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The National Structural Integrity Research Centre (NSIRC) was established in October 2012 with the aim of 
becoming the world centre for structural integrity research.

NSIRC is a state-of-the-art postgraduate engineering facility established and managed by structural integrity 
specialist TWI, working closely with lead academic partner Brunel University London, the Universities 
of Cambridge and Manchester, and a number of industrial partners. The collaborating partners provide 
academic excellence to address the need for fundamental research, as well as high-quality, industry-
relevant training for the next generation of structural integrity engineers.

NSIRC is committed to high-quality teaching combined with industrial experience and student support.

NSIRC advances fundamental research to:
• support the safe operation of products and structures
• develop innovative, fit-for-purpose technologies and design rules
•  demonstrate solutions for long-term asset management.

This includes risk-based management, engineering critical assessment, non-destructive testing, structural 
health and condition monitoring, and health management for use in industrial applications.

Our Vision
To be a world-renowned 

centre of industrially driven 
academic excellence in the 

field of structual integrity.

NSIRC is funded by the Department for Business, Innovation and Skills (BIS) through its Regional 
Growth Fund (RGF) and The Higher Education Funding Council for England (HEFCE). 

About NSIRC
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Welcome to the second annual conference of the National Structural Integrity Research Centre 
(NSIRC). We are delighted to see so many of our academic partners and sponsors attending and we 
thank you for your continued support.  We are looking forward to an interesting two days ahead.

The Centre is a postgraduate education and research centre established in 2012 to train over 500 
postgraduate qualified engineers and employ 61 professionals in its first ten years.  To date it has 
outperformed its objectives. 

NSIRC has made significant strides towards achieving its long-term goals.  Its major achievements 
include the following:

 � providing the opportunity for 66 postgraduate and research students to work at a state-of-the-
art facility to enhance their knowledge and make scientific breakthroughs

 � launching the first Lloyd’s Register Foundation open call for PhD proposals, which recieved 
applications from over 20 Universities worldwide

 � internationalising through partnerships with Universities in Malaysia, Lithuania, South Korea, 
Denmark and Singapore

 � promoting the inclusion of underrepresented communities in engineering (eg 40 percent of NSIRC 
students are women against a UK engineering workforce representation of 9 percent);

 � increasing our network of academic partners via signed agreements with 21 Universities to date
 � the graduation of the first cohort of MSc in Structural Integrity students at a memorable 

ceremony held in December at Brunel University London.

Internationalisation is at the core of NSIRC; we partner with world-leading academic and industrial 
institutions to deliver excellent research.  NSIRC continues to transform from a national research 
centre into the international research centre of choice for structural integrity.

Our continual improvement and ongoing success has been assured by the effort and dedication 
of the NSIRC, TWI and university staff, and the support of our sponsors. I would like to express my 
sincere gratitude to everyone involved.

Professor Tat-Hean Gan, 
NSIRC Research and Technology Director
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Research at Brunel University 
London
Brunel University London has a long history of collaboration with 
TWI, leading to the establishment of the Brunel Innovation Centre 
(BIC) in 2009. BIC is a joint venture between both institutions 
whose mission is to develop high quality research in the field of 
acoustic wave propagation, including non-destructive testing, signal 
and image processing, instrumentation, sensors and electronics, 
etc. Since its inception, BIC has participated in R&D projects in 
guided wave technology worth over £20M of funding and involving 
over 50 academic and industrial partners.

Brunel University London is the lead academic partner in NSIRC, 
having received £15M of funding from HEFCE in 2012 for its 
creation. Brunel currently has 30 PhD and 10 MSc students based 
at NSIRC. The research at Brunel is carried out within the Institute 
of Materials and Manufacturing, comprising the following themes:

structural integrity
materials characterisation and processing
liquid metal engineering
micro-nano manufacturing
design for sustainable manufacturing

Our research on structural integrity is very diverse and includes 
topics such as structural health monitoring, damage detection, 
dynamic and high rate loading, ultrasound wave propagation in 
solids and structures, fatigue and fracture, composite materials, 
fluid-structure interaction. 

www.brunel.ac.uk
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“The NSIRC conference 
provides insight into the 
demands and interests 

needed by industry”

- Jialin Tang, NSIRC PhD Student 
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BP and the National Structural 
Integrity Research Centre 
BP was the first company to become a founder sponsor of the 
Structural Integrity Research Foundation (SIRF) – beginning the 
latest chapter in a long history of collaboration between the 
company and TWI.

As one of the world’s leading oil and gas companies, BP operates 
in extremely demanding environments. It works in some of the 
deepest waters in the world, where reservoirs can be thousands of 
feet below the seabed, and with hot, highly pressurised corrosive 
fluids.

In such testing environments, the management of structural 
integrity is of critical importance. Now, through the SIRF-funded 
National Structural Integrity Research Centre (NSIRC), BP and TWI 
are developing new approaches and technologies that make the 
company’s work safer, more effective and more cost-efficient.

The relationship between BP and SIRF opens up further 
opportunities for research and innovation supporting topics 
that align with BP’s upstream facilities technology development 
programme. BP staff attend NSIRC once a month to provide a 
supervisory role to students, and help to direct the overall technical 
focus of SIRF through its position on the SIRF board.

This collaboration is defining the future of innovation in structural 
integrity, and BP will benefit through specialised equipment and 
industry-driven research carried out in NSIRC’s new, unique 
facilities.

www.bp.com
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Keynote Speaker Biographies - Day One

Professor Richard Clegg

Richard Clegg is the Managing Director of the Lloyd’s Register 
Foundation, a shareholder of the LR Group and one of largest 
charitable foundations in UK in terms of revenue, focussed 
on engineering science, research and education. He joined 
Lloyd’s Register in 2010 as Global Nuclear Director for the Energy 
business. He brings a wealth of experience from the nuclear 
sector and has worked in industry, academia and government in 
both the civil and defence sectors. 

Before joining the Group, Richard was the Managing Director of 
the UK’s National Nuclear Centre of Excellence. His other posts 
include Chief Scientist and Board Director at the Atomic Weapons 
Establishment (AWE) and he was the founding Director of the 
Dalton Nuclear Institute at the University of Manchester. Richard 
worked for nearly 20 years for British Nuclear Fuels (BNFL) 
where he left as the Corporate Director of Science. His technical 
background is in radioactive waste disposal and environmental 
modelling.

Dolores Byrne OBE CEng

Dolores Byrne is chair of the IET Impact Engineering Fundraising 
Campaign.  She is a Chartered Engineer and served as a Vice-
President and Trustee of the IET from 2008 to 2011.  Dolores has 
held senior positions in private and public sector engineering 
and technical services organisations in the defence, aerospace 
and security sectors.  Until 2010 she was Managing Director of 
Innovation at QinetiQ.

Dolores has been a board member of the Skills Council for 
Science Engineering and Technology (SEMTA), a board member 
of SEEDA and chair of their Science Engineering and Industry 
Committee and a Vice-President and Trustee of the IOP.  She is 
also a non-executive director at Sellafield Ltd and RSSB.
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NSIRC Annual Conference - Agenda
Day one: Monday 27 June 2016
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Investigation of shake-out effects on residual stress 
redistribution in ship structures

Jazeel Chukkan
Jazeel Chukkan received a Bachelor of Technology in Mechanical Engineering 
from the University of Calicut, India in 2012 and a Master of Technology in 
Welding Engineering from National Institute of Technology Trichy, India in 2014. 
During his Master’s, he did a one-year project involving the Indira Gandhi Centre 
for Atomic Research (IGCAR), India on numerical simulation of laser welding. In 
2015, Jazeel began his PhD with Coventry University, sponsored by the Lloyd’s 
Register Foundation, studying the effects of shakedown on welded structures. 
His research interests are in the area of fatigue and fracture mechanics, 
residual stress measurements, welded structures and structural integrity.

TWI Supervisors: Dr Elvin Eren and Dr Guiyi Wu     Academic Supervisors: Prof Michael Fitzpatrick and Prof Xiang Zhang TWI Supervisors: Dr Elvin Eren and Dr Guiyi Wu     Academic Supervisors: Prof Michael Fitzpatrick and Prof Xiang Zhang TWI Supervisors: Dr Elvin Eren and Dr Guiyi Wu     Academic Supervisors: Prof Michael Fitzpatrick and Prof Xiang Zhang 
Coventry UniversityCoventry UniversityCoventry University

Asset and Fracture ManagementAsset and Fracture ManagementAsset and Fracture Management
2nd Year of PhD2nd Year of PhD2nd Year of PhD

I.  INTRODUCTION
Welding is the primary joining technique used 
in ship structures, which contain many miles of 
geometrically-constrained welding resulting in 
complex residual stress distributions1. In subsequent 
operation, ship structures are exposed to complex 
cyclic loads and the residual stress distribution 
in stiffeners and plates are seen to be different 
from the as-welded state. They will have relaxed/
redistributed according to the load levels in operation. 
One example of this is the elastic shakedown 
phenomenon which is a plastic deformation with a 
change in residual stress during the first few cycle 
followed by an elastic response2. Residual stress 
relaxation due to shakedown is often termed as 
shake-out of residual stress. 

Of particular interest in ship structures are the flat 
bar stiffeners which are welded onto the bottom 
deck as load bearing members. The flat bar 
stiffeners in a double bottom configuration are critical 
to fatigue crack growth1. Although the structure is 
considered to be safe after elastic shake-down3, it 
is necessary to study shake-out effects for a better 
understanding of long-term hull stresses and fatigue 
crack growth.

The aim of this research project is therefore to 
study the effects of shakedown on residual stress 
redistribution and its consequence in the welds in 
the double bottom members of a ship structure. This 
is a difficult problem to model effectively because of 
the variability in materials properties associated with 
the weld.

Keywords: fatigue crack growth, residual stress 
relaxation, shakedown, ship structures, welding  

II.  METHODOLOGY
Both numerical and experimental programmes are 
expected to be employed in this project.

A.  Numerical modelling
Since the geometry of the double bottom is 
complex, it was decided to study lab coupons 
initially and then move up to a realistic complex 
design. The initial FE model geometries are butt and 
T-joints with and without cracks. As welded residual 
stresses are mapped into the FE model using 
SIGINI subroutine in Abaqus. As for the cracked 
models, the node release technique is employed to 
model crack propagation. The fatigue loading and 
shakedown analysis in the FE model are performed 
using Direct Cyclic Analysis (DCA) which is a quasi-
static analysis where Fourier series is used with time 
integration of the non-linear material behaviour. This 
method avoids a significant numerical calculation 
time in the transient analysis4.  

B.  Experimental
The primary objective of the experiment is to validate 
the numerical models. Experiments for this project 
are in the design stage. The first phase of tests 
will be on butt joints, then on T-joints and finally a 
double bottom configuration.  The specimens will 
be manufactured using ship structural steel (AH32-
HSLA steels, yield strength= 315MPa) and ship 
welding procedures advised by Lloyd’s Register.

Neutron diffraction will be used for residual stress 
measurements. As the purpose of this work is 
to study redistribution of stresses in conjunction 
with cyclic loading, non-destructive techniques 
are required. Moreover, through-thickness residual 
stresses are required, hence the need for neutron 
diffraction measurements for these investigations.
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Since the experiment requires a fatigue loading rig, 
neutron facilities having in-situ loading rig will be 
used for experiments.  ENGIN-X in ISIS, Oxford is one 
among these facilities. As the required load for the 
test is above the capacity of the ENGIN-X loading rig 
(100 kN), a novel set-up as shown in Figure 1, which 
works on the same principle of a class-two lever will 
be used to amplify the load.be used to amplify the load.

Figure 1 Concept of Load multiplier.

III.  RESULTS TO DATE
A 2D plate of 100.50mm was modelled in ABAQUS 
as shown in Figure 2. The material properties used 
were taken from the literature5. The material under 
study was SM400 and Chaboche nonlinear mixed 
hardening rule was used. Equation [1] developed 
by Masubachi and Martin was mapped into the FE 
model as a longitudinal residual stress6. model as a longitudinal residual stress

Figure 2 2D plate DCA with Longitudinal residual stress.

               [1]
Where σ

y
 =230MPa is the yield strength and 20mm is the 

width of the tensile residual stress zone in the weld plate. 

A periodic cyclic load with constant amplitude and 
load ratio R=0.1 with a maximum stress of 1.2σ

y
 was 

applied. As shown in Figure 3, input and output 
residual stresses in the FE model agree very well. 
Further, the residual stresses shakedown almost 
entirely during the initial cycles (Figure 3). A plot 
between stress-strain in the longitudinal direction is 
shown in Figure 4, which indicates that the structure 
achieves shakedown during the initial cycles.

IV.  CONCLUSION
The numerical model presented shows that with a 
particular load level, residual stresses are relaxed or 
redistributed. However, this FE model only considers 
longitudinal residual stress. It is expected that with 
both longitudinal and transverse residual stress,
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Figure 3 Relaxation of residual stress after various 
cycles.

Figure 4 Stress-strain in longitudinal direction indicating 
shakedown.

the shakedown and residual stress redistribution 
will be slightly different as this influences the von 
Mises stresses in the plate. Moreover, the through-
thickness variation of residual stress was not 
considered. These issues will be addressed in future 
models.

V.  FUTURE PLAN
Future work will be to model shakedown in 3D 
butt and T-joints, mapping both longitudinal and 
transverse residual stresses. Further, numerical 
simulation of shakedown models consisting of 
cracks will be done. The experimental validation of 
these models will be performed in future. Finally, the 
FEA of shakedown behaviour in the double bottom 
welds will be done. 
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I.  INTRODUCTION
Rails and cast manganese crossings in service 
may develop various types of defects caused by 
the environmental and loading conditions they 
sustain while in-service1-4. Structural  defects, if not 
detected in time, can result in catastrophic failure 
causing disruption and possibly derailments. Figure 1 
shows a typical example of total rail fracture caused 
by transverse cracking that initiates due to rolling 
contact fatigue cracking on the rail surface. Thus, it 
is highly desirable that a reliable condition monitoring 
technique is used to provide accurate evaluation 
of the structural integrity of rail track infrastructure. 
Acoustic emission (AE) is a passive condition 
monitoring technique that has been used in many 
industries and has the potential of being used 
effectively for railway asset monitoring as well5. effectively for railway asset monitoring as well

Figure 1 A typical example of transverse cracking 

induced rail fracture1. 

The objective of this research study is to investigate 
the capability of AE to monitor the damage evolution 
of railway infrastructure and more specifically rails, 
crossings and sleepers under both laboratory 

Keywords: acoustic emission, defects, railway 
infrastructures, structural monitoring

and field conditions. In addition, to determine the 
optimum analysis approach for the AE signals 
obtained in order to effectively characterise damage 
initiation and subsequent evolution.

II.  METHODOLOGY
Fatigue crack growth tests have been carried out 
on rail and cast manganese steel grade samples. All 
samples were pre-cracked using an Amsler 20KN 
Vibrophore electro-mechanical high frequency 
fatigue machine. A DARTEC 50kN servo-hydraulic 
universal test machine was used for fatigue testing 
of the pre-cracked samples. A sinusoidal loading 
pattern with a mean value of  1.65KN and ratio R of 
0.1 were used during testing. Crack propagation was 
directly measured with a direct current potential drop 
(DCPD) instrument. The DCPD measured signals 
were then correlated to the AE data obtained for 
each of the samples tested.  The commercial AE 
system employed during these tests was procured 
from Physical Acoustics Corporation (now Mistras). 
The customised system has been developed 
by researchers at the School of Metallurgy and 
Materials of the University of Birmingham and 
Krestos Limited, UK. These two systems were used 
simultaneously to monitor crack growth during 
fatigue testing. Two R50a resonant AE sensors with 
an operational frequency range of 100kHz-700kHz 
were used each connected to one of the AE 
systems employed.  

