily be greater 

than that of the true signal, resulting in a negative value of SNR. As long as the cluster of 

interference samples are correctly identified by the algorithm, they are completely 

removed. For the samples where there is no interference across any of the streams, the 

SNR is improved by the same as conventional signal averaging.  

4.3.4. Component Thickness Mapping 

The thickness of hot-rolled steel plates is subject to tolerances of ±0.8 mm for 

thicknesses between 15.0 and 25.0 mm [201]. Similarly, un-machined seamless pipes are 

subject to wall thickness tolerances of ±12.5% [202]. That means that for a pipe with a 

Figure 4.14. B-scan images (a) before and (b) after application of the interference 

suppression algorithm 
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“nominal” thickness of 16 mm, the thickness is likely to vary approximately ±2.0 mm 

around the circumference of the pipe. A well-defined understanding of the thickness of a 

weld is vital when inspecting to ensure the correct placement of any defects which are 

discovered. Variation in thickness results in the incorrect vertical positioning of defects 

which is further magnified where multiple skips off the back and front walls are necessary. 

The positioning of the roller-probe for inspection of material with a thickness of 16 mm 

is such that imaging occurs at 3.5 half-skips (See Figure 4.10 for ultrasonic inspection 

path), this results in a total vertical positional error of ±6 mm in the worst case scenario 

of a ±12.5% thickness. It also results in similar horizontal positioning inaccuracy. 

Therefore, it is critical to apply corrections for the thickness variation to dynamically 

change the weld overlays and alarm ROI to maintain correct positioning of both defect 

indications and reflections from the unfilled bevel. To achieve this, each inspected 

component is first scanned ultrasonically to map the thickness variation around the 

circumference. This can be achieved by performing a sectorial scan of ±10° using 

longitudinal waves, with angles measured with respect to the surface normal [200]. Using 

a sector scan rather than a single transmission angle at 0° allows for any misalignment to 

be accounted for by searching for the beam angle which provides the maximum response. 

This data is then analysed to generate a thickness profile of the pipe circumference which 

can be applied during inspection for dynamic adjustment of the weld overlays and ROI 

position in the imaging display. Figure 4.15 shows the collected thickness data for two 

different components. One is an unmachined seamless hot rolled pipe (S355J2H) with an 

Outer Diameter (OD) of 323 mm and nominal thickness of 16 mm and the second is a 

machined seamless hot rolled pipe (S355J2H) with an OD of 400 mm and a nominal 
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thickness of 18 mm. As can be seen, the unmachined sample has significantly higher 

variability in the thickness, with a maximum variation of +1.1 mm, which is to be expected. 

The machined sample shows a more controlled thickness tolerance, with a maximum 

variation of +0.1 mm. Evidently, prior knowledge of the thickness variation is vital to 

ensure positional accuracy of any defects found.  

Figure 4.15. Ultrasonic thickness mapping of unmachined and machined components 
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4.4. Experimental Trials 

4.4.1. Experimental Set-Up 

An updated welding and inspection cell was developed and builds upon the cell 

architecture discussed in Chapter 3 Section 3.2.2 with the addition of a KUKA rotary head 

stock to facilitate welding and inspection of pipes. Figure 4.16 shows the cell layout. 

Figure 4.16. Welding and inspection cell hardware layout 
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Four seamless hot-rolled pipe test pieces made of S355J2H were used to optimise, 

validate and demonstrate the in-process inspection system developed. Two of the pipes 

had an OD of 323 mm and two had an OD of 406 mm. For all four test pieces, the nominal 

thickness was 16 mm and a 90° included V-groove geometry was used. The test pieces 

were mounted to the rotary stage to enable circumferential welding in a 1G position.  

All welding trials were performed using a GTAW process, deployed via a KUKA 

KR10 R1100 robotic manipulator. To monitor the welding process, a XIRIS XVC-1000 

HDR camera was used. The PAUT roller-probe was deployed via a KUKA KR10 R1100 

robotic manipulator as described in Section 4.2.3. Control of the ultrasonic parameters 

was achieved through a custom PEAK NDT LTPA phased array controller. A 140 mm 

circumferential offset of the PAUT roller-probe to the welding position was found to be 

appropriate due to physical space constraints. The thermal modelling discussed in Chapter 

3, was used to validate the safety of this operating position in terms of part surface 

temperature. Figure 4.17 shows a more detailed view of the hardware integration 

highlighting the relevant components and the inspection position relative to the weld torch. 

Each test piece was scanned initially to generate a thickness profile which was 

then loaded into the acquisition software to provide the adaptive weld overlays and ROI. 

Each test piece was then inspected during each weld pass to validate the ability of the 

system to accurately detect defects. Ultrasonic data acquisition was performed at 5 Hz, i.e. 
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5 frames of data per second, which is equivalent to a cross-sectional image per millimetre 

of weld. 

4.4.2. Artificial Defect Embedding Strategy  

To enable in-process imaging, sizing and verification of the overall inspection 

accuracy, several intentional defects were embedded in each of the test pieces. The process 

for embedding artificial defects within welded components was discussed in Chapter 3, 

Section 3.3.2. Tungsten tubes with an OD of 2.9 mm, Internal Diameter (ID) of 1.0 mm 

and length of 30 mm provide a controlled size and position reference indicator for 

verification purposes. The tubes were embedded by first machining a slot within the weld 

Figure 4.17. Experimental hardware setup 
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volume before manually tacking the tubes in place to prevent movement as the component 

pipe rotates during welding. Iron powder was also added into the slot, to reduce the volume 

of unfilled air after welding. Figure 4.18a shows a tungsten tube embedded in a machined 

slot after pass 7 and subsequently covered by weld passes as shown in Figure 4.18b. Figure 

4.18c shows the location of the defect within an approximated pass structure. Tungsten 

tubes were placed in the centre of the weld volume to represent inclusions and close to the 

sidewall to replicate LOSWF. 

  

Figure 4.18. Images showing (a) embedding of a tungsten pipe within machined groove 

and tack welded in place, (b) an embedded tungsten pipe covered by subsequent weld 

passes and (c) the relative position of tungsten defect within the completed pass 

structure 
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4.5. Results & Discussion 

Shown here are the results from the final test piece, where the welding parameters 

and defect insertion strategies had been improved throughout the previous trials. Figure 

4.19 shows the detection of a tungsten defect intentionally embedded in layer 5. This 

tungsten defect was placed close to the weld bevel to replicate a LOSWF type defect. 

There is also a signal from the root, this is a normal geometrical reflection rather than an 

indication of a root defect. 

 

Figure 4.19. In-process UT inspection of a partially filled multi-pass weld showing 

correct detection of an intentionally embedded tungsten defect inserted in layer 5 

(Defect 1) and a normal reflection from the root geometry 
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Figure 4.20 shows the detection of a tungsten defect intentionally embedded in 

layer 3. This tungsten defect was included centrally within the weld volume to replicate 

an inclusion type defect. Air pockets left around the tungsten tube during insertion have 

resulted in some reflectors which show in the B-scan as a cluster of signal points. 

