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Abstract 

Residual stress (RS) affects the structural integrity and fatigue performance of welded and additively 

manufactured metallic components and can contribute to distortion, cracking, and premature failure. 

Established RS measurement techniques, including incremental hole drilling, neutron diffraction, and 

the contour method, provide valuable stress information but can be limited by localised sampling, lack 

of in-situ capability, or destructive material removal. Ultrasonic methods offer a non-destructive 

alternative, particularly through longitudinal critically refracted (LCR) waves, whose velocity is 

affected by material stress through the acoustoelastic effect. However, ultrasonic RS measurement 

relies on nanosecond-scale time-of-flight (ToF) changes, making it sensitive to external sources of 

ToF variation. 

This thesis develops a phased-array, acoustoelasticity-based framework progressing from controlled 

stress measurement in bolts, to phased array ultrasonic residual stress measurement (PAURS), and 

finally to microstructure-sensitive interpretation (PAURS+). Full Matrix Capture (FMC) enables 

multiple ultrasonic paths to be assessed using ToF, amplitude, attenuation-related response, signal 

quality, and path-wise variance, providing a basis for determining measurement quality. 

Bolted connections are used as the controlled-stress benchmark, with ultrasonic measurements 

compared against mechanical loading data and finite-element-derived average axial stress. Phased-

array ultrasonics resolved preload-sensitive ToF changes and path-wise variation associated with 

asymmetric loading or disrupted acoustic paths.  

PAURS was subsequently developed using a pitch-catch phased-array configuration to generate and 

receive LCR waves in available welded S275 steel samples, with further S275 steel acquired for 

complementary investigations. Simulation and experiments were used to verify LCR generation, 

assess penetration depth, calibrate the acoustoelastic response, and quantify couplant gel-thickness 

effects. Uncontrolled coupling variation produced practically significant apparent stress errors, while 

adjacent-receiver subtraction and multi-path processing reduced the compensated mean gel-induced 

ToF error to 0.27 ns, corresponding to an equivalent apparent stress error of 1.09 MPa using the 

approximation of 1 ns ≈ 4 MPa present in steel. This value represents the mean across three steel 

plates. This is treated as a contributing source of error, and not an overall uncertainty. 

PAURS was applied to a robotically welded S275 steel sample, selected as a representative weldable 

structural material for development of the residual-stress measurement methodology, and assessed 

against incremental hole-drilling measurements performed externally on the same specimen, and 

neutron-diffraction measurements obtained from a nominally identical welded specimen. Accounting 

for differences in measurement principle, gauge volume, and sampling depth, PAURS reproduced the 

principal residual stress trends observed by the independent techniques where suitable wedge–
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specimen contact was achieved. Agreement was reduced near the weld centre, where weld geometry 

and poor wedge–specimen coupling affected the LCR response; measurements in these regions were 

therefore interpreted as semi-quantitative or qualitative. FMC reduced path-wise variability relative to 

matched linear paths and provided an internal measure of measurement consistency; this improvement 

is interpreted as increased precision rather than evidence of reduced absolute bias. 

The final stage extends PAURS to microstructure-sensitive characterisation through PAURS+. 

Electron Backscatter Diffraction (EBSD), k-Wave simulation, frequency-dependent analysis, and 

robotic angular LCR measurements were used to investigate Al7075 produced by additive friction stir 

deposition. Amplitude and attenuation-related angular responses were used as the principal 

microstructure-sensitive observables. Angular attenuation signatures distinguished between equiaxed 

and columnar grain structures, indicating near-surface microstructural anisotropy and demonstrating 

that microstructure should be considered when interpreting ultrasonic RS measurements. 

Overall, the thesis establishes an FMC-based phased-array methodology combining calibrated ToF 

stress calculation, multi-path processing, couplant-error control, signal-quality assessment, and 

comparison with independent RS measurements. The framework identifies when ultrasonic outputs 

support numerical stress calculation, trend-based interpretation, or rejection from quantitative 

assessment, and extends the same phased-array platform towards microstructure-sensitive indication 

through PAURS+.  
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Terms and Abbreviations 

In this thesis, phased-array ultrasonic terminology is used according to the following hierarchy. 

PAUT refers to the general inspection technology: phased-array ultrasonic testing. It includes beam 

steering, electronic focusing, B-scan and S-scan imaging, FMC acquisition, and post-processing 

methods such as TFM. 

PA-LCR refers to the specific phased-array longitudinal critically refracted wave experimental setup 

used in this thesis. It describes the probe, wedge, and acquisition arrangement used to generate and 

receive LCR waves for near-surface stress- or microstructure-sensitive measurements. 

PAURS refers to the residual stress implementation of PA-LCR. In PAURS, time-of-flight changes 

are the primary ultrasonic observables, and residual stress is calculated using acoustoelastic 

calibration, multi-path processing, and measurement-quality assessment. In this thesis, PA-LCR will 

refer to hardware setup, while PAURS refers to the use of PA-LCR to extract residual stress values. 

PAURS+ refers to the microstructure-sensitive extension of the PA-LCR/PAURS approach. In 

PAURS+, amplitude, attenuation-related response, and angular variation are the primary observables. 

These features are interpreted through comparison with EBSD, simulation, and robotic angular 

measurements to assess near-surface microstructural anisotropy. 

FMC refers to the acquisition strategy in which all available transmitter–receiver combinations are 

recorded. In this thesis, FMC increases the number of available acoustic paths, supports averaging and 

path selection, assists gel-error compensation, and provides internal evidence of measurement 

consistency. It improves precision and interpretability, but reliable stress calculation still depends on 

calibration, signal quality, and appropriate measurement conditions for accuracy. 

Abbreviation/term  Definition 

AFSD Additive Friction Stir Deposition 

ANSTO Australian Nuclear Science and Technology Organisation 

ASTM American Society for Testing and Materials 

AVC Automatic Voltage Correction 

DAAH Detachable Active Array Head 

EBSD Electron Backscatter Diffraction 

EDM Electrical Discharge Machining 

FEA Finite Element Analysis 

FMC Full Matrix Capture 

HAZ Heat-Affected Zone 

HD Hole Drilling 
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k-Wave MATLAB-based acoustic simulation toolbox used for time-domain ultrasonic 

wave propagation modelling 

LCR Longitudinal Critically Refracted wave 

MATLAB Numerical computing environment used for ultrasonic data processing and 

simulation workflows 

MTEX MATLAB toolbox used for crystallographic texture and EBSD data analysis 

ND Neutron Diffraction 

PA Phased Array 

PA-LCR Phased-array longitudinal critically refracted wave configuration 

PAURS Phased Array Ultrasonics for Residual Stress measurement 

PAURS+ Microstructure-sensitive extension of PAURS based on phased-array LCR 

amplitude/attenuation/angular response 

PAUT Phased Array Ultrasonic Testing 

Pogo GPU-accelerated explicit finite element software for elastodynamic simulation 

RS Residual Stress 

SEARCH Sensor Enabled Automation, Robotics & Control Hub 

SEURS Single Element Ultrasonic Residual Stress measurement 

SNR Signal-to-Noise Ratio 

TIG Tungsten Inert Gas 

TFM Total Focusing Method 

ToF Time of Flight 

WAAM Wire + Arc Additive Manufacturing 

 

 

  



Non-destructive evaluation of residual stress using phased array ultrasonics 
 

18 

Brandon Mills 

Table of Notations 

Symbol Meaning Unit / status 

ε Total strain Dimensionless 

𝜀𝑒 Elastic strain Dimensionless 

𝜀𝑝 Plastic strain Dimensionless 

𝜀𝑡ℎ Thermal strain Dimensionless 

𝜀𝑡𝑟 Metallurgical strain Dimensionless 

𝜀𝑡𝑝 Transformation induced plastic strain Dimensionless 

σ𝑖𝑗 Stress tensor MPa 

𝐶𝑖𝑗𝑘𝑙 4th order elastic tensor Pa 

𝐸 Young’s Modulus GPa 

ν Poisson’s ratio Dimensionless 

δij Kronecker delta Dimensionless 

𝑠𝑖𝑗 Deviatoric stress tensor MPa 

σ𝑦 Yield stress MPa 

𝜆̇ Plastic multiplier Dimensionless 

α Coefficient of thermal expansion K-1 

Δ𝑇 Relative temperature change K 

σ𝑅𝑆 Residual Stress MPa 

𝐿 Acoustoelastic constant Dimensionless 

λ, μ 2nd order Lamé constants GPa 

𝐴, 𝐵, 𝐶 3rd order Landau constants GPa 

𝑙, 𝑚, 𝑛 3rd order Murnaghan constants GPa 

𝑣𝑤 Wedge velocity ms-1 

𝑣𝑚 Material velocity ms-1 

θ𝑤 Wedge angle Degrees 

𝜃𝑐 Critical angle Degrees 

Δσ Calculated Residual Stress MPa 

𝑡0 Reference, stress-free Time of Flight 𝜇s or ns 

𝑑𝑡 Difference between stressed and stress-free ToF 𝜇s or ns 

𝑑𝑡𝑖,𝑗 ToF difference measured from the ith transmitter to the jth receiver 𝜇s or ns 

𝐷 Penetration depth mm 

𝑓 Frequency MHz 

𝐴𝑛 Amplitude of nth backwall echo Arbitrary 



Non-destructive evaluation of residual stress using phased array ultrasonics 
 

19 

Brandon Mills 

𝑙 Specimen thickness mm 

𝐴𝑇𝑖𝑅𝑗
 Amplitude of the LCR wave from the ith transmitter to the jth receiver Arbitrary 

𝑥 Propagation distance between paths mm 

𝑁𝑡 , 𝑁𝑟 Number of transmitters/receivers Dimensionless 

𝑝 Pitch of transducer mm 

𝐴0 Reference amplitude Arbitrary 

θ Rotational angle Degrees 

𝑡𝑚𝑎𝑥, 𝑡𝑚𝑖𝑛 Maximum and minimum gel thickness mm 

𝑥𝑛 Current iteration Dimensionless 
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1. Introduction 

1.1. Context of research 

Residual stress is a major factor in welded and additively manufactured components, affecting 

integrity, fatigue life, and defect propagation behaviour. These stresses are generated when 

incompatible elastic and inelastic strains remain within a material after manufacturing. In welded and 

additively manufactured structures, RS fields are often spatially heterogeneous, affected by local heat 

input and material history, and difficult to assess without altering the stress state of the component. 

Reliable RS assessment is therefore important for structural integrity management, process 

qualification, life prediction, and defect-tolerance assessment. 

Established RS techniques remain essential for reference measurement and method comparison, but 

no single method provides a complete deployable solution for repeated, large-area inspection of 

welded or additively manufactured components. Incremental hole drilling provides near-surface RS 

information, but it is semi-destructive and requires local material removal. Neutron diffraction can 

provide depth-resolved lattice-strain measurements, but it requires access to specialist facilities and 

measures over a defined gauge volume. X-ray diffraction and the contour method provide further RS 

measurement capability, but their use is constrained by penetration depth and destructiveness 

respectively. These limitations motivate further development of non-destructive methods that can 

provide repeatable stress-sensitive measurements over larger or less accessible regions. 

This research was conducted within the Centre for Ultrasonic Engineering at the University of 

Strathclyde and is concerned with phased-array ultrasonic methods for RS and microstructure 

analysis. The work is motivated particularly by welded and additively manufactured components, 

where conventional RS measurement can be difficult to apply repeatedly or over large areas. The 

wider research environment includes robotic inspection through the Sensor Enabled Automation, 

Robotics & Control Hub, where controlled probe positioning and repeatable scans support more 

consistent ultrasonic measurements. 

Ultrasonic stress measurement exploits the acoustoelastic effect, where stress changes the velocity of 

an elastic wave. Longitudinal critically refracted (LCR) waves are particularly relevant for near-

surface assessment because they propagate approximately parallel to the surface and are very sensitive 

to acoustoelastic velocity changes. In phased-array implementations, multiple transmitter–receiver 

paths can be acquired from a single probe position, allowing stable responses to be averaged and 

unreliable paths to be identified.  

The starting point for all measurements in this thesis is the ultrasonic signal. The principal 

observables are time-of-flight (ToF), amplitude, attenuation-related response, and indicators of signal 
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quality. Figure 1 summarises how Phased Array – Longitudinal Critical Refracted wave (PA-LCR) 

acquisition and FMC-based processing are combined with calibrated ToF stress calculation and 

amplitude-based material response to support stress- or microstructure-sensitive outputs. 

 

Figure 1: Phased-array ultrasonic measurement framework developed in this thesis, showing PA-LCR/FMC acquisition, 

signal processing, measurement outputs and the main factors affecting their interpretation. 

The evaluation follows increasing measurement complexity. Bolted connections provide a controlled 

applied-stress case, welded S275 specimens introduce an unknown residual stress field and a more 

difficult comparison basis, and PAURS+ tests whether amplitude-based PA-LCR features can also 

provide microstructure-sensitive information from the same measurement platform. 

This thesis investigates phased-array ultrasonics as a measurement method for interpreting stress- and 

microstructure-sensitive ultrasonic responses. Phased-array acquisition provides multiple acoustic 

paths, supporting averaging and path selection and exposing measurement variability that would be 

hidden in a single-path measurement. Path redundancy can therefore improve repeatability and 

identify disagreement between acoustic paths. Common effects acting across the measurement, 

including calibration error, coupling conditions, and material-state effects, may remain after multi-

path processing. Reduced path-wise variation is consequently treated as evidence of improved internal 

measurement precision and consistency, and does not by itself establish absolute measurement 

accuracy.  
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1.2. Research gap and thesis rationale 

The main gap addressed in this thesis is the limited internal evidence available in many ultrasonic 

residual stress measurements. LCR-based methods can detect stress-sensitive changes in time of 

flight, but these changes are small and comparable timing shifts can also arise from material condition 

or inspection interface effects, such as coupling variation and surface geometry. 

Conventional single-element LCR approaches can estimate stress when the reference state and 

acoustoelastic calibration are well defined, and geometry is stable and smooth. Their key limitation is 

that each inspection provides only one transmitted acoustic path. This restricts how far the 

measurement can be averaged, compared, or checked for variability. The problem becomes more 

pronounced in welded or additively manufactured components, where local weld geometry, surface 

irregularity, and the resulting variable contact conditions can all influence the ultrasonic response. 

Comparison with established residual stress methods introduces a further challenge, as hole drilling, 

neutron diffraction, and PAURS do not sample the same quantity in the same way. Hole drilling 

calculates stress from strain relief, neutron diffraction determines lattice strain over a defined gauge 

volume, and PAURS calculates stress from LCR time-of-flight changes along a near-surface 

ultrasonic propagation path. For this reason, calibration, verification, validation, and comparison are 

used as distinct terms in this thesis. Calibration determines the parameters required by the 

measurement model, such as the acoustoelastic constant. Verification checks that the ultrasonic 

configuration behaves as intended under controlled conditions. Validation assesses whether a 

calculated stress or microstructure quantity or feature is defensible within a stated scope, and 

comparison describes agreement or disagreement between methods with different measurement 

principles, sampling depths, or gauge volumes. 

Incremental hole drilling and neutron diffraction were selected as the independent comparison 

methods available for the welded S275 study. Hole drilling provided a near-surface stress 

measurement on the same specimen subsequently inspected using PAURS, while neutron diffraction 

provided depth-resolved stress measurements from a nominally identical welded specimen. X-ray 

diffraction was not used as it is limited to micron scale penetration, which would provide no 

comparable data to the PAURS depth resolution.  

Microstructure is another source of uncertainty in ultrasonic residual stress measurement. Grain 

morphology, crystallographic texture, and anisotropy can affect both ultrasonic velocity and amplitude 

response. If these effects are treated only as stress-induced time-of-flight change, they can bias the 

calculated stress. However, they can also provide useful material-state information when analysed. 

This thesis treats microstructure as a possible source of uncertainty in PAURS, and as the basis for the 

PAURS+ extension. 
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Robotic inspection provides a practical motivation for the work, particularly where repeatable 

positioning, controlled scan trajectories, and angular measurements are required. However, 

automation does not remove the underlying measurement problem. Contact force, wedge alignment, 

positioning tolerance, rotational control, and coupling stability remain sources of variability, though 

more controllable than in manual inspection. For this reason, robotic deployment is treated as part of 

the measurement chain, though not as a complete solution to measurement uncertainty. 

The intended use of PAURS in this thesis is near-surface assessment of the stress component parallel 

to the LCR propagation direction. The method is evaluated as a non-destructive measurement and 

screening approach for identifying residual stress trends and estimating stress magnitude where the 

calibration, reference condition and measurement quality are sufficient. It is not proposed as a 

replacement for established reference methods at the present stage of development. The effective 

measurement depth and spatial resolution are determined by the LCR configuration and acoustic path 

and are quantified experimentally in Chapter 4. Measurement uncertainty is developed from the 

individual contributions identified throughout the thesis and consolidated in Chapter 5 and the 

conclusions. A maximum expanded uncertainty or allowable fraction of material yield stress was not 

specified before the experimental programme, as the scope of this methodology is intended for use as 

a residual stress measurement technique – any inspection acceptance criteria is identified as future 

work. 

1.3. Research aims and objectives 

The main aim of this PhD project is to develop and evaluate a phased-array ultrasonic measurement 

framework for the non-destructive assessment of residual stress and related microstructural effects in 

engineering components. The work progresses from controlled applied-stress measurement in bolted 

connections to residual stress assessment in welded steel and microstructure-sensitive characterisation 

using PAURS+. 

The specific objectives of the thesis are: 

1. To establish phased-array acoustoelastic measurement under controlled applied stress 

by comparing ultrasonic ToF measurements in bolted connections with mechanical 

loading data and finite element analysis. 

Addressed in Chapters 3–5. 

2. To use the controlled bolt programme to establish calibration, repeatability, acoustic-

path selection and measurement-quality procedures for subsequent stress measurement. 

Addressed in Chapters 4–5. 

3. To develop and calibrate a pitch-catch PA-LCR configuration for near-surface residual 

stress measurement in welded steel, including wedge design, penetration-depth 
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assessment, acoustoelastic calibration, ToF extraction and stress calculation. 

Addressed in Chapters 3–5. 

4. To quantify practical sources of ultrasonic timing error and measurement variability, 

with particular attention to couplant thickness, and evaluate multi-path methods for 

reducing their effect. 

Addressed in Chapters 4–5. 

5. To evaluate PAURS on welded S275 steel through comparison with incremental hole-

drilling and neutron-diffraction measurements, considering stress trend and 

approximate magnitude within the sampling and measurement constraints of each 

method. 

Addressed in Chapters 4–5. 

6. To investigate microstructure-sensitive PA-LCR characterisation using EBSD-informed 

simulation, frequency-dependent analysis and robotic angular measurements based on 

amplitude- and attenuation-related response. 

Addressed in Chapters 3–5. 

7. To establish the scope conditions, measurement-quality requirements, acceptance 

criteria, uncertainty sources and limitations associated with the developed methodology, 

using the evidence generated through Objectives 1–6. 

Developed across Chapters 3–5 and consolidated in Chapter 6. 

Objective 7 is applied across the experimental programme and provides the link between the 

individual studies and the overall measurement framework. Evidence includes controlled mechanical 

loading, finite element analysis, simulation, repeat measurements, acoustic-path consistency and 

independent residual stress comparisons, as applicable to each study. These are used to define the 

conditions under which the ultrasonic measurements can support quantitative stress calculation, trend-

based interpretation or require further measurement or investigation. 

1.4. Contribution to knowledge 

This thesis develops a phased-array ultrasonic framework for stress and microstructure measurement. 

The work begins with controlled loading of bolted connections, where the ultrasonic stress response 

can be calibrated against a known applied load. The method is then applied to residual stress 

measurement in welded steel through PAURS, with additional investigation of couplant-induced 

timing errors and their compensation. The final stage investigates the sensitivity of PA-LCR 

measurements to microstructure through PAURS+. Measurement quality, limitations and the 

conditions required for quantitative interpretation are considered throughout the work. 
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The research has produced a number of lead-author and collaborative publications, which are 

identified under the relevant contributions below. The candidate's role in the collaborative work is 

described in the Candidate Contribution Statement. 

1.4.1. Controlled-stress benchmark using bolts 

Bolted connections provide the controlled-stress benchmark used to develop the phased-array 

measurement procedure. This work establishes acoustoelastic calibration, stress-sensitive time-of-

flight measurement, acoustic-path analysis and defect screening under controlled loading. High-

preload measurements and blind testing are subsequently used to assess the behaviour of the method 

outside the initial calibration experiment. 

The main publication associated with this work is: 

[P1] B. Mills, Y. Javadi, F. Abad, and co-authors, “Inspection of wind turbine bolted connections 

using the ultrasonic phased array system,” Heliyon, vol. 10, no. 14, 2024. [1] 

Related work on bolt inspection and preload measurement is reported in: 

[P2] B. Mills, Y. Javadi, P. Leilabadi, and co-authors, “A novel procedure for the inspection of wind 

turbine bolts,” Wind Energy Science Conference, Glasgow, 2023. [2] 

[P3] Y. Javadi, B. Mills, C. MacLeod, and co-authors, “Phased array ultrasonic method for robotic 

preload measurement in offshore wind turbine bolted connections,” Sensors, vol. 24, no. 1421, 2024. 

[3] 

The experimental methods and results developed from this work are presented in Chapters 4 and 5. 

1.4.2. Translation to welded RS measurement using PAURS 

The controlled-stress work is extended to residual stress measurement in welded S275 steel through 

PAURS. A pitch-catch PA-LCR arrangement is combined with FMC acquisition and multi-path 

processing to measure stress-sensitive ToF changes. The method includes acoustoelastic calibration 

and measurement-quality assessment, followed by comparison with incremental hole drilling and 

neutron diffraction. 

This work forms the basis of: 

[P4] B. Mills, J. Walker, Y. Javadi, and co-authors, “Residual stress analysis in robotically welded 

plates using phased array ultrasonics with validation through neutron diffraction and hole drilling 

methods,” International Journal of Pressure Vessels and Piping, vol. 216, 2025 [4]. 

Two collaborative studies provide additional applications of phased-array ultrasonic residual stress 

measurement in additively manufactured material: 
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[P5] J. Walker, B. Mills, Y. Javadi, and co-authors, “Inter-pass peening for residual stress control in 

additive manufacturing: validation using ultrasonic, X-ray and contour method,” Materials and 

Design, vol. 260, 2025 [5]. 

[P6] J. Walker, B. Mills, Y. Javadi, and co-authors, “Study of residual stress using phased array 

ultrasonics in Ti-6Al-4V Wire-Arc additively manufactured components,” Sensors, vol. 24, no. 19, 

2024 [6]. 

The welded S275 investigation is presented in Chapters 4 and 5. 

1.4.3. Couplant gel-thickness compensation and timing-error control 

Couplant thickness was investigated as a practical source of ToF variation in PA-LCR measurements. 

Numerical simulation and experiments were used to quantify the effect of changes in the coupling 

layer and the resulting apparent stress error. Adjacent-receiver subtraction and multi-path processing 

were then assessed as methods of reducing this timing error. This work contributes to the treatment of 

coupling effects within PAURS and defines one of the practical limits on nanosecond-scale ToF 

measurement. 

The work is reported in: 

[P7] B. Mills, Y. Javadi, and C. MacLeod, “Compensating Couplant Effects in Phased-Array 

Ultrasonic ToF Sensing for Residual Stress,” Sensors, special issue “Feature Papers in Physical 

Sensors”, 2026 [7]. 

[P8] B. Mills, Y. Javadi, and C. MacLeod, “Simulation of gel effects on the ultrasonic LCR wave for 

residual stress error quantification,” BINDT, 2025. [8] 

The simulation and experimental studies are described in Chapters 4 and 5. 

1.4.4. Microstructure-sensitive extension using PAURS+ 

PAURS+ investigates the response of PA-LCR measurements to changes in material microstructure. 

EBSD, numerical simulation, frequency-dependent analysis and robotic angular measurements are 

used to examine amplitude and attenuation-related responses from different grain morphologies. The 

work establishes microstructure-sensitive ultrasonic indicators and examines their relevance to the 

interpretation of PAURS measurements. 

The main manuscript arising from this study is: 

[P9] B. Mills, S. Serjeant, Y. Javadi, and co-authors, “Phased Array Longitudinal Critically Refracted 

Waves for Microstructure Characterisation: Towards In-Process Characterisation”, Ultrasonics, 2026, 

under peer review. 
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Related studies are: 

[P10] Y. Javadi, B. Mills, J. Samuel, and co-authors, “Toward Isolation of Microstructural and 

Residual Stress Contributions in Phased-Array LCR Ultrasonics,” International Journal of Pressure 

Vessels and Piping, 2026, awaiting decision  

The PAURS+ methodology and results are presented in Chapters 4 and 5. The measurements 

demonstrate sensitivity to microstructural condition; independent determination of crystallographic 

texture and orientation is outside the demonstrated scope of the method. 

1.4.5. Scope conditions, limitations, and quality-control requirements 

Measurement quality forms a common theme across the bolt, PAURS and PAURS+ investigations. 

Quantitative interpretation depends on the acoustoelastic calibration, reference condition, coupling, 

surface geometry, material state and consistency of the retained acoustic paths. These factors are used 

to determine whether a measurement is suitable for numerical stress calculation, provides a useful 

stress trend, or cannot support a quantitative interpretation. 

FMC provides multiple acoustic paths from a single acquisition and allows the consistency of the 

measured response to be assessed. Path-wise variation is therefore used as an internal measure of 

measurement precision and as an indicator of inconsistent acoustic conditions. Standard deviation 

across the retained paths is used as the primary path-consistency statistic, supported by the path-wise 

ToF distribution and signal quality. Measurements with stable arrivals and consistent path behaviour 

can be retained for quantitative interpretation. Increased path-wise variation prompts reseating and 

repeat acquisition, with coupling, signal amplitude, arrival stability and probe alignment checked 

before further interpretation. Measurements that remain inconsistent after reseating are excluded from 

quantitative stress calculation. Persistent path asymmetry under repeatable coupling and signal 

conditions may indicate uneven seating or localised mechanical behaviour and requires further 

investigation. Numerical acceptance thresholds were not defined prospectively and are therefore 

retained as a requirement for future qualification. Absolute measurement performance also depends on 

calibration and the systematic effects considered in the measurement model. Independent residual 

stress measurements provide additional comparison for the welded S275 investigation. The resulting 

scope conditions and limitations are developed in Chapters 3–5 and summarised in the Conclusions. 

1.5. Thesis structure 

This thesis is organised into six chapters, covering the research background, measurement theory, 

experimental methodology, results, and conclusions. 

Chapter 1 introduces the research context, identifies the research gap, states the aims and objectives, 

and defines the main contributions to knowledge.  
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Chapter 2 reviews the background literature on RS measurement, ultrasonic acoustoelasticity, phased-

array ultrasonic testing, bolted-connection stress measurement, and ultrasonic microstructure 

characterisation. It identifies the limitations in existing methods that motivate the methodology 

developed in this thesis. 

Chapter 3 presents the theoretical basis and measurement model used throughout the thesis, including 

RS formulation, acoustoelastic stress calculation, LCR wave generation, FMC-based multi-path 

processing, attenuation-related metrics, and the assumptions used when converting ultrasonic 

observables into calculated stress or microstructure-sensitive outputs. 

Chapter 4 describes the experimental and simulation methods used for the bolt, PAURS, and PAURS+ 

studies, including the calibration, acquisition, comparison, and validation procedures. Additionally, it 

discusses which methodological elements are carried forward into the encompassing framework.  

Chapter 5 presents and discusses the results. It follows the same order as Chapter 4 for continuity and 

discusses the controlled-stress, welded residual stress, and PAURS+ results. It also describes how 

each experimental stage adds to the measurement framework as a whole. 

Chapter 6 presents the conclusions of this thesis. It summarises what has been demonstrated, the 

achieved measurement performance, the current deployment scope, the main uncertainty sources and 

failure modes, and the future work required before broader industrial qualification. 

  



Non-destructive evaluation of residual stress using phased array ultrasonics 
 

29 

Brandon Mills 

2. Research Background 

This chapter positions the thesis within the literature on residual stress measurement, ultrasonic stress 

measurement, phased-array inspection, bolt preload assessment, coupling uncertainty, and 

microstructure-sensitive ultrasonics. It focuses on the measurement problems addressed by the 

methodology developed later in the thesis: how residual stress methods differ, how ultrasonic signal 

features are used in stress-sensitive measurement, and where comparison between techniques 

becomes uncertain. 

Residual stress measurement in welded and additively manufactured components is difficult because 

the stress field is often spatially variable, process-dependent, and sensitive to local material history. 

Established methods provide important evidence, but they differ in sampling depth, gauge volume, 

destructiveness, and deployability. These differences matter here because comparison between 

methods can support an ultrasonic result only when the measurement basis of each technique is 

accounted for. 

Single-element ultrasonic LCR methods provide a non-destructive route to near-surface stress 

assessment through stress-sensitive changes in time of flight. The measured ultrasonic response is also 

affected by coupling and surface condition. The literature motivates a measurement approach that 

considers the consistency of the ultrasonic data, the validity of the calibration, and basis for 

comparative validation alongside the measured timing change. 

The chapter therefore follows the same measurement progression as the thesis: Section 2.1 reviews 

residual stress formation and measurement methods to establish the comparison basis for PAURS. 

Section 2.2 considers bolt preload assessment as a controlled applied-stress benchmark for 

acoustoelastic measurement, and Section 2.3 reviews LCR acoustoelastic measurement, phased-array 

acquisition, FMC-based path redundancy, and coupling uncertainty. Section 2.4 discusses 

microstructure as both a source of uncertainty in ultrasonic residual stress measurement and the basis 

for the PAURS+ extension. 

2.1. Residual stress 

2.1.1. Residual stress formation 

Residual stresses are generated during manufacturing processes, thermal treatments, mechanical 

deformation, and phase transformations. These stresses affect material performance, including fatigue 

life, dimensional stability, and susceptibility to cracking and corrosion. [9] [10].  

Residual stresses arise primarily due to non-uniform plastic deformation, thermal gradients, and phase 

changes within a material. Mechanical processes such as machining and rolling introduce plastic 

deformation gradients. When different regions of a material deform unevenly, internal stresses 
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develop to maintain equilibrium [11]. Residual stress can also be intentionally introduced through 

surface treatments to improve fatigue resistance [5]. Welding leads to significant RS development [4], 

which may reduce fatigue life and increase susceptibility to cracking or distortion [12]. Thermal 

gradients during manufacturing processes are a major source of residual stress. Rapid heating and 

cooling create differential expansion and contraction within the material. Regions that cool faster tend 

to contract more, leading to tensile stresses, while slower-cooling regions may develop compressive 

stresses [13]. 

Phase transformations, particularly in steels and alloys, can result in volumetric changes that generate 

residual stresses. For example, the transformation from austenite to martensite induces internal stress 

fields [14]. The interaction between thermal and transformation-induced strains further complicates 

stress distribution [15]. 

Residual stresses are typically categorised based on their scale [11]: 

Type I (Macroscopic): Stresses that act over large distances, often across entire components. 

Type II (Microstructural): Stresses between grains or phases within a material. 

Type III (Microscopic): Stresses at the atomic or lattice scale, often associated with defects 

such as dislocations. 

The scale of residual stress is important for measurement because different techniques respond to 

different physical quantities and sampling volumes. In welded and additively manufactured 

components, the stress field may vary with position, depth, and microstructural condition, so the 

sampled region must be defined when measurements are compared. 

2.1.2. Measurement of residual stress 

Residual stress can be measured using destructive, semi-destructive, and non-destructive techniques. 

Incremental hole drilling provides semi-destructive near-surface stress information [16], and the 

contour method provides a destructive route to section-based stress reconstruction [17]. X-ray 

diffraction and neutron diffraction determine lattice strain and convert it to stress using an appropriate 

stress-free reference [18] [19]. Ultrasonic methods use stress-sensitive changes in wave velocity or 

time of flight [20].  

Several residual stress measurement techniques are relevant to the wider literature, including hole 

drilling, contour measurement, X-ray diffraction, neutron diffraction, and ultrasonic methods. The 

comparison in this thesis focuses on HD and ND because these provide the independent datasets used 

to assess PAURS. Error! Reference source not found. summarises the measurement basis, strengths, and l

imitations of the methods used directly in the PAURS comparison. 
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Table 1: Comparison basis for residual stress methods used in the PAURS assessment. 

Method Measurement 

basis 

Sampled 

region in this 

thesis 

Reference and 

repeat basis 

Main limitations for 

PAURS 

comparison/uncertainty 

Role in this 

thesis 

Incremental 

hole drilling 

Strain relief 

during 

incremental 

material 

removal, 

converted to 

residual stress 

using 

standardised 

analysis 

Up to 1.1 

mm 

subsurface, 

on Sample 

#1. 