III.  RESULTS
Figure 2 shows the AE activity captured with the 
PAC system with increasing crack length for one of 
the cast manganese steel samples tested in three-
point fatigue.  As it can be seen, with increasing 
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crack length more AE events with high amplitude 
(>55dB) occur.

Figure 2 Correlation between amplitude and crack 
length. 

Figures 3 and 4 show the raw datasets and the 
moving RMS of the captured waveforms from the 
customised system for two different stages of the 
test on the same sample with window size set as 
50.  As it can be seen, after applying the moving 
RMS, the difference between crack growth peak 
and external noise has been greatly magnified and it 
is also very obvious that the damage evolution in the 
specimen is accurately reflected by the increasing 
amplitude of the moving RMS value. The RMS value 
at final stage is significantly larger than that at the 
initial stage.  

a)       

initial stage.  

b)         
Figure 3 a) Raw dataset and b) moving RMS versus 
time at the initial stage. 

IV.  CONCLUSION
Both the customised AE and commercial systems 
have the potential to be applied for the evaluation of 
the structural integrity of railway infrastructure based 
on the results obtained from the samples tested 
under laboratory conditions. 

As the crack grows, the number of high amplitude 
AE events increases. However, attention should be
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a)       

b)         
Figure 4 a) Raw dataset and b) moving RMS versus 

time at the final stage. 

paid to the possible variation caused by the 
inherent sensitivity of this technique. The moving 
RMS algorithm seems to be an effective tool for 
determining the influence of external noise and make 
accurate evaluation of the actual severity of defects 
present in railway infrastructure components. 

V.  FUTURE PLAN/DIRECTION
The analysis on the data obtained so far will be 
continued. The current analysis methodology will 
be further improved. Tests are also planned to take 
place in the field with the support of Network Rail to 
evaluate the performance of the AE technique under 
actual operational conditions. During field trials rails 
and crossings known to be in good and deteriorated 
condition will be considered for evaluation.  
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I.  INTRODUCTION
The petrochemical industry relies on a complex piping 
network to feed and remove a variety of chemicals, 
products and by-products to and from the refining 
process. As the pipework carries a wide range of 
fluids and is constructed from a variety of materials, 
they require regular inspection(1) in order to prevent 
failure prior to their scheduled replacement date.
One of the most prominent factors contributing 
to this issue is internal thinning of the pipe wall. 
This occurs on most piping systems and usually 
ranges anywhere from between 10-2 mm/year and 
1 mm/year. Occasionally however, due to extreme 
circumstances, accelerated corrosion rates up to 10 
mm/year can be found.
Where current thickness readings are available, 
these are used to make assessments of remaining 
thickness and the remaining life of the pipe. These 
readings are usually taken by an ultrasonic probe, 
although other methods such as radiography can be 
used.
There may be many inspections performed on a 
piping system throughout its life. Once inspected,[1] 
may be used to predict the remaining life: 
                           RL =(Tc – Tmin) / CR [1]
Where:
RL is the remaining life in years
Tc is the current measured thickness in mm
Tmin is the thickness beyond which the pipe should 
be replaced in mm; shown as Treq in Figure1.

Keywords: artificial intelligence, bayesian 
methods, data-driven models, internal corrosion, 
probability of failure, process piping, remaining life 
assessment, statistical analyses.

CR is the rate at which the pipe is predicted to corrode 
in mm/year
A graphical representation of [1] is shown in figure 1. 
Tnom is the thickness at the time of commissioning 
of the piping system.

Figure 1 Remaining Life Calculation of a point on a piping system.

Figure 2 Schematic of a piping system with 16 CMLs
.

In [1], if Tc and Tmin are  known,  CR can be estimated 
from a number of different sources such as:
Short term corrosion rate: found by trending the most 
recent measurements in a given location
Long term corrosion rate: found by trending all 
measurements in a given location
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Theoretical: Calculated from fluid properties such as 
PH, temperature, pressure etc.
Aggregated results: Where more than one of these 
is considered and a maximum, average or factor of 
these values are taken, this is used where specific 
historical data is unavailable at a location, or where 
the future corrosion rate is not properly represented 
by the data, e.g. a change in operating parameters is 
expected to change the corrosion rate.
A single piping is subdivided into many condition 
monitoring locations (CMLs), and a piping system 
may have anywhere between 10 and 1000 CMLs 
where [1] must be applied periodically.

II.  THE PROBLEM
In many situations that require a Corrosion Rate (CR) 
to be determined, the value is often selected as a 
fixed value based on historical data and/or expert 
judgement and used in a remaining life model shown 
in [1].  This gives a deterministic result at a given CML 
with no reference to the degree of confidence or 
uncertainty in that result. Since repair to a single CML 
takes the entire system offline, all CMLs will be re-
evaluated at a time when the minimum RL=0.
A low RL may not necessarily mean that a CML has 
nearly reached its replacement thickness; it may 
be caused by a number of factors including lack of 
historical data resulting in a high level of conservatism 
being applied to the CR estimate. Conversely, there 
may be cases where there is strong evidence to 
support the low RL, for example if it is known that 
future operating conditions are going to be more 
favourable. 
This PhD seeks to develop approaches to help 
integrity assessors arrive at more realistic CR values 
and thereby increase the reliability of their predictions.

III.  SOLUTION TO BE DEVELOPED IN THE PHD
The PhD aims to develop data-driven statistical and 
Artificial Intelligence (AI) algorithms to determine the 
remaining life of piping systems.

IV.  APPROACH 
• The following steps will be undertaken:
• Collation and formatting of the data that is 

available (from about 400 CML locations in 
upstream and downstream systems), in a form 
required for analyses

• Preliminary analyses of the data
• Review of statistical and AI algorithms and their  

applications in relevant situations
• Identification of tools and techniques to be 

employed
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•    Comprehensive analyses of the data using 
identified statistical and AI techniques with 
comparison of results from competing techniques
•    Development of a remaining life model for piping 
systems
 

V.  CURRENT STATUS OF WORK COMPLETE AND 
FINDINGS

PhD work so far has focused on collation of data, data 
analyses, and a review of potential techniques to be 
used in the development of remaining life algorithms.
•   Collation of data is almost complete with a very 
initial assessment of data on-going. 
Work undertaken so far is based on data acquired 
from over 400 upstream and downstream piping 
systems. Each system has properties such as stream 
and material data. Each CML has properties such as 
size, orientation, fitting type and thickness readings 
over a period of time. 
The data has been preliminarily been formatted 
using MS Excel to allow for it to be analysed using R 
software. 
A series of similarity tests are to be run in R to compile 
a network determining the similarity of piping systems 
between each other.
•    A review of statistical and AI techniques and their 
applications, including (2-5), is underway. The review 
has also covered the limitations of both physics-
based and data-driven models as shown in (6).

VI FUTURE PLAN / DIRECTION
The remaining work is to run a series of similarity 
analyses in R. The piping systems will then be grouped 
so that appropriate AI and statistical techniques can 
be applied and dominant factors contributing to 
internal corrosion identified. Potential techniques that 
will be investigated for application include Bayesian 
methods and Artificial Neural Networks (ANN).
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I.  INTRODUCTION
A typical ship may have tens of kilometres 
of welding. Shipyards that build ships have 
procedures for non-destructive examination such 
that appropriate weld quality in new built ships 
is maintained.  As it is not feasible to inspect all 
weldments in the ship structure, partial examination 
is performed by selecting a number of checkpoints 
based on guidelines from classification bodies. 
Current rules and regulations specify an examination 
plan loosely based on stress analysis of the 
structure and expert judgment. This has resulted in 
significant discrepancy among rules from different 
classification societies. In this paper a risk and 
reliability based examination frame work is presented 
in order to optimise the number and location of 
examination checkpoints. 

II.  APPROACH
Risk-based methods are particularly useful in the 
assessment of systems where prioritisation  of 
inspection or maintenance action is required1. 
Once the risk that is associated with components 
or system is estimated, one can take action to 
mitigate the risk of failure of the components and 
the system as a whole. Risk assessment can be 
qualitative which normally involves extensive use 
of engineering judgment or quantitative which 
requires a significant amount of data and numerical 
estimation of failure probability of the structure. There 
is a continuum of approaches with some having , to 
a smaller or a larger extent, the attributes of both a 
purely quantitative approach and a purely qualitative 
approach2; a semi-quantitative approach is shown 

Keywords: non-destructive examination, reliability, 
risk based inspection, ship building, weld quality

in2. The choice of the assessment depends on the 
availability of the data and assessment tools. Risk-
based assessment usually involves the following 
steps3: 
1. System definition: definition of structural 

inspection objectives (strength, reliability, cost 
effectiveness, and environmental soundness), 
the definition of the structural system, the 
definition of needed information.

2. Hazards and failure scenarios 
3. Risk assessment – assess failure probabilities 

for corrosion, fatigue, buckling, and permanent 
deformation. 

4. Decision analysis – define risk acceptance 
criteria, develop inspection strategies, assess 
probabilities of non-detection, perform decision 
analysis, assess inspection costs, optimise at 
the system level4.

III.  FINDINGS
A.  System definition 
The system required for risk based analysis was 
defined:

Inspection objective:
The inspection objectives were defined based 
on the goals the key stakeholders. Three key 
stakeholders involved in ship building were identified; 
1. Ship owner
2. Manufacturer
3. Classification society. 

Various individuals from those stakeholders were 
interviewed. Ship owners’ desire is to ensure that the 
structure is made as good as possible to reduce the 
long-term maintenance and through-life repair costs.

One way manufacturers try to reduce construction 



21

expenditure is by reducing the amount of NDE that 
needs to be performed. They are interested to define 
the inspection based on their welding quality level.
Classification Societies see NDE as a tool to ensure 
that the reliability of the ship is within acceptable 
limits.

Structural system:
In general terms, ship structures consist of three 
structural members5; 
1. Longitudinal members
2. Transverse frames 
3. Transverse bulkheads. 

These elements are joined with fillet and butt welds 
(Figure 1).

Figure 1 Definition of Structural System.

Needed information:
Information on NDE techniques, welding processes 
and defect data are key aspects for this study: 

 � NDE methods have been investigated through 
reviewing relevant codes and standards and 
series of discussion with surveyors and experts. 
The collected data specifies the proportion of 
different volumetric NDE for a shipyard. Figure 2 
indicates that radiography is the main method 
of volumetric NDE with 87 percent of total 
volumetric examination. 

 � Weld defect characteristics such as defect 
size and defect rate are dependent on welding 
process5. Collected inspection data shows 
the type and proportion of different welding 
process and indicates that CO

2
 welding is the 

most common welding process in this shipyard 
possessing 96 percent all inspected welds 
(Figure 2). Defect data has also been collected 
and suggests that 59 percent of defects are 
cavity defects followed 24 percent of solid 
inclusion and 11% of cracks. More data will be 
used in future steps to analyse defect sizes and 
defect rates associated with deferent welding 
process, NDE method and structural component. 

Figure 2 Proportion of volumetric examination type, Welding 
process and, Defect type.
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B.  Hazards and failure scenarios definition
Corrosive environment, extreme sea wave, strong 
winds, continuous loading and unloading of the 
vessel, coating breakdown and water pressure has 
been identified as the main sources of hazard for 
ships. A failure scenario can be triggered by one or 
number of damage mechanisms for example fatigue 
can happen by itself due to stress concentration at 
a particular detail3.

IV.  CONCLUSION
New built ships are examined with NDE. There is 
a need to improve current methods of inspection 
planning. In this project, a frame work for risk based 
inspection of new built ships has been defined and 
four main steps have been specified: 
1. System definition 
2. Hazard and failure scenarios definition
3.  Risk Assessment
4. Decision analysis. 

Step one and two have been completed and 
required inspection data has been collected. 
The data provides information regarding NDE 
method, welding process and defects type which 
is prerequisite for risk based system definition. 
Additionally, defect size and rate data is being 
processed which will be used in future steps as an 
input to risk based framework to optimise inspection 
so that the through life reliability of ship is enhanced 
and quality of welding is taken into account.

V.  FUTURE PLAN/DIRECTION
A.  Risk assessment
Determine  components’ Performance Functions 
governing failure mode and subsequent failure 
probabilities.

B.  Decision analysis
Once risk associated with all critical components 
is evaluated inspection necessity, extent and 
prioritisation can be assessed incorporating other 
limiting variables such as: target reliability, inspection 
capabilities, probabilities of non-detection, the 
sequence of fabrication and inspection, welding 
quality, human errors etc3.
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I.  INTRODUCTION
Pipeline girth welds may be subjected to high plastic 
deformation, for instance, when installed by reeling 
or subject to ground movements during operation 
in offshore applications. Conventional stress-
based design methodologies based on fracture 
mechanics may not be the optimum assessment 
methods depending on the installation or operational 
conditions. Therefore, a number of research 
programmes have been devoted to the development 
of new strain-based design (SBD) techniques 
with the view of reducing inherent conservatism 
in the stress-based assessment methodologies. 
SBD becomes more complicated when yield 
discontinuity also known as Lüders plateau (see 
Figure 1) is considered. Lüders plateau is manifested 
with localised plastic deformation that propagates 
gradually through the strained body. It has been 
found to impose detrimental effects on the bending 
capacity and fracture behaviour of pipelines1-3.

This study aims at investigating the effect of Lüders 
plateau on fracture behaviour of pipeline girth welds 
containing flaws subject to tensile and bending 
loads and also internal pressure.

II.  METHODOLOGY
This study utilises both experimental and numerical 
methods for the material characterisation and 
analysis of Lüders deforming material and its effect 
on crack driving force of pipeline girth welds. Firstly, 
tensile tests were carried out to characterise the 
material properties of the linepipe steel, API 5L X65, 
that was expected to exhibit Lüders plateau. The 

Keywords: DIC, FEA, fracture behaviour, lüders 
plateau, strain-based design, surface-breaking 
crack

digital image correlation (DIC) technique presented in 
Figure 2 was employed to measure full-field strains 
during the evolution of Lüders banding phenomenon. during the evolution of Lüders banding phenomenon. 

Figure 1 Measured stress-strain response of API 5L X65 
linepipe steel and the up-down-up fit. 

Figure 2 ARAMIS DIC apparatus at TWI.

Three dimensional finite element analyses (FEA) 
were also conducted using an ‘up-down-up’ 
constitutive model (as in 2, 4 see also Figure 1) 
that was adapted to the stress-strain response 
measured experimentally. The constitutive model 
was determined by matching the simulated 
macroscopic event with that observed in the 
experiment. Then, the calibrated constitutive model 
was used in FEA to study the fracture behaviour of 
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a pipe containing a circumferential surface-breaking 
crack, as shown in Figure 3.crack, as shown in Figure 3.

Figure 3 Simulated Lüders band in cracked pipe.

III.  CURRENT FINDINGS
Based on experimental and numerical work carried 
out on the standard tensile specimens, the following 
observations can be made:

 � The ‘up-down-up’ constitutive model 
was demonstrated to well reproduce the 
macroscopic phenomenon of Lüders 
deformation (see Figure 4 and Figure 5).