Figure 4.21 shows the detection of a tungsten defect intentionally embedded in 

layer 6 of the weld. This tungsten defect was also placed centrally within the weld volume 

to replicate an inclusion type defect. Again, there is an indication visible in the root of the 

weld which is just a geometrical reflection. 

Figure 4.20. In-process UT inspection of a partially filled multi-pass weld showing 

correct detection of an intentionally embedded tungsten defect inserted in layer 3 

(Defect 2) 
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 The results can also be displayed in a C-scan display, where the maximum 

amplitude for each beam within the ROI is plotted for each frame of data. This is 

effectively showing the results as an “un-wrapped” view of the weld joint itself and can 

aid in defect identification and sizing. Figure 4.22 shows a C-scan display of the in-process 

inspection of another test-piece. Here, the strong bevel reflection is seen clearly for the 

first 140 mm of the scan, after this point the weld pass being performed has fully filled 

the sidewall and this echo disappears. Also highlighted are indications of successfully 

detected porosity and inclusions within the weld volume. Defect characterisation is best 

performed through a combination approach, using the A, B and C-scan data in 

combination. 

Figure 4.21. In-process UT inspection of a partially filled multi-pass weld showing 

correct detection of an intentionally embedded tungsten defect inserted in layer 6 

(Defect 3) and a normal reflection from the root geometry 
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To quantify the efficacy of this in-process inspection system a final, traditional 

PAUT inspection of the test piece was carried out post-weld, at room temperature, as a 

point of comparison. The post-weld inspection was carried out with a standard 5 MHz, 

64-element, linear ultrasonic array and PAUT weld inspection wedge of the same nominal 

refraction angle as the roller-probe. This inspection was carried out with the aid of liquid 

coupling on the surface of the test-piece, as is standard in a traditional PAUT inspection. 

SNR values for each of the intentional defects shown here were calculated for both the in-

process inspection and final, cold inspection. SNR was calculated in decibels using 

Equation (4.11). 

 uvt =  log�y �Q�T( �����! T^Q`�!_��^�Tz z[�\� T^Q`�!_�� � (4.11)  

In each case, the mean noise amplitude was taken from the period before the defect 

signal for a total of 1100 sample points. The SNR values are documented in  

Table 4.1. 

Figure 4.22. C-scan display 
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Table 4.1. Signal-to-Noise Ratio (SNR) values for in-process inspection and traditional 

post-weld PAUT inspection 

  SNR Values (dB) 

  
Post Weld Inspection using 

Standard Array + Wedge 

In-Process Inspection 

using PAUT Roller-Probe 

Defect 1  

(Figure 4.19) 
35.49 32.65 

Defect 2 

(Figure 4.20) 
38.34 31.56 

Defect 3 

(Figure 4.21) 
30.77 29.42 

The SNR values for the in-process inspection are lower, which is to be expected 

due to the dry-coupling of the roller-probe and significantly harsher environmental factors 

as discussed in detail. However, this comparison does show that the drop in SNR is 

marginal, with a maximum difference in SNR of 6.78 dB shown for defect 2  

(Figure 4.20). 

4.6. Chapter Summary 

This chapter has presented a new approach to volumetric inspection of fusion 

welds which offers tangible commercial and economic benefits to a number of industries 

such as Nuclear, Defence and Energy. A high-temperature compliant PAUT roller-probe 

NDE sensor enabling continuous in-process weld inspection at temperatures compatible 

with most high-integrity fabrication pre- and post-weld heat treatments was introduced 

and deployed. The dry-coupled inspection approach removes the potential for weld 

contamination from traditional liquid acoustic coupling media. Additionally, multiple 

imaging strategies were introduced and quantified to compensate for: 
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I) Geometrical distortion and beam defocusing due to the elevated 

temperatures and thermal gradients present during welding  

II) False-positives arising from the unfilled bevel edge via adaptive masking 

of the weld volume throughout the welding schedule, allowing accurate 

identification of defective areas. 

III) Spurious artefacts present within the inspection due to EMI and robot 

motor drives via an interference suppression algorithm. 

The results of this work are presented on carbon steel pipe demonstrators with both 

intentionally embedded and unintentional defects. The SNR of the imaging and inspection 

system is measured, evaluated and compared against traditional phased array ultrasonic 

testing techniques. The in-process inspection system developed here shows SNR values 

comparable with that of traditional post-weld ultrasonic testing techniques showing an 

average SNR value of 31.21 dB. 
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Chapter 5 

In-Process Ultrasonic Phased Array Weld 

Pool Monitoring 

 

5.1. Introduction 

In-process monitoring of welding processes makes it possible to detect the 

formation of defects at the earliest possible point to enable quicker and more cost-effective 

repair while improving manufacturing schedule-certainty. Furthermore, the valuable data 

gathered through in-process monitoring of welding processes may be used to control and 

optimise the process in real time to reduce the overall rate of defect formation. As 

previously discussed in Chapter 2, Section 2.6, the two most important information 

sources which require monitoring to help ensure weld quality in-process are the weld seam 

and the weld pool [203]. While weld seam tracking has been successfully deployed using 

laser, active vision [204–206] and arc sensing technologies [206,207], developments in 

effective weld pool sensing have yet to be delivered.  

Currently, the most widely adopted methods for monitoring the weld pool use 

passive vision through specialised HDR cameras [208–210]. Vision systems can be used 
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for the measurement of weld pool width, length and, in some cases, surface convexity 

which can be used to predict penetration depth [211]. IR cameras have been used to 

monitor the temperature of molten weld pools which can also be related to the penetration 

depth [212,213]. Visual methods only provide external surface measurements with no 

indication of the internal structure of the weld pool and predictions must be made to infer 

other important geometrical properties which cannot be measured directly i.e. penetration 

depth. Furthermore, the requirement for a direct line of sight to the weld pool makes them 

inappropriate for use in conjunction with many geometries and welding processes such as 

SAW.  

The most common methods available which can provide volumetric and internal 

weld pool information are Radiographic Testing (RT), Eddy Current Testing (ECT) and 

Ultrasonic Testing (UT). RT has limitations in terms of applicability on thicker materials 

[214] and the need for radiation safety management [215]. The use of ECT for inspection 

is limited by the achievable penetration depth [216]. Ultrasonic sensing techniques in the 

field of weld pool monitoring have not been widely adopted, however, it has become a 

key area of research in recent years.  

An in-line approach for real-time monitoring of the resistive spot welding process 

using ultrasonics has been successfully implemented within commercial spot welding 

equipment [217,218]. Here, pulse-echo ultrasonic inspection is used to monitor the growth 

and solidification of spot welds. Through characterisation of the resultant signal responses, 

an effective screening method for spot welds was developed which can identify spot welds 
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with insufficient penetration [219,220]. The application of linear and matrix arrays to 

provide additional information in this area has also been explored [221,222]. 