Longitudinal 

stress used 

for 

comparison 

with PAURS 

Same-

specimen 

comparison. 

Measurements 

performed at 

defined 

locations 

relative to the 

weld centre 

Reported uncertainty 

approximately ±60 

MPa at ≤200 µm, ±11 

MPa at ~500 µm, and 

±24 MPa at the final 

reported depth. 

Additional sensitivity 

to drilling, strain-gauge 

bonding and surface 

preparation 

Provides the 

closest same-

specimen 

near-surface 

comparison 

for PAURS 

Neutron 

diffraction 

Lattice-strain 

measurement 

within a 

defined gauge 

volume, 

converted to 

stress using a 

stress-free 

reference 

2 x 2 x 2 

mm3
 

measurement 

volume at 2, 

7, 10, and 13 

mm on the 

nominally 

identical 

Sample #2. 

Longitudinal 

stress used 

for 

comparison 

with PAURS 

Replicate-

specimen 

comparison; 

α-Fe (211) 

reflection 

using a stress-

free reference 

Finite gauge-volume 

averaging, 𝑑0reference 

uncertainty and use of 

a nominally identical 

rather than the same 

specimen limit direct 

pointwise comparison 

Provides 

independent 

depth-

resolved 

comparison 

evidence 

from a 

replicate 

welded 

specimen 

Ultrasonic 

LCR / 

PAURS 

Stress-

sensitive 

ultrasonic 

velocity or 

ToF change, 

converted to 

stress using 

acoustoelastic 

calibration 

and reference 

condition 

Longitudinal 

stress parallel 

to the LCR 

propagation 

direction on 

Sample #1; 

near-surface 

path-

weighted 

measurement 

at 1.2 mm 

depth 

Stress-free 

reference ToF 

required for 

corresponding 

acoustic 

paths; FMC 

provides 

multiple Tx–

Rx 

measurements 

for path 

comparison 

and averaging 

Calibration and 

reference-ToF 

uncertainty; 

coupling/wedge 

contact; temperature; 

surface geometry; path 

selection; 

microstructure/material 

state. FMC path 

consistency indicates 

precision but does not 

remove common-mode 

bias 

Main method 

developed in 

this thesis for 

near-surface 

welded RS 

assessment 

 

The table is used here to discuss the comparison basis rather than to rank the techniques. HD, ND, and 

PAURS obtain residual stress information through different physical quantities and sampling regions, 

so agreement is interpreted in terms of trend, approximate magnitude, and consistency with the 

expected stress field. 

Incremental hole drilling is widely used as a near-surface residual stress comparison method [21] [22] 

because it is standardised [23] and can be applied locally to engineering specimens. The method 

calculates stress from strain relief during controlled material removal, usually using a bonded strain-
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gauge rosette. Its main limitations are that it is semi-destructive, sensitive to surface preparation and 

drilling procedure, and subject to higher uncertainty in the earliest near-surface increments. 

Neutron diffraction provides an independent diffraction-based route to residual stress measurement by 

determining lattice strain within a defined gauge volume [24] [25] [26]. Its main advantages are 

penetration depth and depth-resolved measurement capability [27] [28]. However, ND requires 

specialist facility access, a suitable stress-free lattice reference, and interpretation of a finite gauge 

volume rather than a single point value [29]. It is highly valuable for method development and 

comparison, but less suitable for routine deployable inspection [30] [31]. 

For PAURS, this creates two practical requirements: independent comparison is needed, and 

agreement must be interpreted through the measurement basis of each technique. Here, HD and ND 

provide this independent comparison. HD gives the closest same-specimen near-surface comparison, 

while ND gives depth-resolved lattice-strain evidence from a replicate specimen.  

2.2. Bolted connections as a controlled-stress benchmark 

Bolted connections are widely used in offshore wind, tidal energy, and other fatigue-critical 

engineering structures where preload loss, embedded defects, thread damage, and uneven seating can 

reduce structural reliability [32] [33] [34]. In offshore wind foundations, bolted flange connections are 

particularly important because they transfer large cyclic loads between major structural sections and 

are subject to demanding inspection [35] [36] and maintenance requirements [37] [38].  

In a tightened bolt, preload produces an axial stress state that can be assessed mechanically, 

numerically, or ultrasonically. Previous studies have demonstrated several ultrasonic routes for bolt-

preload assessment, including guided waves [39], echo-based measurements [40], energy-ratio 

methods [41], and finite-element-supported interpretation [42]. These studies demonstrate that 

ultrasonic measurements can provide a measurable response to changes in bolt preload, although the 

measured quantity and calibration procedure vary between approaches. This provides the basis for 

using the bolt as a controlled-stress case in this thesis, where the emphasis is placed on ToF 

sensitivity, repeatability and the behaviour of individual phased-array acoustic paths. For this thesis, 

the important feature of a bolted connection is that the applied stress can be imposed and monitored 

more directly than in a welded residual stress field. This makes the bolted connection a useful, 

controlled case for assessing whether changes in ultrasonic time of flight are repeatable, stress-

sensitive and consistent with an independently estimated loading condition.  

Phased-array ultrasonic testing provides additional value in this context because it can combine stress-

sensitive measurement with defect-aware inspection. Javadi et al. proposed a phased-array 

methodology for bolt inspection, showing that multiple acoustic paths can be used to assess the bolt 

volume and support stress evaluation, and related manual implementations have also been reported 
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[3], [2]. Related phased-array and ultrasonic inspection studies have also considered single-sided 

inspection access [43], material and interface effects [44], dissimilar or layered joints [45], defect 

characterisation [46], and reflected-wave velocity measurement [47]. These studies support the use of 

phased-array data for defect detection and for identifying acoustic paths suitable for stress-sensitive 

interpretation. Collectively, they show that phased-array acquisition can provide information from 

different regions of the inspected volume and that individual acoustic paths may respond differently to 

local inspection conditions. This is relevant to stress measurement because disagreement between 

paths can provide additional evidence of measurement quality before the responses are combined into 

a stress estimate, which is addressed through the path selection capabilities proposed here. 

Certain phased-array capabilities, including two-dimensional arrays [48], advanced signal processing 

[49], Full Matrix Capture [50], Total Focussing Method [51], and phase-coherence methods [52], have 

improved inspection coverage, imaging performance, and signal interpretation [53]. Of these 

developments, FMC is particularly relevant to the measurement approach developed here because the 

individual transmitter–receiver signals remain available for subsequent analysis. The resulting path set 

can be used to compare responses across the aperture, identify inconsistent measurements and 

quantify path-wise variation in addition to calculating an averaged response. 

Bolted connections provide a controlled loading condition in which preload-sensitive ToF 

measurements can be assessed against an independently monitored applied load and a model-assisted 

estimate of stress within the inspected region. Existing ultrasonic bolt-preload studies demonstrate 

stress sensitivity, and phased-array studies demonstrate improved inspection coverage and defect-

aware path selection. Bolted connections have been less widely used as a transferable benchmark for 

evaluating how preload-sensitive ToF measurements are affected by calibration, repeatability, and 

disrupted acoustic paths. This makes the bolt study a useful benchmark before PAURS is applied to 

welded residual stress fields, where the stress state is less controlled. In the bolt benchmark developed 

in this thesis, the applied preload defines the controlled mechanical input. The corresponding axial 

stress is obtained from finite element analysis and averaged over the inspected region to provide the 

comparator for the path-averaged ultrasonic stress estimate. The resulting comparison therefore 

includes uncertainty associated with the mechanical loading measurement, FE representation and 

spatial averaging, alongside uncertainty within the ultrasonic measurement chain. The mechanical 

loading quantity, FE averaging procedure and associated uncertainties are defined in Chapter 4. 

2.3. Acoustoelasticity and residual stress 

Ultrasonic RS measurement is based on the acoustoelastic effect, where stress-induced changes in 

elastic wave velocity are detected through changes in time of flight. For near-surface stress 

assessment, the Longitudinal Critically Refracted (LCR) wave technique is widely used in Single 

Element Ultrasonic Residual Stress (SEURS) measurement [54], [55], because it propagates 
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approximately parallel to the surface [56] [57] [58]  and is highly sensitive to stress-induced velocity 

change [59] [21] [6]. These methods depend on detecting variations in ultrasonic time of flight, which 

are related to stress-dependent changes in elastic wave velocity through the acoustoelastic effect [3] 

[60] [61]. Achieving high measurement precision is essential, particularly in applications involving 

fatigue-critical components, such as those found in the aerospace and nuclear industries [62]. The 

literature therefore establishes LCR ToF as a viable stress-sensitive observable, but its practical use 

depends on resolving small timing changes consistently. Variations in coupling, temperature, surface 

condition and material state can also alter the measured ultrasonic response, making measurement 

control and independent comparison important when ToF changes are converted to residual stress. 

Although single-element LCR methods are well established, phased-array implementations remain 

less developed. Javadi et al. [63] showed that the use of multiple elements can improve the amount of 

stress-sensitive data available from a single scan, allowing results to be averaged across many element 

combinations rather than relying on a small number of conventional single-element paths. 

Walker et al. [6] highlighted the importance of comparison with independent measurement techniques 

in ultrasonic RS measurement, due to the inherent strengths and limitations of each method. Prior 

phased-array residual stress studies have relied on established residual stress techniques, including 

contour measurement, HD, XRD, or ND, to assess whether ultrasonic stress trends are physically 

credible [64]. This demonstrates the benefit of increasing the number of stress-sensitive measurements 

available from a single inspection. The remaining question addressed in this thesis is how the 

additional acoustic paths can also be used to assess measurement consistency and identify conditions 

in which an averaged stress value may be unreliable. 

A key limitation is that the stress-sensitive timing changes are small. Nanosecond-scale ToF shifts can 

correspond to stress changes of practical significance, so temperature variation, couplant thickness, 

and surface geometry can introduce stress-equivalent error if they are not controlled or accounted for 

[3]. Coupling and contact conditions are recognised sources of uncertainty in ultrasonic time-of-flight 

and amplitude measurement. Earlier analytical work established the theoretical basis for wave 

transmission across imperfect interfaces [65] and through couplant layers [66] [67], while 

experimental studies have shown that variation in couplant thickness can produce measurable changes 

in the received ultrasonic response [68]. These effects are important for LCR measurement because 

changes introduced at the inspection interface can affect the timing or amplitude of the received wave 

independently of the stress state.  

Temperature represents a separate source of ToF variation from the coupling effects investigated 

experimentally in this thesis. A sufficiently resolved record of laboratory and specimen temperature 

was not retained during the PAURS experimental programme to establish a study-specific ToF–

temperature sensitivity or apply a retrospective temperature correction. Temperature is therefore 
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retained as an unquantified contribution to the PAURS measurement uncertainty. The couplant 

investigation presented in Chapters 4 and 5 is interpreted specifically as an assessment of coupling-

layer-induced timing variation under the tested laboratory conditions. 

Ultrasonic wave simulation provides a route for assessing coupling-layer effects where interface 

geometry or local thickness variation is difficult to control experimentally. Time-domain modelling 

has been used to investigate ultrasonic propagation in complex media [69] [70]. K-Wave based 

approaches have also been applied to the simulation of ultrasonic wave propagation and interaction 

[71] [72]. These studies support the use of numerical modelling as part of the uncertainty assessment 

for PA-LCR measurement, while the specific gel-thickness model, parameter sweep and ToF-error 

analysis used in this thesis are presented in Chapter 4. 

Numerical studies of layered interfaces have demonstrated changes in ultrasonic transmission 

associated with the properties of the intermediate layer [73] [74]. Surface contact and coupling 

conditions have also been shown to affect the resulting wave response [75] [76]. These effects become 

significant when small timing differences are used for stress-sensitive measurements. For PA-LCR 

residual stress measurement, an interface-induced timing shift may consequently be converted into 

apparent stress through the acoustoelastic calculation.  

These effects make the interpretation of LCR timing changes as important as their detection. LCR ToF 

is stress-sensitive, but comparable timing changes can arise from the aforementioned sources of 

experimental error. This is a particular limitation for conventional single-element LCR measurements, 

where only a small number of paths are available to test whether the measured response is consistent 

across the inspection aperture.  

A key gap addressed by this thesis is the limited internal measurement evidence currently available for 

deciding when an LCR timing change should support stress calculation and when it should be treated 

as uncertain or unsuitable. This motivates the FMC-based PA-LCR approach developed in this thesis, 

where multiple transmitter–receiver paths support measurement-quality assessment, compensation, 

and averaging during the RS extraction process. 

2.4. Microstructure and PAURS+ 

The mechanical performance of engineering alloys is strongly affected by microstructure, including 

grain size, morphology, and crystallographic texture. Conventional characterisation methods, 

including optical microscopy, EBSD, and diffraction-based techniques, provide high-resolution 

microstructural or crystallographic information, but they are generally slow, localised, sample-

preparation dependent, or difficult to integrate into large-area and process-adjacent inspection. This is 

relevant to additive and solid-state deposition processes such as WAAM and AFSD, where grain 

morphology, texture, and residual stress can vary spatially across deposited and substrate regions.  
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Ultrasonic methods provide a non-destructive route for assessing microstructure because wave 

propagation is affected by scattering and attenuation [77], as well as velocity, frequency content, and 

anisotropy [78]. Previous studies have linked attenuation to grain size [79] [80], while backscatter and 

other quantitative ultrasonic descriptors have been investigated as measures of microstructural 

condition [81] [82]. Grain morphology and crystallographic texture can also introduce directional 

dependence into the ultrasonic response. This has been observed through scattering and spectral 

behaviour [83] [84], and through velocity anisotropy and azimuthal time-of-flight measurements [85] 

[86]. Nonlinear ultrasonic methods have also been used to examine dislocation-related effects [87].  

Together, this literature shows that microstructure can alter several ultrasonic observables that may 

otherwise be interpreted as stress- or measurement-related changes. In the PA-LCR context, this 

distinction matters because LCR ToF is primarily used for acoustoelastic stress assessment. 

Attenuation and amplitude loss have separately been associated with microstructure-dependent 

scattering behaviour [88] [89] , while backscatter and frequency-domain changes provide further 

microstructure-sensitive information [90] [91].  

This observable-level separation is important for microstructure-aware RS measurement because it 

provides a way to interpret the same ultrasonic acquisition without treating all signal changes as 

stress-induced. In the work demonstrated in this thesis, PAURS+ uses amplitude- and attenuation-

related PA-LCR responses as descriptors of near-surface microstructural condition. EBSD-informed 

simulation is used to establish the expected response to contrasting grain structures, and robotic 

angular measurements are used to assess whether the resulting directional response remains detectable 

experimentally. 

The demonstrated scope of PAURS+ is therefore microstructure-sensitive characterisation. The 

longer-term objective is to combine complementary observables such that the ToF – based PAURS 

stress measurement can be interpreted alongside microstructural information based upon the 

amplitude – related information obtained during the same inspection. Quantitative separation of stress 

and texture, and recovery of crystallographic texture directly from PA-LCR measurements, remain 

future development requirements.  

The underlying elements of the methodology are not all new individually. Acoustoelastic calibration, 

LCR-based stress measurement, phased-array acquisition, FMC, and comparison with established 

residual-stress techniques have all been reported previously in the literature and in earlier work from 

the research group. The contribution of this thesis is in how these elements are developed and 

combined into a staged PAURS measurement framework. The bolt study is used to establish the 

calibration procedure, stress-sensitive ToF extraction and path-wise quality assessment under a 

controlled loading condition before transfer to welded residual stress measurement. For PAURS, FMC 

is used not only to increase the number of available measurements, but to retain and compare 
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individual transmitter–receiver paths as an internal measurement-quality indicator before averaging. 

Couplant-induced timing error is then treated explicitly through simulation and controlled 

experiments, with adjacent-receiver ToF subtraction developed and evaluated as a compensation 

method for the PA-LCR configuration. Hole drilling and neutron diffraction are not introduced as new 

comparison techniques; their role here is to provide independent, measurement-specific evidence 

against which the limits of the PAURS result can be assessed. Finally, PAURS+ extends the same PA-

LCR platform to angular amplitude- and attenuation-related measurements, supported by EBSD-

informed simulation and robotic rotation, as a near-surface microstructure-sensitive characterisation 

method. Simultaneous quantitative separation of residual stress and crystallographic texture is not 

demonstrated and remains a future objective. 

2.5. Identified Research Gaps 

The literature reviewed in this chapter identifies several linked measurement gaps addressed by the 

experimental programme in this thesis. First, conventional single element LCR residual-stress 

measurements provide limited internal evidence for determining whether a measured ToF change is 

consistent across the inspection aperture. Phased-array acquisition provides additional acoustic paths, 

but their use as path-wise measurement-quality evidence, alongside averaging and stress calculation, 

requires further development for near-surface residual-stress measurement. 

Second, the nanosecond-scale timing changes used for acoustoelastic stress calculation are sensitive to 

inspection-interface conditions. Couplant-layer variation can introduce ToF changes independently of 

material stress, and a practical basis is required for quantifying this contribution and assessing 

whether phased-array path information can reduce its effect. 

Third, comparison of ultrasonic residual-stress measurements with established techniques requires 

explicit treatment of differences in measurement principle, sampling depth, gauge volume and 

reference state. A measurement framework is therefore required that uses independent methods as 

method-specific comparators and retains the limitations associated with each comparison. 

Finally, the literature shows that grain morphology, crystallographic texture and associated elastic 

anisotropy can influence ultrasonic velocity, amplitude, attenuation and directional response. These 

effects create uncertainty when ultrasonic changes are interpreted solely through an acoustoelastic 

stress model. The corresponding PAURS+ knowledge gap considered in this thesis is whether angular 

amplitude- and attenuation-related PA-LCR measurements can provide a repeatable near-surface 

indicator of contrasting microstructural conditions using the same general phased-array platform used 

for residual-stress measurement. This is investigated using EBSD-defined microstructural regions, 

microstructure-informed simulation and robotic angular measurements. Quantitative separation of 
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residual stress and crystallographic texture is outside the demonstrated scope and remains a 

subsequent development requirement. 

These gaps define the measurement theory developed in Chapter 3 and the staged experimental 

programme presented in Chapters 4 and 5. 
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3. Measurement theory and model 

3.1. Measurement-model foundation and assumptions 

This chapter defines the theoretical basis used for the stress and microstructure-sensitive 

investigations presented later in the thesis. The phased-array ultrasonic methods developed here are 

based on the measurement of repeatable signal features. Stress calculations use ToF change relative to 

a reference condition, while PAURS+ uses amplitude change, attenuation-related response and 

angular variation as microstructure-sensitive descriptors. These features are extracted from phased-

array A-scans and are then used in the calculation or characterisation procedure appropriate to each 

part of the thesis. 

In the bolt and PAURS studies, stress is calculated from ultrasonic time-of-flight change using the 

acoustoelastic relationship. This requires an experimentally determined acoustoelastic constant, a 

reference time of flight from a stress-free sample, an identified LCR or backwall arrival, and a defined 

set of acoustic paths. The calculated stress is dependent on both the underlying acoustoelastic 

response of the material and the stability of the measurement procedure used to obtain the time-of-

flight value. 

In PAURS+, the same PA-LCR measurement platform is used to derive amplitude and attenuation-

related descriptors. These descriptors are used to characterise microstructure-sensitive ultrasonic 

behaviour, particularly differences associated with equiaxed and elongated grain structures and with 

angular variation in the LCR response. Within the scope of this thesis, PAURS+ is evaluated as a 

microstructure-sensitive indicator based on angular amplitude and attenuation-related response. The 

Al7075 investigation tests whether these observables differ between the EBSD-defined equiaxed 

deposited region and the elongated-grain substrate, and whether corresponding angular features are 

reproduced in simulation and robotic measurements. Quantitative separation of residual stress and 

crystallographic texture was not tested. PAURS+ is therefore interpreted as evidence of 

microstructure-sensitive angular behaviour and does not provide a quantitative texture measurement 

or a correction for microstructural contributions to PAURS stress calculations. 

Overall, the measurement model follows the same general sequence: acquisition of an ultrasonic 

signal, extraction of a repeatable feature, processing across multiple acoustic paths, and use of this 

processed feature for stress calculation, measurement-quality assessment, or microstructure-sensitive 

characterisation. 
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Figure 2: PA-LCR time-of-flight extraction and stress-calculation workflow. The input A-scan is windowed around the LCR 

arrival, a repeatable timing feature is selected, and the resulting ToF change is converted to a stress value using the 

calibrated acoustoelastic relationship. [4] 

For the PAURS measurements, the second zero crossing within the identified LCR arrival was used 

consistently as the ToF timing feature for the calibration and welded-plate measurements. The 

retained experimental record does not contain a separate fixed-position repeat series or controlled lift-

and-reseat series from which the repeatability of this timing feature can be quantified independently. A 

mean repeatability error, standard deviation, 95% interval and corresponding apparent-stress floor 

therefore cannot be reconstructed retrospectively. The standard deviation between FMC acoustic paths 

reported later in the thesis is a measure of path-wise consistency. 

The LCR response was identified within a gated time region and a MATLAB algorithm applied the 

zero-crossing selection consistently across the compared measurements. Numerical gate limits were 

based upon the material and were applied as 8 µs and 9 µs in S275 Steel and 7 µs and 8 µs in AL7075. 

The interpolation procedure used between sampled points was the interp1 function in MATLAB. The 

explicit zero-crossing polarity was obtained using a Boolean function combined with a findpeaks 

function in MATLAB, counting the number of times a wave crossed the x axis significantly. These 

items, together with fixed-position and reseating repeatability, are therefore used as requirements for 
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measurement qualification. Stress conversion is based on the experimentally determined 

acoustoelastic calibration described in Sections 4.2.5 and 5.2.1. 

The workflow in Figure 2 defines the measurement sequence used throughout the thesis. Path 

retention requires an identifiable and stable ultrasonic arrival, sufficient signal quality for consistent 

timing-feature extraction, and no clear evidence of disrupted coupling or physically inconsistent path 

behaviour. Standard deviation across the retained paths is subsequently used as the principal internal 

path-consistency statistic. Numerical acceptance thresholds for these quantities were not specified 

prospectively during the experimental programme, so the available path-selection procedure should be 

interpreted as a measurement-quality framework. Prespecified numerical thresholds, together with 

fixed-position and reseating repeatability limits, are required for subsequent qualification and transfer 

of the procedure. 

For bolted connection measurements, the stress calculation is more directly constrained, because the 

applied load is controlled and can be compared with mechanical loading data and finite element 

analysis. For RS measurement using PAURS, the LCR wave is treated as a near-surface longitudinal 

wave whose velocity is stress-sensitive through the acoustoelastic effect. In the PAURS+ method, the 

extracted amplitude and attenuation-related descriptors are used to assess whether the PA-LCR 

response changes with microstructural condition and inspection angle.  

Full Matrix Capture (FMC) is used to increase the number of available transmitter–receiver paths. For 

an array with 𝑛 elements, FMC provides up to 𝑛2 acoustic paths. In practice, these paths are used for 

averaging, path comparison, compensation, and measurement-quality assessment. Not every path is 

necessarily suitable for calculation, so path selection and rejection form part of the measurement 

procedure. 

3.2. Residual stress quantities used in the measurement model 

Residual stress is the stress that remains in a material after external loads have been removed. It is 

formed when non-elastic strains are introduced into a material and are prevented from relaxing freely. 

In welded and additively manufactured components, this commonly occurs through localised heating 

and cooling, plastic deformation, phase change, and mechanical constraint. Having reviewed these 

formation methods in Chapter 2, this section defines the stress and strain quantities required for the 

ultrasonic stress calculations used later in the thesis.  

Residual stress may be described through the decomposition of total strain into elastic and non-elastic 

components. The total strain is expressed as shown in Equation 1 [14]: 

ε = εe + εp + εth + εtr + εtp (1) 
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where ε is the total strain, εe is the elastic strain, εp the plastic strain, and εth the thermal strain. These 

are the main strains that are considered in this thesis. The remaining two (metallurgical (εtr) and 

transformation-induced plasticity (εtp)) are caused by solid-state phase transformations (SSPTs) 

during welding. Each component here is considered as a second-order symmetric tensor (𝜀𝑖𝑗 = 𝜀𝑗𝑖). 

This provides a convenient framework wherein all non-elastic contributions may be treated as 

eigenstrains, which do not generate stress when they can develop freely and compatibly, but spatially 

incompatible or constrained eigenstrains require an elastic response and can therefore produce 

residual stress. 

The elastic strain is related to the stress tensor 𝜎 through the generalised Hooke’s law: 

𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙𝜀𝑘𝑙
𝑒 (2) 

where 𝐶𝑖𝑗𝑘𝑙 is the fourth order elastic tensor, 𝜎𝑖𝑗 the components of the stress tensor, and 𝜀𝑘𝑙
𝑒  the 

components of the elastic strain tensor. For isotropic materials, this reduces to 

𝜀𝑖𝑗
𝑒 =

1 + 𝜈

𝐸
𝜎𝑖𝑗 −

𝜈

𝐸
𝜎𝑘𝑘𝛿𝑖𝑗 (3) 

where E is the Young’s Modulus, 𝜈 the Poisson’s Ratio, 𝜎𝑘𝑘 denotes the trace of the stress tensor, such 

that 𝜎𝑘𝑘 =  𝜎11 + 𝜎22+𝜎33, and 𝛿𝑖𝑗 is the Kronecker delta.  

Plastic deformation introduces permanent, path-dependent strain that can become incompatible when 

deformation is non-uniform or constrained. For isotropic metals, the von Mises yield criterion is 

typically used: 

𝑓(𝜎) = √
3

2
𝑠𝑖𝑗𝑠𝑖𝑗 − 𝜎𝑦 ≤ 0 (4) 

where 𝑠 is the deviatoric stress tensor, 𝑓(𝜎) is the Von Mises yield function, and 𝜎𝑦 the yield stress. 

The associated flow rule gives 

 𝜀𝑖̇𝑗
𝑝

= Λ̇
𝜕𝑓

𝜕𝜎𝑖𝑗
 (5) 

where Λ̇ is a plastic multiplier determined from consistency conditions. Plastic strain is a primary 

source of residual stress, particularly in processes involving non-uniform deformation such as forming 

or welding. 

Thermal strain arises from temperature variations and is governed by the coefficient of thermal 

expansion 𝛼𝑇. For isotropic materials:  

𝜀𝑖𝑗
𝑡ℎ = 𝛼𝑇Δ𝑇𝛿𝑖𝑗 (6) 
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where Δ𝑇 is the temperature change relative to a stress-free reference state and 𝛿𝑖𝑗 is again the 

Kronecker delta. In an unconstrained body, thermal strain can occur without generating stress. 

Residual stress develops when spatial temperature gradients, material constraint, or incompatible 

deformation prevent free expansion and contraction. 

In the materials and experiments considered, residual stress is treated as arising primarily from 

constrained plastic and thermal strains. The phase-transformation terms are retained in Equation 1 for 

completeness, but they are not treated as significant contributors in the experimental cases examined 

here, as the dominant contributions to the final residual stress values are assumed to be the elastic, 

plastic, and thermal components. This is considered a valid assumption as only overall residual stress 

is measured, but the individual contributing factors to these values cannot be decomposed using the 

measurement techniques discussed in this thesis. Equation 1 can then be approximated as: 

𝜀 = 𝜀𝑒 + 𝜀𝑝 + 𝜀𝑡ℎ (7) 

Following this, the non-elastic strain terms may be grouped into an eigenstrain tensor, such that 

𝜀∗ = 𝜀𝑝 + 𝜀𝑡ℎ (8) 

where 𝜀∗ is the non-elastic eigenstrain tensor and all strain quantities are dimensionless. The 

elastic strain is therefore 𝜀𝑒 = 𝜀 − 𝜀∗, giving the residual-stress field as 

𝜎𝑟𝑠 = 𝐶: 𝜀𝑒 = 𝐶: (𝜀 − 𝜀∗) (9) 

where 𝜎𝑟𝑠 is the residual-stress tensor (MPa), 𝐶 is the fourth-order elastic stiffness tensor 

(Pa), and : denotes double tensor contraction. 

For a continuous displacement field, the total small-strain field is compatible and satisfies 

𝑖𝑛𝑐(𝜀) = 0. Using 𝜀𝑒 = 𝜀 − 𝜀∗, compatibility therefore requires 

𝑖𝑛𝑐(𝜀𝑒) = −𝑖𝑛𝑐(𝜀∗)  (10) 

Where the non-elastic eigenstrain is spatially incompatible, 𝑖𝑛𝑐(𝜀∗) ≠ 0, a corresponding 

elastic-strain field is required to maintain compatibility of the total deformation. Through 

Equation 9, this elastic strain produces residual stress. Here, 𝑖𝑛𝑐(⋅) denotes the tensor 

incompatibility operator, defined for a second-order tensor 𝐴  as 𝑖𝑛𝑐(𝐴) ≡ ∇ × (∇ × 𝐴𝑇)  

where (T) denotes tensor transpose. 

After removal of external loading, and neglecting body forces, the residual-stress field must 

satisfy static equilibrium, 

𝛻 · 𝜎𝑟𝑠 = 0 (11) 

where ∇· denotes the tensor divergence. Equations 8–11 therefore describe residual stress as 

the self-equilibrating elastic response to incompatible non-elastic strain. 
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3.3. Acoustoelasticity and PA-LCR stress calculation 

Ultrasonic stress measurement is founded on the principle of acoustoelasticity, which states that the 

velocity of an elastic wave changes with the stress state of the material. The RS quantities defined in 

Section 3.2 provide the mechanical stress field of interest, while the acoustoelastic relationship 

provides the link between this stress field and the ultrasonic time-of-flight measurements used in 

PAURS. 

A mathematical description of the acoustoelastic effect requires both second- and third-order elastic 

constants. The second-order constants describe the small-strain elastic response of the material, while 

the third-order constants describe the change in elastic stiffness with stress. An initial formulation is 

given by Abiza et al. [92]:   

𝐾3 = −
2𝜆(𝜆 + 2𝜇) + 𝜆𝐴 + 2(𝜆 −  𝜇)𝐵 − 2𝜇𝐶

𝜆 + 𝜇
(12) 

In this expression, 𝐾3 the third-order elastic combination, with units of GPa, while λ and μ are the 

second-order Lamé constants, defined in Equations 13 and 14. The terms A, B, and C correspond to 

the third-order Landau constants, as introduced by Landau and Lifshitz [93]. 

𝜆 =
𝐸𝜈

(1 + 𝜈)(1 − 2𝜈)
(13) 

μ =
𝐸

2(1 + ν)
(14) 

A, B, and C are equivalent to the Murnaghan third-order elastic constants [94], such that  

𝐴 = 𝑛, 𝐵 = 𝑚 −
𝑛

2
, 𝐶 = 𝑙 − 𝑚 −

𝑛

2
 

Where 𝑙, 𝑚, and 𝑛 are the Murnaghan third-order elastic constants. This allows Equation 12 to be 

rewritten: 

K3 = −
2𝜆(𝜆 + 2𝜇) + 𝜆𝑛 + 2(𝜆 −  𝜇) (𝑚 −

𝑛
2) − 2𝜇 (𝑙 − 𝑚 −

𝑛
2)

𝜆 + 𝜇
(15) 

Equations 12 and 15 describe a theoretical combination of second- and third-order elastic constants 

and are included to establish the higher-order elastic basis of acoustoelasticity. This quantity is 

denoted K3 here to distinguish it from the dimensionless acoustoelastic coefficient 𝐿 used in the 

experimental stress calculation. The complete set of higher-order elastic constants required to 

determine K3 was not measured for the specimens investigated in this thesis. Consequently, K3 is not 

used directly in the PAURS stress calculation. Instead, the stress sensitivity of the selected ultrasonic 

configuration was obtained experimentally through calibration, following the approach outlined by 
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Mohammadi et al. [95]. The resulting acoustoelastic constant is specific to the inspected material, 

hence the separate bolt and welded plate calibrations. 

PAURS uses longitudinal critically refracted waves because they provide a near-surface propagation 

mode with high sensitivity to stress-induced velocity change [59]. The LCR wave in the PAURS 

inspection process is generated using a specialised wedge following the methodology set out by Mills 

et al. [4]. The wedge ensures that the wave enters the sample under test at the critical angle, allowing 

propagation parallel to the surface. Using Snell’s law: 

𝑣𝑤

𝑣𝑚
=

𝑠𝑖𝑛𝜃𝑤

𝑠𝑖𝑛𝜃𝑐
(16) 

where 𝑣𝑚  and 𝑣𝑤 are the sound velocities in the material under inspection and the wedge respectively, 

and 𝜃𝑤 and 𝜃𝑐 the angle in the wedge and the critical angle respectively. To induce LCR wave 

propagation, the critical angle is taken as 90°, allowing the required wedge angle to be determined: 

𝜃𝑤 = sin−1 (
𝑣𝑤

𝑣𝑚
) (17) 

The sound velocities used for wedge-angle calculation were nominal design values for the 

corresponding wedge and specimen materials and were not independently measured for each 

specimen or corrected using a specimen-specific temperature measurement. The calculated angles 

therefore define the nominal design condition for LCR generation. The wedges were machined with 

±0.1° tolerance. 