 � More severe strain localisation was found in 
material exhibiting Lüders plateau than that 
in continuous yielding material at a stress 
concentration in a component.

Figure 4 Lüders band propagation observed using DIC.

Figure 5 Lüders band propagation simulated using FEA.

When the so-called ‘up-down-up’ stress-strain 
curve was used in the fracture analysis of a pipe 
containing a surface-breaking flaw, a dramatic 
increase in crack driving force was found after net 
section yielding occurs. From the results obtained, 
the crack driving force calculated using ‘up-down-
up’ stress-strain response was shown to be higher 
than that computed using a stress-strain response 

REFERENCES
1  Hallai, J.F. and Kyriakides, S., 2011. On the effect of Lüders bands 
on the bending of steel tubes. Part I: Experiments. International 
Journal of Solids and Structures, 48(24), pp.3275-3284.
2 Hallai, J.F. and Kyriakides, S., 2011. On the effect of Lüders bands 
on the bending of steel tubes. Part II: analysis. International 
Journal of Solids and Structures, 48(24), pp.3285-3298.
3 Nourpanah, N. and Taheri, F., 2011. Effect of Lüders Plateau 
on Fracture Response and Toughness of Pipelines Subject 
to Extreme Plastic Bending. Journal of Pressure Vessel 
Technology, 133(5), p.051701.
4 Tsukahara, H. and Iung, T., 1998. Finite element simulation of 
the Piobert–Lüders behavior in a uniaxial tensile test. Materials 
Science and Engineering: A, 248(1), pp.304-308.

which neglects the upper yield stress (nominal curve 
in Figure 1), as shown in Figure 6.in Figure 1), as shown in Figure 6.

Figure 6 Evolution of CTOD with global strain of cracked 
pipe (parent material).

IV.  CONCLUSIONS
Based on the work performed so far, the following 
conclusions can be drawn:

 � An ‘up-down-up’ stress-strain response with 
strain softening is necessary to simulate the 
Lüders banding phenomenon.

 � In the presence of stress concentrators, plastic 
strains are more localised in discontinuously 
yielding material than in continuous yielding 
materials.

 � Ignoring the upper yield stress in the stress-strain 
response of discontinuous yielding material may 
lead to an underestimate of the crack driving 
force, resulting in potential non-conservatism in 
fracture assessment.

V.  FUTURE PLAN
The next phase of study will explore the implications 
of the real stress-strain behaviour on girth welded 
pipes with and without internal pressure and subject 
to high plastic strains. 

Experimental work is planned to undertake tensile 
testing of tri-layer sandwich specimens and round 
bar tensile specimens using DIC, fracture toughness 
testing of the parent material and the weldment 
and possibly large-scale pipe tests. FE work will 
aim at the examination of constraint conditions 
in the presence of discontinuous yielding and 
internal pressure induced biaxiality. Additionally, a 
parametric study of girth welded pipe containing 
surface-breaking and embedded cracks subjected 
to uniaxial/biaxial loading will be carried out.
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Determining the effect of width of waisted section on 
waisted tensile test specimen

Mohammad Taghipourfard
Mohammad Taghipourfard joined the NSIRC PhD programme in 2014 after 
graduating from Brunel University London in 2013 with a BEng (First Class 
Honours) in Mechanical Engineering with Aeronautics. His final year project 
and internship were on Non-Contact Bearing Systems Based on
Acoustic/Ultrasonic Levitation. Mohammad is in the second year of his PhD 
and working on the optimisation of waisted tensile test specimen geometry for 
short-term integrity assessment of butt fusion welds in PE pipes.

I.  INTRODUCTION
The first plastic pipes were installed in the mid-
1930s, with their usage increasing rapidly in the 
1950s. Plastics have steadily replaced clay, copper, 
asbestos-cement, aluminium, iron and concrete 
pipes in various applications. Polyethylene is 
employed in about 20% of the plastic pipe 
applications. High-density polyethylene (HDPE) 
pipes are used extensively for the transportation 
and distribution of natural gas, with over 80% of the 
new piping installations using HDPE.

There are a number of tests available for assessing 
the short-term performance of butt fusion welded 
joints in HDPE pipes. Previous work1, 2 has shown 
that the most discriminating short-term test is a 
tensile test a using waisted test specimen (Figure 1), 
such as those described in ISO 13953, EN 12814-2, 
EN12814-7 and WIS 4-32-08.

Most of these standards specify that the failureMost of these standards specify that the failure

Figure 1 Waisted tensile test specimen.

Keywords: butt fusion, mechanical testing, 
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mode should be ductile, rather than brittle or mixed 
(Figure 2). However, previous work2 has shown that, 
in this test, the most discriminating test parameter is 
the energy to break the specimen.the energy to break the specimen.

Figure 2 Three different types of failures in a waisted tensile 
test from left, brittle, mixed and ductile failure.

Since the values of energy to break are dependent 
on the wall thickness and specimen geometry, 
there is a need to optimise the specimen geometry 
in order to compare the weld integrity of pipes with 
different wall thicknesses.

In 1995, Wilson3 carried out tensile tests using a 
waisted specimen on 500mm SDR 11 PE 100 pipe 
where he varied the width of the waisted section.
This work suggested that when the ratio of the 
width of waisted section to the thickness is 1, the 
energy to break value per cross sectional area is a 
maximum.
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There are two limitations to this work. The first is that 
the width of the waisted section was limited to be 
equal or smaller that the thickness. The second 
limitation is that it is not clear that the increase in the 
energy to break per cross sectional area is only from 
the extension in the middle of the specimen and not 
elongation in holes.

II.  DESIGN/METHODOLOGY/APPROACH
To understand the effect of width of the waisted 
section on the energy to break value per cross 
section area, two sets of experiments have been 
designed. The first experiment included 11 specimens, 
where the widths were varied from 2.5mm to 35m 
on 15mm thick HDPE flat sheet. Side plates were 
used in order assure that the measured energy to 
break values were only from the deformation at the 
waisted section (Figure 3a). The second experiment 
was also on 15mm thick PE100 sheet but side plates 
were not used (Figure 3b).were not used (Figure 3b).

Figure 3 Waisted tensile test set-up: a) with side plates and b) 

without side plates.

III.  FINDINGS / RESULTS
The effect of the side plates can be seen in Figure 
4, where the same specimen geometry was used 
for the two different set-ups. In the presence of side 
plates, the failure occurs at 50mm extension and 
830mJ/mm2 energy to break/CSA whereas without 
the side plates it fails at 80mm extension and 
1365mJ/mm2. 

Figure 4 Load-Deformation curve for 15 mm thick PE100 sheet 
with 15mm width of waisted section.
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The effect of width of waisted section on the 
energy to break can be seen in Figure 5, where an 
increase in the width of the waisted section causes 
the energy to break per cross section area to also 
increase.

Figure 5 Total energy to break per cross section area using side 
plates and without side plates.

It can also be seen in Figure 5, that the energy to 
break value per cross section area is higher for the 
experiments without side plate.

IV.  CONCLUSION/DISCUSSION
This work suggests that, in contradiction to the 
finding by Wilson, energy to break per cross section 
area, does not reach a maximum value when the 
ratio of width of waisted section to thickness, equals 
one; it keeps on increasing as the ratio of width of 
waisted section to thickness increases.

The work also shows that the side plates eliminate 
any elongation in the pin loading hole and therefore 
provide a more realistic value of the energy to break 
the weld.

V.  FUTURE PLAN/DIRECTION
Determine the effect of radius of waisted section, 
diameter of loading holes, distance between the 
loading holes and wall thicknesses on the energy to 
break specimens cut from both sheet and pipes.
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Residual Stresses in Low Transformation Temperature 
Welds
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I.  INTRODUCTION
The detrimental consequences of tensile residual 
stresses (RS) on brittle fracture, corrosion properties 
and fatigue life of welded structures has long been 
recognized. It is well known that welding residual 
stresses can be partly relieved using thermal or 
mechanical post-weld treatments. In 1977, it was 
suggested that the volume expansion caused by 
the austenite to martensite phase transformation 
could be exploited to counter balance the thermal 
contractions during welding thermal cycles, 
particularly if the transformation occurs at an 
appropriately low temperature1. The extensive 
research that followed demonstrated that a range 
of novel filler alloys, now commonly known as ‘low-
transformation temperature’ (LTT) alloys, are capable 
of generating compressive residual stresses in the 
weld metal and near-zero stresses at the fusion 
boundary2, 3.

However, with some exceptions, research efforts 
in recent decades have mostly been focused on 
simple bead-on-plate or single-pass depositions, 
instead of full-penetration joints found in actual 
engineering applications, where the weld is 
fabricated with multiple passes. This project is 
therefore devoted to studying butt- and fillet-
type specimens, both produced using real welds. 
Furthermore, there are limited investigations of 
fatigue performance of LTT welds. By experimentally 
measuring  residual stresses and performing fatigue 

Keywords: LTT welding, residual stress, 
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tests of both conventional and LTT welds, the project 
is aimed at comparing the residual stresses in three 
different welds (conventional, LTT and a commercially 
available stainless steel filler), determining the effect 
of residual stresses in welds on fatigue performance 
and assessing the commercial and engineering 
applicability of LTT filler alloys. Additionally, the project 
will attempt to characterise the crystallographic 
variant selection during the austenite-to-martensite 
transformation in LTT alloys under the influence of 
thermal stresses.

II.  WELD PREPARATION AND RS MEASUREMENTS
The work presented here describes the study of 
residual stresses in the full-penetration butt welds 
that has been carried out so far.

Three types of filler alloys were used to produce 
the specimens: the LTT alloy known as LTT-M 
[4], a conventional filler alloy (Coreweld 89) 
and a commercially available stainless steel 
filler (ER410NiMo), which has a similar chemical 
composition, and hence transformation behavior as 
the LTT alloy. Six weld passes were deposited joining 
Weldox 700 plates by GMAW. Figure 1 schematically 
shows the deposition sequence for the multi-pass 
welding.

Figure 1 Deposition sequence of the full-penetration butt welds.
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Residual stresses within the bulk of the material 
were measured using neutron diffraction at ISIS, 
Rutherford Appleton Laboratory, UK. The facility used 
was ENGIN-X, a strain scanner, which measured the 
lattice spacing by time-of-flight neutron diffraction. 
The surface residual stresses were measured 
by X-ray diffraction using the PULSTEC μ-X360n 
portable X-ray residual stress analyzer at the Open 
University, UK.

III.  RESULTS OF RS MEASUREMENTS & DISCUSSION
The lattice spacings measured by neutron 
diffraction were compared with those measured in a 
stress-free specimen to calculate the residual stress 
at each point of measurement. In the specimens 
produced using the LTT-M alloy and using 410NiMo, 
compressive residual stresses, particularly in the 
longitudinal welding direction were found within the 
weld region and heat-affected zone at depths of 2 
mm, 5 mm, 8 mm and 11 mm from the baseline of the 
plate, while balancing tensile residual stresses are 
present near the fusion boundaries and in the heat-
affected zones.

The results are consistent with the surface residual 
stresses measured by X-ray diffraction, shown in 
Figure 2. 

Figure 2 Residual stresses in the surface of the welded 
specimens, in the longitudinal welding direction, measured by 

X-ray diffraction.

Figure 2 also compares the surface residual stresses 
across the weld between the three consumables. 
It can be seen that the stresses across the entire 
weld region, including the heat-affected zones, are 
tensile in the conventional weld, whereas those in 
the weld metal of both the LTT and stainless welds 
fall into the compressive range. 

The transformation from the face-centred cubic 
austenite phase to the body-centred cubic 
martensite during cooling was accompanied with a 
dilatational strain of 0.03 and shear strain of 0.265. 
This volume expansion compensated for the tensile 
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strains caused by the thermal contraction of the 
material during cooling. Since the transformation for 
both the LTT alloy and the stainless steel occurred 
at a relatively low temperature, which have been 
experimentally determined by dilatometry to 
be approximately 250 oC, the effect of volume 
expansion could be retained in the as-welded 
product, mitigating the tensile residual stresses 
produced by the welding process.  

IV.  CONCLUSIONS
The use of welding consumables that transform 
at low temperatures can introduce compressive 
residual stresses in the welded specimens thanks 
to volume expansion during phase transformation 
at low temperature. This can potentially improve the 
fatigue resistance of the welded joint. 

However the improvements in residual stress 
distributions observed thus far are not exclusive to 
the specifically designed LTT-M alloy, but were also 
achieved by using the ER410NiMo stainless steel 
consumable, which has long been commercially 
available.

V.  FUTURE PLAN/DIRECTION
Further measurements of residual stresses will be 
carried out on another type of joint - fillet welds, 
which have already being prepared. The effect of the 
RS on fatigue performance of the three filler alloys 
will be investigated by performing fatigue testing of 
both the butt-welded and fillet welded plates under 
both constant and variable amplitude loading.

Further study of the variant selection during 
transformation will be undertaken in combination 
with the results of the residual stress measurements.
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Development of statistical analysis methods for 
pattern recognition of AE data used in structural health monitoring
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I.  INTRODUCTION
The potential of statistical methods being used to 
identify damage in structures for non-destructive 
testing and pattern recognition have been explored 
and recognised in notable cases [1, 2]. However, this is 
still to be achieved in the case of Acoustic Emission 
testing on composite materials being used in wind 
turbines. 

With the increasing construction of wind turbines 
using composite materials, the majority being in remote 
areas and even offshore, more effective structural 
health monitoring (SHM) techniques are being 
developed to carry out real time in-service monitoring 
of these structures using Acoustic Emission (AE) 
testing. This passive technique is beneficial as there 
should be no need to schedule costly maintenance 
checks on a recurring basis – checks would only be 
necessary when a fault or anomalous AE signals 
are detected – consequently minimising service 
downtime, costs for personnel inspections, and 
increasing the likelihood of detecting early stages of 
structural failure before irrecoverable damage occurs. 
Furthermore, this will allow for online monitoring 
systems to run in real-time. However, it is necessary 
to improve the accuracy at the data analysis stage 
of AE signals and statistical approaches have yet 
to be explored in detail – particularly in the case of 
composite materials which are increasingly used in 
wind turbines – this is where the problem lies! 

Keywords: acoustic emission, clustering, pattern 
recognition, unsupervised learning  

Statistical methods have been investigated and 
implemented in attempts to tackle the problem of 
identifying true AE events with the presence of noise. 
The aim is to enhance the accuracy of the measured 
AE time-of-flight times, and improve the accuracy 
of AE localisation algorithms when testing inherently 
noisy structure such as glass fibre reinforced wind 
turbine blades.  

II. DESIGN/METHODOLOGY/APPROACH 
The current study has so far focused on discriminating 
AE signals from noise. This was conducted under 
lab conditions using one piezoelectric AE sensor 
to transmit controlled pulses of acoustic energy 
to simulate AE events and one or more AE sensors 
to receive data. A vibration actuator was used to 
generate “noise”. The sensors and actuator were 
attached onto a carbon fibre reinforced polymer 
(CFRP) composite specimen of simple geometry 
initially, in preparation for data analysis acquired 
from more complicated shapes and dimensions. The 
sensors were positioned linearly for the simplicity of 
collecting data on a composite piece: 5 x 30 x 0.3 cm; 
two sensors were placed 7 cm from the ends of the 
specimen, and the other at the mid-point - the distance 
values were chosen arbitrarily. The threshold set for 
the sensors was 40 dB. Various pulse shapes and 
driving voltages were applied to the pulse transmitter. 
The data was acquired using a Vallen AE System and 
analysed using R (statistical software). 