Air-coupled ultrasonic techniques have also been used successfully for in-process 

screening of thin section butt welds, through the use of guided Lamb waves [223]. While 

air-coupled ultrasonics has the advantage of being non-contact in a high-temperature 

environment, the SNR is generally low when compared with traditional contact 

alternatives [224]. LU, another non-contact approach, has also been used to monitor the 

joining of lapped steel plates using fusion GTA spot welding [225]. LU generation has 

also been used alongside EMATs for reception to estimate the penetration depth of a 

fusion butt weld in real-time [226]. LU systems come with stringent safety requirements 

for in-situ deployment and are currently far more expensive to implement than 

conventional UT systems [227].  

Real-time ultrasonic thickness measurements have been used to provide a priori 

knowledge of material thickness in order to inform a feed-forward closed-loop control 

system capable of welding butt joints of varying thickness while maintaining consistent 

penetration [228]. This indirect sensing method does not provide information relating to 

the weld pool itself and instead relates the thickness measurement to appropriate welding 

parameters based on a pre-defined parametric function. Traditional single-element contact 

ultrasonic techniques have been used successfully to monitor in real-time the deposition 

of the root pass of a multi-pass gas tungsten arc weld [229]. The use of longitudinal 

ultrasonic waves in an angled beam pitch-catch setup was shown to be effective in 

monitoring and characterising the weld pool. Furthermore, this technique also showed 
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promise for the detection of defects as they are formed. However, significant limitations 

of this approach are anticipated when considering its use for monitoring higher passes 

within a multi-pass weld. Single-element transducers have fixed physical characteristics 

which constrain their operation, such as natural focus and beam spread [230]. Furthermore, 

angled inspections are limited to pre-defined individual angles through the use of wedges. 

Focusing of the ultrasonic energy at different angles and positions is a necessity for 

accurate isolation of the weld pool from the surrounding solidified material. PAUT has 

become increasingly popular in many NDE applications over recent years, due to the 

arrays’ flexibility when compared with single-element transducers [231]. They offer the 

ability to implement a large number of inspection modalities with a single transducer from 

a single inspection point, increasing coverage and sensitivity [232] and making them a 

more appropriate choice. 

In this chapter, phased array ultrasonic testing is used to interrogate the molten 

weld pool in real-time. Optimised ultrasonic longitudinal wave modes were used in a 

focused pitch-catch arrangement to monitor the deposition of both root and hot pass welds. 

The received ultrasonic signals are shown to contain information related to key physical 

transitions occurring within the welding process, namely the melting and solidification of 

the weldment. Furthermore, the technique used here is shown to be effective for 

determining weld quality in real-time with significant signal changes occurring when 

defects such as Lack of Root Penetration (LORP) are present. The accurate focusing and 

steering capabilities offered by phased arrays are used to successfully isolate the molten 

weld pool from the surrounding solidified weldment during deposition of multiple layers 



 

113 
 

of a multi-pass weld. It is also deemed that the information held within the ultrasonic 

signals is of sufficient quality to inform process control algorithms in the future. 

5.2. Technical Considerations for Ultrasonic Monitoring 

of Fusion Weld Pools  

5.2.1. Single-Element vs Phased Array Transducers 

The inspection of individual weld passes within a multi-pass weld, as necessary 

for in-process monitoring of the weld pool, is effectively impossible using single-element 

transducers due to their aforementioned limitations. As the weld cross-section is filled, it 

becomes increasingly difficult to isolate the liquid weld pool from the already deposited 

and solidified weld material surrounding it. Due to the effects of beam spread, the acoustic 

energy propagates into the surrounding solid material, obscuring any signals from the 

molten weld pool due to acoustic velocity differences and attenuation. Phased arrays are 

therefore an attractive alternative in this scenario, allowing accurate beam steering and 

focusing to concentrate the ultrasonic energy on the intended molten weld pool. 

Furthermore, through the use of angular sweeps, additional data for optimisation purposes 

can be collected within a single acquisition. 

Figure 5.1 [144] shows models produced using the NDT simulation software 

package CIVA [233] of a weld inspection using (a) an unfocused longitudinal 

transmission using a 6 mm diameter single-element probe with a 70° wedge and (b) a 

phased array 70° longitudinal transmission focused at the root. The approximate welding 

pass layout has been overlaid in each case. The focusing capabilities of phased array 
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inspection allows for more accurate isolation of individual passes. In the case of the single-

element inspection, the natural focus of the probe means that the beam energy is 

concentrated not far below the surface of the specimen and the associated beam spread 

results in a large area of the weld being covered. While the beam spread and natural focus 

of a single-element probe can be altered by design, a bespoke set of probes and wedges 

would be needed for each weld pass which quickly becomes impractical when considering 

varying geometries and welding pass sequences. Through the correct provision of angle 

and focus point, the use of phased array can maximise the amount of energy transmitted 

through a single weld pass making them a more appropriate choice.   

5.2.2. Ultrasonic Wave Propagation Within the Molten Weld 

Pool  

There are three common ultrasonic setups which may be leveraged to interrogate 

the weld pool in real-time: shear pulse-echo, longitudinal pulse-echo and longitudinal 

pitch-catch. A robust understanding of the expected ultrasonic wave propagation for each 

of these setups during various stages of the welding process is vital to identify their 

Figure 5.1. CIVA beam computation models of a 70° weld inspection using (a) an 

unfocused  single-element probe and (b) a focused phased array probe with weld pass 

overlays [144] 
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effectiveness for weld pool monitoring. Figure 5.2 shows simplified 2D wave propagation 

diagrams for each of these ultrasonic setups, taking the simplest welding scenario of a root 

weld. Three stages of the welding process were analysed: 

I) Before welding, where only the weld groove is present. 

II) During welding, where a liquid weld pool is present at the root of the 

weld groove. 

III) After welding, where the weld bead has fully solidified. 

This analysis looked to better understand the interactions of the ultrasonic waves 

within the weld volume at these various stages to identify the benefits and drawbacks of 

each ultrasonic setup.  

The main characteristic of interest with shear waves is their inability to exist within 

liquids. The reflection coefficient from the surface of the weld pool will be unity and all 

energy will return to the receiver in the pulse-echo arrangement shown here, with the 

addition of mode conversion taking place at the reflection point. With suitable signal 

processing and analysis, this would provide information on the relative position, size and 

shape of the weld pool. This could be a useful arrangement for analysing the surface of 

the weld pool and could identify the presence of LOF type defects. However, no 

information relating to the internal structure of the weld pool will be contained in the 

signals.  
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Longitudinal waves can exist within liquids and therefore there will be 

transmission of ultrasonic energy through the molten weld pool. This makes the 

pulse-echo arrangement using longitudinal waves redundant in favour of using shear 

waves, as only some of the incident wave will be reflected back to the receiver.  

Previous literature found significant practical advantage to using a longitudinal 

pitch-catch arrangement [229]. Since no shear waves can exist within the liquid weld pool, 

there can be no mode conversion at the reflection point between liquid metal and air, 

therefore, the reflection coefficient for longitudinal waves within the weld pool is unity. 