Using the wedge and material longitudinal wave velocities for the PAURS study of 2730 m s⁻¹ and 

5790 m s⁻¹ respectively, the calculated wedge angle was 28.1°. For the gel-compensation experiments, 

the corresponding wedge and material velocities were 2360 m s⁻¹ and 5790 m s⁻¹, giving a wedge 

angle of 24.1°. For the PAURS+ microstructure inspection, wedge and material velocities of 2360 m 

s⁻¹ and 6280 m s⁻¹ were used, giving a wedge angle of 22.1°. These values define the nominal wedge-

angle conditions for LCR generation in the three PA-LCR configurations used in the thesis. The 

wedge design and LCR arrival are then checked through simulation and experiment to confirm that a 

usable, repeatable LCR response is obtained. For the experimental measurements, the wedge 

configuration was considered suitable when the expected near-surface LCR arrival could be identified 

consistently within the prescribed time gate and extracted using the same timing feature across the 

retained acoustic paths. This provides an experimental acceptance check on the nominal critical-angle 

design, although it does not constitute a direct measurement of the refracted angle. 

The stress calculation used in PAURS relates a change in LCR time of flight to a change in stress 

through the calibrated acoustoelastic relationship: 
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Δ𝜎 =
𝐸⋅Δ𝑡

𝐿⋅𝑡0
(18)

Here, Δ𝜎 is the stress change from the reference case, 𝐸 is the material’s Young’s modulus, 𝐿 the 

acoustoelastic constant, 𝑡0 the stress-free, reference ToF, and Δ𝑡 the difference between the ToF in the 

stressed zone of the material and that of the stress-free zone. It is important to note the sign 

convention in the calculated stress output: negative values indicate compression, while positive values 

indicate tension. The uncertainty in this thesis was estimated through consideration of experimental 

factors, rather than a formal covariance propagation.  

When FMC is used, the same relationship can be averaged across multiple transmitter–receiver paths: 

Δ𝜎̅̅̅̅ =
∑

𝐸⋅Δ𝑡

𝐿⋅𝑡0
(𝑖,𝑗)∈𝑁𝑅𝑒𝑡𝑎𝑖𝑛𝑒𝑑

𝑁𝑅𝑒𝑡𝑎𝑖𝑛𝑒𝑑
(19) 

where Δ𝜎̅̅ ̅̅  is the mean stress, Δ𝑡𝑖,𝑗 is the ToF from transmitter element 𝑖 to receiver element 𝑗, 𝑖 and 

𝑗 identify the corresponding transmitter and receiver elements, and 𝑁 is the number of elements. In 

this form, the time-of-flight differences are evaluated across every element pairing, with 𝑁𝑅𝑒𝑡𝑎𝑖𝑛𝑒𝑑 

representing the total number of retained acoustic paths after signal-quality and path-consistency 

screening, thereby improving the robustness of the stress measurement. 

Matched-index paths, 𝑇𝑖𝑅𝑖 , were included where they satisfied the same signal-quality and path-

consistency requirements as the remaining transmitter–receiver combinations. Since transmission and 

reception were performed using separate arrays, these represent valid pitch-catch paths between 

corresponding elements rather than self-transmit–receive measurements on a single array. 

The timing changes used for PAURS are small, typically on the order of nanoseconds. Javadi et al. 

reported that a 1 ns difference in time of flight can correspond to approximately 4 MPa of stress in 

steel specimens [3]. This relationship is used later to express timing errors as equivalent apparent 

stress errors where appropriate. Timing shifts of this magnitude can also be introduced by non-stress 

effects, including wedge alignment, surface condition, temperature, and couplant gel thickness. Of 

these contributions, couplant gel thickness is quantified experimentally in this thesis, while 

temperature remains an identified but unquantified source of systematic ToF variation for the PAURS 

measurements.  

Time-of-flight differences between adjacent receiver paths are used to reduce common wedge-delay 

and coupling-layer error contributions. This approach does not remove all coupling effects, 

particularly where wedge contact, local gel distribution, or surface geometry varies across the 

aperture, but it does significantly reduce the resulting uncertainty. For this reason, couplant gel 

thickness is treated later in this thesis as a specific source of timing error requiring simulation, 

experimental assessment, and compensation. 
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The LCR wave samples an effective near-surface region whose depth depends on the ultrasonic 

frequency, material and inspection configuration. Javadi et al. [21] determined LCR penetration depth 

experimentally by progressively increasing the depth of a machined slot until the LCR amplitude 

approached the noise level. For the AISI 304L stainless-steel configuration investigated in that study, 

penetration depths of approximately 5, 2, 1.5 and 1 mm were measured at nominal frequencies of 1, 2, 

4 and 5 MHz, respectively. Accordingly, penetration depth values are treated as configuration-specific 

effective sampling depths rather than predictions from a universal analytical relationship. For the 5 

MHz PAURS configuration used in this thesis, the effective near-surface sampling range is assessed 

experimentally in Section 4.2.4 using the notch-depth investigation. 

𝐷 = 𝑣𝑚 × 𝑓−0.96 (20) 

where 𝐷 is the estimated penetration depth in mm, 𝑣𝑚 is the material sound velocity in m s-1, and 𝑓 is 

the probe frequency in MHz. This depth estimate is important when PAURS is compared with hole 

drilling and neutron diffraction, as it determines the comparison basis between the three techniques. 

The PA-LCR stress calculation used in this thesis is a calibrated time-of-flight based method. Its 

reliability depends on the acoustoelastic calibration, the stability of wedge coupling, the clarity of the 

selected LCR arrival, and the material condition being inspected. However, the same PA-LCR 

acquisition also contains amplitude and path-dependent signal information, which then provide the 

basis for the microstructure-sensitive extension developed in Section 3.4. 

3.4. Microstructure and PAURS+ 

PAURS+ is used to describe the microstructure-sensitive extension of the PA-LCR measurement 

framework. In PAURS, the primary ultrasonic observable is LCR time-of-flight change, and residual 

stress is calculated using the calibrated acoustoelastic relationship. In PAURS+, the same PA-LCR 

acquisition is examined through additional observables: amplitude change and attenuation-related 

angular response, with frequency-dependent behaviour used to assess sensitivity. These features are 

treated as ultrasonic descriptors of microstructure-sensitive wave behaviour. 

This extension is required because residual stress and microstructure can both alter ultrasonic 

propagation. Residual stress changes LCR velocity through the acoustoelastic effect, while 

microstructure affects attenuation, amplitude, and frequency content through grain morphology, 

texture, elastic anisotropy, and local heterogeneity. The measurement problem is to identify which 

ultrasonic features are most suitable for stress calculation and which are more suitable for 

microstructure-sensitive characterisation. 

LCR ToF remains the stress-calculation observable used for PAURS, while PAURS+ focuses on 

amplitude change and attenuation-related angular behaviour. This division follows the observable-
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level logic that different signal features have different dominant physical sensitivities, even when they 

are extracted from the same phased-array LCR acquisition. 

Pulse-echo is not used as the primary PAURS+ measurement in this thesis; it is included here only to 

define attenuation in a familiar propagation geometry before adapting the same concept to near-

surface LCR paths. The pulse-echo reference case is shown schematically in Figure 3a. In this 

configuration, an ultrasonic pulse travels through the specimen thickness, reflects from the back wall, 

and returns to the probe. Successive backwall echoes correspond to repeated propagation through the 

same material thickness. The reduction in echo amplitude can therefore be used as an attenuation-

related measure, which for two successive backwall echoes can be written as: 

𝑎 =
20

2𝑙
log10 (

𝐴1

𝐴2
) (21) 

where 𝑎 is the attenuation coefficient in 𝑑𝐵 𝑚𝑚−1 , 𝐴1 and 𝐴2 are the amplitudes of two successive 

backwall echoes and 𝑙 is the specimen thickness in mm. The factor 2𝑙 accounts for the additional 

round-trip propagation distance between successive echoes. Where multiple echoes are available, the 

attenuation estimate can be averaged across successive echo pairs to reduce sensitivity to local noise 

and peak-picking error. This expression attributes the change in echo amplitude primarily to 

propagation through the additional material thickness. Its interpretation as a material attenuation 

coefficient assumes that the compared echoes experience equivalent or appropriately accounted for 

reflection and transmission conditions, constant instrument gain and transducer response, and 

equivalent beam-spread effects.  

This pulse-echo expression illustrates the basic attenuation principle: amplitude loss increases with 

propagation distance and may be influenced by scattering, absorption, grain morphology, texture, and 

elastic anisotropy. It is important to note that pulse-echo averages the response through the inspected 

thickness, whereas LCR propagates approximately parallel to the surface and samples a near-surface 

path. For this reason, pulse-echo attenuation is used here only to define the attenuation concept and 

provide comparison geometry. PAURS+ adapts this attenuation concept to directional LCR paths, 

where amplitude change is treated as an attenuation-related descriptor rather than an absolute 

attenuation coefficient. 

Within the wider ultrasonic observable framework, microstructural effects are commonly expressed 

through amplitude change. This is illustrated in Figure 3, where pulse-echo (Figure 3a) and LCR 

(Figure 3b) configurations are compared for equiaxed and columnar microstructures. In both cases, 

equiaxed grains produce lower amplitude change compared with columnar grains, consistent with 

reports in the literature [96], [97], [98]. This highlights the need for calibration, comparison with 

reference techniques such as EBSD, and the development of hybrid approaches that integrate 
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modelling and experiment to achieve accurate quantification. For clarity, the schematic examples are 

shown using two representative transmitter–receiver paths. 

 

Figure 3: Schematic comparison of amplitude change in equiaxed and columnar microstructures using (a) pulse-echo and 

(b) LCR ultrasonics. The schematic illustrates how microstructure can affect ultrasonic amplitude, providing the basis for 

the PAURS+ observable selection. 

For a single LCR path comparison, amplitude change can be defined between two transmitter–

receiver pairs as: 

𝛼 =

20 log10 (
𝐴𝑇𝑖𝑅𝑗

𝐴𝑇𝑚𝑅𝑛

)

𝑥
(22)

 

Where 𝛼 is the two-path attenuation-related amplitude-change coefficient, 𝐴𝑇𝑖𝑅𝑗
 and 𝐴𝑇𝑚𝑅𝑛

 are the 

measured LCR amplitudes for the paths from transmitter 𝑇𝑖 to receiver 𝑅𝑗 and transmitter 𝑇𝑚 to 

receiver 𝑅𝑛, respectively, and 𝑥 is the difference in LCR propagation distance between the two paths. 

The subscripts i and m identify transmitter elements, while j and n identify receiver elements. For a 

phased-array acquisition, this amplitude-change descriptor may be generalised as: 

𝛼𝑃𝐴,𝐿𝐶𝑅 =
1

𝑁𝑉𝑎𝑙𝑖𝑑
 ∑

20

𝑝
log10 (

𝐴𝑇𝑖𝑅𝑗

𝐴𝑇𝑖𝑅𝑗+1

)

(𝑖,𝑗)∈𝑁𝑉𝑎𝑙𝑖𝑑

(23)
 

where 𝛼𝑃𝐴,𝐿𝐶𝑅 is the phased-array LCR attenuation-related amplitude-change descriptor, 𝑁𝑉𝑎𝑙𝑖𝑑  is the 

number of retained adjacent-receiver comparisons, and 𝑝 is the array pitch. A comparison is retained 

only where both amplitudes required for the adjacent-path ratio provide a usable LCR response. If all 

adjacent-receiver comparisons are retained, 𝑁𝑉𝑎𝑙𝑖𝑑 = 𝑁𝑡𝑁𝑟 − 1. For the 8-element transmitter and 

receiver arrays used in the PA-LCR measurements, this gives a maximum of 56 adjacent-receiver 

comparisons.  

Each logarithmic amplitude ratio is normalised by the additional pitch-length propagation distance. 

When 𝑝 is expressed in mm, 𝛼𝑃𝐴,𝐿𝐶𝑅 is expressed in 𝑑𝐵 𝑚𝑚−1. The quantity is retained as an 
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attenuation-related amplitude-change descriptor because coupling, beam geometry, element response 

and other experimental factors may also contribute to the measured amplitude difference. 

In the simplified two-path case shown in Figure 3b, amplitude change is obtained by comparing the 

representative 𝑇1𝑅1and 𝑇2𝑅2paths, giving the simplified expression: 

𝛼2𝑒𝑙,𝐿𝐶𝑅 =
20

𝑝
log10 (

𝐴𝑇1𝑅1

𝐴𝑇2𝑅2

) (24) 

Where 𝛼2𝑒𝑙,𝐿𝐶𝑅 is the simplified two-path LCR amplitude-change descriptor, and 𝐴𝑇1𝑅1
 and 𝐴𝑇2𝑅2

 are 

the measured amplitudes of the two representative LCR paths shown in Figure 3b, which illustrates 

the expected increase in amplitude change for elongated or textured microstructures relative to more 

equiaxed microstructures. In this interpretation, the elongated or textured case produces a larger 

amplitude reduction between the two LCR paths because the wave interacts with a more directionally 

organised microstructure over the additional propagation distance. As only directly adjacent elements 

are considered, the LCR propagation distance only varies by one pitch value. 

The principle of directional LCR is illustrated in Figure 4, which contrasts two representative 

microstructures: a weakly textured or isotropic polycrystal and a strongly textured or elongated 

microstructure. In the isotropic case, the LCR wave encounters a statistically similar distribution of 

grain orientations as the wedge is rotated. In the textured case, the grain alignment produces direction-

dependent elastic and scattering behaviour. The surface-parallel LCR path is sensitive to the angle 

between the propagation direction and the dominant microstructural orientation. 

For a transmitter–receiver pair 𝑇𝑖𝑅𝑗rotated by an angle 𝜃, the received amplitude can be expressed as: 

𝐴𝑖𝑗(𝜃) = 𝐴0𝑒𝑥𝑝[−𝛽(𝜃)(𝑗 − 𝑖)𝑝] (25) 

where 𝐴𝑖𝑗(𝜃) is the received amplitude for the path from transmitter i to receiver j at rotation angle 𝜃, 

𝐴0 is the reference amplitude, 𝑝 is the array element pitch, and 𝛽(𝜃) is the effective exponential 

attenuation coefficient in direction 𝜃. 

The relevant PA-LCR observables can be separated by their main interpretation role. ToF is retained 

as the stress-calculation observable because it is directly linked to LCR velocity and the acoustoelastic 

relationship. Amplitude change and attenuation-related response are used as microstructure-sensitive 

observables because they are affected by scattering, grain morphology, and propagation direction. 

Frequency-domain behaviour provides an additional descriptor of microstructural interaction, since 

higher frequency components are preferentially attenuated when scattering and heterogeneity 

increase. These observables are used to assess angular microstructure-sensitive behaviour, not to 

calculate an absolute grain size or reconstruct full crystallographic texture. 
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Figure 4: Principle of directional LCR response in (a) randomly oriented or approximately isotropic microstructure and (b) 

approximately anisotropic microstructure.  

In an isotropic polycrystal, α(θ) is nearly independent of inspection angle. Amplitude ratios such as 

that defined in Equation 22 will remain essentially constant as the wedge is rotated, producing similar 

attenuation trends at 𝜃=0˚ and rotated orientations (Figure 4a). In a textured material, α(θ) varies 

significantly with propagation direction. The same amplitude ratios (Equation 25) then show 

pronounced angular dependence, with attenuation at 𝜃=0˚ differing strongly from that at a less 

preferred orientation (Figure 4b). 

As shown in Figure 4, a directionally uniform microstructure is expected to produce comparatively 

small angular variation in the attenuation-related response. A directionally organised grain 

morphology may produce a stronger angular dependence as the LCR propagation direction changes 

relative to the microstructure. The angular response is therefore used in this thesis as a microstructure-

sensitive descriptor.  

The equiaxed AFSD region is used as the experimental reference condition because both the AFSD 

and elongated substrate regions were inspected using the same PA-LCR wedge, probe arrangement, 

amplitude-extraction procedure, and robotic rotation method, with fixed gain throughout. The stronger 

angular response measured in the elongated substrate, together with the corresponding angular 

features in the EBSD-informed simulation, provides evidence that the response is sensitive to the 

underlying microstructure. 

The retained experimental programme did not include a separate isotropic calibration specimen or a 

dedicated repeated-rotation apparatus baseline. The AFSD-region measurement is consequently used 

as a comparative reference for the system response. Coupling variation, contact-force variation, 
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surface condition and robotic positioning remain additional contributors to the measured angular 

amplitude. 

When directional LCR is integrated with robotic manipulation, the wedge can be rotated 

automatically at fine angular steps (e.g. every 1° or less) over a full 360°, generating a continuous 

polar map of attenuation sensitivity. When combined with frequency variation to adjust penetration 

depth - for example Javadi et al [21] demonstrated that 1, 2, 4, and 5 MHz waves probe approximately 

5, 2, 1.5, and 1 mm depths in stainless steel, respectively. These values are configuration-specific and 

are used here only to illustrate the frequency dependence of the effective LCR sampling region. A 

future multi-frequency robotic PA-LCR implementation could potentially build a depth-indexed set of 

angular attenuation responses, providing a basis for microstructure-sensitive mapping over the 

effective LCR sampling region. The investigation presented here demonstrates the first stage of this 

concept through near-surface, EBSD-validated angular PA-LCR measurements. 

The stress-sensitive and microstructure-sensitive interpretations described in Sections 3.3 and 3.4 both 

depend on the reliability of the underlying phased-array acquisition. The role of FMC, path selection, 

averaging, and measurement-quality assessment is considered next. 

3.5. Phased-array acquisition, FMC, and measurement quality 

The phased-array measurements used in this thesis are based on the acquisition and processing of 

multiple A-scans from a single probe position. In Full Matrix Capture, each array element is fired 

sequentially while the remaining elements record the received response, producing multiple 

transmitter–receiver paths for each inspection location. These paths both increase the number of 

measurements taken and provide a basis for path comparison, compensation, averaging, and 

measurement-quality assessment. 

For stress calculation, ToF is extracted from the selected backwall or LCR arrival using a consistent 

timing feature. In the bolt measurements this is obtained from backwall reflections, while in PAURS it 

is extracted from the gated LCR response. The retained paths must give a repeatable arrival and a 

physically consistent ToF response before they are used in the calculated stress output. 

The phased-array dataset therefore provides both a calculated value and a measure of confidence in 

that value. Paths with poor signal-to-noise ratio, inconsistent arrival behaviour or disrupted coupling 

can be excluded before averaging. The standard deviation across retained paths is used as a practical 

indicator of path-wise consistency: Low standard deviation indicates that the selected paths give 

similar timing or amplitude responses under the applied processing conditions, while high standard 

deviation indicates that the result may be affected by path- or inspection-dependent effects. This is 

particularly important in the bolt work, where asymmetric ToF distributions may indicate uneven 
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seating or local stress concentration, and in the welded-plate measurements, where weld-centre 

geometry can disrupt the LCR response. 

FMC also supports compensation strategies. In the PAURS gel-thickness study, adjacent-receiver 

subtraction and multi-path averaging are used to significantly reduce timing errors associated with 

couplant-layer variation. For PAURS+, the same multi-path principle is applied to amplitude change 

and attenuation-related descriptors, allowing angular microstructure-sensitive behaviour to be 

assessed across different propagation paths. 

The main value of FMC in this thesis is therefore not simply that more A-scans are acquired. It is that 

individual acoustic paths can be compared before an averaged output is accepted, providing the basis 

for compensation and measurement-quality assessment. FMC cannot remove systematic error by 

itself; and wedge–specimen interface effects, surface geometry, and reference-state assumptions can 

still bias the result. Where calibration is valid, the selected arrival is stable, and the paths are 

consistent, the result is assigned higher confidence, while if these conditions are only partly satisfied, 

the result is interpreted with lower confidence. If the LCR arrival is unreliable or the reference feature 

condition is physically inappropriate, the measurement is rejected or repeated. 

3.6. Chapter Summary 

The chapter establishes the mechanical and ultrasonic basis for interpreting the later measurements: 

residual stress is treated as the elastic response to constrained non-elastic strain, while phased array 

stress calculation relies on calibrated ToF change from the stable arrival of a consistent ultrasonic 

feature. This calculation requires a stress-free reference time of flight, known material properties, and 

an experimentally determined acoustoelastic constant. The bolt study uses a single phased-array probe 

in pulse-echo configuration to obtain a stress value from a repeated backwall echo, while the LCR 

configuration provides the near-surface propagation mode used for the PAURS stress calculation. 

The PAURS+ section discusses the microstructure-sensitive extension of the same PA-LCR basis. 

Amplitude change and attenuation-related angular response were identified as the main descriptors 

used to compare equiaxed and elongated grain structures, with frequency-dependent behaviour used to 

assess sensitivity. These descriptors are interpreted with support from EBSD, simulation, and robotic 

angular measurement. 

Phased-array acquisition and FMC provide the practical basis for the multi-path measurements used 

throughout the thesis. FMC increases the number of available acoustic paths and supports path 

selection, measurement-quality checks, averaging, and compensation. These principles provide the 

theoretical and processing basis for the experimental methods in Chapter 4 and the results discussed in 

Chapter 5. 
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4. Experimental setup 

The experimental programme is organised as a staged development of the phased-array measurement 

framework. Section 4.1 establishes the controlled-stress benchmark, Section 4.2 translates the 

calibrated measurement logic to welded residual stress measurement using PAURS, and Section 4.3 

extends the same platform to microstructure-sensitive angular characterisation through PAURS+. 

4.1. Controlled-stress benchmark using bolted connections 

Bolted connections are used in this thesis as the controlled-stress benchmark for the PAURS 

measurement procedure. The application is relevant to wind turbine and offshore energy structures, 

where large bolted connections are safety-critical, and loss of preload can lead to reduced fatigue life, 

joint separation, or progressive structural damage. The wider role of the bolt study here is to provide a 

known applied-stress case in which the phased-array ultrasonic measurement chain can be evaluated 

before being translated to welded RS measurement. 

The bolt benchmark provides a more controlled measurement problem than the welded RS case 

considered later in the thesis. In this section, the applied loading condition is known or mechanically 

monitored, the stress field can be estimated using finite element analysis, and the ultrasonic response 

can be compared against a defined mechanical comparator. This allows the relationship between time-

of-flight change and applied axial stress to be examined under conditions where the stress state is 

more constrained than in a welded plate.  

Four experimental stages were conducted. The first utilised finite element analysis (FEA) to estimate 

the expected average axial stress within the inspected bolt region. This was required because the 

ultrasonic measurement samples an acoustic path through the bolt instead of the local peak stress at a 

thread root or contact edge. The second stage was an acoustoelastic calibration experiment, where 

ultrasonic measurements were obtained from a bolt subjected to controlled tightening and compared 

with mechanical loading data. The third stage investigated a defect-free M36 bolt under higher 

preload using a hydraulic tensioner, representing loading conditions closer to those encountered in 

operational wind-farm applications. Finally, a blind transfer test was performed on an M42 bolt at the 

FASTBLADE facility [99] to assess whether the calibrated measurement procedure could be applied 

to a larger bolt in a representative field-like setting. 

All ultrasonic inspections were conducted using a Sonatest Detachable Active Array Head (DAAH) 

phased-array probe with 20 elements, a pitch of 1.2 mm, and a centre frequency of 2.25 MHz. The 

datasheet for this probe can be found in Appendix A. This frequency was selected to provide sufficient 

penetration through the bolt section while maintaining a usable backwall response for time-of-flight 

extraction. The phased-array configuration allows multiple acoustic paths to be obtained from a single 

probe position, giving a larger dataset than a single-element measurement. This is important because 
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the average ToF response can be used for stress calculation, while the distribution of ToF values 

across the array provides information about path consistency. 

In this benchmark, the primary ultrasonic quantity measured is the time of flight extracted from 

selected backwall responses. Applied axial stress is then calculated using the acoustoelastic 

relationship defined in Chapter 3 and compared with mechanical loading data and FEA-derived 

average axial stress. Paths affected by poor coupling, unclear backwall response, or inconsistent 

timing can be excluded from the stress calculation. This gives the bolt benchmark a dual function: it 

tests whether phased-array ultrasonics can detect preload-related ToF changes, and it establishes how 

path-wise information can be used to judge whether a calculated stress value is reliable. 

4.1.1. Phased-array ultrasonic measurement procedure 

The inspection procedure followed the phased-array methodology developed in the associated bolt-

inspection work [2]. The procedure combined defect-aware inspection with stress-sensitive time-of-

flight extraction, which is significant because the extracted stress value is only meaningful if the 

acoustic paths used for calculation are not significantly disrupted by defects, poor probe-specimen 

interface, or weak backwall response. 

A sector scan was first performed to screen the bolt volume and threaded region for potential defects. 

The sector scan allowed the beam to be steered through a range of angles, improving coverage of the 

bolt section and enabling indications from internal flaws or thread-region discontinuities to be 

identified. Detected indications were assessed against an acceptance criterion of 10% of the bolt 

diameter, corresponding to 3.6 mm for the M36 bolt, obtained through discussions with industry. This 

criterion was used also on the later M42 investigation. Any indication exceeding this criterion would 

result in the bolt being classified as defective and unsuitable for stress measurement or use. 

Where required, a more focused B-scan was then acquired to refine defect position and sizing. The B-

scan was used to assess the through-thickness response and to identify regions where a clear backwall 

reflection could be obtained. FMC and TFM processing were used where appropriate to support 

defect characterisation and to identify acoustic paths that should not be included in the stress 

calculation. This step is important because even an acceptably sized defect can interrupt or distort a 

backwall reflection, causing an apparent time-of-flight change that is unrelated to applied stress. 

Once the bolt had passed the defect-screening stage, the probe was positioned to obtain the clearest 

available backwall response, and an FMC dataset was then acquired for stress measurement. The 

backwall reflection was used because it provided a repeatable response through the inspected bolt 

section and allowed the ToF to be extracted from a consistent signal feature. The selected zero 

crossing on the backwall response was used as the timing point, as shown in Figure 5. 
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To reduce sensitivity to coupling gel thickness and fixed interface delay, the time difference between 

successive backwall echoes was used to avoid relying only on the absolute arrival time of a single 

echo. In this approach, timing contributions associated with the probe, couplant layer, and near-

surface interface are common to both echoes and are reduced when the echo-to-echo difference is 

taken. This does not remove all coupling effects, but it reduces one of the main sources of timing error 

in practical ultrasonic stress measurement and is a key starting point for later PAURS gel 

compensation methods. 

 

Figure 5: Time-of-flight extraction used in the controlled-stress bolt benchmark. Top: full A-scan response. Middle: selected 

backwall region. Bottom: extracted backwall reflection, with the selected zero-crossing used as the repeatable timing feature. 

[1]. 
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The extracted time-of-flight values were converted to stress using the acoustoelastic relationship 

defined in Equation 18. Since the phased-array probe provides multiple paths through the bolt, the 

calculated stress can be averaged across selected paths. The individual path distribution was also 

retained because it provides information about path-wise consistency: a narrow and symmetric 

distribution indicates that the selected paths are responding consistently, while a broad or asymmetric 

distribution may indicate uneven loading, poor coupling, or departure from the assumed measurement 

condition. 

4.1.2. Finite element model for path-averaged axial stress 

Finite element analysis was performed in ABAQUS to provide the mechanical stress comparator used 

Finite element analysis was used to provide a mechanical stress comparator for the ultrasonic bolt 

measurements. The FE model was developed as part of the collaborative bolt-inspection study by a 

researcher within NAOME, with the resulting stress data supplied for comparison with the ultrasonic 

measurements. The candidate’s contribution in this part of the study was the processing and 

interpretation of the phased-array ultrasonic measurements and their comparison with the supplied 

mechanical and FE data. This is consistent with the collaborative contribution described in the 

Candidate Contribution Statement. 

The model was developed in ABAQUS using three-dimensional representations of the bolt and nut. 

C3D8R elements and sweep meshing were used, with the geometry partitioned to support the mesh 

distribution. Detailed thread geometry was omitted to reduce local geometric complexity and focus 

the analysis on the axial stress distribution through the central bolt region. The resulting model 

therefore provided a representation of the broader axial stress field used for ultrasonic comparison, 

with local thread-root and contact-edge stress concentrations outside the intended comparison basis. 

Boundary conditions were defined to represent the experimental bolt-loading arrangement, with the 

applied load matched to the mechanical loading data obtained during testing. The supplied FE results 

provided the average axial stress within the central inspected region at the investigated preload levels. 

This average stress was selected as the mechanical comparator because the ultrasonic backwall 

measurement samples the stress-sensitive response over a finite propagation region through the bolt. 

Figure 6 shows the model for the 250 kN loading condition. 
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Figure 6: Finite element model of the controlled-stress bolt benchmark under 250 kN applied load. The model provides the 

average axial stress used as the mechanical comparator for the ultrasonic measurements [1]. 

The FE model and associated output data were generated within the collaborative study and were not 

independently re-developed as part of this thesis. The available dataset consisted of the supplied axial 

stress results required for comparison with the ultrasonic measurements. Consequently, additional 

model-specific studies of mesh convergence, contact sensitivity and spatial averaging uncertainty 

were outside the scope of the present work. The FE-derived values are therefore treated as model-

assisted comparator stresses with uncertainty associated with the underlying loading and modelling 

assumptions. This limitation is carried through to the interpretation of agreement between the 

ultrasonic and FE-derived stress values. 

For the calibration experiment, the applied preload was monitored mechanically using the Boltsafe 

strain-gauge system described in Section 4.1.3. The known experimental quantity is therefore the 

applied loading condition, while the corresponding average axial stress used for calibration is 

obtained from the supplied FE analysis. The combined calibration uncertainty reported in Section 

5.1.2 includes the contribution assigned to the mechanical loading and FE comparator alongside ToF 

repeatability, acoustic-path variation and equipment-related effects. 
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4.1.3. Acoustoelastic calibration and sensitivity assessment 

This stage tests whether the phased-array ultrasonic setup can operate as a stress-sensitive 

measurement system under controlled loading. It also defines the conditions under which the later 

high-preload and blind-transfer tests should be interpreted. 

The experimental setup for acoustoelastic calibration is shown in Figure 7. Preload was monitored 

mechanically using a Boltsafe strain gauge, while ultrasonic measurements were acquired using the 

20-element PAUT probe described above. Ultrasonic data acquisition was performed using a PEAK 

Micropulse Controller system (MP6 HDR) [100]. The strain gauge has a reported accuracy of within 

1% from BoltSafe [101]. The bolt was secured in a vice and tightened using an adjustable wrench, 

allowing a controlled increase in preload while ultrasonic data was collected. 

The full inspection workflow was followed during calibration, even though no defects were expected. 

This same procedure was used for defect screening, time-of-flight extraction, and stress calculation as 

in the later high-preload and blind-test experiments. Maintaining the same workflow was important 

because changes in timing feature identification or path selection would alter the measured ToF 

response and therefore affect the calculated stress, as well as ensuring that any unexpected defects 

could be identified.

 

Figure 7: Experimental setup for acoustoelastic calibration in the controlled-stress bolt benchmark. The bolt preload was 

monitored using a strain gauge, while phased-array ultrasonic measurements were acquired to determine the relationship 

between time-of-flight change and FEA-derived average axial stress [1]. 

The calibration procedure established the relationship between measured ToF change and applied 

axial stress for the selected bolt material, probe configuration, acoustic paths, and loading range. The 

FEA-derived average axial stress was used as the stress comparator, while the ultrasonic data 

provided the corresponding ToF change. The fitted relationship produced the acoustoelastic constant 
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used for subsequent stress calculations in the bolt benchmark. The uncertainty associated with the 

calibrated coefficient was assessed as a combination of experimental, data processing, and equipment 

factors. These contributions are reported with the calibration result in Section 5.1.2.  

Here and in the later M36 and M42 preload investigations, a 100V driving voltage was used, with a 

gain of 45dB and a linear pulse echo scan with an aperture of 1 element. The probe was placed on the 

end of the bolt with no wedge at an angle of 0°. 

This calibration stage is essential because the acoustoelastic coefficient is not treated as a universal 

value independent of inspection conditions, as it can vary depending on the material, or even within a 

run of samples. For this reason, calibration is performed as part of the measurement chain and not 

reused from existing literature values. The calibration also provides a sensitivity assessment: it 

established whether the selected phased-array configuration can resolve preload-related changes in 

ToF with sufficient repeatability to support stress calculation. 

4.1.4. High preload investigation 

This experiment extends the calibration stage by testing the measurement chain under more 

demanding loading conditions. The key result is an assessment of when the averaged ultrasonic stress 

value remains reliable and when the path-wise distribution begins to indicate reduced confidence. 