The aim was to identify whether there were any 
correlations between the parameters in response to 
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a true AE event. The main approach was to study the 
various parameters derived from the AE signals.   

III.  FINDINGS / RESULTS
This study currently presents findings from 
unsupervised learning methods – in particular, a 
nonparametric study using a clustering algorithm 
has been implemented. It was decided that a study 
of AE parameters appear to show that the changes 
in one would also be visible in another, but not 
necessarily showing a linear or direct relationship, 
this may be seen in Figure 1. This prompted the use 
of clustering which found the need to investigate this 
further. 

IV.  CONCLUSION/DISCUSSION
Simply using some statistical inference methods 
such as correlation analysis has proven that 
parameters show identifiable characteristics that 
influence the detection of anomalous AE signals. 
This is assumed to be evident in the presence of a 
damage mechanism releasing energy in the form 
of AE. However, to validate this assumption, further 
experiments in a controlled environment will be 
required. 

V.  FUTURE PLAN/DIRECTION
Future work will include experiments in a more 
controlled environment, in which different sources 
of noise and AE will be created in a large glass fibre 
reinforced plate, where there will be high level of 
anisotropy to effect AE propagation times in different 
directions and fewer receiving reflections in the AE 
signals. Data will be acquired from these tests and 
will be analysed in order to identify patterns when 
attempting to discriminate the leading edge of AE 
events from noise. Discrimination of the leading edge 
of the AE data is crucial in AE event localisation. 

Figure 1 Scatterplots from AE parameters from Data

when it will be necessary to perform supervised 
learning for pattern recognition. Furthermore, the The 

REFERENCES
[1] C.T. Ng, ‘On the selection of advanced signal processing 
techniques for guided wave damage identification using 
a statistical approach’, Engineering Structures, vol. 67, 
(2014), pp. 50-60.   [2] A.K. Jain, R.P.W. Duin, J. Mao, ‘Statistical 
pattern recognition: A review’, Pattern Analysis and Machine 
Intelligence, IEEE Transactions on, vol. 22.1, (2000), pp. 4-37.   [3] 
M. Kharrat, E. Ramasso, et al.,‘A Signal Processing Method for 
Hits Detection and Separation in High AE Activity Systems: 
Application to Composite Materials under Fatigue Tests’, 
EWSHM-7th European Workshop on Structural Health 
Monitoring. 2014.   [4] V. Barat, S. Elizarov, I. Bolokhova, E. 
Bolokhov, ‘Application of ICI principle for AE data processing’, 
Journal AE, vol. 30, (2010), pp. 124-136. 

results will be used as “training data”, 
developed statistical technique will be tested on 
AE data derived from monitoring crack growth in an 
actual wind turbine blade. 
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I.  INTRODUCTION
Leak-Before-Break (LBB) analysis is an important 
fracture mechanics concept for the design and 
integrity evaluation of pressurised components. 
Fracture mechanics principles are used to 
demonstrate that a flaw will develop through-wall, 
allowing sufficient leakage to be detected before 
catastrophic rupture. Two available approaches are 
widely applied in the nuclear industry: simplified or 
detailed1. In a simplified analysis, an idealised through 
wall crack is typically postulated. Such assumption 
simplifies the analysis significantly. However, in 
reality, a surface crack grows through the wall 
thickness and breaks through at its deepest point. 
This results in a through-wall crack with different 
crack lengths on the internal and external surfaces. 
Investigation of the transition from surface to 
through-wall crack will be presented.

II.  DESIGN/METHODOLOGY/APPROACH
Three different aspects will be presented: (i) available 
solutions, (ii) observations from experiment and (iii) 
FEA results.

A.  Analytical solutions
Available solutions from BS 79102 and API 579-1/
ASME FFS-13 were explored and compared. Both 
through-wall and surface defects have been 
evaluated. These standards were selected as 
they are applicable to a wide range of industries 

Keywords: crack opening area, fitness-for-
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and include a LBB procedure (Annex F in BS 7910, 
Part 9 in API 579-1/ASME FFS-1). Solutions have 
been compared to each other and to available 
experimental data4 (Figure 1).

Figure 1 Analytical vs. experimental results.

B.  Experiments on Perspex
Observations from experiments made on Perspex 
plate sample are reported. Surface defects have 
been introduced to 80% thickness and subjected 
to fatigue loading. The different stages of crack 
growth following the crack transition from surface to 
through-thickness defect could be identified from 
the fracture surface (Figure 2).the fracture surface (Figure 2).

          

Figure 2 Crack growth from surface (1/2) to through-wall 
defect growing in stages 3/4/5 before final failure, 6.
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C.  Finite Element Analyses
The effect of crack shape idealisation on the 
stress intensity factors and crack opening areas 
were investigated for idealised and non-idealised 
geometries. Non-idealised crack shapes have 
been modelled assuming a straight crack front and 
different internal/external crack lengths (Figure 3). different internal/external crack lengths (Figure 3). 

Figure 3 FEA - Pipe with an axial through-wall defect.

Models and analyses employed in this work were 
validated against existing solutions.

III.  FINDINGS / RESULTS
The current findings from the three subsection 
presented in section II are given below:

 � For a given axial defect, BS 7910 reference 
stress solutions tend to give greater results than 
those of API 579-1/ASME FFS-1 for both through-
thickness and surface defects. Analyses of the 
solutions (axial surface defects) versus available 
from experimental data4 show that API 579-1/
ASME FFS-1 is able to successfully distinguish 
between leak and break cases. On the other 
hand, BS 7910 gives more conservative results, 
assuming leak as a fail or fracture result. In terms 
of COA, the calculated values are similar for axial 
defects. 

 � Preliminary fatigue crack growth transitions 
have been obtained from Perspex samples. 
Differences between the crack lengths at 
inner and outer surfaces were investigated for 
four plates geometry. LBB behaviour has been 
observed in the thickest samples.

 � For non-idealised geometries, the stress intensity 
factor from FEA is shown to be conservative 
compared to an idealised geometry. However 
Crack Opening Area is also shown to be lower 
for the different non-idealised geometries. This 
is important as Crack Opening Area has to be 
under-estimated to be conservative. (i.e. more 
fluid must actually leak than predicted to ensure 
detection in time).

IV.  CONCLUSION/DISCUSSION
Axial defects, both surface and through-wall, were 
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evaluated. In the light of the results presented within 
this study, the following conclusions can be drawn:

 � The reference stress solutions for pipes/cylinders 
containing axial flaws should be re-evaluated 
in order to enhance the assessment capability 
in BS 7910. Validation of the solutions against 
other data from industry or research papers 
that includes leak and break results would 
be beneficial in establishing a more accurate 
assessment of LBB. Further work to assess the 
effect of these difference on a full LBB case 
would be advantageous as well. 

 � Preliminary experiments on Perspex samples 
allow a better understanding of the shape 
development and thickness effect. Outcomes 
from these tests will help to develop further 
testing on metal samples.

 � The influence of crack shape has been 
evaluated with FEA by varying the crack front 
location through thickness. The current findings 
highlight the significance of assessing a more 
realistic crack shape and should be considered 
in sensitivity studies while assessing LBB cases. 
Non-idealised geometries lead to a much lower 
crack opening area than idealised geometries. 
This has an important effect on the predicted 
leak rate, which will be much lower when cracks 
show non-idealised geometries.

V.  FUTURE PLAN/DIRECTION
Future work will involve fatigue experiments on 
metal plate specimens to confirm crack growth 
observations from Perspex plates. Investigation 
of more realistic crack shapes (non-straight crack 
front) would be beneficial in establishing a more 
accurate assessment of LBB. Study of the 80% 
to 100% thickness area with the help of FEA to 
provide a better understanding of the transition 
mechanisms. Recommendation will be made for a 
potential revision of BS 7910 Annex F.
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I.  INTRODUCTION
Success of a wind energy project relies on the 
reliability of a wind turbine system. To improve the 
reliability, it is important to identify critical components 
and characterize failure modes. Extensive attention 
has been given to the condition monitoring of blades 
[1]. The majority of wind turbine blades are made of 
fiberglass reinforced with polyester or epoxy resin. 
The common failure mechanisms relating to this 
composite material include debonding, delamination, 
fibre breakage and matrix cracking [2]. Fatigue damage 
progression is the main failure factor. 
Acoustic emission testing has become a recognised 
suitable and effective non-destructive technique to 
investigate and evaluate failure process in different 
structural components. The main advantage of AE 
over other condition monitoring techniques is that 
detected AE signals could be used to characterize 
the different damage mechanisms. A major challenge 
is to associate each signal to a specific AE source to 
a damage mechanism with a huge noisy amount of 
data originating from fatigue loading tests. 
In the recent years, pattern recognition (PR) 
techniques have been used for the identifications 
of failure modes in composites from AE data. The 
principle is to separate AE signals into a number of 
clusters (representative of k damage mechanisms), 
each AE signal can be represented by a vector 
composed of multiple relevant descriptors [5]. The AE 
waveform features including frequency, amplitude, 

Keywords: acoustic emission, composite, fatigue, 
pattern recognition, wind turbine blade

duration and number of counts were found to be 
effective parameters to separate genuine populations 
of signals [3-6].
In this PhD work, a laboratory study is reported of 
fatigue damage growth monitoring in a complete 45.7 
m long wind turbine blade, AE data was collected 
throughout 21 days of cyclic loading which simulated 
realistic loading conditions in service. A new technique 
for detecting AE crack growth signals from wind 
turbine blades in the presence of accurate simulation 
of the noise to be expected from the blade when in 
service is described. The growth of delamination up to 
0.3 m in length and channel cracking from this source 
was successfully detected from AE monitoring. By 
using the triangulation method, 29 AE event locations 
are clustered around the induced defect providing 
evidence of the growth of damage originating from 
this source. An approach of using PR methodology to 
characterize the damage mechanisms based on the 
AE data collected from operating turbine blades under 
realistic loading conditions in service is presented.

Figure 1 Wind turbine under test
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II.  DESIGN/METHODOLOGY/APPROACH
When a crack propagation incident occurs this is 
considered as an ‘AE event’. This event leads to a 
wave that can be recorded by different sensors with 
delays that depend on the distance between the 
source and the sensors. The first step is to separate 
out the files with all the four sensors acquired at 
one burst signal under the processing threshold (45 
dB). After this step, the number of initial database 
files was decreased from 9000 to 277. And then, 
an AE event was defined as when all four sensors 
are hit within the time it would take for an AE signal 
to travel from its source through the shortest and 
longest distances to the four sensors, which was 
150-500 μs. This value was calculated by dividing 
the shortest and longest distance from defect to 
senor by an average acoustic wave propagation 
velocity (2100 m/s) in the blade. The wave velocity is 
validated using a pencil lead break test prior to the 
experiment. There are only 29 AE events left after 
this process.

III.  FINDINGS / RESULTS
Analysis of the relative arrival times at the sensors 
by the triangulation method successfully determined 
the location of damage growth locations, these 
29 AE events are clustered around the induced 
defect providing evidence of the growth of damage 
originating from this source.originating from this source.

Figure 2 Location of AE event sources obtained

IV.  CONCLUSION/DISCUSSION
• The crack growth signals were successfully 

clustered around the induced defect providing 
evidence of the growth of damage originating 
from this source.

• The developed AE monitoring methodology shows 
excellent promise as an in-service blade integrity 
monitoring technique capable of providing early 
warnings of developing damage.

V.  FUTURE PLAN/DIRECTION
In structural health monitoring, localisation and 
characterisation of damage represent two main 
stages of the process. After successful defects 
localizations, it’s important to identify the failure 
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modes. For composite materials, these mainly include 
fibre breakage, fibre–matrix debonding and matrix 
cracking. The use of AE has been investigated with 
the objective to characterize the different damage 
mechanisms.
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I.  INTRODUCTION
A weld joint consists of three metallurgically different 
regions, namely weld metal, heat affected zone (HAZ) 
and parent metal. Residual stresses are introduced 
during welding as a result of parent metal restraint on 
the shrinkage of hot weld metal during cooling due 
to the thermal expansion and contraction and/or 
simultaneous microstructural phase transformation [1].

In a weldment, residual stresses can possibly be 
as high as material’s yield strength or perhaps 
even higher at room temperature. The presence of 
welding induced residual stresses has implications 
on the structural integrity of the welded component. 
It is assumed in the current codes and standards, 
like BS7910 and R6, that the residual stresses act 
like secondary stresses, not contributing to plastic 
collapse but increasing the crack driving force and 
consequently the proximity to brittle fracture. 
Post weld heat treatment (PWHT), conventionally 
conducted in an enclosed furnace, can reduce 
residual stress levels in components. However, due 
to restricted equipment availability and structure 
geometry, fabrication requirements and working 
environment, local PWHT can be considered as an 
alternative substitute [2].

In current fitness for purpose standards BS7910 [3] 

and R6 [4], advice is given on the relaxation of residual 
stresses as a function of PWHT conditions. However, 
the information regarding the degree of stress relief 
after local PWHT is still very limited and no quantitative 
guidance is given in current codes and standards. 
In this PhD work, the effect of local PWHT on residual 

Keywords: girth weld, narrow gap, neutron 
diffraction, residual stress relaxation, post weld 
heat treatment.

stress relaxation in X65 narrow-gap girth welds 
[5] was investigated and the results obtained by 
characterising the residual stress state of this pipe 
were compared with the results obtained from the 
pipe spool which was furnace heat-treated. Residual 
stress evaluation was conducted non-destructively 
by neutron diffraction [6].

II.  DESIGN/METHODOLOGY/APPROACH
A: Welding fabrication:  Four API 5L X65 steel pipe spools 
were fabricated using identical pipeline production 
procedures. The root pass was completed by using 
cold metal transfer (CMT) technique and the other 
five passes were fabricated by pulsed gas metal arc 
welding (PGMAW) process. The dimensions of the 
pipe pup piece are: the outside diameter is 355.6mm 
(14 inch.), the thickness is 19.05mm (3/4 inch.) and the 
length is 750mm. 
B: Post weld heat treatment: Post weld heat treatment 
was applied to four girth welded pipe spools. One was 
placed in the furnace for global heat treatment. The 
other three were locally post weld heat treated with 
flexible ceramic blanket in varied widths. During PWHT, 
parameters such as heating rate (200h/°C), soaking 
temperature (620°C) and time (1 hour), and cooling 
rate (200h/°C) for each pipe were monitored. 
C: Residual stress measurements using neutron 
diffraction: Residual stress states in pipe girth welds, 
both in as-welded condition and after post weld 
heat treatment, were assessed non-destructively by 
neutron diffraction on the KOWARI strain scanning 
instrument at Australian Nuclear Science and 
Technology Organization (ANSTO). 
Three line-scans were completed at 3mm below the 
outer surface (line 1), mid-thickness (line 2) and 3mm 
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above the inner surface (line 3) to generate full residual 
stress maps. Additionally, through wall thickness 
measurements were carried out at the weld centre 
and weld toe areas. Residual stresses were measured 
after PWHT at exactly the same locations (Figure 1). after PWHT at exactly the same locations (Figure 1). 

Figure 1 Schematic overview of the welding procedure (left), 
macrograph of the weld cross section and measurement 
points in and in the vicinity of the weld center (right).