Figure 5.2. Ultrasonic wave propagation during various stages of the welding process, 

highlighting interface reflections and expected mode conversions 
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Given the expectation of higher attenuation of the ultrasonic waves during welding due to 

the extreme temperatures and thermal gradients, this conservation of energy during 

transmission is of great benefit. Additionally, the faster speed of longitudinal waves aids 

in the identification of the relevant signals, as the first arrival signal is easily identifiable 

as having taken the shortest, direct path between transmitter and receiver without mode 

conversion. The use of a longitudinal pitch-catch arrangement also offers the opportunity 

to collect information about the internal structure of the weld pool. These could be linked 

to changes in the welding process for control purposes. For these reasons, the longitudinal 

pitch-catch arrangement was taken forward for further experimentation, with a focus 

placed on the direct longitudinal signal. 

5.3. Room Temperature Feasibility Study 

Given the expected challenges associated with welding thermal gradients as 

discussed in previous chapters, the concept of monitoring liquid weld pools was first 

trialled at room temperature using a representative welded sample and an appropriate 

analogue for liquid steel. Finding an appropriate alternative for liquid steel which remains 

liquid at room temperature is by no means trivial. Previously, eutectic alloys such as 

Gallium-Indium alloys, which are liquid at room temperature, have been shown to be 

useful ultrasonic coupling mediums after having undergone suitable preparation [234]. 

However, in tests performed as part of this work with Gallium-Indium-Tin alloy, also 

known as Galinstan®, oxidisation of the alloy resulted in poor acoustic transmission into 

the liquid. Figure 5.3 shows the progressive oxidisation of Galinstan® droplets after being 

placed on a solid steel substrate at room temperature. During these tests, oxidisation of 
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the surface  occurred within seconds of its exposure to air. For this reason, Galinstan® 

was discounted from further trials.  

 Water, whilst not the most accurate substitution for liquid steel in terms of 

mechanical and acoustical properties, is a viable and simple alternative to sufficiently 

understand the difference in signals obtained between solids and liquids. Water has been 

used previously in studies concerning ultrasonic liquid metal processing as an analogue 

for liquid metals and alloys [235,236].  

Emphasis was placed on recreating the longitudinal pitch-catch wave propagation 

scenario depicted in Figure 5.2 as accurately as possible. Therefore, a reference staircase 

weld sample was fabricated as shown in Figure 5.4. This reference weld sample was 

manufactured so that each layer is offset from the one previous so that it contains the full 

range of weld cross-section profiles, allowing each to be inspected individually. By 

placing water in the empty portion of this sample until it was the same volume as the 

adjacent solid root pass, it was possible to analyse the difference in received ultrasonic 

signals from each scenario. The experimental set up and ultrasonic transmission paths are 

shown in Figure 5.4. Two inspection positions are shown as sections A-A, through solid 

Figure 5.3. Oxidisation of Galinstan® droplets at room temperature 
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root weld, and B-B, through liquid water. These are representative of the “after welding” 

and “during welding” scenarios respectively, as depicted in Figure 5.2.  

A phased array ultrasonic testing setup was used to inspect sections A-A and B-B. 

When designing this experiment, steps were taken to make the ultrasonic hardware 

suitable for in-process weld inspections as well as room temperature experiments. This 

ensured that once an optimised setup was found, transition to in-situ weld experiments 

was quick and straightforward. Two Olympus 5L64-A32 probes with Olympus 

SA32-ULT-N55S-IHC high-temperature wedges were used. The Probe Centre Separation 

(PCS) was chosen to be 112 mm, sufficient to allow travel of the weld torch between the 

wedges without collisions. Ultrasonic control was provided by PEAK NDT’s Micropulse 

Figure 5.4. Room temperature feasibility study experiment set up 
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6 controller, with delay laws generated to produce a 75° longitudinal beam with a focus 

distance of 56 mm, placing the focal point at the centre and base of the root.  

5.3.1. Results & Discussion 

Figure 5.5 shows the resultant A-scans through sections A-A and B-B with the 

direct longitudinal signal highlighted. Later arriving signals have mode conversions 

present, making it difficult to accurately assess the path taken between transmitter and 

receiver. All analysis was, therefore, performed on the first arrival signal. 

The key differences between the acoustic responses are the positive shift in Time-

of-Flight (TOF) and the amplitude reduction. The TOF shift is attributed to the acoustic 

velocity difference between solid steel and water and is, therefore, directly related to the 

distance travelled in each medium. This is important when considering changes in weld 

pool size and shape which may indicate the formation of defects. The amplitude reduction 

Figure 5.5. Resultant A-scans from sections A-A (liquid root) and B-B (solid root) 
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within the response from the liquid root can be attributed to the acoustic impedance 

mismatch between solid steel and water. A gain of 110 dB was necessary to receive usable 

signals through the water. This is due to the attenuation experienced through the high-

temperature polymer wedges and the acoustic impedance mismatch between steel and 

water which results in transmission of only ~ 11% of the incident energy. At this level of 

gain, the signals through the solid root are saturated. It is expected that when inspecting 

liquid weld pools in-process that the acoustic mismatch will be minimal in comparison to 

these trials since liquid steel and solid steel will have more similar acoustic properties. 

These room-temperature trials indicate that there are significant differences in 

signal responses between solid and liquid root welds which can be used to distinguish 

between them and drive future weld pool monitoring and process control. This conceptual 

experimental setup was therefore carried forward to facilitate real-time weld pool 

monitoring of root and hot pass welds and is introduced in the following sections. 

5.4. Real-Time Weld Pool Monitoring Experimental  

Set-Up 

Figure 5.6 [144] shows the experimental hardware used. All welding trials were 

performed using a GTAW process, deployed via a KUKA KR-90 robotic arm. To monitor 

the weld deposition visually, a XIRIS XVC-1000 High Dynamic Range (HDR) camera 

was used. The sample plates used were carbon steel S275 with dimensions of  
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100.0 × 300.0 × 15.8 mm. The weld preparation was a single-V, 90° included bevel angle 

with a root gap of 2.0 mm and a root face of 1.5 mm.   

The ultrasonic set-up was designed to provide longitudinal wave modes through 

the deposited weld in the same pitch-catch arrangement as used in the preliminary room 

temperature experiments. Detailed schematics of the ultrasonic set up are shown in Figure 

5.7 [144]. To best account for the expected beam shifts due to temperature, an angular 

sweep from 75° to 80° with a fixed distance focus in A for all angles at the centreline of 

the weld preparation was implemented. In post-processing, the optimal angle could then 

be chosen based on the first arrival amplitude response. During all welding trials, the 

ultrasonic probes were fixed in position at the midpoint of the plate as shown in Figure 

Figure 5.6. Experimental hardware set up. A 6 DOF robotic manipulator is 

fitted with a GTA welding head and weld camera. Olympus 5 MHz, 64 element phased 

array probes are used with high-temperature wedges and connected to a PEAK NDT 

Micropulse 6  controller. The weld bevel preparation is also shown with approximate 

pass structure. The passes relevant to experiments within this chapter are highlighted 

in red. [144] 
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5.7b, with the welding torch moving between them. The probes remaining static greatly 

simplifies the experimental hardware and procedures whilst still providing valuable 

results. The probes were clamped to the surface with a high-temperature liquid couplant 

to provide consistent acoustic coupling.  