The high-preload investigation was conducted using an M36 bolt. A hydraulic tensioner was 

employed to apply higher preload levels, while the remaining equipment and data-extraction 

procedure were kept consistent with the calibration experiment. This allowed the calibrated 

measurement chain to be assessed at higher loads, closer to those expected in larger bolted 

connections used in offshore and wind-energy structures. 

The post-tensioning inspection setup is shown in Figure 8. Ultrasonic data acquisition was performed 

using the same PEAK Micropulse Controller system as above, selected here for its flexibility and high 

dynamic range. The datasheet for the MP6 HDR controller can be found in Appendix A. The bolt was 

tightened using the tensioner in 50 kN steps, from 0kN up to 300 kN, providing seven loading states 

across the investigated high-preload range. This loading sequence allowed the evolution of the 

ultrasonic ToF response and path-wise distribution to be assessed progressively as preload increased, 

and is the procedure described in discussions with industry members during this investigation. 
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Figure 8: High-preload controlled-stress M36 bolt benchmark after hydraulic tensioning. The inset identifies the PEAK 

Micropulse controller used for ultrasonic acquisition [1]. 

A defect-free bolt was intentionally selected for this experiment because the bolt was subjected to 

loads up to 300 kN, so any pre-existing defect could create a safety risk during hydraulic loading; but 

also since the aim of the experiment was to evaluate the stress measurement response under high-

preload conditions without the additional uncertainty introduced by known internal defects. By 

removing defect-related acoustic disruption, the test focused on the relationship between preload, ToF 

change, calculated stress, and path-wise consistency. 

The high-preload experiment assessed the stress extraction methodology as the preload increased 

towards in-situ levels. It also provided a means of identifying the point at which the ToF response 

became less consistent, potentially due to nonlinear loading behaviour or seating effects. The phased-

array dataset was particularly useful in this context because the distribution of ToF values across the 

array could be examined alongside the average calculated stress. 

4.1.5. Blind test on M42 bolt under representative access conditions 

The blind test was designed to assess whether the calibrated phased-array ultrasonic stress 

measurement procedure could be transferred to a larger bolt under representative field-like access 

conditions. The test was conducted on an M42 bolt installed in a turbine blade undergoing fatigue 

testing at the FASTBLADE facility, as shown in Figure 9. 

The FASTBLADE facility provided a useful test environment because the installed bolts were larger 

than those used in the controlled M36 experiments and were part of a real mechanical test structure 

rather than a laboratory calibration fixture. The bolts were installed using procedures comparable to 
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those used in large offshore and wind-energy applications, utilising hydraulic tensioning. A loose or 

incorrectly tensioned bolt in this context could affect the fatigue test, making preload assessment 

practically relevant to the operation of the facility. 

 

Figure 9: Blind M42 transfer test performed at the FASTBLADE facility. The test was used to assess whether the calibrated 

phased-array ultrasonic stress-measurement logic could transfer from the controlled M36 benchmark to a larger bolt under 

representative field-like access conditions [1]. 

The tested M42 bolt was longer than the M36 bolts used in the previous experiments and presented 

different access and geometry conditions. It was the same grade of steel as the M36 bolts tested 

previously, and was inspected using the same firing voltage, gain, and focal settings as the M36 bolt. 

Although the acoustoelastic constant wasn’t measured, the value obtained for the M36 bolts was used 

with the understanding that this was an approximation and so higher uncertainty was assigned to the 

result. It was inspected under both loaded and unloaded states, allowing changes in ultrasonic ToF to 

be assessed relative to the loading condition. The same general ultrasonic procedure was followed: the 

bolt was inspected for usable acoustic response, the clearest backwall paths were selected, ToF was 

extracted from repeatable signal features, and stress was calculated using the calibrated relationship.  
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During processing the bolt geometry, previously obtained acoustoelastic constant, and approximate 

temperature were known. The applied preload was withheld and only considered after the ultrasonic 

stress calculation had been performed. Relative to the original calibration condition, the bolt diameter 

and length were larger. 

The test was treated as a blind transfer assessment because the ultrasonic procedure was applied to a 

bolt geometry and inspection setting that differed from the original controlled calibration 

arrangement. Although this single blind test does not fully qualify the method for industrial 

deployment across all bolt sizes or access conditions, it does provide evidence that the phased-array 

measurement procedure can be transferred beyond the initial calibration fixture and is an important 

step towards possible future scaled deployment. 

The blind M42 test acts as an intermediate step between controlled laboratory calibration and practical 

deployment. It assesses whether the stress calculation remains plausible under less controlled 

conditions and whether the phased-array dataset still provides useful path-wise information for 

judging measurement quality. 

4.1.6. Method elements carried forward by the controlled-stress benchmark 

The bolt methodology establishes the controlled evidence needed before PAURS is applied to welded 

residual stress. Under known applied loading, it tests whether the selected ToF feature responds 

systematically to stress, whether usable acoustic paths can be selected, and whether path-wise 

consistency provides a useful confidence indicator. 

Under controlled loading, ultrasonic ToF is related to applied axial stress using loading data and FEA-

derived average axial stress to provide the stress comparator. The phased-array probe provides 

multiple acoustic paths for averaging and comparison, which allows the stress-sensitive timing feature 

to be assessed alongside the distribution of path-wise responses. 

The bolt study establishes the quality-control logic used later in PAURS. Defect screening is 

performed before stress calculation, and those acoustic paths that are affected by defects, poor 

coupling, or weak signal quality can be excluded. Where the path-wise ToF distribution is narrow and 

repeatable, the averaged stress estimate is used with higher confidence. Where the distribution 

broadens, becomes asymmetric, or shows unstable timing extraction, the result requires reduced 

confidence and further checking. These principles are applied to the welded RS study in Section 4.2, 

where the stress field is entirely unknown and the comparison basis more complex. While this is not 

an exact transfer, as PAURS uses a pitch-catch setup instead of pulse-echo and there is no defect 

detection stage, the overall concepts and advantages of the application of phased array transducers 

(such as the acoustoelastic constant calibration methodology, the sensitivity of the stress to the 

ultrasonic ToF, and the path-averaging and quality indicator capabilities) are carried forward. 
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4.2. Residual stress and PAURS 

This section applies the phased array procedure established in Section 4.1 to a welded S275 specimen, 

with two probes in a pitch-catch PA-LCR configuration. Unlike the bolt case, the welded specimen 

contains an unknown residual stress field, and the LCR response may be affected by weld geometry, 

coupling condition, stress gradients, and microstructure. The PAURS methodology combines welded 

specimen manufacture, independent RS comparison methodologies, PA-LCR configuration 

verification, acoustoelastic calibration, couplant gel-thickness assessment, and ultrasonic inspection of 

the welded plate. Hole drilling and neutron diffraction are used as the aforementioned independent 

comparison methods to assess whether PAURS reproduces the main residual stress trends and 

approximate magnitudes within the relevant depth and gauge-volume limits.  

4.2.1. Overview of methodology 

The overall methodology is summarised in Figure 10, also available in a larger size in Appendix B. 

The workflow separates specimen manufacture, external RS measurements, PAURS acquisition, and 

final comparison so that each dataset retains its own measurement basis.  

A) Two nominally identical samples were robotically manufactured at the University of 

Strathclyde (Glasgow, UK). One sample was retained in the UK, while the other was shipped 

to Australia for neutron diffraction (ND) measurements at ANSTO (Lucas Heights, Australia). 

B) Sample #1 was initially sent to Stresscraft (Loughborough, UK) for incremental hole 

drilling (iCHD). Although this process is semi-destructive and required machining of the weld 

cap to enable drilling, the sample remained suitable for ultrasonic testing. The machining 

process also improved contact between the ultrasonic wedge and the sample surface. 

C) Sample #1 was then returned to the University of Strathclyde for residual stress 

measurements using the phased array ultrasonic method. 

C1) Prior to wedge manufacture, ultrasonic simulations were conducted to optimise the angle 

required to generate LCR waves. Following fabrication, the penetration depth of the LCR 

wave was both calculated and experimentally validated. 

C2) The acoustoelastic constant was determined through tensile testing. Couplant gel-

thickness effects were also investigated using k-Wave simulation and controlled shim 

experiments, as variation in the coupling layer can introduce time-of-flight shifts comparable 

with stress-induced changes. 

C3) LCR ToF measurements were then acquired on Sample #1 to calculate the PAURS 

residual stress distribution. 
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D) Sample #2 was sent to the ANSTO KOWARI facility for neutron diffraction. Neutron 

diffraction provided an independent depth-resolved RS comparison dataset, with stresses 

calculated from lattice-spacing measurements over a finite gauge volume. Since neutron 

diffraction was performed on a nominally identical replicate specimen and not on Sample #1, 

the PAURS/ND comparison is interpreted as a comparison of RS trends and approximate 

magnitudes generated by the same robotic welding procedure. 

E) After completion of the external and ultrasonic measurements, the PAURS, hole drilling, 

and neutron-diffraction datasets were compiled for comparison. PAURS/HD provides the 

closest near-surface comparison because both measurements were performed on Sample #1. 

PAURS/ND provides a replicate-specimen, depth-dependent comparison because ND was 

performed on Sample #2 over a defined gauge volume at several depths. 

 

Figure 10: PAURS RS methodology and sample allocation. Two nominally identical welded S275 specimens were 

manufactured using the same robotic welding procedure. Sample #1 was used for incremental hole drilling and subsequent 

PAURS inspection, while Sample #2 was used for neutron diffraction [4]. 

Hole drilling and neutron diffraction were performed by specialist external facilities as part of the 

collaborative comparison programme, with results returned for inter-methodology comparisons. 
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Figure 11: Schematic overview of the RS measurement locations for the welded S275 specimens. The schematic shows the 

PAURS, hole drilling, and neutron-diffraction measurement locations [4]. 

Figure 11 summarises the measurement locations and depth basis used for the RS comparison. 

PAURS is interpreted as a near-surface ultrasonic measurement, hole drilling as a near-surface strain-

relief method, and neutron diffraction as a depth-resolved lattice-strain method. The comparison is 

strongest where the sampling depth and physical measurement basis are compatible, hence why the 

deepest hole drilling values and the 2 and 13 mm neutron diffraction values are used to compare with 

the 1.2 mm PAURS values. 

4.2.2. Sample manufacturing 

The RS specimens were manufactured from S275 structural steel using robotic Tungsten Inert Gas 

welding. Robotic welding was used to improve repeatability of the weld path and process conditions 

compared with manual welding, and to provide a controlled basis for comparing PAURS with 

independent RS measurements. The weld was deposited in 21 passes within a 90° V-groove. The 

welding parameters used for the root pass, hot pass, filling passes and capping passes are given in 

Table 2. 

 

 

 

 

 

 

 

Table 2: Robotic TIG welding parameters used to manufacture the S275 RS specimens. 
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 AVC Set 

Voltage 

(V) 

Current 

(A) 

Travel 

Speed 

(mm/min) 

Weaving 

Amplitude 

(mm) 

Weaving 

Frequency 

(Hz) 

Inter-Pass 

Temperature 

(°C) 

Pass 1 

(root pass) 

12 120 50 2 0.3 80-100 

Pass 2 

(hot pass) 

13.5 220 100 4 0.6 80-100 

Passes 3-

16 (filling 

passes) 

13.5 210 120 3 0.55 80-100 

Pass 17-21 

(capping 

passes) 

13.5 240 100 4 0.6 80-100 

 

The inter-pass temperature was maintained between 80 and 100 °C for all pass groups. The specimen 

was rigidly clamped during welding to restrict deformation, thereby contributing to the development 

of residual stresses. The supplied material properties included a Young’s modulus of 205 GPa and a 

Poisson’s ratio of 0.295, which were used in the subsequent RS calculations and comparison with 

independent datasets. 

The weld layout and pass sequence is shown in Figure 12. This geometry is important because the 

regions close to the weld centre may exhibit stronger stress gradients, greater surface-geometry 

variation and increased microstructural heterogeneity, all of which can influence the ultrasonic 

response. The shielding gas used was Argoshield Heavy, an Argon based shielding gas. The datasheet 

can be found in Appendix A. 
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Figure 12: Weld layout used for the S275 RS specimens. The schematic defines the multi-pass weld geometry used to 

manufacture the robotically welded plates [4]. 

The robotic welding arrangement is shown in Figure 13. The use of robotic manufacture reduced 

operator-dependent variation in torch path and process control, supporting the use of nominally 

identical replicate specimens for the RS comparison programme. Local differences in heat input and 

clamping response can produce differences in the RS field, particularly when comparing PAURS on 

Sample #1 with neutron diffraction on Sample #2. 

 

Figure 13: Robotic welding setup used to manufacture the S275 residual stress specimens. Robotic manufacture was used to 

improve repeatability of the weld path and process conditions between the nominally identical specimens used for PAURS, 

hole drilling, and neutron-diffraction comparison [4]. 
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Sample #1 was used for hole drilling and PAURS inspection. Hole drilling required local machining 

and surface preparation around the measurement region to enable strain-gauge placement and drilling. 

This preparation also improved local contact for subsequent ultrasonic wedge placement, but it means 

that the PAURS measurement was performed on a prepared surface, not a fully as-welded weld-cap 

surface.  

Sample #2 was used for neutron diffraction. Since this was a nominally identical replicate, the neutron 

diffraction dataset is used as an independent depth-resolved comparison of the RS field generated by 

the same welding procedure. Although ND and PAURS/HD were performed on different samples, it is 

believed that the nominally identical nature of the sample manufacture has contributed towards 

broadly similar RS trends, if not values. The limitations introduced by this sample allocation are 

considered in the comparison and interpretation section. 

4.2.3. Independent RS comparison methods 

Incremental hole drilling and neutron diffraction were used as independent comparison methods for 

assessing the PAURS RS measurements. They are grouped here because both provide RS evidence 

external to the ultrasonic measurement chain, while differing from PAURS in measurement principle, 

sampling depth, and gauge volume. 

Hole drilling provides the closest near-surface comparator because it was performed on Sample #1, 

which was later inspected using PAURS. Neutron diffraction provides depth-resolved diffraction data 

from Sample #2. Together, the two methods allow PAURS to be assessed against both near-surface 

and depth-resolved RS information. 

4.2.3.1. Incremental hole drilling 

Incremental hole drilling was performed externally by Stresscraft Ltd. on Sample #1 to provide a 

same-specimen near-surface residual-stress comparison for PAURS. The method used a bonded 

strain-gauge rosette centred on the drilled location, with relieved strain recorded following successive 

material-removal increments. Residual stress was determined from the measured strain-relief response 

using the standard incremental hole-drilling procedure. The methodology is consistent with the 

incremental hole-drilling approach described in ASTM E837, which is used in this thesis as the 

reference basis for the technique. 

Drilling was performed in 16 increments comprising four 32 µm increments, four 64 µm increments 

and eight 128 µm increments. The programmed cumulative increment depth was therefore 1.408 mm. 

The three holes were drilled in the centre of the weld cap, which was machined for this purpose. In 

this thesis, the centre point of the middle hole was defined as the origin, and all other positions 

measured relative to this. The remaining two holes were offset by ± 20 mm vertically. 
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Figure 14: Incremental hole drilling setup used for the S275 residual stress specimen, showing (a) the bonded strain-gauge 

rosette before drilling and (b) the drilling operation at the first measurement position [4]. 

The longitudinal residual-stress component was used for comparison with PAURS because this 

corresponds most closely to the stress component parallel to the LCR propagation direction used in 

the ultrasonic measurement. The reported hole-drilling uncertainty varied strongly with depth, 

reaching approximately ±60 MPa within the first 200 µm, reducing to approximately ±11 MPa around 

500 µm and increasing to approximately ±24 MPa near the final comparison depth. The earliest 

increments were therefore not used as the principal quantitative comparator because their uncertainty 

was substantially greater than that of the deeper measurements. 

Hole drilling and PAURS do not sample the same physical volume. Hole drilling provides a local 

strain-relief measurement centred on the drilled position, whereas PAURS provides a path-weighted 

near-surface ultrasonic measurement with an effective depth of approximately 1.2 mm. The hole-

drilling data are therefore used as a same-specimen near-surface magnitude comparison. Strong stress 

gradients through the drilled depth can further limit direct comparison because the incremental 

reduction procedure assumes that the relieved-strain response can be related consistently to the 

underlying depth-dependent stress field. For direct comparison, only the stress value at depths of 

around 1.1 mm were considered, as it is the closest available to the PAURS penetration depth. 

Detailed external metadata describing the strain-gauge rosette model, gauge-circle diameter, final hole 

diameter, drilling alignment apparatus and calibration coefficients were not retained within the dataset 

supplied for this thesis and cannot be reconstructed retrospectively. These quantities are consequently 

identified as limitations of the external comparison dataset. 

4.2.3.2. Neutron diffraction 

Neutron diffraction measurements were performed at the ANSTO KOWARI facility on Sample #2 to 

provide an independent depth-resolved residual-stress dataset. The diffraction measurements were 
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performed using the 𝛼-Fe (211) reflection and a monochromatic neutron beam. Residual stress was 

calculated from the measured elastic lattice strain using a stress-free lattice-spacing reference, 𝑑0. 

Measurements were obtained at nominal depths of 2, 7, 10 and 13 mm using a 2 × 2 × 2 mm³ gauge 

volume. Each reported stress value therefore represents an average lattice-strain response over an 8 

mm³ material volume and should not be interpreted as a point measurement at the nominal depth. The 

longitudinal stress component was used as the principal comparator for PAURS because this 

corresponds most closely to the stress direction assessed by the LCR propagation path. The transverse 

and normal components are retained as supporting information on the through-thickness residual-

stress state.  

The 2 mm measurement provides the closest depth-resolved ND comparison with the approximately 

1.2 mm PAURS sampling region from the top surface. The deeper measurements at 7 and 10 mm are 

used to describe through-thickness variation rather than as direct PAURS comparators. Where the 13 

mm measurement represents the near-surface region approached from the opposite plate surface, its 

comparison with the bottom-surface PAURS measurement must still account for the finite 2 × 2 × 2 

mm³ ND gauge volume and the path-weighted nature of the ultrasonic measurement. The ND and 

PAURS sampling regions therefore overlap only approximately in depth and do not represent identical 

measurement volumes. 
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Figure 15: Neutron-diffraction setup used at the ANSTO KOWARI facility for the S275 welded specimen. Neutron diffraction 

was performed on Sample #2 to provide independent depth-resolved RS information. [4]  

A stress-free reference specimen was used to establish the reference lattice spacing required for the 

ND stress calculation. The dataset available for this thesis did not retain sufficient facility metadata to 

reconstruct the individual count times, count-time uncertainties, complete scattering geometry, exact 

measurement-coordinate registration, or the diffraction elastic constants used in the original stress 

reduction. This limits reconstruction of the complete ND uncertainty budget and is one reason the ND 

dataset is used as an independent depth-resolved trend and approximate-magnitude comparison rather 

than as a pointwise validation of PAURS. 

Because ND was performed on the nominally identical Sample #2, whereas PAURS was performed 

on Sample #1, differences between the two datasets can also include specimen-to-specimen variation 

arising from welding and restraint. The ND comparison is therefore interpreted in terms of residual-

stress trend and approximate magnitude within the limits imposed by gauge volume, depth, reference 

state and specimen allocation. 
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4.2.4. PA-LCR configuration verification 

Before PAURS was applied to the welded RS specimen, the PA-LCR configuration was assessed to 

verify that the selected probe, wedge, and processing approach produced a usable LCR response. This 

stage was required because the subsequent stress calculation depends on extracting a repeatable LCR 

arrival from a defined near-surface propagation condition. 

The configuration verification consisted of two linked stages. First, an experimental penetration-depth 

study was performed to estimate the effective near-surface region sampled by the selected LCR 

configuration. Second, finite element wave-propagation simulation was used to assess the wedge 

angle and propagation behaviour associated with LCR generation in the S275 specimen. Together, 

these studies define the wave mode and approximate sampling region used in the later PAURS 

inspection. 

4.2.4.1. Penetration depth study 

The penetration-depth study was performed to estimate the effective depth range over which the 

selected PA-LCR configuration remained sensitive to near-surface features. LCR waves propagate 

approximately parallel to the surface, but their sensitivity is not confined to an infinitesimally thin 

plane. Instead, the response is distributed over a finite near-surface region that depends on the 

material velocity, frequency, aperture, wedge geometry, and coupling condition. Establishing this 

effective region is necessary before comparing PAURS with hole drilling and neutron diffraction, due 

to the depth basis mentioned above. 

The experimental setup used for the penetration-depth assessment is shown in Figure 16. A series of 

notches were introduced at known depths below the surface, and the corresponding A-scans were 

examined to determine whether the subsurface interruption produced a detectable change in the 

selected LCR signal. 
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Figure 16: Experimental setup used for the PA-LCR penetration-depth assessment. Notches at known depths were introduced 

to assess the depth range over which the selected LCR response remained [4]. 

Four of the total representative A-scans are shown in Figure 17. The LCR arrival is highlighted for 

each tested depth. Changes in the identified LCR response indicate that the selected configuration 

remains sensitive to features within the near-surface region, while features beyond this region produce 

a reduced or negligible influence on the selected arrival. This provides an experimental basis for 

treating PAURS as a near-surface RS calculation method.  
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Figure 17: Representative A-scans from the PA-LCR penetration-depth assessment. The selected LCR arrival is highlighted 

for notch depths of 0.5, 1.25, 1.5, and 1.75 mm. The response demonstrates the approximate near-surface sensitivity of the 

selected PA-LCR configuration [4]. 

The calculated LCR sampling depth for the selected 5 MHz configuration was approximately 1.2 mm. 

The notch validation gave a consistent effective working range of approximately 1.25 ± 0.25 mm, 

with the response becoming unreliable beyond approximately 1.5 mm. This depth range provides the 

basis for comparison with the hole drilling result and with the shallowest neutron-diffraction 

measurement. The ± 0.25 mm uncertainty arises from the LCR wave becoming illegible between the 

1.25 mm and the 1.5 mm case. As the notches were milled in 0.25 mm increments, it is possible the 

LCR is able to propagate up to a point within the 0.25 mm between 1.25 mm and 1.5 mm, but this is 

unknowable without the use of finer notch depth increments. 

Although the LCR sensitivity region estimated here is shallower than the nominal 2 mm neutron-

diffraction depth, the 2 mm ND measurement remains the closest available depth-resolved 

comparator. Because the ND gauge volume was 2 × 2 × 2 mm³, this measurement represents an 
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average over a finite near-surface volume instead of a point measurement at exactly 2 mm depth. It is 

treated as a depth-adjacent comparison, while the deeper ND measurements are used to interpret 

through-thickness stress variation. 

4.2.4.2. Pogo simulation of LCR wave generation 

Pogo is a software package developed for explicit time-domain finite element simulation of 

elastodynamic problems, designed to run on GPUs using NVIDIA’s CUDA architecture [102]. It has 

been applied to a range of ultrasonic simulation problems including guided-wave propagation, 

backscattering and Rayleigh-wave attenuation [102] [103] [104]. In this study, Pogo was accessed 

through an in-house simulation application developed within the research group. The application 

provided the interface used to define the ultrasonic inspection geometry and execute the simulation, 

while mesh generation, time stepping and the associated solver configuration were performed 

automatically within the application backend. 

Consequently, the retained simulation record does not contain the complete solver-level information 

required to reconstruct the model independently, including the generated mesh, time-step stability 

assessment, boundary implementation, source-pulse definition, element excitation delays or receiver 

metric. These quantities cannot therefore be reported retrospectively without reconstructing a 

simulation that may differ from that originally used. No separate angular-tolerance, mode-purity or 

mesh-sensitivity study was retained for this model. 

A finite element model incorporating the phased-array probes, wedges and S275 steel sample was 

developed, as shown in Figure 18. The wedge angle was selected using the critical-angle relationship 

described in Chapter 3, based on the properties of the wedge material and steel specimen. The 

simulation was then used to assess whether the selected configuration generated the intended LCR 

wave and to visualise its propagation across the sample. This provided a modelling basis for 

confirming that the selected inspection geometry could generate a near-surface longitudinal wave 

suitable for ToF extraction in the later PAURS measurements. 

The Pogo result is therefore used as qualitative support for the selected wedge geometry and is not 

treated as a quantitatively converged verification of LCR angle, mode purity or penetration depth. 

Experimental evidence for the effective near-surface sampling region was obtained independently 

from the notch-depth study described immediately above. In that experiment, changes in the LCR 

response were observed as notch depth increased, providing the experimental basis for the effective 

PA-LCR sampling depth used later in the thesis. A quantitative comparison between simulated and 

measured arrival time or penetration depth cannot be reconstructed from the retained Pogo output and 

is therefore not claimed. 
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Figure 18: Finite element model used to assess LCR wave generation for the PAURS configuration. The model incorporates 

the phased-array probes, wedges and S275 steel sample used to verify the wedge angle for LCR generation [4]. 

The simulated wavefield is shown in Figure 19. The sequence shows formation and propagation of a 

near-surface longitudinal wave along the inspection direction, supporting the use of the selected 

wedge and phased-array arrangement for LCR ToF extraction. The simulation verifies the intended 

wave-mode behaviour under the modelled conditions, while the stress sensitivity of the measured ToF 

response is established separately through acoustoelastic calibration.

 

Figure 19: Simulated progression of the LCR wave across the S275 specimen. The wavefield is shown at successive time 

steps, demonstrating near-surface propagation from the selected wedge configuration [4]. 

This simulation stage assesses the intended measurement geometry before stress calculation is 

attempted. Together with the penetration-depth study, it defines the intended wave mode and 

approximate near-surface region associated with the selected PA-LCR configuration. The model also 

supports interpretation of the transmit–receive path structure used for subsequent ToF analysis. The 

next stage is to determine the acoustoelastic calibration for converting measured LCR ToF changes 

into calculated stress. 
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4.2.5. Acoustoelastic constant calibration 

A representative dumbbell-shaped S275 specimen measuring 36 × 36 mm at its thinnest point was 

used to determine the acoustoelastic constant for the selected PA-LCR configuration, as shown in 

Figure 20. The LCR wedge assembly was attached to the specimen, and ultrasonic ToF measurements 

were recorded at multiple load levels during tensile testing. The applied load generated a known 

tensile stress state in the calibration region, while the corresponding ToF change was extracted from 

the acquired ultrasonic signals. Equation 18 was then rearranged so that the acoustoelastic constant 

could be obtained from the slope of the fitted ToF–stress relationship. Two experiments were 

performed: an initial test of the methodology from 0 to 48 kN and back in 3 kN steps, and the full test 

from 0 to 57 kN and back in 1 kN steps. These maximum values were chosen to avoid reaching the 

plastic region with the sample, as the additional deformation would have significantly affected the 

resulting acoustoelastic constant value, as well as the potential damage that could be caused to the 

ultrasonic equipment in the case of unexpected failure. 

The resulting dataset contained 9,472 path-level observations. These observations should not be 

interpreted as 9,472 independent stress calibrations. The dataset has a hierarchical structure consisting 

of two loading tests, 148 load-state acquisitions and 64 acoustic paths within each acquisition. Paths 

recorded at the same load state share the same applied load, specimen condition, temperature, 

coupling arrangement and acquisition system and are therefore correlated observations. The large path 

count provides information on path-to-path variability and supports averaging and internal 

consistency assessment, while the experimental replication is defined principally by the loading 

sequence and repeated load states.. 

 

Figure 20: Experimental setup used for acoustoelastic constant calibration. A tensile load was applied to the S275 

calibration specimen while LCR ToF measurements were acquired using the selected PA-LCR configuration [4]. 



Non-destructive evaluation of residual stress using phased array ultrasonics 
 

79 

Brandon Mills 

The acoustoelastic coefficient was obtained from the fitted relationship between applied tensile stress 

and measured LCR ToF change. Element-wise fits were used to assess variation between individual 

acoustic paths, while the averaged phased-array response provided the coefficient subsequently used 

for welded-plate stress calculation. Loading and unloading data were retained so that any systematic 

separation between the two branches could be identified. Fit statistics, coefficient uncertainty and the 

treatment of the regression intercept are reported with the calibration results in Section 5.2.1. 

Loading and unloading measurements were retained in the calibration dataset so that branch-

dependent behaviour remained visible. A separate numerical hysteresis uncertainty was not defined 

prospectively, and the observed loading/unloading variation is therefore included within the 

experimental calibration scatter rather than assigned an independent uncertainty term. 

The calibration uncertainty is treated hierarchically. Path-level scatter represents variability between 

transmitter–receiver measurements within the same acquisition. Variation between repeated load 

states and between the two loading tests provides experimental repeatability information, while 

common contributions including applied-load uncertainty, specimen geometry, reference ToF, 

coupling condition and temperature act across multiple paths and cannot be reduced simply by 

increasing the number of FMC observations. 

Detailed records of the tensile-machine load-cell calibration, independent strain/alignment verification 

and specimen temperature history were not retained at sufficient resolution to reconstruct separate 

uncertainty terms for these quantities. 

4.2.6. Couplant gel-thickness uncertainty: simulation and experimental 

assessment 

The effect of couplant gel thickness was investigated since changes in the wedge–specimen interface 

can introduce ToF shifts comparable with stress-induced acoustoelastic changes. This is particularly 

important for PAURS because the stress calculation is based on nanosecond-scale variations in LCR 

arrival time. If coupling-related timing changes are not quantified, they may be misinterpreted as RS 

variation.  

The couplant study combined simulation and experiment: the MATLAB k-Wave toolbox was used to 

examine the influence of controlled gel-thickness variation on LCR ToF, while the experimental shim 

study assessed whether these effects could be observed and compensated under laboratory conditions. 

K-Wave was selected here over Pogo because the model geometry and material-property maps could 

be easily modified between iterations, allowing known changes in couplant thickness to be introduced 

efficiently across a large number of simulated cases. The purpose of this work was to quantify this 

major timing-error source and determine whether phased-array path redundancy could reduce its 

influence on the calculated stress.  
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The k-Wave coupling model used a two-dimensional 128 × 128 computational grid with a uniform 

spatial discretisation of 0.2 mm, giving a nominal model domain of 25.6 × 25.6 mm. The medium 

contained acrylic, steel, acoustic couplant and air. The values specified in the retained simulation 

script were 2788 m s⁻¹ and 1180 kg m⁻³ for acrylic, 5920 m s⁻¹ and 7850 kg m⁻³ for steel, 1500 m s⁻¹ 

and 1000 kg m⁻³ for the couplant, and 343 m s⁻¹ and 1.21 kg m⁻³ for air. 

The steel region began at approximately one quarter of the model height, corresponding to grid row 

32. An air region was represented over x-indices 70–74 and y-indices 1–31. The couplant layer was 

introduced immediately above the wedge–steel boundary and its thickness was discretised to the 0.2 

mm spatial grid. Consequently, imposed couplant thicknesses were rounded to integer numbers of grid 

cells. 

Two eight-element phased-array transducers were represented with a nominal element width of 0.4 

mm, element length of 6 mm and pitch of 0.5 mm. The source frequency was 5 MHz and the source 

pressure amplitude was 1 × 106in the numerical pressure units used by k-Wave. The excitation was 

defined as a sinusoidal pressure waveform, 𝑝(𝑡) = 106sin(2𝜋 × 5 × 106𝑡), with the temporal array 

generated automatically using the k-Wave makeTime function. 

Table 3 below collates all experimental velocities and wedge angles. 

Table 3: Collation of longitudinal velocities and resultant wedge angles used in this thesis 

Sample Material Wedge Material Sample Velocity Wedge Velocity Wedge Angle 

S275 Steel 

(Weld) 

Acrylic 5790 m s-1 2788 m s-1 28.1° 

S275 Steel (Gel 

thickness) 

Rexolite 5790 m s-1 2360 m s-1 24.1° 

Al7075 

(Microstructure) 

Rexolite 6280 m s-1 2360 m s-1 22.1° 

 

The k-Wave simulation represented the couplant as a homogeneous acoustic fluid with a longitudinal 

sound velocity of 1500 m s⁻¹. This value was used as the nominal acoustic property of the modelled 

coupling layer.  

At 5 MHz, the corresponding wavelengths are approximately 0.558 mm in the wedge, 0.300 mm in 

the couplant, 1.158 mm in steel and 0.0686 mm in air. The 0.2 mm spatial discretisation therefore 

gives approximately 2.79, 1.50, 5.79 and 0.34 grid points per wavelength in these regions, 

respectively. The steel region is resolved more finely than the couplant and air regions, while the latter 

are represented at comparatively coarse spatial resolution. 
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A dedicated spatial- and temporal-refinement study was not retained for the original simulation 

programme. The model is therefore not presented as a formally converged prediction of the absolute 

LCR timing or detailed pressure field. Its purpose is restricted to examining the relative change in the 

extracted LCR timing response as the imposed wedge–specimen coupling condition is varied while 

the remaining numerical configuration is held constant. 