The principles of neutron diffraction are based on 
Bragg’s Law and Hooke’s Law. When neutron beam 
is diffracted on the stressed crystal plane, inter-
plane lattice spacing d can be obtained if the beam 
wavelength  λ and Bragg scattering angle θ are known. 
If the stress-free lattice spacing d

0
 is known, the lattice 

elastic strain ε  in the direction of the scattering vector 
can be calculated via
                                         
     (1)                                    

By knowing the principal strain, stresses can be 
obtained from the elastic strains measured along 
three mutually orthogonal directions. For instance the 
principal stress, σ

xx
, along a direction ‘x’ is given by

  (2)    
where E is Young’s modulus and ѵ is Poisson’s ratio of 
the material.

III. RESULTS. The results of the residual stress 
measurements in as-welded and after PWHT 

conditions are discussed in [7] in a detailed manner. A 
representative excerpt of results is presented in Figure 

2 where the hoop component of residual stresses 
obtained in as-welded and after PWHT conditions 

are compared. Figure 2 indicates significant reduction 
in residual stress distributions after PWHT. The same 
trend -not shown in here- was also observed in the 

axial component of residual stresses.

IV.  CONCLUSION/DISCUSSION
Global furnace PWHT and local PWHT exhibited a 
similar relaxation profile in terms of the distribution and 
magnitude. Heating a pipe in a conventional furnace is 
still an ideal option for welding stress relaxation, however, 
local PWHT carried out along the circumference with 
appropriate heating procedure and parameters can be 
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an effective substitute for global PWHT.

V.  FUTURE PLAN/DIRECTION
On-going work in this PhD is focused on the prediction 
of residual stresses in as–welded condition and after 
PWHT. The accuracy of the welding model is planned 
to be optimised by comparing the neutron diffraction 
results and thermocouple and strain gauge readings. A 
parametric study considering various factors affecting 
the residual stress state in the as-welded condition 
and PWHT will be carried out for drawing quantitative 
conclusions on the effectiveness of stress relaxation 
by local PWHT.

a)

 . b)
Figure 2 Residual stress maps in hoop direction for “pipe 1 
(local PWHT)” and “pipe 2 (furnace PWHT)” in (a) as-welded 
condition (b) after PWHT [7]
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I.  INTRODUCTION
Ultrasonic guided wave (UGW) systems are 
broadly used in several branches of industry, where 
the structural integrity is of concern. This paper 
employs the split-spectrum processing (SSP) 
technique in order to enhance the signal-to-noise 
ratio (SNR) and spatial resolution of UGW signals 
using the optimized filter bank parameters. An 
investigation is provided to clarify the sensitivity of 
SSP performance to the filter bank parameter values 
such as processing bandwidth and number of 
filters. As a result, the optimum values are estimated 
to significantly improve the SNR and spatial 
resolution. The proposed method is synthetically 
and experimentally compared with conventional 
approaches with the application of different SSP 
algorithms. The Polarity Thresholding (PT) and PT 
with Minimization (PTM) methods were found to 
give the best result and substantially improve the 
performances of SNR by an average of 13 dB.

II.  DESIGN/METHODOLOGY/APPROACH
Long range ultrasonic testing (LRUT) is an advanced 
Non-destructive testing (NDT) technique that 
employs ultrasonic guided waves (UGW) for the 
inspection of large complex structures such as 
pipes. This technique is widely employed in recent 
years in field inspection which can monitor long 
lengths of pipelines rapidly and identify defects from 
single test location 1. UGW operates at kHz range 
(20–100 kHz) to transmit the waves using a ring of 
dry-coupled transducers around the pipes. These 
waves propagate along the pipe and reflect back 
to the source of excitation when interacting with 
discontinuities along the structure. The transducers 
then record these reflections and mode conversions 
in order to produce a rectified A-Scan and locate the 

Keywords: signal processing, signal-to-noise 
ratio, split spectrum processing, ultrasonic guided 
waves

structure features of interest 2, 3.

Hann windowed Sine waves are usually used in 
UGW inspections in order to reduce the transmitted 
bandwidth and consequently reducing the effect 
of dispersion. Figure 1a illustrates a 50 kHz 10-cycle 
Hann windowed sine wave as an excitation signal 
and Figure 1b shows its frequency spectrum. 

 
Figure 1 UGW signal: excitation a) time domain, b) frequency 
domain signals, received c) time domain, d) frequency domain 
signals

A random synthesized 50 kHz received signal 
and its frequency spectrums containing some 
random/coherent noise are shown in Figures 1c-d 
respectively. In order to minimize the effects of any 
random noise or interference; the received signal is 
averaged over repeated tests4. A UGW response 
generally consists of a number of peaks that 
correspond to reflections from structural features 
under investigation, such as welds, defects, etc. The 
aim of LRUT technique is to transmit an axisymmetric 
wave mode in order to promote non-dispersive 
propagation; however, the interaction of the UGW 
signal with the non-axisymmetric features can 
cause mode conversions. These mode conversions 
along with waveguide geometric features results in 
generation of dispersive wave modes (DWMs). If a 
wave mode is dispersive, the different frequency 
components in the signal travel at different velocities 
so the signal duration increases which compromises 
the spatial resolution. In order to increase the SNR 
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and spatial resolution, it is essential to minimize the 
presence of the DWMs. 

Dispersion is one of the main sources of the 
coherent noise which occupies the same 
bandwidth as the signal of interest. Conventional 
techniques such as low/high filters are unable to 
reduce the effect of DWMs. This work presents an 
advanced signal processing technique, called split-
spectrum processing (SSP), in order to enhance the 
SNR of UGW signal. The SSP filter bank parameters 
and recombination algorithms are compared and 
fully investigated to present optimum parameters for 
maximum SNR and spatial resolution enhancement 
of the UGW response. This work presents 
synthesized algorithm followed by laboratory 
experiments in order to evaluate the effectiveness of 
the proposed technique. 

III.  FINDINGS / RESULTS
A significant amount of research has been done on 
use of SSP in conventional ultrasonic testing (UT) to 
reduce grain scatter in the received signals [1-3]. In 
general, SSP method involves filtering a signal using 
a bank of band pass filters in order to generate a 
set of sub-band signals. These sub-band signals 
are then subjected to a number of possible non-
linear processing techniques in the time domain to 
generate an output signal as shows in Figure 2. The 
input is transformed into the frequency domain and 
filtered by a bank of band-pass filters. The outputs 
from the filter bank, then is converted back into 
the time domain and normalized by a weighting 
factor. These signals undergo form of non- linear 
reconstruction resulting in the output signal, y(t).

Figure 2 Block diagram of split-spectrum processing. 

The use of SSP would suppress regions of the signal 
that vary across the bandwidth, reducing the effects 
of DWMs. The input signal filters to generate a set of 
sub-bands and then applies a number of different 
SSP techniques to the sub-bands. The dispersion 
modelling technique used to generate synthesis 
UGW signals. A signal was generated using 10-cycle 
50 kHz including Torsional T(0,1) wave mode and 
its Flexural wave mode family up to F(6,2) that 
had propagated three meters along a 6 inch pipe 
schedule 40 as shown in Figure 3. In addition, Figure 
4 shows the synthesis input signal and all the SSP 
recombination algorithms. Result clearly indicates 
that the SSP technique have improved the SNR 
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significantly specially for PTM and PT algorithms.

Figure 3 Synthesis UGW signals: T(0,1) and its Flexural family.

Figure 4 Synthesized UGW results a) input signal, and from 
various SSP algorithms: b) Mean, c) Minimisation, d) FM, e) PT, f) 
PT with Minimization

IV.  CONCLUSION/DISCUSSION
Result shows that the proposed technique 
significantly reduces the presence of dispersive 
wave modes in received UGW signals and also has 
the potential to enhance sensitivity and increase 
inspection range. Polarity Thresholding (PT) and PT 
with minimization (PTM) recombination algorithms 
were considerably reduced the DWMs level and 
improved SNR by an average of 13 dB.

V.  FUTURE PLAN/DIRECTION
Further work on this topic will focus on different type 
of sample pipes with varying numbers/types of 
features in the specimen.
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I.  INTRODUCTION
Fracture toughness is a fracture mechanics parameter 
used to classify the material’s resistivity to fracture. Three 
of the well-known fracture toughness parameters are 
K (stress intensity factor), J and CTOD (crack tip opening 
displacement, Fig 1). Fracture toughness is most commonly 
used in Engineering Critical Assessments (ECA), where 
the flaws found in structures would be evaluated using 
a fracture mechanics approach. The acceptability of 
the flaw size estimated is dependant on the fracture 
toughness value that can be assumed.

Figure 1 Definition of CTOD, as the displacement at the tip of a 
prepared crack in a SENB specimen at the point of unstable 
crack extension

Fracture toughness standards BS7448-1 [1] and ASTM 
E1820 [2] specify testing methods to estimate fracture 
toughness in single edge notched bend, SENB specimens. 
However the standards adopt different assumptions in 
the estimations which results in different values of CTOD. 
The Japan Welding Engineering Society (JWES) was 

Keywords: austenitic stainless steel, CTOD, digital 
Image correlation, strain hardening

aware of this issue in relation to materials with a range 
of strain hardening coefficients and published research 
on an improved CTOD estimation . [3] This work presents 
findings on the validation of methods to determine CTOD 
for austenitic stainless steel with high strain hardening. 
Physical measuring techniques (silicone crack casting 
and digital image correlation, DIC) were used to investigate 
CTOD, and were compared to the BS 7448-1, ASTM E1820 
and JWES estimations.

II.  METHOD
Both 2D imaging (DIC) and 3D methods (physical crack 
casting) were used to investigate CTOD. In addition to the 
experimental techniques, a standard SENB finite element 
model was used to predict CTOD. 
The DIC method used a unique paint speckle pattern 
applied to the side of the specimen, and an image was 
captured as the specimen was loaded. The images 
were then processed using GOM ARAMIS, where the 
equivalent surface CTOD (δ₅) was obtained (Fig 2).

Figure 2 Determination of (a) δ5 points based on (b) speckle 
pattern using DIC.
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The 3-D replica of the crack was obtained by casting the 
specimen notch using 2-part silicone compound. The 
SENB specimen was loaded in displacement control, then 
held at constant displacement at the intended casting 
point. The silicone compound was the injected into the 
crack and left to cure. The casting was removed after 
it was cured and the procedure was repeated for the 
subsequent casting points under increasing displacement. 
The silicone replicated cracks (SRC) were sliced into 4 
equal portions across the thickness of the specimen. 
CTOD was measured on the cross-section of the SRC 
using an optical microscope (Fig 3).

Figure 3 Definition of CTOD measured on the silicone crack 

replica section.

III.  FINDINGS 
CTOD varies across the thickness of the specimen 
confirmed from the SRC measurements. The δ₅ DIC CTOD 
gave good estimation of the surface CTOD measured from 
the SRC. A correlation was found for the CTOD measured 
in the middle of the thickness of the specimen and the δ₅ 
DIC CTOD (Fig 4).

Figure 4 Comparison between δ₅ DIC (CTOD at the specimen 
surface), δ SRC (b=0) (CTOD at the middle of the specimen), 
and δ SRC (b=±1) (CTOD at the edges of the specimen)

The standard CTOD estimation methods (BS 7448-1, ASTM 
E1820 and JWES) assume an average crack length, and 
were compared to the SRC CTOD measured in the middle 
of the thickness. An FE (finite element) model was used to 
predict CTOD.  The BS 7448-1 estimation did not consider 
the effects of strain hardening in the estimation, whereas 
the FE model was not able to represent the actual crack 
propagation at larger deformation. This led these two 
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methods to overestimate the SRC CTOD, considered to 
represent the actual CTOD in the specimen. The ASTM 
E1820 and JWES were within 15% underestimation of the 
SRC CTOD, which was more accurate compared to BS 
7448-1 and the FE prediction. The ASTM E1820 estimation 
was better for lower CTOD, whereas the JWES estimation 
gave better estimation of larger CTOD (Fig 5).

Figure 5 Comparison of the silicone replica CTOD, δ SRC (b=0) 
to FE CTOD, δ FE (b=0) and standard CTOD estimations.

IV.  CONCLUSION/DISCUSSION
This work found a correlation between the CTOD estimated 
on the side and middle of the specimen to enable δ₅ DIC 
to be used with DIC in stainless steel specimens with large 
amounts of crack opening. The ASTM E1820 and JWES 
CTOD estimations were better alternatives to the BS 7448-
1 for austenitic stainless steel, showing the improvement 
in the JWES method which accounts for strain hardening 
effects.

V.  FUTURE PLAN/DIRECTION
My PhD work on validating CTOD estimation methods will 
develop in the following areas:
• The effect of rotational factor, rp on CTOD
• Optimizing the CTOD estimation based on FE and SRC
• m and η factor optimization based on SRC CTOD
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I.  INTRODUCTION
There is a need to continuously monitor structural integrity 
of systems used in high temperatures, such as pipelines 
in power plants and oil refineries.  These pipelines are 
in-service for prolonged period of time, with defects 
developing, often due to creep and fatigue effects.  If the 
defects are undetected and rectified, they may lead to 
catastrophe accidents.  
In order to maintain the structural integrity of these pipelines, 
conventional Non-Destructive Testing techniques such 
as ultrasonic testing, eddy current testing and visual 
inspection are normally used.  However, these NDT 
techniques can only be implemented during outages due 
to the lack of capability to inspect at high temperature [1].  
Long range ultrasonic testing (LRUT) which employs 
ultrasonic guided waves (UGW) can be used  to inspect 
pipelines for tens of metre from a single location [2].  However, 
current UGW can only be used at temperature up to 
200°C, whereas the power plants and the oil refineries 
are operated at higher temperatures, typically higher 
than 250°C [3].  For this reason, new transducers that can 
operate at higher temperatures need to be developed.  
Many piezoelectric elements that possess the high 
temperature operating ability have been reported [4].  In 
this research project, modified bismuth titanate (MBIT) 
has been chosen due to its high Curie temperature (Tc)  
stability at high temperature [5].  Due to the lack of data on 
material properties of MBIT for continuous monitoring at 
high temperatures, impedance measurements have been 
carried out to obtain the elastic, dielectric and piezoelectric 
properties at temperature overtime.  From the derived 
material properties a conclusion can be made about the 

Keywords: high temperature, modified bismuth 
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efficiency, sensitivity and mechanical stability of the MBIT 
at high temperature.

II.  EXPERIMENT SETUP
Five MBIT elements were used for impedance 
measurement at elevated temperature.  MBIT samples 
of 3 mm x 13 mm x 0.5 mm (width, length, thickness) 
were tested at various temperature.  Samples were cut 
for testing with the aspect ratio of 20:1 and 6:1 on the l/t 
and w/t configuration respectively, which is the minimum 
aspect ratio that can produce a reliable measurement [6].  
The elements were coated with 100μm gold electrodes on 
the width, plane configuration.  
A jig that can withstand a high temperature was used, 
due to lack of commercially available devices / tweezer 
for high temperature impedance measurement [7].  The 
impedance analyzer, Agilent 4294A, was used to measure 
the MBIT elements inside a high temperature jig to retrieve 
the impedance-frequency response of the elements.  A 
local area network (LAN) cable was used to connect the 
analyzer to a laptop for data acquisition.  
Impedance-frequency characteristic for the MBIT were 
first taken at 25°C.  These characteristics were used as 
a baseline for the performance of the element.  Then, 
increments of 25°C were applied for each impedance 
measurement up to 525°C.  In addition, a constant 
temperature of 400°C was applied to one of the MBITs 
for a prolomged period of 30 days to inspect its material 
properties at this temperature overtime.  The resonant, 
fr, and the anti-resonance, fa, capacitance value of the 
element (measured at 1kHz), the density and dimension of 
the MBIT were compiled and used to determine the elastic, 
dielectric and piezoelectric properties of the element at 
high temperature.
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III.  FINDINGS / RESULTS
The piezoelectric voltage constant, g15, the piezoelectric 
charge constant, d15, and the thickness shear coupling 
factor, k15, are the key parameters when describing the 
performance/behavior of the shear mode piezoelectric.  
The properties of d15 and g15 were used to describe how 
well the element will transmit and receive signals.  k15 was 
used to represent the efficiency of the element to convert 
electrical energy to mechanical energy and vice versa.  In 
order to obtain the values of the d15, g15 and k15, equations 
outlined in the British Standard BS EN:50324-2 [8] were 
used.