Four targeted experiments were designed to specifically isolate and replicate 

common weld fabrication scenarios, namely: 

I) Bridging root weld to isolate the molten weld pool  

II) Full root weld replicating standard welding practice  

III) Full root weld with induced LORP 

IV) Short hot pass weld to isolate the molten weld pool in upper multi-pass 

layers 

The welding parameters were optimised over several separate trials not 

documented here. They are shown in Table 5.1. 

Figure 5.7. Ultrasonic hardware set up and placement shown in a (a) section view and 

(b) plan view. Highlighting Transmit (Tx) and Receive (Rx) probes, Probe Centre 

Separation (PCS) and  focal distance. [144] 
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Table 5.1. Optimised welding parameters *Arc Voltage Control (AVC) 
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1 Root 135 12.5 50 1000 2.2 0.3 
2 Root 135 12.5 50 1000 2.2 0.3 
3 Root 135 12.5 50 1000 2.2 0.3 
4 Hot 220 13 100 1225 4 0.6 

5.5. Experiment 1 – Bridging Root Weld to Isolate the 

Molten Weld Pool 

In the first instance, it was important to isolate the melt pool and observe the signal 

changes which occur when the welding arc is started and throughout the melting and 

solidification processes. To do this, the experiment began with a small solid tack weld 

placed in the centre of the two probes. Figure 5.8 [144] shows a schematic diagram 

highlighting the position of the weld with respect to the ultrasonic probes.  The welding 

arc was then ignited on top of this tack weld allowing a sufficient melt pool to be formed. 

This method restricts the acoustic transmission path initially through the solidified tack 

weld and then through the molten melt pool. Confirmation of the complete melting of this 

tack weld was provided visually through the XIRIS weld camera, as shown in Figure 5.9. 

Also shown in Figure 5.9 is the formation of small areas of silicates on the surface of the 

weld pool. A short root weld of length 5 mm was then performed before the arc was 

extinguished and the weld was allowed to solidify and cool.  
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5.5.1. Experiment 1 – Results & Discussion  

The angle chosen from the sectorial sweep was 75° focused at the centre point 

between the two probes as it provided the maximum amplitude without saturation 

occurring within the region of interest. The first signal arrival must contain only 

Figure 5.8. Schematic view of experiment 1  showing position of weld in relation to 

probes in both a (a) plan and (b) section view. [144] 

Figure 5.9. Still images taken from XIRIS weld camera showing completely molten 

weld pool and the formation of silicates on the weld pool surface. 
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contributions from longitudinal waves without mode conversion. As it contains sufficient 

information to differentiate key characteristics of the weld pool it is the focus of the 

analysis. Figure 5.10a [144] shows a TOF map, displayed in the same style as a Time of 

Flight Diffraction (TOFD) B-scan. However, since the probes remain stationary 

throughout the experiment, the x-axis refers to acquisition time rather than the physical 

distance travelled. Figure 5.10b [144] shows individual A-scans each taken from key 

moments throughout the welding process as highlighted in Figure 5.10a. 

At T1 the ultrasonic beam is travelling through the solid tack weld at an ambient 

temperature of 22°C. The signal has a positive phase, with the phase defined by the first 

peak amplitude of the signal, with a first arrival time of 24.7 {s which is in agreement 

with a theoretical TOF calculation given the transmission angle, distance travelled in the 

wedges and PCS.  

Figure 5.10. (a) Time of Flight (TOF) map of acquired ultrasonic signals (b) A-scans 

from highlighted acquisition times. [144] 
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Between T1 and T2, the welding arc is ignited and the tack weld is melted. At this 

point, the ultrasonic beam path is restricted to travel through the molten weld pool. Here, 

there is a clear TOF shift indicative of both the reduction in speed of sound associated 

with ultrasound travel through liquid and the extreme thermal gradients generated by the 

welding process. The signal also exhibits a 180° phase shift, now displaying a negative 

phase. The phase change is indicated more clearly in Figure 5.11. 

Between T2 and T3, the weld torch begins moving, performing a short 5 mm root 

weld. At time T3, an earlier arriving signal appears, indicating two ultrasonic paths being 

present with differing TOF’s. While the use of 1D phased arrays provides accurate 

focusing in the X-Z plane, there is no lateral focusing capability in the X-Y plane. Now 

that the weld torch has moved, a shorter ultrasonic path is available through the already 

deposited and solidified portion of the weld, where the speed of sound is faster. This 

shorter path is contained in the first peak of the signal. It is also noted that the signal has 

returned to having a positive phase, which is in agreement with the path of the earlier 

arriving signal being through solidified material. The second peak is seen to be continuous 

Figure 5.11. 180° phase shift between signal at T1 and T2 
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on the TOF map between T2 and T3, taking the reduced velocity path through the molten 

weld pool. The effect of the lateral beam spread is shown visually in Figure 5.12a [144] 

and related to the resultant ultrasonic signals at T3 through Figure 5.12b [144]. 

As the arc is extinguished and the weld solidifies and cools, the signal through the 

liquid weld pool diminishes as the volume of accessible liquid reduces. The TOF reduces 

during this portion of the acquisition, which can be attributed to the cooling of the weld 

which would result in an increase in wave velocity. Again, the signal through the solidified 

weld shows a positive phase. 

A significant result here is the 180° phase shift displayed in the signal as the molten 

weld pool is established and then again as the weld solidifies. Ultrasonic phase changes 

are associated with a reflection from a high-to-low impedance boundary [237]. The 

reflection point in both the solid and liquid cases occurs at the base of the root and, with 

the assumption of a purely molten weld pool, the reflection interface in both cases is of 

high-to-low impedance (either solid steel-to-air, or molten steel-to-air). Therefore, the 

Figure 5.12. Effects of lateral beam spread shown in (a) a plan view and linked to the 

resultant ultrasonic signals in (b) [144] 
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expectation is that both signals should contain the same phase, having both undergone the 

same phase reversal during their reflection. However, the results shown here indicate the 

opposite. One explanation for this, requiring further investigation, could be due to the lack 

of shielding gas present on the underside of the root allowing formation of an oxide layer 

[238]. Such a layer on the underside of the molten weld pool would change the reflection 

interface to being low-to-high (molten steel-to-oxide layer), resulting in the ultrasonic 

wave no longer experiencing a phase reversal.  

5.6. Experiment 2 – Full Root Pass Weld Replicating 

Standard Welding Practice 

The next experiment looks to observe if these same signal changes are visible 

when depositing a full root pass weld past the stationary probes. Here, the weld is initiated 

at one end of the plate outside of the lateral beam spread of the probes. The weld then 

transits between the two probes and ends at the opposite end of the plate, with a total weld 

length of 90 mm. Figure 5.13 [144] shows a schematic diagram highlighting the position 

of the weld with respect to the ultrasonic probes. 
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5.6.1. Experiment 2 – Results & Discussion 

The angle chosen from the sectorial sweep was 75°, focused at the centre point of 

the two plates as it provided the maximum amplitude without saturation occurring within 

the region of interest. Figure 5.14a [144] shows the TOF map created during this 

experiment, with key A-scans taken from highlighted points during the welding and 

acquisition shown in Figure 5.14b [144].  