The coarse representation of the couplant and air regions introduces an additional modelling 

limitation, particularly where the imposed separation approaches the scale of the numerical grid. The 

simulated ToF shifts are consequently interpreted as a numerical sensitivity study supporting the 

experimentally observed influence of wedge–specimen separation. The experimental shim 

measurements provide the primary evidence that coupling variation produces timing shifts of practical 

significance in the PAURS measurement. 

 

Figure 21: K-Wave model used to simulate couplant gel-thickness effects in the PA-LCR configuration. The model represents 

the wedge, couplant layer and S275 specimen, with controlled changes in gel thickness introduced at the wedge–specimen 

interface [7]. 

Two ultrasonic transducers were simulated, each with 8 elements, a frequency of 5 MHz, and a pitch 

of 0.5 mm to match those used for experimental validation. These were set up in a pitch-catch 

configuration, with an angle of 28.1° to induce an LCR wave.  
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The gel-thickness profile was varied across the interface to represent non-uniform coupling conditions 

caused by local surface roughness and corresponding couplant variation [105]. Example simulated 

profiles are shown in Figure 22. For each simulated condition, the LCR arrival was extracted using 

the same timing logic as the experimental measurements. The resulting ToF change was then 

interpreted as a coupling-induced timing error as opposed to a stress-induced material response. 

The gel profile was generated as a one-dimensional variation along the wedge–specimen interface. A 

dimensionless random sequence was first generated over the 128 interface nodes, smoothed by 

convolution to avoid abrupt cell-to-cell changes, and normalised to give a dimensionless spatial 

weighting between 0 and 1. For each simulation iteration, this weighting was scaled between the 

prescribed minimum and maximum gel thicknesses, while the mean gel thickness was increased 

progressively between iterations. The physical gel-thickness profile was then converted into grid cells 

by dividing by the 0.2 mm mesh spacing. This process was seeded using the rngSeed function in 

MATLAB, with the results reported here using seed 741. 

This approach produced a coupling layer that increased in average thickness while retaining local 

spatial variation along the wedge–specimen interface. The model therefore represents the practical 

case in which the wedge is nominally in contact with the specimen, but the couplant layer varies 

locally because the surface and contact condition are not perfectly uniform. No topography data was 

recorded of the experimental specimen for comparison here, which is identified as a limitation. 

Thickness Profile = 𝑡𝑚𝑖𝑛 + (𝑡𝑚𝑎𝑥 − 𝑡𝑚𝑖𝑛) ∗ (𝑥𝑛/𝑛) ∗ Noise Profile (26) 

where 𝑡𝑚𝑎𝑥 and 𝑡𝑚𝑖𝑛 are the maximum and minimum thicknesses, n the number of iterations, and 

𝑥𝑛 the iteration of note. The term 𝑥𝑛/𝑛 increases the mean gel thickness approximately linearly 

between iterations, while the noise profile imposes local variation along the interface.   

 

Figure 22: A selection of gel thickness profiles at (a) iteration 1, (b) iteration 41, (c) iteration 101, and (d) iteration 141 [7]. 
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For each transmitter–receiver path, the simulated ToF under a perturbed gel condition was compared 

with the baseline ToF. The coupling-induced timing error was therefore calculated as the difference 

between the perturbed and reference arrival times.  

Gel-thickness compensation was performed using the additional path information available from the 

phased-array acquisition. For each iteration, the LCR ToF was extracted for each usable transmitter–

receiver path using the same zero-crossing timing feature applied in the PAURS measurements. The 

uncompensated timing error was calculated by comparing the ToF at each imposed gel thickness with 

the baseline ToF obtained under the minimum gel-thickness condition. The compensated timing 

quantity was then calculated from the difference in ToF between adjacent receivers at the same gel 

thickness, referenced to the equivalent adjacent-path difference under the baseline condition. 

The compensated ToF error represents the residual timing change after subtracting the common 

coupling contribution between neighbouring paths. This correction does not remove all coupling 

effects, but it reduces timing shifts that affect adjacent paths in a similar way. 

The simulated timing errors were converted into equivalent stress errors using the 1 ns ≈ 4 MPa 

approximation, to express the coupling-induced ToF error in stress-equivalent units and allow for the 

practical significance of gel-thickness variation to be assessed relative to the RS measurement 

objective. 

The same compensation approach was then tested experimentally using the shim arrangement shown 

in Figure 23, introducing controlled wedge–specimen separation to be imposed before applying 

adjacent-receiver subtraction to the measured ToF values. 

 

Figure 23: Schematic arrangement for the experimental gel-thickness study. Shims were introduced between the wedge and 

specimen to vary the effective couplant layer thickness under controlled conditions [7]. 

The experimental setup is shown in Figure 24. Three rolled S275 structural-steel samples were used, 

for which low and relatively consistent residual stress values were expected. A Sonatest Sonagel 

ultrasonic coupling gel was used between the Rexolite wedge and the steel specimen throughout the 

experimental study. The same couplant type was used for each shim-controlled measurement to avoid 

introducing variation associated with changing couplant material. A PEAK MP6 controller was used 

to drive two 5 MHz, 8 element, 0.5 mm pitch Olympus transducers, mounted in a custom Rexolite 

wedge with a 24.1° probe angle for LCR wave induction. This differs from the acrylic-wedge 

configuration because Rexolite and acrylic have different sound velocities and therefore require 
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different wedge angles to generate the LCR wave. To further reduce the possibility of biasing the 

result by detecting unexpected RS, the wedge position was kept constant at the centre of each sample 

across all 3 plates and every gel-thickness level.  

Based on the LCR penetration depth relationship given in Equation 20, as the couplant thickness 

approaches approximately 0.8 mm, the LCR wave energy is increasingly confined within the couplant 

layer and less useful energy reaches the steel specimen. Under this condition, a valid ToF 

corresponding to propagation within the sample would not be expected. The experimental gel 

thickness was therefore limited to 0.7 mm. 

 

Figure 24: Experimental setup for the shim-based gel-thickness study. The PA-LCR wedge and phased-array probe were 

positioned on the S275 specimen with controlled shim thicknesses used to alter the effective coupling layer. The 

measurements were used to compare uncompensated and compensated ToF variation [7]. 

Steel shims with a thickness of 0.1 mm were placed on the specimen surface so that the couplant layer 

was compressed to a defined value, as shown in Figure 23. A shim increment of 0.1 mm was selected 

because it provided a repeatable and physically measurable change in wedge–specimen separation, 

while remaining small enough to investigate the transition from stable coupling to degraded LCR 

transmission. The experimental range of 0 to 0.7 mm was chosen on all three samples used to assess 

gel-induced timing error before the measurement condition became dominated by loss of valid LCR 

propagation in the sample. The plates were rolled steel and so were assumed to have minimal residual 

stress, but to mitigate any potential residual stress data contaminating the results, the wedge was kept 

in a constant position in the centre of each plate to perform the scan at each shim height, to avoid the 

ToF differences resulting from scanning the wedge along the sample – however minimally. 

Temperature was not varied as an experimental parameter during the shim-based coupling study. A 

continuous laboratory- or specimen-temperature record was not retained at sufficient resolution to 
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establish the temperature range experienced during the measurements, quantify equilibration between 

the specimen and laboratory environment, or determine a study-specific ToF–temperature coefficient. 

No temperature correction has therefore been applied retrospectively to these data. The experiment 

isolates the effect of controlled wedge–specimen separation by referencing each coupling condition to 

the matched-contact measurement acquired within the same experimental series. The resulting timing 

differences are consequently interpreted as coupling-specific quantities, with temperature retained 

separately as an unquantified contribution to the wider PAURS uncertainty. As the nominal spacer 

thickness does not necessarily correlate exactly to gel thickness, this is treated as a controlled 

separation study. 

The same adjacent-receiver compensation logic used in the simulated study was then applied to the 

experimental ToF values. The uncompensated and compensated ToF errors were then converted into 

stress-equivalent values using the 1 ns ≈ 4 MPa approximation. This allowed the remaining coupling-

induced timing error to be expressed in MPa and compared directly with the expected scale of PAURS 

RS measurements in Chapter 5 as one source of experimental error. 

4.2.7. Ultrasonic inspection of welded plate 

The PAURS inspection of Sample #1 was performed after completion of the incremental hole-drilling 

measurements and return of the specimen to the University of Strathclyde. The ultrasonic inspection 

comprised 21 nominal scan locations distributed symmetrically about the weld centreline. The outer 

reference positions were located at −195 mm and +195 mm relative to the weld centre. A coarser 

positional spacing was used in the parent material, reducing to 5 mm in the HAZ and weld region to 

provide greater spatial resolution where stronger residual-stress gradients were expected (Figure 25). 

Incremental hole drilling had already required local material removal and surface preparation before 

the subsequent PAURS inspection. The surface condition encountered during PAURS therefore 

represents the post-hole-drilling specimen condition. Improved ultrasonic contact following this 

preparation describes the measurement condition during the later ultrasonic inspection and does not 

demonstrate that the original residual-stress field remained unchanged locally following machining 

and drilling. As mentioned in Section 4.2.4.1, the centre HD hole was defined as the origin, and the 

other two holes at [0, 20] mm and [0, -20] mm respectively. All holes were 2 mm diameter. The 

centreline of the wedge was positioned on the 0 of the y axis, in line with the centre hole. The scan 

positions were therefore 195, 150, 100, 50, 35, 25, 20, 15, 10, 5, 0, and the same mirrored on the 

negative x axis. The overall wedge footprint was 8 mm by 60 mm. The plate was scanned from left to 

right ([-195, 0] to [195, 0]) five times and an average taken. These scans were performed completely 

before being repeated, as opposed to lifting and reseating the probes every repeat. 
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Figure 25: PAURS inspection setup for the welded S275 specimen. The pitch–catch phased-array wedge arrangement was 

used to generate and receive LCR waves across the weld region, with measurements acquired at 21 scan locations arranged 

symmetrically about the weld centreline [4]. 

Full Matrix Capture was used to acquire multiple transmitter–receiver combinations at each scan 

location. The resulting dataset allowed the LCR arrivals to be assessed for path consistency, signal 

quality, and repeatability, and gel thickness to be compensated for. Challenges were encountered due 

to the weld surface geometry, as certain areas lacked sufficient smoothness to ensure consistent 

coupling between the ultrasonic wedge and the sample. These areas were not further machined, as 

doing so would relieve the existing residual stress and compromise the validity of comparisons 

between measurement techniques. Consequently, results obtained in these regions—indicated by a 

grey boundary in the PAURS results in Chapter 5— were retained as reduced-confidence rather than 

treated at the methodology stage as fully reliable stress magnitude values. 

The acquired A-scans were processed using the time-of-flight extraction procedure described in 

Chapter 3. For each path, the LCR arrival was identified within a defined time window, and the 

second zero crossing of the LCR wave was used as the timing point for the stress calculation. This 

timing feature was selected to provide a repeatable ToF marker within the identified LCR arrival, 

while reducing sensitivity to amplitude variation compared with peak-picking alone. 

The change in time of flight was calculated relative to the scan positions furthest from the weld centre 

at -195 mm and 195 mm, considered to have minimal or baseline residual stress relative to the HAZ 
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and the weld itself, and so treated as the reference position, and the corresponding residual stress in 

the HAZ and the weld region was calculated using the calibrated acoustoelastic constant. The stress 

calculation therefore depends on the suitability and the consistency of the extracted LCR arrival.  

For each scan location, the retained paths were assessed before the stress value was interpreted. The 

main quality criteria were the clarity of the LCR arrival, consistency between adjacent and 

neighbouring paths, and standard deviation across selected paths. Paths with weak, distorted, or 

ambiguous LCR arrivals were excluded from the averaged result, and the retained paths showing good 

consistency used to obtain an averaged ToF, which itself was used to calculate residual stress after gel 

compensation was applied. Clarity of the LCR wave was assessed through comparison to an ideal 

example, which was preset at the beginning of the data processing algorithm. The gate, as mentioned 

before, was specific to the material under inspection, and in this case was between 8 µs and 9 µs. 

Amplitude, path agreement, and allowable standard deviation were also assessed in comparison to this 

idealised wave. The full 64 path data is not published here for brevity. 

This path-based assessment is particularly important in the welded region. Near the weld centreline, 

the surface profile and local material condition can disrupt the wedge–specimen interface and alter the 

received LCR response. In addition, stress gradients and microstructural variation across the weld and 

heat-affected zone may produce local changes in ultrasonic velocity that are not solely caused by 

residual stress. These effects are therefore included in the confidence assigned to each PAURS result. 

The PAURS inspection produced both a calculated RS distribution and a measurement-quality basis 

for interpreting that distribution. The stress values were subsequently compared with the hole drilling 

and neutron-diffraction datasets, while the associated signal quality and path consistency were used to 

identify regions where the ultrasonic result should be assigned higher or lower confidence. 

Continuous contact-force measurement, specimen-temperature logging and a documented randomised 

visiting order were not retained for the 21-position scan. The original acquisition order was not 

designed to separate position-dependent residual-stress variation from possible long-term drift. These 

quantities are identified as requirements for subsequent PAURS measurement qualification. 

4.2.8. Comparison and verification 

The PAURS results were compared with the hole drilling and neutron-diffraction datasets to assess 

whether the ultrasonic method reproduced the main RS trends and approximate magnitudes generated 

by the welded specimens. The comparison was interpreted using the measurement basis defined in 

Sections 4.2.3 and 4.2.4, including sampling depth, gauge volume and specimen allocation. 

Figure 26 illustrates the overall comparison workflow, outlining the sequence from HD, ND and 

PAURS data acquisition through to MATLAB-based processing and final comparative analysis. This 
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representation shows how the three measurement routes were brought together for final comparison, 

while retaining the separate processing and measurement basis of each method.  
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Figure 26: RS comparison workflow. The workflow summarises how strain-relief, diffraction-based, and ultrasonic 

measurement routes were processed before final comparison. [4]. 
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In addition to comparing mean stress values, the PAURS data were assessed using the standard 

deviation across retained acoustic paths. This allowed the averaged stress estimate to be interpreted 

alongside an internal measure of ultrasonic consistency. 

Hole drilling provides the closest same-specimen near-surface comparator because both 

measurements were performed on Sample #1. The methods still have different measurement bases: 

hole drilling provides a local strain-relief measurement, while PAURS calculates stress from a path-

weighted LCR response over the near-surface propagation region, but overall the average HD result 

gives a good comparative base for approximate RS magnitude.  

Neutron diffraction provides independent depth-resolved evidence from Sample #2. ND measures 

lattice strain within a finite gauge volume and requires a stress-free lattice-spacing reference. This is 

interpreted in terms of RS trends produced by the same robotic welding procedure, within the limits 

imposed by specimen allocation. 

The PAURS results were assessed using both the calculated stress values and the associated 

measurement-quality indicators. A scan position was considered suitable for higher-confidence 

numerical interpretation where the LCR arrival was identifiable across the retained paths, the SNR 

supported stable zero-crossing extraction, and no visible coupling loss or wedge separation was 

present. Positions not meeting these criteria were treated as reduced-confidence or qualitative trend 

indicators, or excluded from numerical assessment where the measurement basis was not reliable. An 

additional and essential measurement quality indicator at this stage of the methodology development 

is comparison with established methodology. Through this validation method, the level of agreement 

between PAURS and HD or ND is treated as a major factor in determining the confidence of the RS 

measurement. 

This quality classification is used in Chapter 5 to interpret agreement and mismatch between PAURS, 

hole drilling, and neutron diffraction. It is particularly important near the weld centreline, where 

reduced agreement may arise from local PAURS measurement difficulty as well as genuine 

differences in sampled stress state. 

4.2.9. PAURS measurement basis and interpretation limits 

PAURS retains calibrated ToF extraction, path selection, and independent comparison evidence from 

the controlled bolt benchmark, but applies them to an unknown welded residual stress field. 

Interpretation of the calculated stress field depends on these conditions being defined before 

comparison with HD and ND. 

The wedge-angle simulation and penetration-depth assessment define the LCR wave, how it 

propagates, and its approximate near-surface sampling region. The S275 acoustoelastic calibration 

then gives the stress-conversion basis for the measured LCR ToF changes. A PAURS output is treated 
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as a calculated near-surface stress value only when coupling stability and retained-path consistency 

are acceptable. 

The gel-thickness simulation and shim study quantify one practical source of coupling-related timing 

error, while FMC acquisition provides additional paths for averaging, comparison, and rejection. 

These methods reduce part of the measurement uncertainty under controlled conditions, but they do 

not remove the need to assess the wedge–specimen interface at each scan position. HD and ND offer 

independent RS evidence for assessing PAURS, with interpretation limited by measurement principle, 

sampling depth, gauge volume, and specimen allocation. 

PAURS measurement confidence was assessed from the ultrasonic acquisition before comparison 

with the independent residual-stress datasets. Internal indicators included LCR arrival stability, 

retained-path behaviour, path-wise standard deviation, coupling condition, and validity of the 

acoustoelastic calibration and reference condition. HD and ND agreement was subsequently used as 

external comparison evidence and was not used to determine whether an individual PAURS 

measurement was accepted.  

Chapter 5 uses these criteria to separate higher-confidence numerical RS results from trend-based or 

limited-confidence regions. 

4.3. Microstructure and PAURS+ 

The preceding PAURS methodology uses measured LCR time-of-flight changes, acoustoelastic 

calibration, and measurement-quality checks to calculate near-surface residual stress and assess the 

reliability of the resulting stress distribution. Here, PAURS+ uses the same PA-LCR measurement 

platform to examine additional ultrasonic observables associated with microstructure-sensitive wave 

behaviour. 

Residual stress and microstructure both influence ultrasonic propagation; residual stress changes LCR 

velocity through the acoustoelastic effect, while microstructure affects attenuation, amplitude, 

frequency content, and directional response. This is directly relevant to residual stress measurement 

because microstructure can affect the ultrasonic signal used for stress calculation. It also provides a 

measurement opportunity, since the PA-LCR response contains information beyond ToF. 

Although microstructure-sensitive ultrasonics can include attenuation, backscatter, and frequency-

domain response, the implementation used here focuses on angular PA-LCR amplitude and 

attenuation-related change because it can be measured with the same wedge and probe arrangement 

used for PAURS on a sufficiently sized sample, with the addition of robotic rotation for angular 

resolution.  
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EBSD provides the reference microstructural contrast between the equiaxed AFSD region and 

elongated substrate. The simulation stage uses this data to test whether that contrast is expected to 

produce an angular PA-LCR amplitude or attenuation-related signature, while the 5 MHz robotic 

measurements test whether the signature remains measurable under practical coupling and positioning 

conditions. 

4.3.1. Samples and EBSD 

The PAURS+ study used an Al7075 AFSD sample produced by additive friction stir deposition. The 

sample was selected because it contained two distinct microstructural regions within the same 

material system: the deposited AFSD region and the rolled substrate region. This provided a suitable 

test case for assessing whether PA-LCR amplitude and attenuation-related response could distinguish 

between a more equiaxed microstructure and a directionally elongated microstructure. 

The sample is shown in Figure 27a. It was sectioned using EDM and two specimens, labelled 6-13 

and 9-13, were extracted for EBSD, as shown in Figure 27b. The EBSD analysis was used to establish 

the reference microstructural condition for the later simulation and robotic PA-LCR measurements. 

This provided the microstructural basis for defining the equiaxed and elongated cases used throughout 

the PAURS+ study.  

The EBSD results, shown in Figure 27c, show a fine, equiaxed grain structure in the deposited AFSD 

region and a more elongated, columnar grain structure in the substrate. Therefore in the following 

experiments, the AFSD region is treated as the comparatively isotropic reference case, and the 

substrate as the relative directionally anisotropic case. This distinction is important because angular 

dependence in the PA-LCR amplitude or attenuation-related response is expected to be weaker in the 

equiaxed region and stronger in the elongated substrate, when the ultrasonic propagation direction 

changes relative to the dominant grain morphology during rotation. 

 



Non-destructive evaluation of residual stress using phased array ultrasonics 
 

93 

Brandon Mills 

 

Figure 27: Al7075 AFSD sample used for the PAURS+ microstructure study: (a) as-received AFSD sample, (b) EDM-cut 

sections extracted for EBSD, and (c) EBSD reference microstructures showing the equiaxed deposited AFSD region and the 

elongated grain substrate region.  

These EBSD-defined regions provide the basis for the simulation study in Section 4.3.2, which then 

tests whether this equiaxed-to-elongated contrast produces a repeatable angular amplitude or 

attenuation-related PA-LCR signature. 

4.3.2. Microstructure simulation 

The EBSD data were used to define the spatial grain morphology and grain-boundary topology of the 

numerical models. Indexed EBSD points were segmented into grains using a 10° misorientation 

criterion and the resulting grain-ID field was mapped onto the k-Wave domain by nearest-neighbour 

interpolation. Each reconstructed grain was then assigned a single scalar property value 𝑔, randomly 

distributed between −1 and +1. Local acoustic properties were defined as 𝑐 = 6320 + 150𝑔 m s-1 and 

𝜌 = 2810 + 100𝑔 kg m-3. Consequently, adjacent grains could have different sound speeds and 

densities, producing acoustic-impedance discontinuities at the EBSD-defined grain boundaries. 

The EBSD crystallographic orientations were reconstructed during preprocessing, but they were not 

used to rotate an elastic stiffness tensor or otherwise assign direction-dependent elastic constants. No 

explicit grain-dependent attenuation coefficient was prescribed. Changes in received amplitude 

therefore arise from propagation through the heterogeneous scalar sound-speed and density field, 

including scattering and refraction at the morphology-defined impedance interfaces. The model 

represents the influence of EBSD-defined grain morphology and heterogeneous acoustic properties; it 

does not reproduce crystallographic elastic anisotropy or provide a direct simulation of texture-

dependent attenuation. 
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Angular differences between the equiaxed and elongated models are therefore interpreted as 

morphology-sensitive numerical responses. In the elongated model, rotation changes the number and 

orientation of heterogeneous grain interfaces encountered along the propagation direction, whereas 

the equiaxed morphology provides a less directionally organised reference. The simulation is used to 

test whether these contrasting morphologies can produce distinguishable angular ultrasonic responses 

under the imposed acoustic-property model. Attribution of the measured response specifically to 

crystallographic texture or orientation-dependent elastic scattering is outside the scope of this model. 

Two representative microstructure meshes were generated using the MATLAB k-Wave toolbox, with 

the microstructural geometry informed by EBSD data using the MTEX toolbox. One mesh 

represented the equiaxed AFSD region, and the second represented the elongated substrate region. In 

each case, two 8-element phased-array transducers with 0.5 mm pitch were positioned at the top and 

bottom of the mesh to represent the PA-LCR propagation geometry used in the experimental 

validation. For simplicity, only the time window during which the acoustic wave propagated within 

the material was considered during analysis. The microstructure mesh was rotated about the centre by 

360° in 1° increments, keeping the probe positions constant. The wave ToF was extracted, and the 

amplitude change across adjacent receivers calculated to give an angular response trend. 

The resulting AFSD and substrate meshes are shown in Figure 28 and Figure 29, respectively. These 

models provide the link between the EBSD-defined reference microstructures and the robotic angular 

PA-LCR measurements described in Section 4.3.3. 

The EBSD data represented a much smaller area than the simulation mesh, and so was used as a tile to 

create the full mesh. Additionally, transformations were performed to induce variability: the tiles were 

flipped horizontally and cropped in the relatively anisotropic case, and rotated, cropped, and flipped 

horizontally and vertically in the comparatively isotropic case. This was again performed randomly 

seeded per simulation, and the seed in this case was 777. The 20 × 20 mm domain contained 25 

transformed repetitions of the same EBSD-derived 4 × 4 mm tile. Random horizontal mirroring and 

translation were introduced to reduce periodic repetition at tile boundaries while preserving the 

primary grain morphology. These transformed tiles should not be interpreted as statistically 

independent EBSD realisations. 
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Figure 28: Microstructure-informed simulation mesh for the AFSD region of the Al7075 sample: (a) full k-Wave simulation 

domain with the phased-array transducer arrangement and (b) zoomed EBSD-derived region used to construct the 

representative equiaxed microstructure.  

The EBSD data was used to preserve the dominant microstructural morphology observed in each 

region. For the AFSD model, the mesh retained the equiaxed grain structure. For the substrate model, 

the mesh retained the elongated grain morphology and its dominant orientation. Because the EBSD 

scan area was smaller than the simulation domain, tiling was required to populate the full model. The 

EBSD data was transformed using operations such as flipping along the axis of elongation and 

selecting smaller sampled regions. This reduced artificial repetition in the tiled model while retaining 

the main morphology and orientation features required for the PAURS+ sensitivity study. 

 



Non-destructive evaluation of residual stress using phased array ultrasonics 
 

96 

Brandon Mills 

 

Figure 29: Microstructure-informed simulation mesh for the substrate region of the Al7075 sample: (a) full k-Wave 

simulation domain with the phased-array transducer arrangement and (b) zoomed EBSD-derived region used to construct 

the representative elongated microstructure.  

The simulation is interpreted as a representative microstructure model, appropriate for the aim of this 

section of testing whether PA-LCR contains an angular ultrasonic signal feature associated with 

microstructural morphology. The expected output is an amplitude or attenuation-related rotational 

trend that distinguishes the elongated substrate from the equiaxed AFSD region. 

Following the theory presented in Section 3.4, the columnar grain structure is expected to produce a 

direction-dependent response when the LCR propagation direction coincides with the relative grain 

elongation direction. As the wave propagation direction aligns closer to the elongation direction, 

fewer grain boundaries are crossed per unit propagation distance, so a reduced attenuation-related 

response and a corresponding change in ToF are expected to occur. In the simulation, this is assessed 

by plotting attenuation-related amplitude change and ToF against microstructure–probe orientation. 

Features are interpreted as microstructure-sensitive where they are stronger than the equiaxed 

reference response and show the expected approximate 180° periodicity. 

Two simulation routes were used: initial 10 MHz and 32 MHz simulations were performed as 

frequency-sensitivity studies to examine how the PA-LCR amplitude and ToF response changed as the 

ultrasonic wavelength approached the characteristic microstructural length scale. Following this, a 5 

MHz simulation was performed to match the firing frequency of the probes used in the robotic PA-

LCR validation. This provided the direct comparison case between simulation and experiment. These 

cases support the 5 MHz validation by establishing the expected wavelength-dependent sensitivity 

before testing whether a similar angular signature remains detectable under practical experimental 

conditions. 
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The same nominal Al7075 longitudinal sound velocity of 6320 m s⁻¹ was used throughout the 

frequency-sensitivity simulations. This gives nominal wavelengths of approximately 1.264 mm at 5 

MHz, 0.632 mm at 10 MHz and 0.198 mm at 32 MHz. The numerical domain was 20 × 20 mm with a 

uniform grid spacing of 0.05 mm, corresponding to a 400 × 400-node computational grid. 

At this spatial resolution, the 5, 10 and 32 MHz cases correspond to approximately 25.3, 12.6 and 4.0 

grid points per wavelength, respectively. The substantially lower spatial resolution of the 32 MHz case 

is therefore recognised when interpreting the frequency-sensitivity results. 

The temporal grid was generated automatically using the k-Wave makeTime function. An independent 

time step or CFL value was not prescribed separately in the retained simulation script. The absorbing 

layer was positioned outside the stated 20 × 20 mm simulation domain using the PMLInside = false 

setting. The numerical excitation consisted of a sinusoidal pressure source at the specified nominal 

frequency. The 10 and 32 MHz implementations used this same numerical arrangement, with the 

source frequency changed between simulations. 

A separate spatial-refinement study was not retained for the 32 MHz simulation. The absolute peak 

amplitude and exact angular position of the 32 MHz response are therefore not treated as numerically 

converged quantities. The 32 MHz result is retained as a wavelength-sensitivity study showing the 

effect of reducing wavelength relative to the represented microstructural scale. The 5 MHz case 

provides the principal simulation-to-experiment comparison because it matches the available 

experimental probe frequency and provides substantially greater spatial resolution within the 

numerical model. 

4.3.3. Robotic PA-LCR experimental comparison 

The robotic PA-LCR validation was used to test whether the angular amplitude and attenuation-

related signatures identified in simulation could be measured under practical inspection conditions. 

The measurements were performed at 5 MHz, matching the frequency used in the feasible simulation 

case and the available phased-array LCR hardware. This frequency was selected because it provided a 

stable LCR response while maintaining compatibility with the PAURS wedge and probe configuration 

developed earlier in the thesis. 

The experimental arrangement is shown in Figure 30. LCR waves were generated and received using 

two 5 MHz, 8-element, 0.5 mm pitch phased-array probes mounted in the PA-LCR wedge 

configuration. The wedge angle was 22.1°, selected to generate the longitudinal critically refracted 

wave in the Al7075 sample. The same general PAURS configuration used for residual stress 

measurement was retained, but the analysis focused on the angular variation in amplitude and 

attenuation-related response. 
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Figure 30: Robotic PA-LCR setup used for 5 MHz angular validation on the Al7075 sample: (a) inspection of the deposited 

AFSD region and (b) inspection of the substrate region.  

The robotic PA-LCR experiment used two 5 MHz, 8-element phased-array probes with a 0.5 mm 

pitch, mounted using the 22.1° wedge configuration developed for the Al7075 measurements. 

Measurements were acquired through a nominal 360° rotation in 1° increments for both the deposited 

AFSD region and the elongated substrate region, in a clockwise direction for both.  

The LCR response was identified within the 7–8 µs Al7075 time gate defined in Chapter 3. Amplitude 

change was extracted from the selected LCR arrival using the same processing procedure for both 

microstructural regions. The same probe, wedge, angular acquisition procedure and signal-processing 

method were retained for the AFSD and substrate measurements so that their angular responses could 

be compared on a consistent basis. 

The robotic experiment was intended as an initial comparison between two EBSD-characterised 

microstructural regions. Independent measurements of robot rotational accuracy, backlash and run-out 

were not retained for this experiment, and contact force was not continuously measured. The retained 

experimental record also does not contain dedicated clockwise and counter-clockwise repeat scans, a 

randomised angular acquisition sequence or an independent drift-monitoring series. These effects 

therefore cannot be assigned a retrospective numerical uncertainty. 

The AFSD and substrate measurements are instead used as a comparative control because both 

regions were inspected using the same experimental procedure. The stronger angular response 

observed in the elongated substrate relative to the comparatively equiaxed AFSD region provides 

evidence that the measured response is sensitive to the differing microstructural morphology. 

Contributions from coupling variation, contact-force variation, robot positioning and rotational run-

out cannot be separated quantitatively from the retained dataset. 
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Agreement between simulation and experiment was assessed using the presence and angular position 

of the main amplitude or attenuation-related features, together with the contrast between the AFSD 

and substrate responses. The AFSD/substrate comparison also provided a control against purely 

system-driven angular variation: if the measured angular response were dominated by wedge rotation 

eccentricity, coupling discrepancies, or robot angular error, similar angular trends would be expected 

in both regions under the same inspection procedure. A stronger and more repeatable angular 

signature in the elongated substrate, aligned with the EBSD-defined morphology, supports a 

microstructure-sensitive interpretation. The remaining influence of coupling, contact force, surface 

condition, and robotic repeatability is considered in the results discussion. 

4.3.4. PAURS+ measurement basis and interpretation limits 

PAURS+ retains the PA-LCR wedge, probe, and robotic platform used for PAURS, but changes the 

output from stress-calibrated ToF to amplitude change, attenuation-related angular response, and 

signal consistency. EBSD defines the reference microstructural contrast, k-Wave simulations assess 

whether that contrast should produce an angular PA-LCR response, and the robotic 5 MHz 

measurements test whether the response remains detectable under practical coupling and positioning 

conditions. 

The k-Wave simulations test whether this EBSD-defined microstructural contrast produces a 

measurable angular PA-LCR response. The 10 MHz and 32 MHz simulations assess wavelength 

sensitivity, while the 5 MHz simulation provides the direct comparison condition for robotic 

validation. 

The robotic 5 MHz measurements tested whether the simulated angular response remains detectable 

with the available hardware and practical coupling conditions. The AFSD/substrate comparison also 

provides a control against system-driven angular effects, because both regions are inspected using the 

same rotation procedure. 

The PAURS+ output is defined as an amplitude- and attenuation-related angular descriptor of near-

surface microstructural anisotropy. Section 5.3 then assesses whether this descriptor is repeatable and 

where coupling, signal quality or robotic positioning limit interpretation. 
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5. Results and discussion 

The results are presented in the same staged order as the methodology. The bolt benchmark first 

evaluates the calibrated stress-measurement chain under known loading; the PAURS results then test 

that chain against welded residual stress using HD and ND comparison data; and the PAURS+ results 

assess whether additional PA-LCR observables can provide microstructure-sensitive information from 

the same platform. 