Figure 1 Impedance traces showing the effect of temperature 
on the fr and fa frequencies from 25°C to 525°C

Figure 1 shows the response for one the MBIT elements at 
tested temperature intervals.  From the figure, it indicates 
that the impedance frequency response shifted from 
higher frequency to lower frequency when temperature 
increases.  The impedance also begins to shrink as 
temperature increases and at 525°C the element starts 
to depolarize. In total, five MBIT elements were tested and 
the result have been averaged.  From 25°C to 525°C, 
the calculated properties were close to the theoretical 
values given in the element datasheet [9].  From the result 
obtained, it is proven that the technique used is reliable in 
determining the element properties at high temperature.  
Therefore, the technique can be further used for 
characterization of the MBIT performance for long periods 
of time.One of the MBIT was tested at 400°C for a period 
of 30 days.  The preliminary results showed that the MBIT 
element has stable material properties throughout the 
tested period.

Figure 2 a) d15, and g15, b) k15 of MBIT at 400°C for 30 days and 
c) result before and after 30 days tested at 400°C
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From Figure 2a), it can be seen that the coefficient of d15 
decreased from the initial value of 70.8 nC/N in the first 7 
days then stabilised with an average value of 56.9 nC/N 
until the end of the test.  Also in Figure 2a), shows that 
the piezoelectric voltage constant, g15, decreased from 
the initial value of 67 x 10-6 Vm/N in the first five days 
before stabilizing at around 56.6 x 10-6 Vm/N throughout 
the rest of the test.  For the calculated thickness shear 
coupling factor, k15, the average efficiency was at 30% ± 
5% at 400°C for 30 days.   The MBIT was cooled down 
to 25°C after 30 days of testing at 400°C, and impedance 
measurement was carried out again.  The fr and fa peaks 
were compared with previous peaks before the 30 day 
test.  The result shows that exposure of 30 days at 400°C 
did not affected the material properties and thus it is stable.

IV.  CONCLUSION
Four elements were tested up to 525°C and their 
piezoelectric properties were derived.  One element 
was tested at 400°C for up to 30 days showing stable 
response.  It can be concluded that MBIT is suitable for 
the development of high temperature transducers for 
continuous UGW testing.

V.  FUTURE PLAN
MBIT will be further tested at high temperature overtime to 
observe the ultrasonic behaviour of MBIT.
Fabrication of high temperature transducers using MBIT 
will be carrying out, which transmission and reception 
performance of these transducers will be evaluate at 
room and high temperatures.
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I.  INTRODUCTION
Steam traps are used for various steam applications 
in a wide range of industries such as steam-driven 
turbines in power plants, and heating processes 
in plants and factories to ensure that appropriate 
quality of steam is maintained by discharging 
condensate without letting steam escape. Failure 
of steam trap can happen in leak or block modes. 
A failed trap can result in steam leakage leading 
to energy loss and consequential loss due to 
production inefficiency; a blocked steam trap can 
lead to damage of associated equipment that 
can cost millions of pounds in repair and business 
interruption costs.

The aim of this work is to assess the reliability of 
steam traps that are being operated in various 
industrial applications and conditions, and 
determining the significance of every factor that 
would contribute to the instability and failure of 
a steam trap. Work presented here shows an 
application of density regression of predicting the 
reliability of different of types of steam traps for 
various steam applications based on the historical 
inspection and failure data of steam traps.

Figure 1 shows the bath tub curve that is an idealised 
curve showing the failure rate within a system 
having a large number of components that can fail 
over the operational life of the plant (system).   In the 
beginning of the life of a steam trap, there is a high 
failure rate due to ‘teething issues’ such as incorrect 
application and incorrect installation. Once the initial 
problems are identified and solved, in the next stage 
of the plant, routine inspection and maintenance 
usually results in a constant failure rate, where 
failures occur in random manner. This stage is known 
as the normal life. Once the normal life is complete, 

Keywords: density regression, failure rate, steam 
trap

the components enter the wear-out mode in which 
the failure rate is increasing due to the accumulation 
of damage.

Figure 1 Bathtub Curve showing 3 stages of failure rate vs time.

In our study, we filtered out infant mortality failures 
and focussed on time dependent failures in the 
density regression analysis that we carried out. 
Based on the failure data we investigated how the 
independent variables affect the time to failure of 
the in-service steam traps. We chose 2-parameter 
Weibull to model the time to failure as the distribution 
is in the shape of Weibull distribution.

II.  DESIGN/METHODOLOGY/APPROACH
Assume that the response variable Y has the 
probability distribution belonging to the proportional 
hazards family with the baseline cumulative 
distribution function G. In proportional hazard family-
based method, Weibull distribution is written as:

       [1]

Where θ is proportional parameter with θ=1⁄ηλ   and 
G(y;λ)  is dependent only on λ. For 2-parameter 
Weibull distribution G(y;λ)=1-exp(-y^λ ), and λ is the 
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shape parameter.

The log linear model is used to model log(θ) as the 
linear regression function of x, thus:

                      [2]

Given the response Y and covariates x, {xi,Yi }n
i=1): let θ

i
≡θ(xi )  and S

i
=-log(G(Yi;λ))  then 2θi Si~χ2 

(2). As the distribution χ2 (2)  is a special case of 
a Gamma distribution from a Gamma random 
variable, Γ. Gamma distribution is the maximum 
entropy probability distribution of Γ for which 
E(log(Γ))=ψ(shape-parameter)-log(1⁄((scale-
parameter) ))  is fixed, where ψ(t)=d log(Γ(t)))⁄dt  is 
the digamma function. Therefore:

          [3]

Where ψ’(t)=(d2  log(Γ(t))⁄(dt2 ), ψ(1)=-γ with the 
Euler-Mascheroni constant γ ~ 0.5772 and ψ’(1)=π2/6. 
Let:

                      [4]

Then we have the standard linear regression 
function:

                             [5]

The target regression model is as the following [6]:
           [6]

Given the time to failure data of steam trap (x,Y), we 
obtained the λ based on the following function [7] 
using Newton-Raphson method:

                [7]

Once λ is known, by using the equation [4] we 
obtained the observed vector U from Ui=-log(G 
(Yi;λ))-γ, where (G(y;λ)=e-yλ), and γ~0.5772. Then the 
coefficients of density regression β were estimated 
via linear regression model with data (x,U).

IV.  FINDINGS/RESULTS
The results of density regression analysis, we are 
able to check and compare the effect of each 
factor on the reliability of different types of steam 
traps in different steam applications. Figure 2 shows 
the probability of failure curves of different traps in 
different applications and failures.
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Figure 2 Probability of failure of Trap A and B in different 

applications. 

In Figure 3, the curves show that there is no linear 
relationship between time to failure and pressure, in 
other words increasing pressure does not increase 
or decrease the characteristic life linearly.

Figure 3 Probability of failure of Trap A and B under different line 

pressures.

IV.  CONCLUSION/DISCUSSION
The density regression is suitable for reliability 
analyses where multiple factors are required to be 
considered and estimated simultaneously. The result 
of this method can be used as a reference for the 
industry to match the correct type of steam trap 
with the steam application in order to achieve the 
optimized and cost-efficient system configuration. 
Besides that, it can also be used by steam trap 
manufacturers to design better products for various 
steam applications under different operating 
conditions.
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I.  INTRODUCTION
An advanced condition monitoring system (CMS) 
has been developed as part of the CMSWind FP7 
Project, partly funded by the European Commission, 
for the assessment of wind turbine rotating parts. 
The validation of the system is presented in 
this paper. It was carried out during field trials at 
Bandirma Wind Energy Power Plant on a Vestas 
V90-3MW Wind Turbine. 

This integrated CMS, which utilizes three techniques 
specifically designed for wind turbines and their 
components, will improve wind turbine machinery 
reliability. This estimation is made from the fact that 
unnecessary maintenance and out of service wind 
turbines are reduced or even eliminated, improving 
reliability and operation. The work described in 
this manuscript will show the application of the 
CMSWind System for enabling the prompt detection 
of changes in the gearbox health using Vibration 
Analysis. A new methodology based on the 
development of a baseline profile for the promptly 
detection of arising defects and their worsening 
with time is proposed. The results demonstrate 
that the proposed method is effective in the health 
identification of wind turbine rotating machinery.

II.  PROBLEM AND SOLUTION PROPOSED
To keep the large number of wind turbines running 
safely, continuously and profitably is challenging. 
The industry still experiences premature turbine 
component failures, which lead to increases in 
the operation and maintenance (O&M) costs and 
subsequently, the downtime of  turbines. O&M costs 
are attracting greater attention as there is a need for 
the industry to reduce turbine downtime, increase 

Keywords: condition monitoring, drivetrain, 
gearbox, maintenance, reliability, vibration 
analysis, wind turbine

reliability and decrease the cost of the energy (COE).

Wind turbine gearboxes tend to fail more 
prematurely than those in any other applications (2 
to 11 years out of the desired 20 years). Although it 
is well documented in literature that the failure rate 
of mechanical components is lower than that of the 
electrical subsystems in comparison, mechanical 
failures still create unplanned maintenance, long 
turbine downtimes due to gearbox replacement 
and rebuild and increase the warranty reserves. 
Based on the data compiled in the Wind Stats 
Newsletter covering 2003 to 2009, gearboxes are 
the subsystem that causes the highest downtimes1. 
As part of the research to increase the reliability of 
gearboxes, the Vestas V90 gearbox is chosen as 
the main targeted subsystem of this study.

III.  MONITORING STRATEGY BASED IN 
VIBRATION ANALYSIS

The monitoring system was installed in a gearbox 
of a wind turbine nacelle for data collection from 
May 2015 until October 2015. The proposed solution 
methodology includes 5 phases (see Figure 1). In 
phase one, the data acquisition system gathers 
a vibration signal every 30 minutes. The data is 
checked and signals are conditioned when it is 
required. The access to the operating parameters 
(rotor speed and power output) is given by the 
operator. These parametric outputs are continuously 
acquired and are synchronized with the vibrational 
signatures using the timestamps in phase two.

Figure 1 Monitoring Strategy Flow Chart.
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Phase 3 is focused on the feature extraction from 
the acceleration signals and the clustering of these 
parameters using a binning process. In phase 4 
is where the baseline is generated, setting up the 
normal operation limits of the machine being studied. 
The machine can start being monitored in phase 
5, where the current measurements are compared 
with the limits previously established. Alarms are 
generated when the current data does not fall within 
the baseline. 

Figure 2 Monitoring Strategy Flow Chart.

IV.  BASELINE ALGORITHM
The algorithm which builds the baseline of the 
machine being monitored is a continuous statistical 
process based on a convergence criterion. The 
baseline process stops when the moving average 
error (EMA) is lower than a 2%. That must be fulfilled 
in the next ten measurements within that bin. When 
the convergence criterion is satisfied the baseline 
process is finished and the monitoring stage starts.

Figure 3 Monitoring Strategy Flow Chart.

The next step in the baseline generation process is 
to set up the normal operation condition limits. They 
will establish whether or not the process is under 
control.  The purpose is to provide a representative 
vibration level across a range of rotor speeds, for 
improving the reliability of wind turbines and thereby 
helping define appropriate vibration limits. The action 
limits are set so that 99.8% of samples lie within 
them when the mean is on target. For the warning 
limit, it was chosen at 1.96 (~2) times the standard 
deviation only 5% of the values should be outside 
the limits if the features under study are in the same 
condition as when the signature was calculated. 
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For the action limit, it is set up at 3.09 (~3) times 
the standard deviation. Therefore, the warning and 
action limits are set:

Warning Limit = μ ± 2σ
Action Limit = μ ± 3σ

At this final stage, the new data gathered is plotted 
in front of the limits predetermined to evaluate the 
health of the machinery. New RMS values falling 
out of the limits is a clear indication of a process 
out of target. Nevertheless, it does not necessarily 
mean that is due to a malfunction or defect within 
the turbine. In this case, it is compulsory to wait until 
the next measurement. If the following value is still 
outside, then action needs to be taken. If however, 
the next measurement falls inside the limits, the 
outlier is considered as a false alarm, assuming that 
the process is on target.

Therefore the results shown in Figure 4 are a good 
tool for describing the acceptable levels of vibration 
of the machine regarding the rotor speed of the wind 
turbine.

Figure 4 Monitoring using a 3 months established baseline.

V.  CONCLUSION/DISCUSSION
The baseline generated and shown in this paper 
can be defined as an identification profile of the 
machinery. It will be used as a reference during life 
monitoring of this wind turbine. The algorithm will be 
able to identify RMS deviations from the average 
RMS target, allowing the operator to take preventive 
decision concerning the wind turbine safety. In view 
of the result it can be ensured that the method still 
indicating a healthy status of the machinery when a 
set of new healthy data was applied to it.
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I.  INTRODUCTION
With the increasing scarcity of fossil fuels, the 
need for reliable and affordable sources of energy 
is growing stronger. In particular, wind turbines are 
becoming more and more popular. Materials with 
better properties are needed, processes with 
increased reliability are required, and a deeper 
knowledge of the physical phenomena taking place 
along the fabrication and utilisation chain is crucial 
to ensure the reliability and efficiency of these new 
ways of harvesting energy. Nonetheless, in the 
United Kingdom alone, 1500 wind turbine accidents 
and incidents have been reported between 2010 
and 20151.

The largest number of accident is by far due to 
blade failure. As the most frequent cause of these 
failures can be linked to an improper cure of the 
composite blade material, blade reliability issues 
should be considered at an early stage during their 
manufacture to prevent the loss in production and 
the associated costs of subsequent failures in 
service2.

The aim of the present project is to develop an 
advanced network monitoring technique to improve 
the manufacturing quality of large composite pieces 
employing dielectrometry, a well-known monitoring 
technique that has been used in the composite 
industry for decades. The  dielectric properties of 
the composite resin change drastically during the 
curing process, hence monitoring their variations 
can provide valuable information through the whole 
resin curing cycle3, 4, 5. The most common types 
of dielectric sensor are parallel plate configuration 
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and interdigitated sensors. However, none of these 
relatively small sensors are suitable for the control 
of large scale composite parts as it would require 
too many of them to collect data along the whole 
structure. The present research project proposes 
to develop a new kind of dielectric sensor network 
embedded in the cure tool to ensure the monitoring 
of the entire blade during the whole making process. 
The sensor would take the shape of an array of 
copper wires embedded in a matrix placed on top of 
the mould.