Initially, there is no material between the plates for sound to be transmitted and 

therefore there is no signal visible. As previously discussed, there is no focusing capability 

in the X-Y plane and consequently, the initial signal through the molten weld pool is 

visible before the weld reaches the midpoint of the probes. At the highlighted acquisition 

time, T1, the emerging molten weld pool is located at the outer edges of the beam spread 

and therefore is lower in amplitude due to reduced beam energy. It does show the same 

characteristic negative phase cycle as observed in Section 5.5.1. The parabolic shape 

created in the TOF map highlighted by the blue dotted box in Figure 5.14a is indicative 

Figure 5.13. Schematic view of experiment 2 showing position of weld in relation to 

probes in both a (a) plan and (b) section view [144] 
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of the molten weld pool passing across the beam spread of the probes. This changing TOF 

gives the illusion of varying wave speed, however, this is actually due to the change in 

path length. This effect is shown visually in Figure 5.15 [144]. 

The ultrasonic path length through the molten weld pool is minimised at point 2 in 

Figure 5.15 [144] and maximised at the outer extremities of the beam spread at points 1 

and 3. Therefore the TOF will minimise and maximise as the molten weld pool passes 

across the beam spread, creating this distinctive parabolic shape as shown in Figure 5.15b. 

This distinctive signal shape was observed and found to be repeatable in multiple welding 

trials which, for brevity, are not documented here. 

At time T2 in Figure 5.14a, the signal is seen to divide, again this is suggestive of 

there being two ultrasonic paths available. This is in agreement with the results shown in 

Section 5.5.1, where the first peak is attributed to the faster path through the already 

Figure 5.14. (a) Time of Flight (TOF) map of acquired ultrasonic signals (b) A-scans 

from highlighted acquisition times. [144] 
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deposited and solidified weld and the second to the path through the molten weld pool. 

Finally, as the molten weld pool moves outside of the beam spread of the probes again, 

the second peak diminishes in size leaving only the signal through the solidified weld. 

This signal again displays a positive phase and its TOF reduces as the weld cools and the 

wave speed increases as a consequence.  

5.7. Experiment 3 – Full Root Weld with Induced Lack of 

Root Penetration 

Here, an embedded tungsten tube (ID 1.5 mm, OD 3.0 mm) was used to induce 

extensive LORP. The tungsten tube was manually tacked into position at the centre of the 

probes and at the base of the root in order to prevent the melt pool from fusing to either 

root face. All deposited material will be on top of the tungsten tube. Figure 5.16 [144] 

shows a schematic diagram highlighting the position of the tungsten tube with respect to 

the ultrasonic probes. 

Figure 5.15. (a) Diagram showing changing path length as weld transits across probe 

beam spread. (b) Highlighted in TOF map. [144] 
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5.7.1. Experiment 3 – Results & Discussion  

Figure 5.17a [144] shows the underside of the weld performed in Experiment 2, 

Section 5.6, which displays consistent root penetration compared with the resultant LORP 

achieved using the tungsten tube barrier shown in Figure 5.17b [144]. This method of 

adding a tungsten tube was deemed successful at simulating LORP. The angle selected 

from the sectorial sweep was 75°, therefore the results are directly comparable with those 

shown for Experiment 2 in Section 5.6.1. 

Figure 5.16. Schematic view of experiment 3 showing position of weld in relation to 

probes in both a (a) plan and (b) section view. [144] 

Figure 5.17. Photographs of the underside of root welds showing (a) consistent root 

penetration and (b) induced Lack of Root Penetration (LORP) [144] 
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The TOF maps for both welds are shown in Figure 5.18 [144]. The parabolic 

portion, highlighted as a blue dotted box in both TOF maps, indicates the time period 

when the molten weld pool is located within the lateral beam spread of the probe. It can 

be seen that while the parabolic shape is clear and uninterrupted in Figure 5.18a, it is no 

longer continuous in Figure 5.18b. The variation in the signal pattern visible here indicates 

a change in the ultrasonic path between the two probes caused by the introduction of 

LORP. This suggests that the proposed weld monitoring method explored here can 

successfully distinguish between good and poor root weld penetration.  

There is a difference in the TOF between Figure 5.18a & b for the signal through 

the final solidified weld. As there was no alteration to the welding process to induce the 

LORP, the volume of deposited material is the same in both cases, however, the tungsten 

tube barrier causes the weld volume to sit higher up the weld groove. The beam focusing 

Figure 5.18. TOF maps for (a) experiment 2 with consistent root penetration and 

(b) experiment 3 with Lack of Root Penetration (LORP) present. [144] 
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with PAUT does not provide an absolute pin-point focal spot but rather a concentration of 

energy. This means that some ultrasound will be able to transmit across the deposited 

material above the tungsten, however, it will have a reduced path length resulting in a 

shorter TOF. 

5.8. Experiment 4 – Short Hot Pass Weld to Isolate 

Molten Weld Pool in Upper Multi-Pass Layers 

As previously discussed in Section 5.2.1 the use of phased arrays enables the 

concentration of ultrasonic energy to maximise the transmission through any given point. 

Therefore, it is possible to isolate individual passes with more accuracy than would be 

possible with single-element inspection systems. To investigate this, an experiment was 

developed to isolate the molten weld pool during the deposition of the hot pass, or second 

layer, of a multi-pass weld. The welded sample produced in Section 5.5 with an already-

deposited root pass was used and a short hot pass was performed on top of it. The hot pass 

was ignited between the two probes and the weld pool was allowed to grow in size before 

a short 10 mm length weld was performed as shown in the schematic of Figure 5.19 [144]. 
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5.8.1. Experiment 4 – Results & Discussion  

The angle of inspection chosen was 80°, as this provided a suitable amplitude 

response without saturation within the region of interest. The resultant TOF map is shown 

in Figure 5.20 [144].The signal highlighted in Figure 5.20a & b as T1 is known to be 

travelling through the already deposited, room-temperature root pass. As expected, this 

signal shows a positive phase cycle. At an acquisition time of 22.5 s, the arc is ignited and 

the signal immediately divides as shown in the highlighted signal T2. Since there is 

surrounding solidified material present both below the hot pass and immediately before 

and after the arc-ignition position, there will always be two paths for the ultrasound to 

take. Again, these two paths can be identified in the divided signals due to their associated 

differing acoustic velocities. The TOF shift visible between T1 and T2 is due to the 

temperature gradient induced by the welding process. As the arc is extinguished and the 

weld begins to cool, the two peaks re-join and a single signal is seen in T3 representing 

the signal through the solidified material. 