5.1. Controlled-stress benchmark using bolted connections 

The bolt results assess the phased-array ultrasonic stress measurement under controlled applied 

loading. Mechanical loading data and FEA-derived average axial stress provide the comparator for 

evaluating ToF response, acoustoelastic calibration, and path-wise consistency, before the transfer to a 

larger bolt geometry is investigated.  

The measured ultrasonic quantity in this section is time of flight extracted from selected acoustic 

paths. Applied axial stress is then calculated from this measured ToF change using the calibrated 

acoustoelastic relationship and compared with mechanical loading data and FEA-derived average 

axial stress. The analysis therefore considers both the averaged stress value and the distribution of the 

individual path responses. 

5.1.1. FEA-derived average axial stress 

Finite element analysis was used to provide the expected average axial stress for comparison with the 

ultrasonic measurements. The model was solved at applied loads from 50 kN to 300 kN, and the 

average axial stress was calculated across the central inspection path of the bolt. This average value 

was used because the ultrasonic measurement samples the acoustic response over a finite region 

through the bolt. 
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Figure 31: Finite element stress distribution in the bolt up to 300 kN applied load. The dashed line indicates the average 

axial stress in the inspected region at an applied load of 250 kN, used as the ultrasonic comparator at that loading [1]. 

Figure 31 shows the stress distribution for up to the 300 kN loading case. The 250 kN case is 

considered here, with a peak stress of 250 MPa and an average stress in the inspected region of 94.5 

MPa. This difference is important because the ultrasonic measurement does not sample the local peak 

stress, but the average stress across the inspection volume. The ToF response is influenced by the 

stress distribution along the acoustic path, so the FEA-derived average stress across this region was 

used as the comparator for both acoustoelastic calibration and ultrasonic inspection.  

The FEA result establishes an interpretation limit for the benchmark: the calculated ultrasonic stress 

should be compared with the stress averaged over the inspected acoustic region, not with the 

maximum local stress in the bolt assembly. 

5.1.2. Acoustoelastic calibration, sensitivity, and uncertainty 

The acoustoelastic constant was determined by comparing measured time-of-flight changes with the 

FEA-derived average axial stress. This calibration establishes the sensitivity of the selected phased-

array ultrasonic configuration to applied axial stress in the bolt material. 

Figure 32 shows the calibration relationship obtained from the controlled loading data. The 

approximately linear trend confirms that the selected ToF feature is sensitive to applied axial stress 

over the calibration range. Under controlled loading, the phased-array ultrasonic measurement chain 

resolved preload-related timing changes and converted them into a calculated stress value using the 

fitted acoustoelastic coefficient. 
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Figure 32: Acoustoelastic calibration for the controlled-stress bolt benchmark. The fitted relationship compares stress 

calculated from ultrasonic time-of-flight change with the FEA-derived average axial stress in the inspected bolt region [1]. 

To obtain the acoustoelastic constant, the measured ToF changes were converted into stress using and 

compared with the FEA-derived average axial stress. The value of the acoustoelastic constant was set 

such that the plotted relationship between the average ultrasonic volume stress and the average FEA-

defined stress was linear. In this representation, a unit gradient indicates agreement between the 

calibrated ultrasonic stress estimate and the mechanical comparator over the controlled loading range. 

The unit-gradient comparison uses the benchmark conditions to obtain a validated acoustoelastic 

constant value for use in later bolt stress investigations. 

The calibrated acoustoelastic coefficient obtained from this fit was 𝐿 = 7.9 × 106, with an estimated 

combined uncertainty of approximately 10% from measurement and calibration contributions. This 

uncertainty combines the repeatability of ToF extraction, variation between retained acoustic paths, 

uncertainty in the mechanical loading/FEA stress comparator, equipment measurement uncertainty, 

and scatter around the fitted calibration relationship. The fitted coefficient is therefore treated as 

specific to the material, bolt geometry, and probe configuration used in this benchmark. 

One calibration point at approximately 8.3 MPa deviated from the fitted trend and was excluded from 

the fitted relationship. This point is attributed to a likely experimental measurement issue, such as 
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local coupling variation, insufficient couplant coverage, or unstable probe contact. The outlier is 

retained in the discussion because it illustrates why individual path behaviour and measurement 

quality must be checked before accepting an averaged ultrasonic stress estimate, and is retained 

towards future uncertainty values. 

5.1.3. High-preload response and calibrated-regime assessment 

Figure 33 presents results obtained from a bolt subjected to operational preload levels. The ultrasonic 

measurements are compared with the average stress predicted by finite element modelling, and the 

stress calculated using the previously determined acoustoelastic constant together with the measured 

time-of-flight data. In the corresponding graph, the FEA-derived average stress is plotted along the 

horizontal axis, while the stress calculated from ultrasonic measurements is shown on the vertical 

axis. The ultrasonic stress estimate follows the expected, approximately linear trend at lower load 

levels, up to approximately 75 MPa. Beyond this range, the ultrasonic stress estimate increases far 

more rapidly than the FEA-derived average stress, indicating that the measurement has moved outside 

the most stable part of the calibrated response. 

 

Figure 33: Ultrasonic stress estimate compared with FEA-derived average axial stress during high-preload bolt loading. The 

dashed line indicates the expected linear acoustoelastic response, while the measured response shows the point at which the 

calibrated relationship becomes less stable [1]. 
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This high-preload behaviour is interpreted as a reduction in confidence in the single averaged stress 

calculation. Several effects could contribute to the deviation, including uneven seating, alignment 

error, localised yielding, or plastic deformation effects. A mechanical interpretation of this error is that 

the ToF change due to the acoustoelastic relationship is less than that caused by the change in length 

of the bolt under high tensile stress. The important result is that the phased-array data reveal this 

change in measurement behaviour rather than hiding it within the output stress value. 

The high-preload result therefore establishes a practical boundary for the controlled-stress benchmark. 

Within the lower, approximately linear range, the ultrasonic stress estimate can be treated as 

quantitative within the calibration uncertainty. At higher load, the result remains stress-sensitive, but 

its interpretation depends more strongly on path consistency and measurement quality.  

To investigate further, the path-wise time-of-flight distributions were used in order to interpret this 

behaviour. Instead of relying only on the averaged stress estimate, the phased-array data allows the 

individual acoustic paths to be examined across the loading range. This is demonstrated in Figure 34. 
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Figure 34: Time-of-flight distributions across the phased-array probe at increasing preload levels. The distributions provide 

a path-consistency measure for the controlled-stress benchmark [1]. 

A key observation is the loss of symmetry in the time-of-flight distribution at higher loads. Up to a 

preload of 150 kN, the distribution remains approximately symmetric about the central element 

(Element 10). This symmetry begins to deteriorate at 200 kN and becomes increasingly pronounced at 

higher loads. This asymmetry provides useful evidence that the averaged stress estimate is no longer 

fully representative of a symmetric loading condition. Possible contributors include uneven nut 

seating, high loading, axial elongation, and local acoustic-path changes. This is a significant 

advantage of phased-array stress testing, as it can identify asymmetrical stress concentrations due to 

the multiple acoustic paths in use. 

The observed non-linearity in Figure 33 is consistent with asymmetric loading conditions, particularly 

when using hydraulic tensioners. In practice, perfect symmetry in bolt tightening is difficult to achieve 

due to variations in seating conditions and alignment. As a result, localised regions may experience 

stresses exceeding the design limits, increasing the likelihood of plastic deformation. 



Non-destructive evaluation of residual stress using phased array ultrasonics 
 

106 

Brandon Mills 

The ability of the PAUT system to detect such asymmetries represents high practical value for 

inspections, enabling early identification of potentially critical stress concentrations. In an operational 

context, bolts exhibiting such behaviour would likely flag for additional inspection and possible repair 

or replacement. Careful monitoring of bolted connections over their in-situ lifespans using these 

capabilities can be analysed and allow for future predictive maintenance procedures. 

These results show why the averaged ToF value should be interpreted alongside the path-wise 

distribution. The spread and symmetry of the response provide internal evidence of measurement 

consistency, which is later used in PAURS to identify reduced-confidence regions affected by poor 

coupling or complex geometry. 

5.1.4. Blind M42 transfer test 

The blind M42 test assessed whether the calibrated measurement procedure retained stress sensitivity 

when transferred to a larger bolt under representative access and loading conditions. Two loading 

states were investigated: an unloaded reference condition and an operational preload condition. 

During ultrasonic processing, the bolt geometry, previously calibrated acoustoelastic coefficient and 

approximate inspection temperature were known. The applied preload was withheld until the 

ultrasonic stress estimate had been completed. 

The M42 bolt was subjected to an applied preload of 440 kN, corresponding to a derived average 

axial stress of approximately 317.6 MPa under the mechanical calculation used for the FASTBLADE 

test. This value was obtained through an additional FEA investigation, performed again by colleagues 

in NAOME. The applied preload represents the independently established mechanical quantity, with 

the derived stress value used as the comparator for the ultrasonic estimate. 

The longer propagation path in the M42 bolt produced a larger absolute ToF than in the M36 

experiments. The unloaded and loaded measurements gave ToF values of 153.21 µs and 155.29 µs 

respectively. Table 4 summarises the resulting comparison. 

Table 4: Blind M42 transfer-test comparison between mechanically derived stress and ultrasonic stress estimate. 

Time of Flight (µs) Expected Stress from 

calculation (MPa) 

Stress from Ultrasonic 

Measurement (MPa) 

153.21 0 0 

155.29 317.5881 352.2922 

 

The path-averaged ultrasonic estimate for the loaded condition was 352.29 MPa, compared with the 

mechanically derived comparator of 317.59 MPa. The absolute difference was 34.70 MPa, equivalent 

to approximately 10.9% of the comparator value. This percentage is reported as the relative deviation 
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between the two stress estimates. Its interpretation accounts for uncertainty in the ultrasonic 

calibration and measurement chain, together with uncertainty associated with establishing the 

mechanical comparator. 

The preload was introduced to the comparison only after completion of the ultrasonic calculation, 

preserving the blind nature of the transfer test. The M42 bolt also differed from the original M36 

calibration specimen in diameter, length and inspection conditions. Geometry, contact condition, 

coupling and material variability may therefore contribute to the observed difference between the two 

stress estimates. 

The available mechanical and modelling data for this transfer test were obtained through the wider 

collaborative bolt-inspection programme. A complete uncertainty budget for the mechanically derived 

M42 comparator was not available for independent reconstruction within this thesis. The 10.9% 

difference is consequently used as an indication of agreement under the specific FASTBLADE test 

condition. Wider validation would require repeated measurements across additional bolts and preload 

levels, together with independently traceable mechanical loading measurements and a fully defined 

comparator uncertainty. 

5.1.5. Implications of the bolt benchmark for PAURS 

The bolt results define how ToF changes should be interpreted before the same measurement approach 

is applied to welded RS. Under controlled loading, the stress state is known well enough to test 

calibration, path averaging, and confidence indicators directly. 

The calibration results show that the selected phased-array ultrasonic timing feature responds 

systematically to applied axial stress when the loading condition is known. By comparing this 

response with the FEA-derived average axial stress in the inspected region, the benchmark also 

defines the type of mechanical comparator that is appropriate for ultrasonic stress calculation. The 

ultrasonic measurement is path-influenced and is best compared with a mechanically compatible 

average stress. 

The high-preload results show that the averaged stress estimate is only one part of the phased-array 

measurement. The distribution of individual acoustic paths provides additional evidence about 

whether the averaged value should be treated with high confidence. Where the path-wise response 

remains stable, the averaged value is more defensible. Where the response broadens or becomes 

asymmetric, the result remains stress-sensitive but requires reduced confidence and further checking. 

This links path consistency and signal quality to the confidence assigned to each calculated stress 

value, which is the same principle used later in PAURS. Additionally, this path-wise variation can 

highlight areas of stress concentration within a sample that would not be easily discernible from an 

equivalent single-element transducer scan. 
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The blind M42 result shows that the calibrated procedure can transfer evidence beyond the original 

M36 calibration specimen, with an error of approximately 10.9% under the tested facility condition. 

This result does not remove the need for geometry-specific calibration or uncertainty reporting, but it 

demonstrates that the calibrated phased-array procedure retained practically useful agreement when 

applied to a larger and longer bolt. 

These results define the controlled reference point for the PAURS measurements in Section 5.2. In the 

welded specimens, the stress field is unknown, the reference condition is less direct, and the ultrasonic 

response may be affected by coupling, geometry, stress gradients, and microstructure. The bolt 

benchmark therefore establishes the measurement feature, calibration and calculation route, and path-

consistency logic used to interpret the later PAURS results. 

5.2. Residual stress and PAURS 

The welded S275 study applies the PA-LCR approach established in the bolt benchmark to residual 

stress measurement, where the stress field is unknown and the reference condition is less direct. This 

section assesses both the calculated PAURS residual stress values and the measurement conditions 

that determine their confidence. 

Phased-array path redundancy is central to this result. In this study, FMC provides a larger set of 

transmitter–receiver paths which support averaging, path comparison, and internal consistency 

assessment. A key result of this section is that FMC reduces the standard deviation of calculated 

PAURS stress values by approximately 5–10× relative to the matched-path subset. This improves 

measurement precision and internal consistency, while systematic uncertainty from calibration, 

coupling condition, and comparison basis must still be considered separately. 

5.2.1. Acoustoelastic calibration 

The acoustoelastic calibration provided the conversion factor required to calculate residual stress from 

the measured LCR time-of-flight changes. Known tensile loads were applied to the S275 calibration 

specimen, while PA-LCR measurements were acquired using the same probe, wedge, and acquisition 

configuration used for the welded-plate inspection. The applied stress was calculated from the known 

tensile loading condition and specimen cross-sectional area, and the corresponding ToF change was 

extracted from the selected LCR arrival for each acoustic path. The results were plotted using the 

rearranged form of Equation 18: 

𝐸𝑑𝑡

𝑡0
= 𝐿Δσ (27) 

such that the gradient of the resulting best-fit line could be extracted as the acoustoelastic constant.  
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Figure 35 shows the element-wise calibration results. The individual paths show the expected 

relationship between applied stress and ToF change, but with measurable variation between paths. 

This spread is consistent with the practical behaviour of a contact phased-array LCR measurement, 

where each transmitter–receiver pair has slightly different wedge transit, coupling, signal amplitude, 

and path quality. The calibration therefore provides both the stress-conversion basis and an indication 

of the path-wise variability that must be considered when interpreting later welded-plate 

measurements. 

 

Figure 35: Element-wise acoustoelastic calibration for the S275 PAURS configuration. The fitted responses show the 

relationship between applied tensile stress and LCR time-of-flight change for individual phased-array paths. T [4]. 

Figure 36 shows the averaged acoustoelastic calibration obtained from the full phased-array dataset. 

This averaged value was used for the subsequent residual stress calculation because it represents the 

full phased-array response rather than a single acoustic path. Across the calibration programme, 

loading and unloading data were collected over repeated tests, giving a large path-wise dataset for 

fitting the stress–ToF relationship. Averaging across this dataset reduces the influence of individual 

path variability and gives a more stable calibration value for application to the welded-plate 

inspection. 
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Figure 36: Averaged acoustoelastic calibration used for PAURS residual stress calculation. The averaged relationship 

combines the phased-array path responses to obtain the stress-conversion factor used in the welded-plate PAURS 

measurements. [4] 

The gradient of the averaged fit was used as the acoustoelastic constant for the welded-plate 

investigation. This value was determined to be 4.94 × 105, and is dimensionless as the x and y axis 

both have units of MPa. The path-wise variation observed in Figure 35 is therefore retained as 

calibration variability and is carried forward into the final uncertainty value, while Figure 36 provides 

the stress-conversion factor used for the residual stress calculations.  

5.2.2. Couplant gel-thickness uncertainty: simulation and experimental 

assessment 

The gel-thickness study quantifies the timing error that can be introduced by non-uniform coupling in 

the PA-LCR measurement. In the simulation, increasing average gel thickness produced a systematic 

increase in LCR ToF relative to the minimum-thickness baseline, which is interpreted as a coupling-

induced error since the material stress state is unchanged in the model. When converted using the 1 ns 

≈ 4 MPa approximation, the result shows that uncontrolled coupling variation can produce apparent 

stress errors large enough to affect residual stress interpretation. 
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Figure 37: Simulated effect of average couplant gel thickness on LCR time-of-flight error. The shaded or error-band region 

represents ± 1 standard deviation. [7] 

As described in Section 4.2.6, the estimated LCR sampling depth in steel is approximately 1.2 mm, 

while the corresponding limiting depth in the couplant is approximately 0.8 mm. As the couplant layer 

approaches this thickness, an increasing proportion of the wave energy remains within the couplant 

rather than forming a stable LCR wave in the steel. This explains the low ToF variation at smaller gel 

thicknesses and the rapid increase in variability once the couplant layer approaches the limiting 

thickness. 

The standard deviation in Figure 37 also increases as the ToF response becomes unstable. At smaller 

gel thicknesses, the path-wise spread remains limited, but once the coupling layer approaches the 

limiting thickness, the variation across the transducer elements increases sharply. This indicates that 

excessive gel thickness affects not only the mean ToF but also the consistency of the retained acoustic 

paths. 
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Figure 38: Equivalent apparent stress error associated with simulated gel-induced ToF variation. The stress error is 

calculated from the simulated ToF shift using the stress approximation of 1 ns ≈ 4 MPa. [7] 

Though the absolute value is below the yield stress, it is important to note that this sample is 

considered to have minimal RS, and the scans have occurred in the same position upon the sample. 

Therefore, this 32 MPa value, if left uncompensated, is considered to be a potential uncertainty 

present in a standard inspection. This error is 13% of the yield strength of the sample and, in a real-

world residual stress inspection, could result in a significant under- or over-reporting of the present 

residual stress and lead to early failure due to fatigue or overloading, or erroneous part replacement 

respectively.  

Adjacent-receiver subtraction was then applied to reduce the common timing contribution associated 

with the couplant layer. In the 8-element transducers used here, adjacent receiver subtraction provides 

seven differential ToF values per transmitter, giving 56 differential values across the full acquisition. 

These values were averaged to obtain the compensated ToF response, as described in Equation 28. 

Δ𝑡 =
1

𝑛(𝑛 − 1)
∑ ∑ 𝑡𝑖,𝑗+1  −  𝑡𝑖,𝑗

𝑛−1

𝑗=1

n

i=1

(28) 

When all 56 subtractions are averaged, the compensated mean ToF remains close to 0 ns over the 

stable coupling range. Although the response still becomes erratic once the gel layer is sufficiently 

thick, the onset of this behaviour is shifted from approximately 0.8 mm to approximately 1.1 mm. 

Values in this higher-thickness region should not be treated as valid inspection ToF values, because 
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the LCR pulse is no longer reliably propagating in the steel.

 

Figure 39: Simulated compensated ToF difference after adjacent-receiver subtraction. The compensated ToF response is 

obtained by averaging adjacent receiver-pair differences across all transmitters. [7] 

The equivalent stress error after compensation is shown in Figure 40. Compared with the 

uncompensated case, the compensated response shows lower and more consistent apparent stress error 

over the stable coupling range. 

 

Figure 40: Equivalent apparent stress error after simulated gel compensation. The compensated stress error is calculated 

from the adjacent-receiver-subtracted ToF response. [7] 

After compensation, the peak ToF variation is just approximately 2.5 ns, corresponding to 

approximately 10 MPa of equivalent stress error. This represents a significant reduction compared 

with the uncompensated case. However, the higher-error region begins after approximately 1.1 mm of 
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gel thickness, which corresponds to a separation between the wedge and the sample that would be 

visible during inspection. Such a condition should not be treated as a normal compensable coupling 

state, but as a quality-control failure or rejected measurement condition. The sudden erratic behaviour 

in this region is consistent with the ultrasonic pulse propagating substantially through the couplant 

rather than forming a stable LCR wave in the steel, resulting in inconsistent arrival times at the 

receiving elements. 

The simulation results are supported by the experimental validation presented below. To ensure that 

the experiment remained within a realistic coupling regime, and that the LCR wave remained 

detectable in the sample, gel thicknesses up to a maximum of 0.7 mm were considered. Experimental 

validation followed similar trends to the simulation. Initial analysis showed that the ToF shift relative 

to the matched-contact baseline increased approximately linearly over the stable coupling range, as 

shown in Figure 41.  

 

Figure 41: Experimental ToF shift relative to the ideal matched coupling condition. [7] 

At low gel thicknesses, the deviation between the mean ToF shift and the path-wise ToF shift is 

comparatively small, even as the mean ToF changes relative to the matched case. The subtraction 

methodology was then applied to the experimental data to compensate for the gel-thickness effect. 

This step is necessary because even small timing shifts can correspond to substantial apparent stress 

errors when converted through the acoustoelastic relationship.   

After compensation, the average residual ToF error was reduced to approximately 0.3 ns across all 

three plates, with a maximum mean value of approximately -0.57 ns and a minimum mean value of 

approximately -0.03 ns, as shown in Figure 42. Because the results are expressed as ToF or stress-

equivalent differences from the matched-contact case, the negative signs indicate that the 
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compensated mean ToF values are below the matched-contact ToF. Under the stress approximation, 

this would underestimate rather than overestimate the apparent stress. 

 

 

Figure 42: Experimental compensated ToF error after adjacent-receiver subtraction. Across the three plates, the mean 

residual error is approximately -0.3 ns, with the largest observed residual error remaining below approximately -0.6 ns. [7] 

Adjacent-receiver subtraction substantially reduced the timing variation associated with controlled 

changes in acoustic couplant thickness under the tested conditions. Across the three plates, the mean 

residual gel-induced ToF difference was approximately −0.27 ns. Using the 1 ns ≈ 4 MPa 

approximation, this corresponds to approximately −1.1 MPa in stress-equivalent terms, as shown in 

Figure 43. These values describe the residual coupling-related contribution following compensation. 

They do not represent the uncertainty of the complete PAURS measurement chain, which also 

includes acoustoelastic calibration, reference ToF, temperature, surface geometry, path selection and 

material-state effects. 
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Figure 43: Equivalent apparent stress error after experimental gel compensation. The residual ToF error after compensation 

is converted to an equivalent apparent stress error. The result shows that the mean compensated gel-induced error is reduced 

to approximately 1.1 MPa under the tested shim-controlled conditions. [7] 

These results show that, where a stable LCR wave can be detected across a sufficient number of 

adjacent-receiver paths, gel-induced timing error can be reduced to a level that is small relative to the 

residual stress magnitudes investigated later in this chapter. The compensation should not be 

interpreted as complete elimination of couplant effects. It is valid only under conditions where the 

wedge remains in effective acoustic contact with the sample, the LCR arrival is detectable, the 

adjacent receiver paths are consistent, and the coupling layer remains within the tested range. 

However, visible wedge separation, poor signal-to-noise ratio, unstable LCR arrival, or excessive 

path-wise scatter should instead be treated as quality-control failures. 

The difference between the experimental and simulated cases is expected, as the experiment includes 

real-world factors that were simplified in the model. These include material microstructure, small 

changes in gel viscosity, and contact pressure. The agreement in trend between simulation and 

experiment nevertheless supports the use of the compensation method as part of the PAURS 

uncertainty-control procedure. 

5.2.3. Ultrasonic residual stress investigation 

The ultrasonic inspection followed the LCR acoustoelastic measurement principle used in 

conventional single-element RS procedures, but was implemented here using two phased-array probes 

in a pitch–catch PA-LCR configuration. During scanning, the second zero crossing of the LCR wave 

was recorded for each selected acoustic path and scan position on both the top and bottom surfaces of 

the specimen. This timing feature was selected because it provided a stable and repeatable reference 

for detecting the small changes in wave travel time associated with stress-induced velocity change. 
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The measured time-of-flight data were processed using the acoustoelastic calibration reported in 

Section 5.2.1, and the gel compensation methodology described in Section 4.2.6. Substituting the 

calibrated acoustoelastic constant into Equation 18 enabled residual stress to be calculated at each 

measurement location. The PAURS results represent the effective near-surface LCR sampling region, 

approximately 1.2 mm beneath the inspected surface, not a sharply defined point measurement at a 

single depth. Selected individual acoustic-path results from the top and bottom surfaces are shown in 

Figure 44 and Figure 45. 

 

 

Figure 44: Individual PAURS stress estimates from selected acoustic paths along the top surface of the welded S275 

specimen. [4] 

 



Non-destructive evaluation of residual stress using phased array ultrasonics 
 

118 

Brandon Mills 

 

Figure 45: Individual PAURS stress estimates from selected acoustic paths along the bottom surface of the welded S275 

specimen. The results show the corresponding path-wise stress estimates for the bottom surface. [4]  

Averaging the retained acoustic paths produced the residual stress distributions shown in Figure 46 

and Figure 47. Both surfaces show high calculated near-surface residual stress, with peak values of 

approximately 290 MPa. This is the main PAURS result from the welded-plate inspection: the 

calibrated LCR measurements identify the high-stress region generated by the welding process and 

produce stress distributions suitable for comparison with the independent HD and ND datasets. 
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Figure 46: Mean PAURS RS distribution across the top surface of the welded S275 specimen. 

[4] 

The central weld region is the least favourable region for PAURS because the weld profile reduces the 

consistency of wedge contact and can disturb the LCR path. These positions are therefore retained as 

useful stress-trend information, but with lower confidence in the absolute calculated value. 
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Figure 47: Mean PAURS RS distribution across the bottom surface of the welded S275 specimen. [4] 

To evaluate measurement consistency, the standard deviation of residual stress along individual 

acoustic paths was analysed. Considering only matched transmit–receive pairs (linear paths) resulted 

in relatively high standard deviation values (Figure 48 and Figure 49), suggesting that reliance on 

linear paths alone may increase sensitivity to local path-dependent variation. 
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Figure 48: Standard deviation of PAURS stress estimates from matched transmit–receive paths on the top surface. 

Examples are shown at positions relative to the weld centre: (a) −195 mm, (b) −35 mm, (c) 10 mm, (d) 0 mm, (e) 50 mm, and 

(f) 195 mm. [4] 

 

Figure 49: Standard deviation of PAURS stress estimates from matched transmit–receive paths on the bottom surface. 

Examples are shown at positions relative to the weld centre: (a) −195 mm, (b) −35 mm, (c) 10 mm, (d) 0 mm, (e) 50 mm, and 

(f) 195 mm [4] 

These results indicate that linear-path analysis alone may introduce localised inaccuracies, particularly 

in heterogeneous regions such as welds. When the full FMC acoustic-path set was included, the 

standard deviation was reduced by a factor of approximately 5–10, as shown in Figure 50 and Figure 

51. This reduction is one of the clearest advantages of the phased-array implementation: the result is 
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averaged over a larger path set, and the remaining variability provides an internal consistency 

indicator. 

 

Figure 50: Standard deviation of PAURS stress estimates using the FMC acoustic-path set on the top surface. 

Examples are shown at positions relative to the weld centre: (a) −195 mm, (b) −35 mm, (c) 10 mm, (d) 0 mm, (e) 50 mm, and 

(f) 195 mm. [4] 

The selected positions represent the parent material, HAZ, and weld regions. Lower variability was 

generally observed in the parent material than in the HAZ and weld zones, consistent with the more 

uniform geometry and material condition away from the weld. The bottom surface also exhibited 

lower variance than the top surface. This may reflect more stable wedge contact on the flatter 

underside of the plate, as well as differences in local thermal history, clamping condition, and weld 

geometry. The lower bottom-surface variance should therefore be interpreted as improved 

measurement consistency. At each scan position, the reported mean and standard deviation were 

calculated from 𝑁retained acoustic paths remaining after the signal-quality/path-selection procedure.  
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Figure 51: Standard deviation of PAURS stress estimates using the FMC acoustic-path set on the bottom surface. 

Examples are shown at positions relative to the weld centre: (a) −195 mm, (b) −35 mm, (c) 10 mm, (d) 0 mm, (e) 50 mm, and 

(f) 195 mm. [4] 

The reduction in path-wise standard deviation obtained using FMC demonstrates the additional 

internal measurement evidence provided by phased-array acquisition for PAURS. FMC increases the 

number and diversity of acoustic paths available for comparison and averaging; however, the FMC 

and matched-path cases contain different acoustic-path populations, so the observed reduction in 

standard deviation cannot be attributed solely to the increased number of measurements. The reported 

5–10× reduction refers specifically to reduced dispersion across the retained acoustic-path population 

and is interpreted as improved internal path consistency, not an equivalent reduction in absolute 

measurement uncertainty. 

The mean PAURS stress maps are consequently interpreted alongside the standard deviation of the 

retained path-level stress estimates. This standard deviation describes variability between acoustic 

paths at a given scan position. Systematic contributions associated with calibration, coupling, weld-

cap geometry, reference condition and material state remain common to multiple paths and are 

considered separately. 

Lower path-wise variability provides stronger internal evidence that the calculated mean is 

representative of the retained path population, whereas increased scatter indicates reduced 

measurement consistency. Numerical standard-deviation thresholds for acceptance or rejection were 

not defined prospectively during this experimental programme. The resulting quantitative, semi-

quantitative and qualitative classifications therefore use path-wise variability together with LCR 

arrival quality, coupling condition and validity of the calibration and reference state. Establishing pre-

specified numerical thresholds forms part of the proposed future qualification procedure. 
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5.2.4. Comparison and verification 

The PAURS results were assessed against incremental hole drilling and neutron diffraction to assess 

whether the ultrasonic stress calculations reproduced the main residual stress trends and approximate 

magnitudes measured using independent techniques. In the PAURS measurements, the directly 

measured quantity is the LCR time-of-flight, from which RS is calculated using the calibrated 

acoustoelastic relationship. The HD and ND data are therefore used to evaluate the calculated PAURS 

stress distribution against independent residual stress measurements and to identify regions where the 

ultrasonic interpretation becomes less certain. 

The interpretation must account for the different measurement basis of each technique. PAURS 

provides a near-surface stress calculation from LCR time-of-flight changes, with an effective 

propagation depth of approximately 1.2 mm beneath the inspected surface. HD determines near-

surface residual stress from strain relief during incremental drilling, with the final comparison taken 

from the depth range closest to the PAURS sampling region. Although the PAURS LCR sensitivity 

region is shallower than the nominal 2 mm neutron-diffraction depth, the 2 mm ND measurement 

remains the closest available depth-resolved comparator.  

The ND gauge volume was 2 × 2 × 2 mm³, so the nominal 2 mm measurement represents an average 

over a finite near-surface volume. It is therefore not identical to the PAURS sampling region, but it is 

physically closer to the approximately 1–1.5 mm LCR response than the deeper ND measurements at 

7, 10, and 13 mm. For this reason, the 2 mm ND result is used as a depth-adjacent comparison, while 

the deeper ND measurements are used to interpret through-thickness stress variation. The 2 mm ND 

results used here therefore represent a finite gauge volume overlapping a deeper region than PAURS. 

The HD results are shown in Figure 52. HD was applied at the weld-centre region of Sample #1 and 

therefore provides the closest same-specimen near-surface comparison for the PAURS top-surface 

weld-centre result. The first 200 µm of the HD profile were excluded from the comparison because 

this region exhibited relatively high uncertainty, reaching approximately ±60 MPa. This higher 

uncertainty is expected because the earliest drilling increments are more sensitive to surface 

preparation, strain-gauge bonding, drilling alignment, and local near-surface disturbance. The 

uncertainty reduced to approximately ±11 MPa at around 500 µm depth, before increasing again to 

approximately ±24 MPa near the final depth of approximately 1 mm. 
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Figure 52: Incremental hole drilling residual stress profile at the weld-centre region of Sample #1. This depth range provides 

the closest same-specimen near-surface comparison for the PAURS top-surface weld-centre result. [4] 

For comparison with PAURS, the HD value at approximately 1 mm depth was used because it is 

closest to the effective LCR sampling region of the PAURS configuration. The average HD stress at 

this depth was approximately 243 ± 24 MPa. This value is broadly consistent with the peak calculated 

PAURS stresses, which reached approximately 290 MPa in the weld cap centre region. The difference 

between these values is not unexpected because HD provides a local strain-relief measurement 

beneath the drilled hole, while PAURS provides a path-averaged ultrasonic response over the near-

surface LCR propagation region. The comparison therefore supports the approximate magnitude of 

the PAURS weld-centre stress result. 

The HD dataset also has two important limitations for this comparison. First, HD was concentrated at 

the weld-centre region and was not repeated along the full length of the weld plate. It therefore 

supports the centre-point comparison, but does not provide independent evidence for every PAURS 

scan position. Second, HD was not performed on the bottom surface of the specimen. The bottom-

surface PAURS results therefore cannot be assessed using HD and must instead be interpreted through 

comparison with the ND dataset. 

Figure 53 presents the longitudinal, transverse, and normal stress components obtained from neutron 

diffraction. The longitudinal component is the primary comparator for PAURS because it is aligned 

with the weld direction and is expected to dominate the welding-induced stress field. The transverse 
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and normal components provide additional information on the internal stress state, but they are used 

mainly to support interpretation of the welded specimen. 