II.  DESIGN/METHODOLOGY/APPROACH
To achieve the research goal, two main objectives 
have been identified. A new tooling system for 
manufacturing very large composite structures 
has to be developed, incorporating a dielectric cure 
monitoring system directly in the tool. In parallel, a 
simulation of the whole cure and cure monitoring 
process is to be built.

In order to make samples to test the sensor 
prototype, glass fibre/epoxy composite plates have 
been manufactured using the resin infusion process. 
All materials have been supplied by PRF Composite 
Materials. The epoxy resin RS-M135 coupled with the 
RS-MH134 fast hardener are used with a plain weave 
800g/m2 ER006 Woven Glass Roving reinforcement 
fabric. In the experimental work, six layers of 210x210 
mm reinforcement are laid on a metal plate covered 
with a PTFE tool release film. A typical resin infusion 
process is then carried out.  The fabric is covered 
with an infusion mesh, a release film and finally the 
vacuum bag, kept in place with tacky tape. After 
testing the vacuum of the bag several times, the 
resin is drawn in, the tubes are clamped and the 
composite is left to cure at ambient temperature for 
24 hours.
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The modelling work is conducted using the COMSOL 
Multiphysics software v.5.2 with the AC/DC module 
applying Maxwell equations [1], [2] and [3] for a 
frequency of 1kHz. Two flat copper wires (3 x 0.5 x 
250mm) separated by a 40mm gap are modelled. 
One wire is considered as grounded (0V); the 
second kept at a potential of 5V. These two wires are 
embedded in a 160 x 2 x 250mm block representing 
a PEEK matrix. On top of that block sits another 160 
x 40 x 250mm block representing the glass fibre/
epoxy composite. The relative permittivities (ε) of the 
PEEK and composite are 4.9 and 3.6 respectively. 
The whole model is surrounded by a background 
volume of 400 x 200 x 500mm having the properties 
of air. An “electrical insulation” [4] boundary condition 
is used.

B.  Equations

  [1]

  [2]

  [3]

  [4]
with: E electric field intensity, D electric flux density, J current 
density, V electric potential, σ electrical conductivity, ω 
frequency, Qj external current source, Je externally generated 

current density, n outer normal to the boundary and j2=-1

III.  FINDINGS / RESULTS
The two composite samples manufactured display 
poorly impregnated areas at the end of the plate 
furthest from the resin entry point. Increasing the 
infusion time from two minutes to 6 minutes does 
not seem to solve the problem. 

Initial modelling work exhibits a potential distribution 
and electric field pattern coherent with what is 
expected (Figure 1).

Figure 1 Electric field and potential distribution in the 
composite above the two wires; streamline: electric field, 

contour: electric potential (V)
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IV.  CONCLUSION/DISCUSSION
Currently, the samples made with the previously 
described method present areas with uneven 
wetting. More trials are needed to obtain samples 
perfectly manufactured with a good consistency. 
In the meantime, optical microscopy investigation 
has been carried out without conclusive results. 
The sample cutting technique needs to be improved 
to prevent damage to fibres, which can degrade 
the quality of the microscopy images. In addition, 
to investigate the defects in the full volume of the 
composite and not only at the surface, micro x-ray 
CT scanning of the samples will be envisaged.

The models built with COMSOL are showing sensible 
results, but these must be confirmed against an 
analytical solution before moving forward. The next 
step is to include temperature and frequencies 
dependent relative permittivities for the PEEK and 
composite to take into account their variation in the 
real process and adding partially cured defects in 
the composite part.

V.  FUTURE PLAN/DIRECTION
The dielectric monitoring of the curing process 
for large composite parts is a tangible solution to 
enhance the quality of the final product.

In the upcoming years, several tasks have to be 
completed. A way to improperly cure composite 
samples is to be determined in order to test the 
sensor prototype response. The limitations of the 
dielectric sensor have to be determined as well, 
such as its sensitivity and the field penetration 
depth. To that extent, the modelling work will provide 
a powerful tool once the whole sensor can be 
modelled. More importantly, further information 
is to be collected on the composite studied, not 
only about its dielectric properties, cured and 
uncured, but also on its use during the wind turbine 
blades manufacturing process itself. Establishing 
an industrial partnership with a wind turbine blade 
manufacturer will be beneficial.
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I.  INTRODUCTION
All underground pipelines are subject to corrosion 
where the protective coating is damaged and there are 
inadequate levels of cathodic protection (CP).

Pitting corrosion is a serious damage mechanism 
because of the high rate at which a pipe wall can be 
perforated. Pitting corrosion is a phenomenon difficult to 
understand from a electrochemical point of view due to 
the complex relationship between variables that affect 
soil corrosivity.

That is why statistical approaches have been preferred 
over analytical analysis in order to address pitting 
corrosion modelling.

Corrosion in underground pipelines is a function of 
electrolyte, aeriation, electrical and other factors (such as 
biological activity)1. In this research, data is analysed using 
statistical analysis techniques in order to determine the 
relative influence of these factors on corrosion pitting.

II.  METHODOLOGY
This research analyses data from more than 60,000 
external corrosion defects along nearly 2,000 km of 
underground pipelines. At each defect, the maximum pit 
depth was measured. Soil properties like pH, moisture 
content and bulk density are available. The mineral 
content of the soil was used to classify its texture: sand, 
loam, peat and clay.

Keywords: external corrosion, GEV distribution, 
pitting corrosion, prediction model, quantile 
regression, underground pipelines

A.  Multiple Regression (MLR)
First, multiple regression was applied to the data obtained 
to predict the influence of soil parameters on the 
maximum pit depth corrosion process. 

Figure 1 GEV distribution fitting to the measured maximum pit 
depths.
Average maximum pit depth (ymax) was considered to be 
the function of six linear predictors: chlorine, sulphur and 
carbon concentrations, pH, moisture and bulk density 
which was modelled by assuming a linear function as 
follows:

                       [1]
Equation [1] defines a straight line. The parameter α is 
the intercept, and εi represents the error of this mode 
estimation. The parameters βi (i=1,…,p) represent the 
expected increment in the response ymax per unit change 
in the independent variables xi

B.  Generalized Extreme Values
Figure 1 shows the distribution of all the measured 
maximum pit depths. The characteristic right-skewed 
distribution commonly observed for maximum corrosion 
penetration was also observed in this study. The 
generalised extreme value (GEV) distribution fitted to 

maximum pit depth corrosion process.



the observed data is also shown in Figure 1. The GEV 
distribution is defined as:

         [2]
where ξ, μ and σ are the shape, location and scale 
parameters of the distribution, respectively.

Since the probability density function of the maximum 
pit depth is not symmetric (it has a positive skewness), 
quantile regression seems to be the most suitable 
approach to estimate the influence of the independent 
variables on the dependent variable.

C.  Quantile Regression
Quantile regression is a method for determining 
relationships between variables for all portions of 
a probability distribution. While multiple regressions 
provides a summary for the means of the distributions 
corresponding to the set of regressors, quantile 
regression helps to compute several different regression 
curves corresponding to the various percentage points 
of the distributions and thus provides a complete picture 
of the data.

The τth quantile divides the area under the probability 
density into two parts: one with area below the τth 
quantile and the other with area (1- τ). Therefore, the MLR 
for the τth quantile will be represented by [3]:

                    [3]
where τε(0,1), ατ and βi

τ
 (i=1,…,p) are model parameters that need 

to be estimated.

III.  RESULTS
A.  Multiple Regression
Four different models (Table 1) show the results of the 
multiple regression model specified by [1].

Table 1 Spider diagram model for durability evaluation of 
highly repelelnt surfaceshighly repelelnt surfaces

These regression results show that these models can 
explain 12% of variation in the data, and the models are, 
therefore, not a good predictor of maximum pit depth.

B.  Quantile Regression
Results from the quantile regression model using [3] are 
shown in Figure 2. The covariates include carbon, chlorine 
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and sulphur composition, pH, moisture and bulk density.

The regression coefficients express the change in the 
expected quantile when the factor is present. The grey 
shading indicates the 95th point-wise confidence 
intervals about the coefficients. The solid horizontal line is 
the estimate from an ordinary least squares regression 
and the dashed horizontal lines are the corresponding 
95% confidence interval.

Figure 2 Plots of the coefficients βi
τ
  of quantile 

regression for the quantiles τ of the maximum pit depth.

IV.  CONCLUSION
While the MLR model identifies the change in the 
conditional mean of the dependent variable (maximum 
pit depth) associated with a change in the regressors 
(independent variables), the quantile regression model 
specifies changes in the conditional quantiles. Therefore, 
the quantile regression model can be considered an 
extension of the multiple regression models.

Overall, quantile regression estimates suggest that:
  The effect of bulk density, pH, carbon and sulphur 

concentrations on pit depth is lower at lower levels of 
pit depth and higher as pit depth increases.

  Pit depth increases with the soil bulk density, carbon 
and sulphur concentration. However, it decreases 
with the pH, thus, there is a correlation between soil 
acidity and corrosivity which increases for deep pits.

  Moisture content has a negative influence in 
corrosion pitting, however it doesn’t present a 
specific shape along the quantile spectrum.

V.  FUTURE PLAN
The following are recommended for further work:

  Implementation of the corrosion model developed by 
Romanoff:

          [4]
  Application of generalized extreme values regression 

by integrating the soil parameters in the shape, 
location and scale parameters.
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approach has led him to produce a model for the microstructure 
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textbook on the bainitic transformation in steels.
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I.  INTRODUCTION
Duplex stainless steels (DSSs) resistance to 
environment-assisted cracking relies on their 
microstructure, consisting of ideally equal amounts of 
austenite and ferrite [1]. Precipitates - such as sigma 
(±) and chi (±) phases, chromium nitrides and carbides 
- can be formed during welding and affect the 
microstructure resistance to environment-assisted 
cracking. Another risk associated with welding is the 
local alteration of the austenite:ferrite balance in heat 
affected zone and in the weld cap.
Hydrogen induced cracking (HIC) is known to be a 
risk also for duplex stainless steel when exposed to 
hydrogen sources, such as the cathodic protection 
systems often used in subsea application [2]. Hydrogen 
absorption has been shown to promote changes 
in the duplex steel microstructure, with hydrogen-
induced martensite formation occurring in austenite 
[3] and needle-shaped deformation structure forming 
in ferrite [4].In order to understand and prevent HIC, 
it is important to identify the susceptible sites for 
the onset of cracks and to correlate them with the 
hydrogen-induced microstructural changes. 
In this work, the microstructure of a 2205 DSS weld 
has been fully characterised and the effects of 
hydrogen on the microstructure investigated with 
different techniques. 

II.  EXPERIMENTAL
A. Microstructure characterization
The material used was a 2205 grade DSS in the 

Keywords: duplex stainless steel, environment-
assisted cracking, hydrogen-embrittlement, weld 
microstructure

form of two pipe sections joined with TIG welding in 
7 passes. Samples were prepared for metallographic 
inspection by mechanical grinding and polishing 
(up to 0.25 μm) followed by a fine polishing with 
OP-S silica suspension. The microstructure was 
characterized with optical microscopy and with 
EBSD (Electron Back-Scattered Diffraction).
B. Hydrogen Embrittlement
Cathodic polarization was used to introduce 
hydrogen in the microstructure. A cathodic current 
of 20mA/cm2, generated with an ACM Instruments 
galvanostat, was applied to the material in a 0.1M 
solution of H2SO4 at room temperature.
Minitensile samples were EDM machined (Figure 1) 
from the weld in order to expose the heat affected 
zone, the weld and the not affected material at the 
same time.The hydrogen content at different charging 
times has been measured on different coupons (7 x 
4 x 1.5 mm) by melt extraction method with an ELTRA 
OH200 hydrogen analyser. The hydrogen content 
against charging time has been measured both on 
coupons from the parent material and from the weld.

Figure 1 Geometry of the minitensile samples machined from 
the weld.

The effects of hydrogen have been observed both 
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on the material without external strain applied and on 
the material exposed to strain in order to accelerate 
cracking. The strain has been applied using a static 
tensile rig and the extent of the deformation estimated 
by means of optical images.

III.  RESULTS
The effects of hydrogen have been initially observed 
on the non-strained material. After two hours, the 
activation of slip systems in the austenite and the 
formation of needle-like relieves in the ferrite were 
already evident, both in the weld and in the parent 
material (see Figure 2 ). With longer charging times, 
the density of these defect increased. However, no 
cracking was observed.cracking was observed.

Figure 2 SEM image of the parent material after 6 hours of 
hydrogen charging (20mA/cm2 in 0.1M H2SO4)

The same charging conditions were used to charge a 
tensile sample under strain. After 20 hours of cathodic 
charging, at 4% strain, the sample was removed 
from the tensile rig and analysed. SEM was used for 
imaging and EBSD maps were produced to confirm 
the phase identification. The strain and the increase 
in hydrogen exposure time resulted in more marked 
protrusions appearing in ferrite (Figure 3).protrusions appearing in ferrite (Figure 3).

Figure 3 Combined effect of strain and hydrogen charging (4% 
strain, 20 hours charging at 20mA/cm2 in 0.1M H2SO4). SEM 
images of the parent material (a) and the weld (b).

This time, the protrusions in ferrite were accompanied 
by signs of decohesion (Figure 4) in different points 
that were consistently distributed on the whole 
surface.
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Figure 4 Decohesion on the ferrite protrusions.

IV.  DISCUSSION
Hydrogen embrittlement is known to affect mainly 
the ferritic phase, but the mechanism of the cracks 
initiation and progression is still matter of debate. 
Evidence of a possible link between the hydrogen 
induced modifications in ferrite and the nucleation of 
cracks indicates that these microstructural changes 
may be an intermediate step in cracking.

V.  FUTURE PLAN/DIRECTION
The nature of the microstructural changes will be 
investigated with higher resolution techniques. The 
role of these transformations in cracking will be 
explored combining SEM imaging with in-situ strain 
tests. 
SKPFM (Scanning-Kelvin Probe Force Microscopy) 
will be used to describe how the difference in 
electrochemical potential between the two phases 
evolves at different levels of hydrogen content. 
The final aim is to get a comprehensive description of 
how HIC cracks progress through the microstructure, 
in order to understand the mechanism underlying 
hydrogen embrittlement in 2205 duplex stainless 
steels.
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I.  INTRODUCTION
Duplex stainless steel (DSS) grade 2205 is used for 
critical applications like nuclear waste containers 
and in ship building [1]. The material’s outstanding 
properties in term of corrosion resistance and 
strength are due to its dual phase microstructure of 
ferrite and austenite which must remain in balanced 
proportion. Welds resulting in a low ferrite content (< 
30 %) can reduce the resistance to stress corrosion 
cracking (SCC) whereas a large proportion of ferrite (> 
70 %) can decrease the toughness and resistance 
to pitting corrosion. However, it was reported that 
when the ferrite at the weld is within the range of 30 
to 70 %, these detrimental effects are less significant 
[2]. It is therefore critical to maintain the ferrite balance 
in this range in order to maintain the desired corrosion 
and mechanical properties. In manufacturing, laser 
welding is a versatile joining solution which has 
recently seen an increase in research interest as it 
offers both speed and flexibility. Recent progress 
in fiber laser technology has made it possible to 
combine good beam quality and high energy stability 
[3], producing welds with significantly lower heat input 
than other welding processes such as TIG or MAG. 
While laser welding’s low heat input helps improve 
weld quality and reduce stresses, it also results in 
higher cooling rate of the material which may prevent 
sufficient austenite phase to form in the weld region.