Figure 5.19. Schematic view of experiment 4 showing position of weld in relation to 

probes in both a (a) plan and (b) section view. [144] 
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5.9. Chapter Summary 

In the work reported in this chapter, focused phased array pitch-catch inspection 

techniques have been implemented successfully for in-process monitoring of both root 

and hot pass GTAW welds. It has been proven that, despite the harsh environment that 

welding presents, ultrasonic waves can be propagated successfully through the molten 

weld pool. The resultant signals have been analysed and found to contain significant 

information relating to physical changes taking place within the welding process, namely 

the transition from solid weldment to molten weld material and back again. By recording 

changes in these signals and recognising the appropriate features within the signal, such 

as phase and TOF, it is possible to monitor the weld pool directly. These signal changes 

have been shown to be useful in determining weld quality with notable variations 

Figure 5.20. (a) Time of Flight (TOF) map of acquired ultrasonic signals 

(b) A-scans from highlighted acquisition times. [144] 
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occurring when defects such as LORP are present. Furthermore, the results indicate that 

through appropriate focusing and steering of the ultrasound through the use of phased 

arrays, it is possible to successfully isolate the signals transmitted through the molten weld 

pool within various layers in a multi-pass weld. 

With modification to the deployment strategy to allow for in-line, concurrent 

inspection, the signal responses are of sufficient quality that they offer a significant 

opportunity to form the basis of a closed-loop control system in the future. 
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Chapter 6 

Conclusions and Suggestions for Future 

Work   

 

6.1. Conclusions 

Manufacturing remains one of the fastest growing markets worldwide, largely due 

to the continued development and refinement of automated systems which have drastically 

increased productivity within the sector. However, the demands placed on the 

manufacturing sector to reduce costs and become more energy efficient in line with the 

UK’s trajectory towards Net Zero mean that continued change and innovation is needed. 

The uptake of automation within the HVM sector, particularly through the introduction of 

robotic welding systems, has highlighted a significant lack of efficiency within the NDE 

sector. This has resulted in NDE being regarded as a major bottleneck within production 

environments. This is particularly true for the welding of thick section components, where 

earlier detection of defects during the manufacturing process would offer significant 

technical and commercial benefits to manufacturers and end-users. Therefore, a move to 

implementing innovative in-process inspection and monitoring is necessary to minimise 
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manufacturing schedule disruption and produce more economical and ecological 

components. 

This thesis has looked to understand and address the practical challenges 

associated with the deployment of ultrasonic testing technologies at the point of 

manufacture. From this, new approaches for volumetric inspection of fusion welds and 

weld process monitoring using phased array ultrasonics have been developed and 

implemented. The ideas and subsequent developments discussed within this thesis 

demonstrate the step-change in ultrasonic inspection capabilities needed to merge NDE 

seamlessly with the manufacturing process.  

Thermal models have been produced and experimentally validated to gain a better 

understanding of the changing thermal gradients produced by a GTAW process. This has 

been a vital step forward for the development of accurate compensation strategies for 

ultrasonic imaging through thermal gradients by providing the required prior knowledge 

[165].  

A PAUT weld inspection for in-process inspection during welding has been 

developed and successfully deployed. This system enables continuous, dry-coupled,  

in-process weld inspection at temperatures compatible with most pre-and post-weld heat 

treatments, up to 350°C. The practical challenges associated with deployment of this 

system have been discussed along with the techniques developed to overcome them. 

Multiple imaging strategies were employed to compensate for geometrical distortion, 

thermal gradients, and interference. These strategies were quantified to validate their 

performance.  
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Verification of the system performance was enabled by the artificial 

defect-embedding process developed in Chapter 3, which provided defects of known size, 

shape and location within the weld volume. This provided repeatable reference reflectors 

which would remain consistent within the variability of the welding process. The 

performance of this system was quantified through comparison with traditional room 

temperature inspection results. The SNR values for embedded defects were calculated 

both in-process and post-weld and a maximum difference of 6.78 dB was found. Overall, 

the system performed with an average SNR value of 31.21 dB.  

Finally, PAUT techniques have been implemented for use in an in-process weld 

pool monitoring system [144]. Ultrasonic waves were successfully propagated through 

the molten weld pool during multi-pass GTA welding. Through appropriate analysis of 

the resultant signal’s phase and TOF, significant information can be obtained about the 

condition of the weld pool. Notable differences in signals were seen when representative 

defects were added during the welding process. It is proposed that with modification to 

the deployment strategy to allow for in-line, concurrent inspection, the signal responses 

are of sufficient quality that they offer significant opportunity to form the basis of a 

closed-loop control system. 
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6.2. Suggestions for Future Work 

6.2.1. In-Process Ultrasonic Weld Inspection Challenges and 

Opportunities 

The thermal modelling discussed here was successful in predicting the temperature 

gradients experienced during in-process inspection and was carried forward to develop 

the thermal compensation methods used in Chapter 4. However, the models were for a 

specific geometry and procedure. Therefore, a move to expand this thermal modelling 

technique to include a variety of industrially relevant geometries and processes will be 

required to progress the use of the in-process PAUT inspection system described in 

Chapter 4.  

Furthermore, a progression towards a comprehensive weld modelling technique 

would assist in the advancement of the ultrasonic weld monitoring work presented in 

Chapter 5. In order to accurately predict the propagation of ultrasonic waves through the 

liquid weld pool, a robust understanding of the thermal gradients experienced is required 

along with accurate knowledge of ultrasonic velocity at temperature beyond 1000 °C.  

The artificial tungsten pipe defect embedding strategy discussed in this chapter 

provides defects of known size, shape and location which is critical for inspection 

verification. This is particularly important for in-process inspection where there are a 

number of changing variables, such as extreme thermal gradients. With the development 

of thermal modelling techniques giving more accurate understanding of the changes in 

thermal gradients and their effects on the ultrasonic propagation, a move towards inserting 
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defects which are more representative of real defects is desirable. The most promising 

method for doing this is through alteration of the welding process and procedure to 

produce both LOF and crack-type defects. The developed methods would need to be 

repeatable and optimised to allow for control of defect size and shape. This work would 

need to be supported by the development of an appropriate calibration method for in-

process PAUT systems to allow for accurate thresholding and sizing. This is discussed in 

more depth in Section 6.2.2. 

6.2.2. In-Process Ultrasonic Phased Array Inspection During 

Fusion Welding 

It is important that this inspection system developed here be compatible across a 

number of industrial welding processes. Therefore, it is intended for this system to be 

trialled and deployed further under processes such as Metal Inert Gas/Metal Active Gas 

(MIG/MAG) and SAW. Each welding process presents new and unique challenges to the 

deployment of the inspection system. For example, trials must be undertaken to ensure 

that there are no negative effects on either the hardware or imaging capability from the 

increased spatter and dust associated with MIG/MAG processes when compared with 

GTAW. Similarly, the effects of debris on the surface, such as the flux used in SAW, are 

unknown and must be investigated. In each case, it may be necessary to adapt the hardware 

with the addition of brushes or mechanisms to clean the surface of the roller-probe tyre to 

alleviate any negative effects.  
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Work must be done to establish the limits of operation of this inspection system 

with regards to component geometry i.e. the minimum diameter of pipe which can be 

successfully inspected, minimum thickness for inspection etc. Compatibility across 

industrially relevant geometries is also vital for future industrial applicability and adoption. 