 

Figure 53: Neutron-diffraction residual stress results for the welded S275 replicate specimen. The results show the normal, 

longitudinal and transverse stress components measured within finite gauge volumes at selected depths. [4] 

The ND results provide an important comparison as they extend through the thickness and therefore 

give information that cannot be obtained from the near-surface PAURS measurement alone. However, 

ND and PAURS should not be expected to match exactly at every position. ND averages lattice strain 

over a finite gauge volume at specified depths, while PAURS extracts stress from a near-surface LCR 

wave travelling parallel to the inspected surface. Differences between the two methods are therefore 

expected where strong stress gradients exist through the thickness or where the ultrasonic 

measurement is affected by surface condition or coupling. 

The top-surface comparison between PAURS, HD, and ND is shown in Figure 54. Considering first 

the weld centre, only qualitative trend agreement can be observed between PAURS and ND, though 

the HD average value does share an approximate magnitude with the centre of the PAURS scan, 

indicating quantitative agreement. The centre of the PAURS scan shows an RS value of approximately 

220 MPa, within the uncertainty range of the HD value. 
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Figure 54: Comparison between PAURS, hole drilling, and neutron diffraction for the top surface of the welded S275 

specimen. PAURS stresses are calculated from LCR ToF changes using the calibrated acoustoelastic relationship [4] 

Agreement is weaker in the central weld region, as this is the most difficult region for PAURS due to 

several uncertainty sources coinciding. The weld cap and local surface geometry can reduce wedge 

contact stability, which affects coupling and LCR arrival consistency. The RS gradient is also likely to 

be steep close to the weld centre, meaning that small differences in depth, gauge volume or lateral 

position can produce different measured stress values. In addition, the weld and HAZ may contain 

microstructural variation and texture that can influence ultrasonic velocity, attenuation and scattering. 

These effects can bias the PAURS ToF response if they are not fully separated from stress-induced 

velocity change. 

The higher ND value relative to the PAURS top-surface result at the weld centre can be explained by 

three interacting factors. First, ND and PAURS average different physical quantities over different 

sampling regions. Second, local weld-cap geometry and microstructure can destabilise wedge 

coupling and LCR arrival consistency. Third, absolute ND stress levels depend on the stress-free 

lattice reference and were measured on a nominally identical replicate specimen rather than Sample 

#1.  
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Figure 55: Comparison between PAURS and neutron diffraction for the bottom surface of the welded S275 specimen. [4] 

The bottom-surface comparison between PAURS and ND is shown in Figure 55. Because no bottom-

surface HD measurement was performed, this comparison relies on PAURS internal consistency and 

the ND replicate-specimen dataset. The bottom-surface PAURS measurements showed lower path-

wise variance than the top surface, as discussed in Section 5.2.3. This provides stronger internal 

evidence for measurement consistency on the bottom surface, likely because the underside of the plate 

provided more stable wedge contact and less severe local weld-cap geometry. Per the quality flagging 

criteria discussed in this thesis, the agreement in the HAZ at the bottom of the welded plate can be 

described as quantitative. 

Overall, the RS measurement methodology is presented as quantitative through validation in ideal 

cases, such as on the bottom of the weld sample where the geometry is simple, allowing for a 

consistent, stable wedge-sample interface across the inspected path. In less ideal cases, such as on the 

top of the specimen as the scan path encounters the complex geometry of the weld cap, the results are 

presented as only a qualitative recreation of the stress trend, here due to poor mating between the 

wedge and the sample, resulting in low SNR LCR waves where the repeatable timing reference point 

was indistinct. The numerical acceptance thresholds for these categories were not defined 

prospectively during the experimental programme. The classifications used here therefore summarise 
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the evidence available from calibration validity, signal quality, path consistency, coupling condition 

and comparator compatibility. Establishing pre-qualified numerical thresholds is included in the future 

qualification programme.  

An additional potential confounder is the nominal replicate status of the sample sent for ND. Although 

the overall trend of the RS is broadly similar, the overall magnitudes differ. This is treated as a 

magnitude difference and not a PAURS or ND measurement error as the HD stress magnitude on 

Sample #1 is within uncertainty of the PAURS weld centre stress value, within very similar depths (1 

mm vs 1.2 mm respectively). 

5.2.5. What PAURS establishes for welded residual stress measurement 

The welded-plate results test whether the calibrated PA-LCR approach developed in the controlled 

bolt benchmark can be applied to an unknown residual stress field. The S275 acoustoelastic 

calibration provided the stress-conversion basis for the selected PA-LCR configuration, while the 

welded-plate results show that the calculated stress values must also be interpreted alongside coupling 

condition, signal quality, path consistency, and independent residual stress evidence. 

The gel-thickness study identifies couplant variation as a practical timing-error source in PAURS. 

Simulation and shim-based testing showed that coupling variation can generate stress-equivalent ToF 

shifts if left uncompensated. Adjacent-receiver subtraction reduced the gel-caused experimental 

residual timing error to approximately 0.3 ns on average, corresponding to an equivalent stress error 

of approximately 1.1 MPa under the calibration used in this thesis. This provides a practical 

uncertainty-control step before PAURS is applied to the welded specimen. 

In the welded-plate measurements, FMC reduced the standard deviation of the calculated stress values 

by approximately 5–10× compared with the matched-path subset. This supports path averaging and 

internal consistency assessment, while also identifying regions where the averaged stress value should 

be treated with reduced confidence. This materially improves stress-map precision by reducing path-

wise standard deviation while preserving a quality indicator for identifying lower-confidence weld-

centre regions. 

The comparison with HD and ND supports the main PAURS stress trends and approximate 

magnitudes where measurement conditions are favourable. The bottom surface provides the strongest 

PAURS/ND agreement, consistent with more stable wedge contact and lower path-wise variability. 

The weaker agreement near the top weld centre is also informative, because it identifies the current 

limit of quantitative interpretation where weld geometry, coupling stability, stress gradients, and 

comparator gauge-volume differences coincide. 

These results show that PAURS can provide defensible near-surface residual stress information in 

welded S275 steel under the laboratory conditions tested here. The method is strongest where the 
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LCR arrival is stable, standard deviation across retained paths is low, acoustoelastic calibration is 

valid, and the comparison basis is physically meaningful. It is not yet a qualified industrial inspection 

procedure for arbitrary weld geometries, rough surfaces, elevated temperature or uncharacterised 

microstructures, but it does establish the main requirements for further PAURS development: 

acoustoelastic calibration, couplant-error control, FMC-based path redundancy, quality classification, 

and comparison with independent residual stress measurements. 

5.3. Microstructure and PAURS+ 

The 10 MHz and 32 MHz simulations first compare the sensitivity of amplitude change and ToF to 

the equiaxed–elongated microstructure contrast, showing how the ultrasonic response changes as 

wavelength decreases. The 5 MHz simulation and robotic measurements then test whether the same 

angular attenuation-related response remains detectable using the available PA-LCR hardware. 

The measured features in this section are ToF, amplitude change, attenuation-related angular response, 

and signal consistency. In PAURS+, the output is interpreted as an angular descriptor of near-surface 

microstructural anisotropy. LCR ToF is retained mainly as a stability feature, while amplitude- and 

attenuation-based LCR observables provide the stronger microstructural contrast under the conditions 

considered here. 

Simulation and experiment are compared using the angular position of the main amplitude or 

attenuation-related features, together with the contrast between the more equiaxed AFSD region and 

the elongated substrate.  

5.3.1. Frequency sensitivity of the PAURS+ ToF and amplitude response 

The frequency study was used to assess which PA-LCR observables were most sensitive to the 

simulated microstructural difference between the equiaxed AFSD region and the elongated grain 

substrate region. Two quantities were examined: the amplitude change between selected LCR peaks 

and the ToF of the selected LCR arrival. The comparison was performed at 10 MHz and 32 MHz to 

examine how the response changed as the ultrasonic wavelength approached the characteristic 

microstructural length scale, and to identify the most useful microstructure-sensitive observable 

before assessing whether the response could be reproduced using the practical 5 MHz robotic 

application of PAURS+. 

The 10 MHz and 32 MHz simulations were used as frequency-sensitivity studies. These frequencies 

were selected to increase the interaction between wavelength and grain morphology in the numerical 

model. Using the approximate longitudinal wave velocity in Al7075, the corresponding half-

wavelengths are approximately 300 µm at 10 MHz and 100 µm at 32 MHz. These length scales are 

closer to the characteristic dimensions of the elongated substrate morphology than the 5 MHz case, 
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making them useful for testing whether the PAURS+ response is sensitive to microstructural 

directionality. 

Figure 56 and Figure 57 show the simulated 10 MHz amplitude-change and ToF responses, 

respectively, for the equiaxed AFSD and elongated substrate models. Figure 56 shows that the 

elongated substrate produces a stronger angular amplitude variation than the equiaxed AFSD region. 

The main difference occurs around the angular regions associated with grain alignment, where the 

amplitude-change response departs most clearly between the two models. This behaviour is consistent 

with the EBSD-defined morphology: the equiaxed region presents a more directionally uniform 

propagation environment, while the elongated substrate changes the LCR response as the propagation 

direction rotates relative to the dominant grain elongation direction. Outside the angular regions close 

to 90° and 270°, the amplitude-change responses of the equiaxed AFSD and elongated substrate 

models are more comparable. 

 

 

Figure 56: Simulated 10 MHz angular amplitude change in the elongated substrate (red) and equiaxed AFSD (blue) models.. 

Figure 57 shows the corresponding 10 MHz ToF response. The equiaxed AFSD model remains 

comparatively stable, while the elongated substrate shows a larger angular variation - with the main 

features again occurring around the alignment-sensitive regions where the acoustic paths travel 

approximately parallel to the dominant grain elongation direction. This confirms that ToF can also 

respond to microstructure, although it only changes significantly when considering rotational LCR 

within the substrate. Within the equiaxed grain region, even when rotated, ToF remained broadly 

consistent.  
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This result is relevant to PAURS because it indicates that microstructure-related ToF variation is most 

pronounced when the propagation direction changes relative to the elongated grain morphology, as 

under a fixed inspection orientation both regions show limited ToF variation. For the elongated 

substrate, the simulation indicates that angular misalignment can contribute to ToF variation and so 

probe orientation should be treated as a possible uncertainty source when inspecting textured or 

elongated microstructures. 

 

Figure 57: Simulated 10 MHz ToF variation in the elongated substrate (red) and equiaxed AFSD (blue) models.  

The same trend is stronger in the 32 MHz simulations shown in Figure 58 and Figure 59. At this 

frequency, the shorter wavelength is closer to the characteristic scale of the elongated grain 

morphology, increasing the simulated sensitivity to propagation direction. The 32 MHz case is not 

treated as a practical deployment frequency for the PA-LCR configuration used in this thesis. Not only 

is the firing frequency impractically high, but the penetration depth is calculated as approximately 400 

microns. Although the shorter wavelength increases the simulated sensitivity to microstructural 

morphology, higher-frequency inspection results in a lower penetration depth and higher couplant 

sensitive error. This simulation is used to confirm the wavelength-sensitivity trend under controlled 

numerical conditions, while the experimental validation is performed at 5 MHz. 



Non-destructive evaluation of residual stress using phased array ultrasonics 
 

133 

Brandon Mills 

 

Figure 58: Simulated 32 MHz angular amplitude change in the elongated substrate (red) and equiaxed AFSD (blue) models.  

In Figure 58 the elongated substrate shows a stronger and broader angular amplitude-change response 

than in the 10 MHz case. The divergence between the substrate and AFSD responses extends over a 

wider angular range, supporting the interpretation that amplitude change is sensitive to wavelength-

scale interaction with the elongated microstructure. 

 

Figure 59: Simulated 32 MHz ToF variation in the elongated substrate (red) and equiaxed AFSD (blue).  

Figure 59 shows a wider angular interaction region in the 32 MHz ToF response compared with  the 

10 MHz case. The largest variation occurs between 45° and 135° and around the equivalent region 

near 270°, where the LCR propagation direction changes relative to the elongated substrate 

morphology. The ToF variation is also larger than in the 10 MHz simulation, increasing from 
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approximately 6 ns to approximately 40 ns across the main interaction region. This is consistent with 

the shorter wavelength increasing sensitivity to local variations in effective wave speed caused by the 

representative grain morphology.  

The ToF response in the elongated substrate also reaches a plateau around 2.86 µs across part of the 

interaction region. As shown in Figure 60, this plateau overlaps with the main peak–trough–peak 

pattern in the amplitude-change response. This supports the use of amplitude change as the clearer 

PAURS+ descriptor, because the strongest attenuation-related features occur in an angular region 

where the ToF response is less discriminating. 

 

Figure 60: Comparison between the angular positions of the simulated amplitude-change features and the corresponding 

ToF response in the frequency-sensitivity study.  

The 10 MHz and 32 MHz simulations show that PA-LCR amplitude response is more suitable than 

ToF for microstructure-sensitive angular characterisation. The elongated substrate produces stronger 

and more directionally dependent amplitude variation than the equiaxed AFSD region, and the effect 

becomes more pronounced as the wavelength decreases. These results motivate the 5 MHz simulation 

and robotic validation in Section 5.3.2, where the aim is to determine whether the same angular 

attenuation-related signature remains measurable under experimentally feasible PA-LCR conditions. 

5.3.2. 5 MHz PAURS+ simulation and robotic validation 

The 5 MHz simulation and experimental results test whether the angular attenuation-related response 

identified in the higher-frequency simulations remains measurable using the available robotic PA-

LCR hardware. The 10 MHz and 32 MHz simulations in Section 5.3.1 were used to assess frequency 

sensitivity and identified amplitude change as the clearer microstructure-sensitive response. The 5 

MHz simulation is used as the comparison case for the robotic measurements because it matches the 

probes used for the robotic validation. 
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The analysis focuses on amplitude change, attenuation-related angular response, and signal 

consistency. ToF is retained only as a supporting feature for assessing LCR arrival stability; it is not 

used here to calculate stress or define the PAURS+ output.  

Figure 61 shows representative LCR signals used to define the amplitude-change measurement. The 

selected LCR arrival is visible across the phased-array paths, and the received amplitude changes with 

propagation distance and microstructural region. The amplitude-change metric is extracted from the 

selected LCR response and used as an attenuation-related descriptor of how the signal varies with 

both path and inspection angle. The same extraction approach is applied to the simulated and 

experimental 5 MHz data so that the angular trends can be compared on a consistent basis. 

 

Figure 61: Definition of the amplitude-change metric used in the 5 MHz PA-LCR analysis. The metric is extracted from the 

selected LCR arrival and used as an attenuation-related descriptor of how the received amplitude changes with propagation 

path and inspection angle. 

Figure 62 and Figure 63 show the 5 MHz simulated angular amplitude-change response for the 

elongated substrate and equiaxed AFSD regions. These simulations define the angular response 

expected under the same frequency used for the robotic measurements. The comparison then assesses 

whether the predicted substrate/AFSD contrast is reproduced in the measured PA-LCR data. 
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Figure 62: Simulated 5 MHz angular amplitude-change response in the elongated substrate region. The directional features 

indicate the expected attenuation-related response as the LCR propagation direction changes relative to the EBSD-defined 

elongated grain morphology. 

Figure 62 shows the simulated response for the elongated substrate. The amplitude-change response 

varies with inspection angle, with the strongest features occurring around the angular positions where 

the LCR propagation direction aligns relative to the elongated grain morphology. This agrees with the 

EBSD-defined substrate condition and with the frequency-sensitivity results in Section 5.3.1, where 

the elongated region produced the stronger direction-dependent response. 

The magnitude of the 5 MHz variation is lower than in the 10 MHz and 32 MHz cases, which is 

expected because the longer wavelength interacts less strongly with the representative grain 

morphology. However, the persistence of an angular trend at 5 MHz is an important result ahead of 

the robotic experimental validation. 
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Figure 63: Simulated 5 MHz angular amplitude-change response in the equiaxed AFSD region. The weaker angular 

dependence provides the simulated reference case for comparison with the elongated substrate response above. 

Figure 63 shows the simulated response for the equiaxed AFSD region. The angular variation is 

smaller than in the substrate simulation, consistent with the more directionally uniform grain 

morphology observed in EBSD. This provides the simulated reference case for PAURS+: the AFSD 

region is expected to show a weaker angular attenuation-related response than the elongated substrate. 

Figure 64 and Figure 65 show the corresponding experimental measurements acquired using the 

robotic PA-LCR setup. The same amplitude-change calculation was applied to the experimental data 

as to the 5 MHz simulation results, so that the angular response could be compared using the same 

observable. The experimental measurements also include contact, coupling and robotic positioning 

effects that are not fully represented in the simulation. 
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Figure 64: Experimental 5 MHz robotic PA-LCR angular amplitude-change response in the elongated substrate region. The 

measured response shows a directionally dependent attenuation-related signature consistent with the elongated substrate 

morphology. 

Figure 64 shows the experimental response from the elongated substrate region. A clear angular 

dependence is again observed here, with the main amplitude-change features occurring at similar 

angular positions to those predicted by the 5 MHz simulation. The measured response is not expected 

to match the simulation in absolute amplitude, because the simulation uses a representative EBSD-

informed morphology and idealised boundary conditions. The substrate retains a repeatable angular 

attenuation-related response under the practical 5 MHz PA-LCR inspection condition. 
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Figure 65: Experimental 5 MHz robotic PA-LCR angular amplitude-change response in the equiaxed AFSD region. The 

weaker angular dependence provides the experimental reference case for assessing whether the stronger substrate response 

is microstructure-sensitive or only system-driven. 

Figure 65 shows the experimental response from the equiaxed AFSD region. The angular variation is 

weaker than in the substrate measurement, which is consistent with the simulated AFSD response and 

the comparatively equiaxed grain morphology observed in EBSD. This comparison is important 

because the AFSD region was inspected using the same PA-LCR wedge, probes, amplitude-extraction 

procedure and robotic rotation method as the substrate. The weaker AFSD response therefore provides 

a reference case against which the stronger substrate response can be interpreted. 

Taken together, the experimental results reproduce the main contrast predicted by the 5 MHz 

simulations: the elongated substrate gives the stronger angular attenuation-related response, while the 

equiaxed AFSD region remains more stable over the same rotation range. This supports the 

interpretation that the measured angular response is linked to the EBSD-defined microstructure and 

not caused by errors arising from the experimental setup. However, this comparison does not remove 

all experimental uncertainty. Coupling variation, contact-force changes, surface condition, and robot 

angular positioning error can still influence the measured amplitude response. 

Figure 66 and Figure 67 compare the 5 MHz simulated and experimental responses for the elongated 

substrate and equiaxed AFSD regions. The comparison is based on the relative angular attenuation 

trend and common features between simulated and experimental results, which is appropriate as the 

simulation represents the EBSD-informed microstructure under controlled numerical conditions while 

the experiment includes additional variation as mentioned above. 
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Figure 66: Comparison between the 5 MHz simulated and experimental PA-LCR angular amplitude-change responses in the 

elongated substrate region. Agreement is assessed using the angular position and relative strength of the main attenuation-

related features. 

Figure 66 shows that the main simulated and experimental substrate features occur over similar 

angular regions. The strongest changes are associated with the orientations where the LCR 

propagation direction aligns relative to the elongated substrate morphology. This agreement supports 

the interpretation that the measured angular response is linked to the EBSD-defined grain 

morphology. The match is not exact, particularly in amplitude magnitude, but this is expected because 

the simulation uses only a representative microstructure and does not fully reproduce the experimental 

coupling, surface and contact conditions. 

The substrate response also shows an approximate 180° periodicity across both simulated and 

experimental results. This behaviour is consistent with an elongated microstructure, where 

propagation parallel and antiparallel to the dominant grain direction gives a similar attenuation-related 

response. In future implementations, this symmetry may allow the angular scan range to be reduced 

where the initial probe orientation and dominant material direction are already known. 
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 Figure 67: Comparison between the 5 MHz simulated and experimental PA-LCR angular amplitude-change 

responses in the equiaxed AFSD region. The weaker angular response supports the use of the AFSD region as the reference 

case for identifying the stronger directionally dependent response in the substrate.  

Figure 67 shows that both the simulated and experimental AFSD responses have weaker angular 

dependence than the substrate response. This is consistent with the comparatively equiaxed EBSD 

morphology and supports the use of the AFSD region as the reference case. The AFSD result is 

important because it reduces the likelihood that the stronger substrate response is caused solely by the 

measurement setup. If wedge rotation, coupling anisotropy, or robot angular error dominated the 

result, a similar angular pattern would be expected in both regions. 

The 5 MHz simulated and experimental amplitude-change responses were compared using the same 

1° angular sampling over one complete rotation. For statistical comparison, the 360° point was treated 

as a duplicate of 0° and excluded, giving 360 unique angular observations between 0° and 359°. 

Absolute amplitude was not compared directly because the numerical model does not reproduce the 

complete experimental transfer function, including probe response, coupling, surface condition and 

contact force. Each simulated and experimental angular response was therefore normalised 

independently by subtracting its angular mean and dividing by its angular standard deviation. This 

retains the relative angular response while removing differences in absolute amplitude scale. 

The principal feature angle was defined before comparison as the angle corresponding to the largest 

absolute deviation of the normalised response from its angular mean. Simulation–experiment angular 

agreement was then assessed from the signed difference between the experimental and simulated 

principal-feature angles. The signed angular difference was wrapped to the range −180° to +180°, 
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with positive values indicating that the experimental feature occurred at a greater angular position 

than the corresponding simulated feature. 

Agreement across the complete angular response was assessed using correlation between the 

normalised simulated and experimental curves. Circular cross-correlation was also used to determine 

the angular shift giving the greatest correspondence between the two responses. This provides a 

whole-curve comparison independent of the selection of an individual peak. 

The substrate and AFSD results are interpreted separately. The elongated substrate is expected to 

show a stronger angular response and greater 180° periodicity, while the comparatively equiaxed 

AFSD region provides a lower-anisotropy material comparison. The AFSD measurement was 

acquired using the same wedge, probes, rotation procedure and processing method as the substrate 

and therefore provides useful evidence against a purely apparatus-driven angular response. It does not 

constitute an independent apparatus baseline because it remains a material measurement with its own 

microstructural response.  

A dedicated isotropic calibration specimen or apparatus-only rotational baseline was not acquired 

during the original experiment. The experiment was completed twice per microstructure geometry and 

an average taken. The experiment was only performed clockwise. Repeat-scan uncertainty and 

apparatus-baseline angular variation therefore cannot be quantified retrospectively. The numerical 

comparisons reported here quantify agreement between the retained simulated and experimental 

angular responses; they do not establish the repeatability or absolute angular accuracy of the robotic 

measurement. Dedicated repeat rotations and an isotropic apparatus baseline are required for 

subsequent quantitative PAURS+ qualification. 

Several non-microstructural effects may still contribute to the measured amplitude response. These 

include coupling variation during rotation, contact-force changes, local surface roughness, and robot 

angular positioning error. The present comparison reduces the likelihood that these effects dominate 

the interpretation by comparing two EBSD-defined regions using the same inspection procedure and 

by considering agreement in terms of angular trend and relative contrast. For this reason, the PAURS+ 

output is treated as a descriptor of near-surface microstructural anisotropy, with basic orientation of 

elongated grains identifiable with further processing. 

The 5 MHz simulation and robotic measurements show that the attenuation-related angular signature 

identified in simulation remains measurable under practical PA-LCR conditions. The elongated 

substrate gives a stronger and more repeatable angular response than the equiaxed AFSD region, and 

the main angular features are consistent with the EBSD-defined grain morphology. Together with the 

frequency-sensitivity study, this supports PAURS+ as a microstructure-sensitive extension of PAURS. 
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5.3.3. What PAURS+ establishes for microstructure-sensitive 

characterisation 

PAURS+ extends the PA-LCR approach from stress-calibrated ToF measurement to microstructure-

sensitive characterisation. Here, amplitude change and attenuation-related angular response are used 

as descriptors of near-surface microstructural anisotropy. 

The main outcome is that amplitude change provides the clearer PAURS+ descriptor in this study. The 

10 MHz and 32 MHz simulations show stronger angular amplitude variation in the elongated 

substrate than in the comparatively equiaxed AFSD region, with the contrast becoming more 

pronounced as wavelength decreases. ToF also varies in the simulations, particularly at higher 

frequency, but it provides a less direct microstructure-sensitive descriptor than the amplitude response 

and is treated as a supporting feature for LCR arrival stability and signal consistency. 

The 5 MHz simulation and robotic measurements show that an attenuation-related angular response 

remains measurable under the practical PA-LCR condition used experimentally. The elongated 

substrate produces the stronger and more repeatable angular response, while the AFSD region shows 

weaker angular dependence. Because both regions were inspected using the same wedge, probe 

configuration, and robotic rotation procedure, this contrast supports the interpretation that the 

measured angular response is linked to the EBSD-defined grain morphology. 

The present PAURS+ output should be treated as a qualitative to semi-quantitative indicator of near-

surface microstructural anisotropy. Agreement between simulation and experiment is judged from 

angular trend, feature position, relative response, and substrate/AFSD contrast. This scope is 

appropriate because the simulation uses representative EBSD-informed microstructures, while the 

experimental measurements include contact, coupling, bandwidth, SNR, and robotic positioning 

effects. 

These results define PAURS+ as a bounded use of the same PA-LCR platform developed for residual 

stress measurement to perform microstructure-sensitive angular characterisation. Quantitative grain-

size measurement, full texture reconstruction, and closed-loop in-process deployment remain future 

work, but the present results establish the measurement basis for developing PAURS+ beyond the 

initial validation stage. 
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6. Conclusions 

This thesis establishes an FMC-based PA-LCR methodological framework for residual stress 

measurement, and related microstructure characterisation. The residual stress implementation, termed 

PAURS, combines calibrated ToF stress calculation, multi-path FMC processing, couplant-error 

control, signal-quality assessment, and comparison with independent residual stress measurement 

methodologies to determine when ultrasonic outputs support numerical stress calculation or trend-

based stress interpretation. PAURS+ extends the same platform towards microstructure-sensitive 

indication by using amplitude- and attenuation-related angular responses as additional descriptors. 

Figure 68 summarises the overall doctoral contribution of this thesis. 

 

Figure 68: Final synthesis of the phased-array ultrasonic measurement framework developed in this thesis. The framework 

progresses from the controlled-stress bolt benchmark, to welded residual-stress measurement using PAURS, and finally to 

PAURS+ microstructure-sensitive characterisation.  

The contributions to knowledge established through this thesis are revisited here in relation to the 

evidence developed across the three experimental stages. The method becomes more complex at each 

stage: the bolt benchmark uses a controlled applied load, the welded PAURS study introduces 

unknown residual stress, weld geometry, coupling variability and non-identical comparison volumes, 

and PAURS+ introduces microstructural anisotropy as both a measurable material-state feature and a 

potential confounding influence in ultrasonic RS measurement. Across these stages, the common 
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contribution is the combined use of phased-array LCR waves with FMC-based path redundancy to 

support averaging, compensation, path selection, and confidence assessment. 

The controlled bolt study demonstrated that phased-array ultrasonic inspection can resolve preload-

sensitive ToF changes while also retaining path-wise information for defect-aware inspection and 

measurement-quality assessment. Comparison with FEA-derived average axial stress provided a 

mechanically compatible calibration route, and the high-preload tests showed that broadening or 

asymmetry in the path-wise ToF distribution marks reduced confidence in a single averaged stress 

estimate. In the blind M42 transfer test, the ultrasonic stress estimate was within approximately 10.9% 

of the mathematically derived comparator stress, providing evidence of the transferability of the 

calibrated procedure to a larger representative bolt under restricted access conditions. 

The couplant and timing-error study quantified one of the main practical uncertainty sources in 

PAURS. Because PAURS calculates residual stress from nanosecond-scale time-of-flight changes, 

variation at the wedge–specimen interface can produce apparent stress changes that are unrelated to 

the material stress state. The simulation and shim-based experimental results showed that couplant gel 

thickness can introduce significant timing errors. The adjacent-receiver compensation approach 

reduced the mean residual gel-induced ToF difference to approximately 0.3 ns across the controlled 

shim experiments, corresponding to approximately 1.1 MPa in stress-equivalent terms. This result 

quantifies the remaining coupling-related contribution under the tested conditions and demonstrates 

the use of phased-array path redundancy for targeted timing-error compensation. Temperature and 

other systematic contributions remain separate from this coupling-specific result and require further 

quantification before a complete PAURS uncertainty budget can be established. 

PAURS uncertainty arises from the combined effects of acoustoelastic calibration, reference-state 

selection, couplant variation, temperature, acoustic-path selection, probe positioning and material 

state. Of these, couplant variation was quantified experimentally: adjacent-receiver compensation 

reduced the mean residual ToF error to approximately −0.27 ns, corresponding to approximately −1.1 

MPa under the calibration used here, with the largest plate-mean residual approximately −0.57 ns 

(−2.3 MPa). These values represent coupling-specific residual bias, not total PAURS uncertainty. 

Temperature, reference-state bias, positioning/reseating effects and microstructural contributions were 

not independently quantified in the retained dataset and remain systematic limitations. FMC path-wise 

variation provides an internal measure of precision but does not remove common-mode bias. An 

overall uncertainty of ± 30 MPa is estimated based on experimental factors, comparison to HD 

measurements on the same sample, and general confidence based upon uneven weld cap/root 

geometry in key inspection zones. 

The PAURS study demonstrated calibrated near-surface residual stress calculation in welded S275 

steel using phased-array transducers in a pitch–catch PA-LCR configuration. The method gave its 
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strongest quantitative evidence where the measurement conditions were most favourable, particularly 

on the bottom surface of the welded specimen where the simpler geometry supported a more stable 

wedge–specimen interface and stronger agreement with the ND trend in the HAZ and weld-root 

region. On the top surface where the scan path crossed the weld cap, the result is more appropriately 

treated as a qualitative reproduction of the near-surface tensile stress trend. In this region, irregular 

cap geometry degraded wedge contact and reduced LCR signal quality, thus making the repeatable 

timing reference less distinct. The difference between the top-surface PAURS and ND magnitudes is 

therefore interpreted within the comparison limits of the experiment: ND was performed on a 

nominally identical replicate specimen and sampled a finite gauge volume, while the same-specimen 

HD result at a comparable near-surface depth supported the approximate PAURS weld-centre 

magnitude. FMC was central to this interpretation, reducing the standard deviation across acoustic 

paths by approximately 5–10× compared with matched linear paths and providing an internal 

consistency measure for each calculated stress value. These results support PAURS as a laboratory-

stage near-surface residual stress measurement procedure under defined quality conditions and 

comparison between established methodologies. 

PAURS+ showed that the same PA-LCR configuration can also provide microstructure-sensitive 

angular information when amplitude and attenuation-related response are analysed alongside EBSD 

and simulation. The 10 MHz and 32 MHz simulations showed that amplitude change was more 

sensitive than ToF to the contrast between the equiaxed AFSD region and the elongated-grain 

substrate. The 5 MHz simulations and robotic measurements then showed that the attenuation-related 

angular signature remained measurable using the available experimental hardware: the elongated-

grain substrate produced the stronger and more direction-dependent response, while the equiaxed 

AFSD region produced a weaker and more stable response. PAURS+ should therefore be treated as a 

descriptor of near-surface microstructural anisotropy with basic orientation characterisation 

capabilities, rather than as direct grain-size, texture, or morphology reconstruction. 

Within the conditions investigated, the most mature outputs are the phased-array bolt inspection 

workflow, the gel-compensation for PA-LCR, and the PAURS near-surface residual stress calculation 

procedure for laboratory welded specimens. These are usable as controlled measurement procedures 

where surface and coupling condition, calibration, and signal-quality requirements are managed. The 

work does not yet represent a qualified industrial residual stress inspection method across arbitrary 

materials, geometries, or service environments, with key limits of coupling stability, weld geometry, 

and positioning variability defining whether a calculated stress value or extracted microstructure-

sensitive descriptor should be treated as numerical, semi-quantitative, or qualitative. 

Future qualification should use repeated measurements across a minimum of five specimens for each 

material and geometry, with at least three independent lift-and-reseat measurements at each validation 
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position. Temperature compensation should be established before stress conversion, with same-

specimen residual-stress measurements used as the primary external comparator. PAURS+ 

qualification should additionally include an approximately isotropic reference specimen to establish 

the rotational apparatus baseline. Proposed exit criteria are an LCR SNR of at least 12 dB, retention of 

at least 75% of candidate FMC paths, path-wise stress standard deviation below 10 MPa, reference-

ToF drift below 0.5 ns, and a combined expanded stress uncertainty below 20 MPa under the qualified 

inspection condition. For increased repeatability, robotic measurement should be used where possible. 