Additional future work is focused on optimisation of the system for transverse 

defect detection. Trials will be undertaken to establish the systems sensitivity to transverse 

defects, such as transverse cracking. Defect sizing is of critical importance when 

sentencing and assessing a component’s fitness for service. This requires stringent 

calibration procedures which do not currently exist for in-process weld inspection 

approaches and, therefore, this is a significant body of future work. This work would be 

assisted by the development of appropriate artificial defect insertion strategies as 

discussed. A room-temperature calibration procedure is also desirable to allow the system 

to be used for final, post-weld inspections. This would enable inspection of delayed 

defects, such as hydrogen induced cracking, at the end of manufacture as is standard 

within current testing procedures. 

6.2.3. In-Process Ultrasonic Phased Array Weld Pool 

Monitoring 

The primary limitation of this proposed monitoring technique is the fixed location 

of the ultrasonic probes. In order to make this approach more practical, scanning of the 

probes in-line with the weld torch is necessary for providing continuous monitoring. 

Capturing data at specified increments would provide an encoded record of the welding 
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process with positional data provided through robotic deployment. Furthermore, 

concurrent monitoring will be better suited to analysing signal changes which may 

indicate the formation of various defects and how these may relate to changes in the 

welding process. The use of a weld inspection roller probe [239] would allow for smooth 

robotic translation of the probes whilst maintaining consistent coupling.  

Another constraint upon future deployment is the use of liquid coupling which 

could cause contamination of the weld when combined with the movement of the probes, 

resulting in defects such as gross porosity. Dry-coupling techniques which use 

high-temperature polymers with optimised acoustical properties are a promising method 

to enable couplant-free deployment.  

The experiments documented here are focused on the monitoring of the root and 

hot passes, however, with suitable modifications made to the ultrasonic focusing and 

deployment, the same technique may be used to monitor higher passes within multi-pass 

welding. Furthermore, this technique will also be applicable to welding processes other 

than GTAW such as GMAW and SAW.   

The results shown here indicate considerable promise for quantitative analysis of 

the weld pool size using the TOF data contained within the ultrasonic signals. This 

direction of research would provide a significant step forward in progress towards 

automated control of the welding process using ultrasonics.  This work would require 

accurate knowledge of the weld pool temperature and consequent speed of sound to 

provide accurate measurements. Currently, the available data on temperature vs. speed of 

ultrasonic waves is limited to 1100°C [45] and future work is being undertaken to 
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understand and quantify this variation. This is also tied to the development of accurate 

thermal models as discussed. 

Further investigation is also required to accurately identify the physical 

mechanism which results in the 180° phase reversal observed between signals through 

solidified weld material and the molten weld pool. 
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Appendix A – Full Thermal Modelling Results 
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Figure A 1. Comparison of experimental and COMSOL data for layer 3 of welding 
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Figure A 2. Comparison of experimental and COMSOL data for layer 4 of welding 
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Figure A 3. Comparison of experimental and COMSOL data for layer 5 of welding 
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Figure A 4. Comparison of experimental and COMSOL data for layer 6 of welding 
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Figure A 5. Comparison of experimental and COMSOL data for layer 7 of welding 
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Table A 1. Error analysis - layer 3 of welding 

Thermocouple 

Number 

Maximum 

Absolute  

Error (°C) 

Average 

Absolute  

Error (°C) 

Maximum % 

Error 

Average % 

Error 

0 14.70 4.57 17.71 4.36 
1 5.80 1.76 15.47 2.90 
2 6.89 2.14 9.50 2.88 
3 7.00 2.26 8.60 3.66 
4 5.21 1.45 10.00 3.29 
5 3.22 0.93 8.70 2.75 
6 2.42 0.61 7.52 2.06 
7 12.68 2.69 12.98 2.72 
8 8.96 1.82 11.50 2.06 
9 4.44 2.16 6.91 2.50 

11 2.59 0.79 5.40 1.95 
12 3.37 0.60 8.43 1.87 

 

Table A 2. Error analysis - layer 4 of welding 

Thermocouple 

Number 

Maximum 

Absolute  

Error (°C) 

Average 

Absolute  

Error (°C) 

Maximum % 

Error 

Average % 

Error 

0 22.41 3.59 16.54 5.21 
1 12.09 3.22 17.14 4.71 
2 3.70 1.76 10.75 2.91 
3 4.75 1.44 7.63 3.06 
4 4.83 1.21 8.71 3.14 
5 4.44 1.14 11.18 3.38 
6 4.31 0.95 12.31 2.99 
7 5.89 2.42 7.54 2.99 
8 5.53 2.36 6.27 3.00 
9 4.86 2.22 6.47 3.26 

11 4.81 1.14 8.62 3.10 
12 5.37 1.13 13.16 3.31 
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Table A 3. Error analysis - layer 5 of welding 

Thermocouple 

Number 

Maximum 

Absolute  

Error (°C) 

Average 

Absolute  

Error (°C) 

Maximum % 

Error 

Average % 

Error 

0 11.63 3.96 12.52 3.95 
1 11.63 4.84 12.39 5.06 
2 11.39 2.86 6.67 3.18 
3 7.23 1.54 4.81 2.14 
4 2.45 0.95 4.79 1.76 
5 2.65 0.85 8.06 2.06 
6 2.78 0.90 6.86 2.45 
7 10.42 3.90 7.70 3.08 
8 12.13 3.56 10.28 3.16 
9 7.00 2.72 6.96 2.78 

11 2.76 0.94 5.43 1.67 
12 2.59 0.82 7.74 1.98 

 

Table A 4. Error analysis - layer 6 of welding 

Thermocouple 

Number 

Maximum 

Absolute  

Error (°C) 

Average 

Absolute  

Error (°C) 

Maximum % 

Error 

Average % 

Error 

0 21.79 5.22 19.28 4.98 
1 11.97 3.54 22.01 4.59 
2 6.18 2.59 13.38 3.54 
3 4.72 1.87 9.18 3.27 
4 4.43 1.16 7.55 2.59 
5 3.63 1.09 8.10 2.72 
6 3.03 1.02 7.50 2.67 
7 20.86 4.38 21.01 4.13 
8 6.47 2.25 9.76 2.44 
9 6.59 3.28 6.56 3.65 

11 3.07 1.37 6.36 2.68 
12 3.09 1.02 8.24 2.47 
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Table A 5. Error analysis - layer 7of welding 

Thermocouple 

Number 

Maximum 

Absolute  

Error (°C) 

Average 

Absolute  

Error (°C) 

Maximum % 

Error 

Average % 

Error 

0 14.74 2.67 9.57 2.46 
1 9.71 5.02 21.56 5.81 
2 7.75 2.81 13.43 3.70 
3 4.11 1.55 9.08 2.87 
4 2.15 1.01 7.79 2.49 
5 2.54 0.80 6.78 2.58 
6 3.14 0.61 9.94 2.20 
7 9.73 4.23 8.49 3.29 
8 12.22 3.22 13.39 3.21 
9 7.63 2.99 9.30 3.34 

11 2.91 1.06 6.66 2.40 
12 3.25 0.48 8.55 1.52 

 

 

 