Longer-term work should extend PAURS+ through systematic comparison with EBSD, diffraction, or 

metallography across multiple alloys and grain structures, with the aim of separating grain 

morphology, texture, porosity, and residual stress contributions to PA-LCR observables. In-process 

and closed-loop robotic monitoring should follow this qualification work rather than precede it. Such 

a validation programme would also generate the dataset required for longer-term machine-learning-

assisted quality classification or automated RS monitoring. 

Overall, the thesis shows that phased-array ultrasonics can strengthen residual stress measurement by 

replacing reliance on a single ToF value with calibrated PA-LCR observables, FMC-based multi-path 

analysis, uncertainty control, and measurement-quality evidence. The principal contribution is a 

staged FMC-based phased-array measurement route established through a controlled bolt benchmark, 

translated to welded S275 residual stress measurement, and extended through PAURS+ for near-

surface microstructure-sensitive angular characterisation. Broader industrial use now depends on 

qualification across larger validation datasets, more varied geometries and materials, and automated 

quality-control thresholds.  



Non-destructive evaluation of residual stress using phased array ultrasonics 
 

148 

Brandon Mills 

References 

 

[1]  B. Mills, Y. Javadi, F. Abad, S. Lotfian, C. Macleod, A. Mehmanparast, G. Pierce and A. Gachagan, 

“Inspection of wind turbine bolted connections using the ultrasonic phased array system,” Heliyon, vol. 

10, no. 14, 2024.  

[2]  B. Mills, Y. Javadi, P. Leilabadi, C. MacLeod, D. Lines, S. Lotfian, F. Abad, G.Pierce, F.Brennan and A. 

Gachagan, “A Novel Procedure for The Inspection of Wind Turbine Bolts,” in Wind Energy Science 

Conference, Glasgow, 2023.  

[3]  Y. Javadi, B. Mills, C. Macleod, D. Lines, F. Abad, S. Lotfian, A. Mehmanparast, G. Pirece, F. Brenan, 

A. Gachagan and C. Mineo, “Phased Array Ultrasonic Method for Robotic Preload Measurement in 

Offshore Wind Turbine Bolted Connections,” Sensors, vol. 24, no. 1421, 2024.  

[4]  B. Mills, J. Walker, Y. Javadi, C. N. MacLeod, H. Alipooramirabad, M. Reid and A. Paradowska, 

“Residual stress analysis in robotically welded plates using phased array ultrasonics with validation 

through neutron diffraction and hole-drilling methods,” International Journal of Pressure Vessels and 

Piping, vol. 216, 2025.  

[5]  J. Walker, B. Mills, Y. Javadi, C. Macleod, Y. Sun, B. Ahmed, S. Williams, J. Ding and S. Tamimi, “Inter-

pass peening for residual stress control in additive manufacturing: validation using ultrasonic, X-ray and 

contour method,” Materials and Design, vol. 260, 2025.  

[6]  J. Walker, B. Mills, Y. Javadi, C. Macleod, Y. Sun, P. K. Taraphdar, B. Ahmad, S. Gurumurthy, J. Ding 

and F. Sellars, “Study of residual stress using phased array ultrasonics in Ti-6AL-4V wire-arc additively 

manufactured components,” Sensors, vol. 24, no. 19, 2024.  

[7]  B. Mills, Y. Javadi and C. Macleod, “Simulation of gel and temperature effects on the ultrasonic LCR 

wave for residual stress error quantification with experimental validation,” Sensors, 2026.  

[8]  B. Mills, Y. Javadi and C. MacLeod, “Simulation of gel effects on the ultrasonic LCR wave for residual 

stress error quantification,” in BINDT, Edinburgh, 2025.  

[9]  Y. Javadi, N. Sweeney, E. Mohseni, C. MacLeod, D. Lines, M. Vasilev, Z. Qiu, C. Mineo, S. Pierce and 

A. Gachagan, “ Investigating the Effect of Residual Stress on Hydrogen Cracking in Multi-Pass Robotic 

Welding through Process Compatible Non-Destructive Testing,” Journal of Manufacturing Processes, 

vol. 63, pp. 80-87, 2021.  

[10]  Y. Javadi, E. Mohseni, C.Macleod, D.Lines, M.Vasilev, C.Mineo, G.Pierce and A. Gachagan, “High-

temperature in-process inspection followed by 96-h robotic inspection of intentionally manufactured 



Non-destructive evaluation of residual stress using phased array ultrasonics 
 

149 

Brandon Mills 

hydrogen crack in multi-pass robotic welding,” International Journal of Pressure Vessels and Piping, 

vol. 189, 2021.  

[11]  P. J. Withers and H. K. D. H. Bhadeshia, “Residual Stress Part 2 - Nature and Origins,” Materials 

Science and Technology, vol. 17, pp. 366-375, 2001.  

[12]  A. Joseph, S. Rai, T. Jayakumar and N. Murugan, “Evaluation of residual stresses in dissimilar weld 

joints,” International Journal of Pressure Vessels and Piping, vol. 82, pp. 700-705, 2005.  

[13]  J. Guo, H. Fu, B. Pan and R. Kang, “Recent progress of residual stress measurement methods: A review,” 

Chinese Journal of Aeronautics, vol. 34, no. 2, pp. 54-78, 2019.  

[14]  C. J. Hamelin, O. Muransky, M. C. Smith, T. M. Holden, V. Luzin, P. J. Bendeich and L. Edwards, 

“Validation of a numerical model used to predict phase distribution and residual stress in ferritic steel 

weldments,” Acta Materialia, vol. 75, pp. 1-19, 2014.  

[15]  P. J. Withers and H. K. D. H. Bhadeshia, “Residual Stress Part 1 - Measurement Techniques,” Materials 

Science and Technology, vol. 17, pp. 355-365, 2001.  

[16]  G. Totten, M. Howes and T. Inoue, Handbook of Residual Stress and Deformation of Steel, ASM 

International, 2002.  

[17]  M. Prime, M. Hill, A. DeWald, R. Sebring, V. Dave and M. Cola, “Residual stress mapping in welds 

using the contour method,” in Trends in Welding Research, Proceedings of the 6th International 

Conference, Pine Mountain, 2002.  

[18]  N. Rossini, M. Dassisti, K. Benyounis and A. Olabi, “Methods of measuring residual stresses in 

components,” Materials and Design, vol. 35, pp. 572-588, 2012.  

[19]  H. Dai, J. Francis, H. Stone, H. Bhadehia and P. Withers, “Characterising phase transformations and their 

effects on ferritic weld residual stresses with x-rays and neutrons,” Metallurgical and Materials 

Transactions A, vol. 39A, pp. 3070-3078, 2008.  

[20]  Y. Kurdryavtsev and J. Kleiman, “Ultrasonic Technique and Equipment for Residual Stresses 

Measurement,” in Engineering Applications of Residual Stress, Springer, 2011, pp. 55-56. 

[21]  Y. Javadi, M. Akhlaghi and M. Najafabadi, “Using Finite Element and Ultrasonic Method to Evaluate 

Welding Longitudinal Residual Stress through the Thickness in Austenitic Stainless Steel Plates,” 

Materials and Design, vol. 45, pp. 628-642, 2013.  

[22]  X. Liu, X. Wang, Z. Guan, T. Jiang, K. Geng and Z. Li, “Improvement and validation of residual stress 

measurement in composite laminates using the incremental hole-drilling method,” Mechanics of 

Materials, vol. 154, 2021.  



Non-destructive evaluation of residual stress using phased array ultrasonics 
 

150 

Brandon Mills 

[23]  ASTM, “ Standard Test Method for Determining Residual Stresses by the Hole-Drilling StrainGage 

Method,” in ASTM E837-13a, West Conshohocken, PA, ASTM, 2013, pp. 1-16. 

[24]  M. Hutchings, P. Withers, T. Holden and T. Lorentzen, “Fundamentals of Neutron Diffraction,” in 

Introduction to the Characterization of Residual Stress by Neutron Diffraction, CRC Press, 2005, pp. 25-

67. 

[25]  G. Webster and R. Wimpory, “Non-destructive measurement of residual stress by neutron diffraction,” 

Journal of Materials Processing Technology, vol. 117, pp. 395-399, 2001.  

[26]  M. E. Fitzpatrick, A. T. Fry, P. Holdway, F. A. Kandil, J. Shackleton and L. Suominen, “Determination of 

residual stresses by X-ray diffraction,” Measurement Good Practice Guide, vol. 74, no. 2, 2005.  

[27]  M. Shokrieh and A. R. G. Mohammadi, “Nondestructive testing (NDT) techniques in the measurement 

of residual stresses in composite materials: An overview,” in Residual Stresses in Composite Materials, 

Woodhead Publishing, 2021, pp. 71- 109. 

[28]  H. Alipooramirabad, A. Paradowska, O. Lavigne, R. Ghomashchi and M. Reid, “In situ neutron 

diffraction measurement of strain relaxation in welds during heat treatment,” Science and Technology of 

Welding and Joining, vol. 22, no. 6, pp. 484-495, 2017.  

[29]  M. Park, H. Yang, D. Jang, J. Kim and T. Jin, “Residual stress measurement on welded specimen by 

neutron diffraction,” Journal of Materials Processing Technology, Vols. 155-156, pp. 1171-1177, 2004.  

[30]  M. Mochizuki, M. Hayashi and T. Hattori, “Numerical Analysis of Welding Residual Stress and Its 

Verification Using Neutron Diffraction Measurement,” Journal of Engineering Materials and 

Technology, vol. 122, no. 1, pp. 98-103, 2000.  

[31]  H. Alipooramirabad, S. Kianfar, A. Paradowska and R. Ghomashchi, “Residual stress measurement in 

engine block—an overview,” The International Journal of Advanced Manufacturing Technology, vol. 

131, no. 1, pp. 1-27, 2024.  

[32]  G. Yokub, S. Mathew and J. Leal, “Direct and indirect short-term aggregated turbine- and farm-level 

wind power forecasts integrating several NWP sources,” Heliyon, vol. 9, no. 11, 2023.  

[33]  T. Li, H. Shi, X. Bai, K. Zhang and G. Bin, “Early performance degradation of ceramic bearings by a 

twin-driven model,” Mechanical systems and signal processing, vol. 204, 2023.  

[34]  X. Yuan, Z. Zhang, P. Liang, Z. Zheng and L. Zhang, “A fusion TFDAN-Based framework for rotating 

machinery fault diagnosis under noisy labels,” Applied Acoustics, vol. 219, 2024.  

[35]  A. Mehmanparast, S. Lotfian and S. Vipin, “A Review of Challenges and Opportunities Associated with 

Bolted Flange Connections in the Offshore Wind Industry,” Metals, p. 732, 2020.  



Non-destructive evaluation of residual stress using phased array ultrasonics 
 

151 

Brandon Mills 

[36]  M. Civera and C. Sursace, “Non-Destructive Techniques for the Condition and Structural Health 

Monitoring of Wind Turbines: A Literature Review of the Last 20 Years,” Sensors, vol. 22, no. 1627, 

2022.  

[37]  J. Ahn, J. You, J. Huh, I. Kim and Y. Jeong, “Residual clamping force of bolt connections caused by 

sectional damage of nuts,” Journal of Constructional Steel Research, vol. 136, pp. 204-214, 2017.  

[38]  C. den Ottar and J. Maljaars, “Preload loss of stainless steel bolts in aluminium plated slip resistant 

connections,” Thin-Walled Structures, vol. 157, 2020.  

[39]  K. Jhang, H. Quan, J. Ha and N. Kim, “Estimation of clamping force in high-tension bolts through 

ultrasonic velocity measurement,” Ultrasonics, vol. 44, pp. 1339 - 1342, 2006.  

[40]  J. Yang and F. Chang, “Detection of bolt loosening in C–C composite thermal protection panels,” Smart 

Meter Struct, pp. 581-599, 2006.  

[41]  F. Du, C. Xu, G. Wu and J. Zhang, “Preload Monitoring of Bolted L-Shaped Lap Joints Using Virtual 

Time Reversal Method,” Sensors-Basel, vol. 18, no. 1928, 2018.  

[42]  H. Xingliang and C. Ping, “Ultrasonic Measurement of Bolt Axial Stress Using the Energy Ratio of 

Multiple Echoes,” IEEE Sensors, pp. 3928-3936, 2022.  

[43]  P. Dheeraj, M. Khaja and I. Mohsin, “Advanced phased array technology application for single sided 

access weld inspection,” Insight - Non-Destructive Testing and Condition Monitoring, pp. 585-595, 

2016.  

[44]  Y. Long, J. Luo, M. Yue, G. Wu, M. Zhao, N. Ji, W. Song, Q. Jn, H. Kuang and Y. Fan, “Investigation on 

leakage cause of 13Cr pipe flange used for a Christmas tree in a high pressure and high temperature gas 

well,” Eng Fail Analysis, vol. 142, 2022.  

[45]  D. Smagulova and E. Jasiuniene, “Inspection of Dissimilar Metal Joints Using Ultrasonic Phased 

Arrays,” Elektron Elektrotech, vol. 24, pp. 28-32, 2018.  

[46]  M. Moles and R. Ginzel, “Phased Arrays for Detecting Cracking in Bolts,” in 6th International 

Conference on NDE in Relation to Structural Integrity for Nuclear and Pressurized Components, 

Budapest, 2007.  

[47]  M. Yu, T. Reddyhoff, D. Dini, A. Holmes and C. O'Sullivan, “Using Ultrasonic Reflection Resonance to 

Probe Stress Wave Velocityin Assemblies of Spherical Particles,” IEEE Sensors, pp. 22489-22498, 2021.  

[48]  Y. Mendelsohn and E. Wiener-Avnear, “Simulations of circular 2D phase-array ultrasonic imaging 

transducers,” Ultrasonics, vol. 39, no. 9, pp. 657-666, 2002.  



Non-destructive evaluation of residual stress using phased array ultrasonics 
 

152 

Brandon Mills 

[49]  H. Shi, M. Ebrahimi, P. Zhou, K. Shao and J. Li, “Ultrasonic and phased-array inspection in titanium-

based alloys: A review,” Proceedings of the Institution of Mechanical Engineers, Part E: Journal of 

Process Mechanical Engineering, vol. 237, no. 2, 2022.  

[50]  C. Holmes, B. Drinkwater and P. Wilcox, “Post-processing of the full matrix of ultrasonic transmit-

receive array data for non-destructive evaluation,” NDT&E International, vol. 38, no. 8, pp. 701-711, 

2005.  

[51]  C. Holmes, B. Drinkwater and P. Wilcox, “The post-processing of ultrasonic array data using the total 

focussing method,” Insight - Non-Destructive Testing and Condition Monitoring, vol. 46, no. 11, pp. 

677-680, 2005.  

[52]  J. Camacho, M. Parrilla and C. Fritsch, “Phase Coherence Imaging,” IEEE Transactions on Ultrasonics, 

Ferroelectrics, and Frequency Control, vol. 56, no. 5, pp. 958 - 974, 2009.  

[53]  Q. Pan, R. Pan, C. Shao and M. X. X. Chang, “Research Review of Principles and Methods for 

Ultrasonic Measurement of Stress in Bolts,” Chinese Journal of Mechanical Engineering, vol. 33, no. 1, 

p. 11, 2020.  

[54]  Y. Hwang, G. Kim, Y. Kim, J. Park, M. Choi and K. Kim, “Experimental Measurement of Residual 

Stress Distribution in Rail Specimens Using Ultrasonic LCR Waves,” Applied Sciences, vol. 11, p. 9306, 

2021.  

[55]  T. Salamnca and D. Bray, “Residual stress measurement in steel plates and welds using critically 

refracted longitudinal (LCR) waves,” Research in Nondestructive Evaluation, vol. 7, pp. 169-184, 1996.  

[56]  Y. Javadi, V. Plervis and M. Najafabadi, “Using LCR Ultrasonic Method to Evaluate Residual Stress in 

Dissimilar Welded Pipes,” International Journal of Innovation, Management, and Technology, vol. 4, pp. 

170-174, 2013.  

[57]  Y. Javadi, H. S. Pirzaman, M. H. Raeisi and M. A. Najafabadi, “Ultrasonic inspection of a welded 

stainless steel pipe to evaluate residual stresses through thickness,” Materials and Design, vol. 49, pp. 

591-601, 2013.  

[58]  D. Bray, “Current directions of Ultrasonic Stress Measurement Techniques,” NDT.net, 2000. [Online]. 

Available: https://www.ndt.net/article/wcndt00/papers/idn647/idn647.htm. [Accessed 05 12 2024]. 

[59]  D. Egle and D. Bray, “Measurement of acoustoelastic and third-order elastic constants for rail steel,” 

Journal of the Acoustical Society of America, 1976.  

[60]  D. Bray and P. Junghans, “Application of the LCR ultrasonic technique for evaluation of post-weld heat 

treatment in steel plates,” NDT&E International, pp. 235-242, 1995.  



Non-destructive evaluation of residual stress using phased array ultrasonics 
 

153 

Brandon Mills 

[61]  D. Bray and W. Tang, “Evaluating Stress Gradients in Steel Plates and Bars with the LCR Ultrasonic 

Wave,” in ASME Pressure Vessels and Piping Conference, Orlando, 1997.  

[62]  Y. Javadi, E. Mohseni, C. MacLeod, D. Lines, M. Vasilev, C. Mineo, E. Foster, G. Pierce and A. 

Gachagan, “Continuous monitoring of an intentionally-manufactured crack using an automated welding 

and in-process inspection system,” Materials and Design, vol. 191, 2020.  

[63]  Y. Javadi, A. Hutchison, J. Singh, E. Mohseni, S. Rahimi, J. Mhenen, C. Macleod, S. Pierce, K. Tant and 

A. Gachagan, “Feasibility study of residual stress measurement using the phased array ultrasonic 

method,” in 11th International Conference on Residual Stresses, 2022.  

[64]  Y. Javadi and H. Sergej, “Employing the LCR waves to measure longitudinal residual stresses in 

different depths of a stainless steel welded plate,” Advances in Materials Science and Engineering, 2013.  

[65]  .. Zverev and M. Slavinskii, “A method for calculating the acoustic field near a rough surface,” Acoust. 

Phys., vol. 43, pp. 56-60, 1997.  

[66]  S. Haslinger, “Elastic shear wave scattering by randomly rough surfaces,” Journal of the Mechanical 

Physics of Solids, vol. 137, 2020.  

[67]  S. Haslinger, M. Lowe, P. Huthwaite, R. Craster and F. Shi, “Appraising Kirchoff approximation theory 

for the scattering of elastic shear waves by randomly rough defects,” Journal of Sound and Vibrations, 

vol. 460, 2019.  

[68]  Y. Kim, S. Song, S. Lee, J. Lee, S. Hong and H. Eom, “A study of the couplant effects on contact 

ultrasonic testing,” Journal of the Korean Society for Non-Destructive Testing, vol. 22, pp. 621-626, 

2002.  

[69]  B. Treeby, B. Cox and J. Jaros, “k-Wave - A MATLAB toolbox for the time-domain simulation of 

acoustic wave fields,” 2010. [Online]. Available: http://www.k-wave.org/index.php. [Accessed 26 06 

2025]. 

[70]  M. Menakath, M. Panicker and G. Hareesh, “k-Wave as a Modelling Tool for Underwater Acoustical 

Imaging,” IEEE OCEANS Proceedings, 2022.  

[71]  E. Martin, J. Jaros and B. Treeby, “Experimental Validation of k-Wave: Nonlinear Wave Propagation in 

Layered, Absorbing Fluid Media,” IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency 

Control, vol. 67, no. 1, pp. 81 - 91, 2020.  

[72]  M. Madhusoodanan, M. Panicker and M. Menakath, “Modelling of Underwater Target for Sector Scan 

Sonar Imaging using K-Wave Toolbox,” in OCEANS 2024, Singapore, 2024.  



Non-destructive evaluation of residual stress using phased array ultrasonics 
 

154 

Brandon Mills 

[73]  S. Sadeghi, M. Najafabadi, Y. Javadi and M. Mohammadisefat, “Using ultrasonic waves and finite 

element method to evaluate through-thickness residual stresses distribution in the friction stir welding of 

aluminium plates,” Materials and Design, vol. 52, pp. 870-880, 2013.  

[74]  N. Leymarie, A. Imperiale, T. Fortuna and E. Demaldent, “Comparisons of ray and finite element 

simulations of ultrasonic wave fields in smoothly inhomogeneous austenitic welds of thick walled 

components,” NDT & E International, vol. 147, 2024.  

[75]  V. Vijigiri, C. Courbon, J. Cayer - Barrioz and G. Kermouche, “Finite element modelling and 

investigation of the interaction between an ultrasonic wave and a discontinuous interface,” in 44th Leeds 

- Lyon Symposium on Tribology, Lyon, 2017.  

[76]  L. Kogut and I. Etison, “A finite element based elastic-plastic model for the contact of rough surfaces,” 

Tribology Transactions, vol. 46, pp. 383-390, 2003.  

[77]  W. Yeoh, B. Lan and M. Lowe, “Investigation of the influence of macrozones in titanium alloys on the 

propagation and scattering of ultrasound,” Mathematical, Physical, and Engineering Sciences, vol. 479, 

no. 2277, 2023.  

[78]  S. Li, M. Huang, Y. Song, B. Lan and X. Li, “Ultrasonic backscattering model for Rayleigh waves in 

polycrystals with Born and independent scattering approximations.,” Ultrasonics, vol. 140, 2024.  

[79]  J. Zhang, Y. Song, X. Li and C. Zhong, “Comparison of Experimental Measurements of Material Grain 

Size Using Ultrasound,” Journal of Nondestructive Evaluation., vol. 39, no. 2, 2020.  

[80]  Y. Bu, X. Liu, J. Turner, Y. Song and X. Li, “Grain size evaluation with time-frequency ultrasonic 

backscatter,” NDT & E International, vol. 117, 2021.  

[81]  M. Oelze and J. Mamou, “Review of Quantitative Ultrasound: Envelope Statistics and Backscatter 

Coefficient Imaging and Contributions to Digital Ultrasound,” IEEE Transactions on Ultrasonic 

Ferroelectric Frequency Control, vol. 63, pp. 336-351, 2016.  

[82]  T. Nyyssonen, M. Malmstrom, D. Lindell, A. Jansson, J. Lonnqvist, L. Backe and B. Hutchinson, 

“Significance of Annealing twins in Laser Ultrasonic Measurements of Grain Size in High-Strength 

Low-Alloy Steels,” Applied Sciences, vol. 13, 2023.  

[83]  J. Victoria-Giraldo, B. Tie, J. Laurent, A. Lhemery and D. Solas, “Ultrasonic scattering in polycrystalline 

materials with elongated grains: a comparative 3D and 2D theoretical and numerical analysis,” 

Ultrasonics, vol. 152, 2025.  

[84]  A. Ruiz, V. Rodriguez, H. Becarra and J. Kim., “Ultrasonic characterization of microstructural changes 

due to static recrystalization and grain growth in Inconel 625 and Inconel 718 superalloys,” Ultrasonics, 

vol. 142, 2024.  



Non-destructive evaluation of residual stress using phased array ultrasonics 
 

155 

Brandon Mills 

[85]  .. P. Bate, P. Lundin, E. Lindh-Ulmgren and B. Hutchinson, “Application of laser-ultrasonics to texture 

measurements in metal processing,” Acta Materialia, vol. 123, pp. 329-336, 2017.  

[86]  C. Civiero, R. Bonadio and A. Villasenor, “ Azimuthally anisotropic Rayleigh-wave phase-velocity maps 

of Europe,” Tectonophysics, vol. 909, 2025.  

[87]  N. Mujica, M. Cerda, R. Espinoza, J. Lisoni and F. Lund, “Ultrasound as a probe of dislocation density 

in aluminum,” Acta Materialia, vol. 60, pp. 5828-5837, 20212.  

[88]  Y. Liu, Q. Tian and X. Guan, “Grain Size Estimation using phased array ultrasound attenuation,” 

NDT&E International, vol. 122, 2021.  

[89]  E. Papadakis, “Ultrasonic Attenuation and Velocity in Three Transformation Products in Steel.,” Journal 

of Applied Physics, vol. 35, no. 5, pp. 1474-1482, 1964.  

[90]  F. Stanke and G. Kino, “A unified theory for elastic wave propagation in polycrystalline materials.,” 

Journal of the Acoustical Society of America, vol. 75, no. 3, pp. 665-681, 1984.  

[91]  A. Arguelles and J. Turner, “Ultrasonic attenuation of polycrystalline materials with a distribution of 

grain sizes,” The Journal of the Acoustical Society of America, vol. 141, no. 6, pp. 4347-4353, 2017.  

[92]  Z. Abiza, M. Destrade and R. Ogden, “Large Acoustoelastic Effect,” Wave Motion, vol. 49, no. 2, pp. 

364-374, 2012.  

[93]  L. Landau and E. Lifshitz, Theory of Elasticity, 1989.  

[94]  F. Murnaghan, “Finite Deformations of an Elastic Solid,” American Journal of Mathematics, vol. 59, no. 

2, pp. 235-260, 1937.  

[95]  M. Mohammadi and J. J. Fesharaki, “Determination of acoustoelastic/acoustoplastic constants to 

measure stress in elastic/plastic limits by using LCR wave,” NDT & E International, vol. 104, pp. 69-76, 

2019.  

[96]  P. Ramuhalli, M. Good, A. Diaz, M. Anderson, B. Watson, T. Peters, M. Dixit and L. Bond, “Ultrasonic 

Characterization of Cast Austenitic Stainless Steel: Discrimination between Equiaxed and Columnar 

Grain Material - An Interim Study,” Pacific Northwest National Laboratory, 2009. 

[97]  R. Lavarello, G. Ghoshal and M. Oelze, “On the estimation of backscatter coefficients using single-

element focused transducers,” Journal of the Acoustic Society of America, vol. 129, pp. 2903-2911, 2011.  

[98]  S. Rokhlin, G. Sha, J. Li and A. Pilchak, “Inversion methodology for ultrasonic characterization of 

polycrystals with clusters of preferentially oriented grains,” Ultrasonics, vol. 115, 2021.  



Non-destructive evaluation of residual stress using phased array ultrasonics 
 

156 

Brandon Mills 

[99]  University of Edinburgh, “FastBlade,” University of Edinburgh, [Online]. Available: 

https://www.fastblade.eng.ed.ac.uk/. [Accessed 01 09 2026]. 

[100]  PEAK NDT, “Micropulse 6PA,” PEAK NDT, [Online]. Available: 

https://www.peakndt.com/products/micropulse-6pa/. [Accessed 01 09 2026]. 

[101]  BoltSafe, “Strain Measurement,” BoltSafe, [Online]. Available: https://boltsafe.com/strain-

measurement/. [Accessed 31 08 2026]. 

[102]  P. Huthwaite, “Accelerated finite element elastodynamic simulations using the GPU,” Journal of 

Computational Physics, vol. 257, pp. 687-707, 2014.  

[103]  G. West, S. Haslinger, J. Bamber, M. Lowe, P. Huthwaite and E. Harris, “Simulation of ultrasound 

backscatter coefficient measurement using the finite element method,” Ultrasonics, vol. 143, 2024.  

[104]  G. Sarris, S. Haslinger, P. Huthwaite, P. Nagy and M. Lowe, “Attenuation of Rayleigh waves due to 

three-dimensional surface roughness: A comprehensive numerical evaluation,” The Journal of the 

Acoustical Society of America, vol. 154, no. 2, pp. 808-818, 2023.  

[105]  British Institute of Standards, BS EN ISO 4287:2000, Geometrical product specification (GPS). Surface 

texture. Profile method. Terms, definitions and surface texture parameters, British Institute of Standards, 

2000.  

 

 

 

  



Non-destructive evaluation of residual stress using phased array ultrasonics 
 

157 

Brandon Mills 

Appendix A 

Sonatest 20 Element 2.25 MHz Transducer Datasheet 
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Imasonic 8 Element 5 MHz Transducers Datasheet 
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  Δ T  


    𝛿  i j


     𝜀 =   𝜀  e +   𝜀  p +   𝜀  t h #  ( 7 )


       𝜀 ∗ =   𝜀  p +   𝜀  t h #  ( 8 )


    𝜀 ∗


    𝜀  e = 𝜀 −   𝜀 ∗ ,  


       𝜎  r s = C :   𝜀  e = C :  ( 𝜀 −   𝜀 ∗ ) #  ( 9 )


    𝜎  r s


  C


  :


  i n c ( 𝜀 ) = 0


    𝜀  e = 𝜀 −   𝜀 ∗ ,  


     i n c  (   𝜀  e ) = − i n c  (   𝜀 ∗ ) #    ( 10 )


  i n c (   𝜀 ∗ ) ≠ 0


  i n c ( ⋅ )


  A  


  i n c  ( A ) ≡ ∇ × ( ∇ ×   A  T )


     𝛻 ·   𝜎  r s = 0   #  ( 11 )


     


       K 3 = −   2 𝜆  ( 𝜆 + 2 𝜇 ) + 𝜆 A + 2  ( 𝜆 −   𝜇 ) B − 2 𝜇 C  𝜆 + 𝜇 # ( 12 )


    K 3


     𝜆 =   E 𝜈   ( 1 + 𝜈 )  ( 1 − 2 𝜈 ) # ( 13 )


     μ =   E  2  ( 1 + ν ) # ( 14 )


     μ =   E  2  ( 1 + ν ) # ( 14 )


  A = n ,   B = m −   n 2 ,   C = l − m −   n 2


  l


  m


  n  


      K 3 = −   2 𝜆  ( 𝜆 + 2 𝜇 ) + 𝜆 n + 2  ( 𝜆 −   𝜇 )  ( m −   n 2 ) − 2 𝜇  ( l − m −   n 2 )  𝜆 + 𝜇 # ( 15 )


   K 3


  L


   K 3


   K 3


         v  w    v  m =   s i n   𝜃  w  s i n   𝜃  c # ( 16 )


    v  m


    v  w


    𝜃  w


    𝜃  c


       𝜃  w =    sin  − 1 ⁡   (     v  w    v  m ) # ( 17 )


     Δ 𝜎 =   E ⋅ Δ t  L ⋅   t 0 # ( 18 )


  Δ 𝜎


  E


  L


    t 0


  Δ t


       Δ 𝜎 - =     ∑  ( i , j ) ∈   N  R e t a i n e d    E ⋅ Δ t  L ⋅   t 0    N  R e t a i n e d # ( 19 )


      Δ 𝜎 -


  Δ   t  i , j


  i  


  j


  i  


  j  


  N


    N  R e t a i n e d


    T  i   R  i ,


     D =   v  m   × f  − 0 . 96 #  ( 20 )


  D


    v  m


  f


     a =  20  2 l    log 10 ⁡   (     A 1    A 2 ) #  ( 21 )


  a


  d B   m   m  − 1


    A 1


    A 2  


  l


  2 l


     𝛼 =   20      log 10 ⁡   (     A    T  i   R  j    A    T  m   R  n )  x #  ( 22 )


  𝛼


    A    T  i   R  j


    A    T  m   R  n


    T  i  


    R  j  


    T  m  


    R  n


  x


       𝛼  P A , L C R =  1    N  V a l i d     ∑  ( i , j ) ∈   N  V a l i d   20  p    log 10 ⁡   (     A    T  i   R  j    A    T  i   R  j + 1 ) # ( 23 )   #


      𝛼  P A , L C R


    N  V a l i d  


  p


    N  V a l i d =   N  t   N  r − 1


  p


    𝛼  P A , L C R


  d B   m   m  − 1 .


    T 1   R 1


    T 2   R 2


       𝛼  2 e l , L C R =  20  p    log 10 ⁡   (     A    T 1   R 1    A    T 2   R 2 ) #  ( 24 )


    𝛼  2 e l , L C R


    A    T 1   R 1


    A    T 2   R 2


    T  i   R  j


  𝜃


       A  i j  ( 𝜃 ) =   A 0 e x p  [ − 𝛽  ( 𝜃 )  ( j − i ) p ] #  ( 25 )


    A  i j  ( 𝜃 )


  𝜃 ,


    A 0


  p


  𝛽  ( 𝜃 )


  𝜃


  α  ( θ )


  α  ( θ )


  𝛼


    d 0


  1 ×  10 6


  p  ( t ) =  10 6 sin ⁡  ( 2 𝜋 × 5 ×  10 6 t )


     Thickness Profile =   t  m i n +  (   t  m a x −   t  m i n ) ∗  (   x  n / n ) ∗ Noise Profile #  ( 26 )


    t  m a x  and    t  m i n


    x  n  


    x  n / n


  g


  c = 6320 + 150 g


  𝜌 = 2810 + 100 g


  L = 7 . 9 ×  10 6


  ×


       E d t  t 0 = L Δ σ #  ( 27 )


  4 . 94 ×  10 5


     Δ t =  1  n  ( n − 1 )   ∑  i = 1 n    ∑  j = 1  n − 1    t  i , j + 1   −     t  i , j #  ( 28 )


    N retained  