Keywords: Duplex stainless steel, Diffractive 
optics, Energy distribution, Fibre laser welding, 
Grade 2205

II.  DESIGN/METHODOLOGY/APPROACH
This research programme includes an investigation 
into the important parameters affecting fibre laser 
welding of grade 2205 DSS, with particular focus given 
to the critical issue of phase transformation during 
laser welding. The Design of Experiment approach is 
used to assess the effect of the welding parameters 
(i.e. spot size, power, focus position, welding speed, 
and shielding gases) and optimise the process. The 
microstructure of the welded sample is evaluated 
through point counting. Innovative ways to influence 
the phase transformation are investigated such as 
dual beam welding and the use of diffractive optics 
to tailor the energy distribution during welding.to tailor the energy distribution during welding.

Figure A Fibre laser attached to the welding head and artistic 
representation of the laser beam.

B. Laser and Sensors 
The laser used in this study is an ytterbium-doped 
(Yb-fibre) laser. It operated at a wavelength of 1070 ± 
10 nm, with a maximum power output of 5 kW. Fig.A. 
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shows the laser set-up. Laser power is measured 
using an Ophir power meter (model 10K-W-BB-45) 
and the beam intensity distribution is measured 
with a Prometec beam profiler (model UF-100). The 
temperature changes at the sample’s surface during 
welding are measured using a Lumasense infrared 
pyrometer (model IMPAC IPE 140).

III.  FINDINGS
Experiments using grade 2205 DSS plates with a 
thickness of 3 and 6 mm showed that focus position 
has little impact on the phase balance while power 
and welding speed are determinant factors. The use 
of nitrogen as a shielding gas was demonstrated 
to be preferable compared to argon as it helps 
the formation of austenite and results in a more 
balanced microstructure. Yet, it was established 
that autogenous laser welding cannot achieve the 
desirable phase balance at the weld location. The use 
of diffractive optic splitting of the incoming laser beam 
to combine welding and post-heating in a single pass 
was shown to extend the cool-down of the material 
resulting in a ferrite content which was still outside of 
the 30-70 % range but lower than conventional laser 
welding. Fig.B. summarized the DOE results.

Figure B. The use of Diffractive Optical Element to influence the 

material microstructure.

IV.  CONCLUSION AND DIRECTIONS
It has been demonstrated that changing the energy 
distribution of the laser beam during welding can 
influence the resulting microstructure at the weld. 
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Future work will include practical experiments with 
dual beam welding in combination with computational 
modelling  to establish the energy distribution required 
to achieve the balanced microstructure when welding 
grade 2205 DSS. 
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I.  INTRODUCTION
Refractoriness, electrical insulation, wear and corrosion 
resistance makes alumina suitable for use in a wide range 
of applications e.g. abrasives, vacuum feedthroughs, 
high voltage insulation and protective linings. Industrial 
exploitation of ceramics such as alumina often requires 
ceramic-to-ceramic and ceramic-to-metal joining. Active 
metal brazing (AMB) is a single step liquid state joining 
process (commonly conducted in vacuum), whereby a 
braze alloy that contains an active element e.g. titanium 
(Ti) in a silver-copper-titanium (Ag-Cu-Ti) braze alloy can 
reactively wet to an otherwise chemically inert ceramic 
surface. The joining mechanism in this system relies 
on the diffusion of Ti to the joint interfaces which leads 
to the formation of two reaction layers, a nm-thick TiO 
layer on the alumina side of the interface and a Ti3Cu3O 
layer on the braze side of the interface. Several process 
parameters including the peak brazing temperature, dwell 
time and the active braze alloy (ABA) composition, can 
significantly affect interfacial chemistry and joint strength. 
In the literature, the Ag-Cu-Ti braze volume selected in the 
formation of alumina-to-alumina brazed joints is usually 
reported in terms of foil thickness typically varying from 
50 to 200 μm. 
The aim of this study was to investigate the effect of 
Ag-Cu-Ti preform thickness on the microstructure and 
mechanical properties of alumina-to-alumina brazed joints 
made using 96.0 and 99.7 wt.% Al2O3.

II.  DESIGN/METHODOLOGY/APPROACH
Two commercially available grades of polycrystalline 
alumina, D-96 (96.0 wt.% Al2O3 ) and D-100 (99.7 wt.% 
Al2O3) were used to produce standard and short test 

Keywords: advanced ceramics, alumina, brazing, 
joining, joint strength, preform thickness, 
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bars. All test bars were ground and chamfered according 
to ASTM C1161. Alumina-to-alumina brazed joints whereby 
short test bars were brazed to themselves were prepared 
by first arranging the test bars into butt-joint assemblies. 
For each joint assembly, a braze preform was placed 
between the faying surfaces of the two short test bars. 
The braze preforms where mechanically punched from 
0.05, 0.1 and 0.15 mm thick foils of a commercially available 
active braze alloy, TICUSIL®, with composition 68.8Ag-
26.7Cu-4.5Ti wt.%. The joint assemblies were vertically 
supported in a bespoke stainless steel fixture (Figure 1).

Figure 1 Brazing fixture used to support short test bars in butt-

joint configuration.

Brazing was performed in a vacuum furnace at a 
pressure of at least 1 x 10-5 mbar. A peak brazing 
temperature of 850 °C and a dwell time of 10 minutes 
followed a 10 minute isothermal soak at 750 °C. 
Heating and cooling rates were 10 °C/min and 5 °C/min 
respectively. 
The mechanical strengths of standard test bars and 
brazed joints were evaluated using four-point bend testing 
at ambient temperature according to ASTM C1161. Depth-
controlled nanoindentation tests were also performed to 
evaluate the variation in nanohardness distribution in the 
microstructure of joints made using 50 
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and 100 μm thick TICUSIL® preforms. 
III.  FINDINGS / RESULTS

The average reaction layer and brazed joint thicknesses 
of both D-96 and D-100 joints were observed to increase 
with increasing TICUSIL® preform thickness (Table 1).

Table 1 Properties of alumina-to-alumina brazed joints

Whilst the nominal composition of TICUSIL® remained 
unchanged with increasing preform thickness, the relative 
amount of Ti available to diffuse to the joint interfaces 
increased.  Hence, at a sub-liquidus brazing temperature 
of 850 °C complete diffusion of Ti to the joint interfaces 
occurred in joints made using 50 μm thick TICUSIL® 
preforms. As the TICUSIL® preform thickness was 
increased to 100 μm, however, Ti was retained in the braze 
interlayer as Cu-Ti phases throughout both D-96 and 
D-100 brazed joints. This was due to the excellent affinity 
which Ti has towards Cu. In these joints and due to the 
poor affinity which Ti has towards Ag, a Ti-depleted Ag-
rich phase was observed at the joint edges [1]. 

The average strengths of both D-96 and D-100 brazed 
joints were observed to increase with increasing TICUSIL® 
preform thickness (Figure 2). This may have occurred due 
to the following mechanisms:
• Better joint filling achieved by thicker preforms
• Improved interfacial reactions indicated by an increase 

in the reaction layer thickness
• Reduction in thermally induced residual stress at joint 

interfaces due to a decrease in the overall coefficient 
of thermal expansion (CTE) of the braze alloy

• Better accommodation of thermally induced residual 
stresses provided by a thicker braze interlayer

Figure 2 Average joint strengths (MPa) and brazed joint 
thicknesses (μm) of D-96 and D-100 brazed joints made using 

50 to 150 μm thick TICUSIL® preforms.

The variation in nanohardness distribution in joints 
made using 50 and 100 μm thick TICUSIL® preforms 
was evaluated by performing a grid of indents across 
the brazed microstructures (Figure 3).  The indents 
were made to a controlled depth of 50 nm.

REFERENCES
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Figure 3 Depth-controlled nanoindentation results showing 
nanohardness distribution across D-96 joints made using 50 
and 100 μm thick TICUSIL® preforms.

The presence of relatively harder Cu-Ti phases (10.30 
GPa) in an otherwise ductile braze interlayer consisting 
of Ag-rich (2.00 GPa) and Cu-rich (4.40 GPa) phases 
may have reinforced the joints. Further, Ag-rich outflow 
may have improved ductility at the joint edges.  These 
additional mechanisms may have further contributed to 
the increase in joint strength observed with increasing 
TICUSIL® preform thickness, in both D-96 and D-100 
brazed joints. D-96 brazed joints made using 150 μm thick 
TICUSIL® preforms achieved an average joint strength 
of 269 MPa with consistent failure in the ceramic. In 
comparison, D-100 brazed joints made using 150 μm thick 
TICUSIL® preforms achieved 202 MPa. Following sintering, 
both grades of alumina were prepared in the same way. 
The main difference between the two grades of alumina 
was that D-96 consisted of ~3.2 wt.% silica (SiO2) as the 
main secondary phase. Transmission electron microscopy 
(TEM) analysis was used to observe an interaction 
between this secondary phase and Ti in the Ti3Cu3O 
reaction layer which may have improved interfacial 
reactions and further strengthened D-96 brazed joints.

IV.  CONCLUSION/DISCUSSION
• An increase in the TICUSIL® preform thickness, 

from 50 to 150 μm led to an increase in the average 
strengths of D-96 and D-100 brazed joints by 98.3 % 
and 24.0 % respectively. 

• Incomplete diffusion of Ti to the joint interfaces 
occurred in both D-96 and D-100 brazed joints made 
using 100 and 150 μm thick TICUSIL® preforms. An 
improvement in joint strength was observed due 
to the formation of relatively hard Cu-Ti phases 
reinforcing the braze interlayer and Ag-rich outflow 
improving ductility at the joint edges.



68

Genetic algorithms for automatic optimisation of
electron beam processing guns

Colin Ribton
Colin Ribton’s roles at TWI have involved him in the computer modelling of 
electron optics and high-voltage components, the design of high voltage 
power supplies, the design and optimisation of radiation shielding, real-time 
control system architecture, and the design of digital and analogue electronics. 
In particular, he has been involved in the development of equipment and 
processes to manufacture major components in power generation, nuclear, 
aerospace and medical applications. He is presently a Technology Consultant 
in the Electron Beam section group where he is active in promoting electron 
beam technology for new applications.

Academic Supervisor: Prof  Wamadeva BalachandranAcademic Supervisor: Prof  Wamadeva BalachandranAcademic Supervisor: Prof  Wamadeva Balachandran
Brunel University LondonBrunel University LondonBrunel University London

Electron Beam  Electron Beam  Electron Beam  
3rd Year of PhD3rd Year of PhD3rd Year of PhD

I.  INTRODUCTION
Electron beam guns are now being used for a wide 
variety of industrial processes where the beams 
generated carry out welding, texturing, material 
curing and most recently three-dimensional 
printing. Each process has specific requirements 
and constraints requiring in each case a bespoke 
electron beam gun design. This is usually being 
carried out by a trial and error process where 
the designer puts submits a tentative design to 
a computer simulation program which provides 
trajectory plots of the electron beam. Over the 
operating range of the gun, these trajectory plots 
can be compared with the beam requirements for 
the process and the suitability of the design can 
be assessed. Normally this would be an iterative 
process where the design is progressively modified 
to gradually improve the beam characteristics.

Trial and error design is necessary for electron 
guns as the geometry of a gun cannot be derived 
from the required beam trajectories. Within this 
work it is proposed that the design method can be 
automated by using meta-heuristic optimisation 
algorithms, where the gun geometry is treated as 
an input variable, and a quantified measure of the 
beam suitability (also derived from this research) is 
called the solution function. It should be noted that 
each call to the solution function requires a gun 
geometry to be simulated and electron trajectories 
to be plotted and then analysed against the 
process requirements. The time that this call takes 
is of course very dependent on the software and 
hardware used, but within this work typically this 

Keywords: design, electron, evolutionary, gun computation takes about one minute.

Optimisation algorithms could adjust multiple input 
variables that describe the gun geometry and 
examine the suitability of the solution function, which 
is a measure of the beam’s fitness for purpose. 
There are many different types of algorithm available, 
and they are often inspired by natural processes. 
They include particle swarm optimisation, ant colony 
optimisation, simulated annealing and evolutionary 
algorithms. The most suitable optimisation method 
can be selected by considering its efficiency (i.e. 
the number of calls to the solution function), and its 
ability to find the optimum solution even in a problem 
space where there may be many local optima.

Within this work, an optimisation algorithm has 
been specifically developed for electron gun 
design. An example is given of the application of an 
evolutionary genetic algorithm to the design of the 
plasma cathode electrodes. This design has been 
optimised for a material cutting application where 
the beam is required to be highly intense at short 
working distance.

II.  DESIGN/METHODOLOGY/APPROACH
Electron gun analysis is carried out by calculating or 
simulating the electrostatic field in the gun. There are 
many electron optical analysis programs available. 
An example of one solution is shown in Figure 1. The 
progressive improvement in computing power that 
is readily available has reduced the computation 
time required by at least two orders of magnitude. 
This makes viable the use of optimisation algorithms, 
which necessarily require many electron optical 
solutions to be computed.
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Figure 1 Example of a 2D solution of an electron gun 
showing the geometry in cross section and the electron 

beamlet trajectories.

B.  Results
A genetic algorithm can be implemented with the 
following steps. The electron gun design must be 
encoded to form a gene which entirely describes 
the electrode geometry. Initially, a population of 
randomly generated designs is created. Each of 
these is analysed by calling the solution function 
and is given a score. The highest scoring designs 
are selected and the lower scoring designs are 
discarded. The selected group then undergoes 
genetic processes such as random mutation 
and gene swapping. Gene swapping will cause 
geometric features from two of the high scoring 
parent designs to be blended into an offspring 
design. Mutation will occasionally cause variation 
in geometric features. The genetic processes are 
carried out to produces a new population. The 
process then repeats with a call to the solution 
function for each offspring member of the 
population, scoring, selection and genetic processes 
to give the new generation. As the score is a 
quantified measure of the suitability of the design 
for the application, once a member of the population 
achieves a score beyond a preset threshold the 
design process is deemed complete.

A number of special adaptations were carried out to 
the genetic optimisation algorithm in order to make 
the design process as efficient as possible. The 
genetic code contained a record of each designs 
ancestry to allow study of the evolutionary process 
for future improvements.

III.  FINDINGS / RESULTS
The process described in the previous section has 
been applied to the RF excited plasma cathode gun 
geometry and the anode geometry is given as an 
example. For an electron beam cutting application, 
the required beam was intense at focus, but also 
of low angle to pass through a narrow bore lens in 
the proposed system. This points towards a high 
brightness beam (> 5000 Amm-2sr-1 ) , ideally 

REFERENCES
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having a diameter of 4mm at the lens centre plane, 
150mm from the cathode. 

It is necessary to combine several factors into a 
single score for the tentative design. This is achieved 
using weighting factors and capping the score 
contribution from some beam characteristics.

The evolutionary parameters used are critical to the 
efficiency of the optimisation algorithm. These were 
studied in earlier work1 .

The optimisation algorithm progress was monitored 
by plotting the best score for each generation, see 
Figure 2.

The graph shows that there were incremental 
improvements in the best score for many 
generations and on one occasion a step 
improvement. The optimisation algorithm has 
been run several times with similar trends in the 
best score, where this occurs when both the 
characteristics amalgamated in the score are 
optimised simultaneously.

Figure 2 The best fitness score in successive generations.

IV.  CONCLUSION/DISCUSSION
From the work carried out the following conclusions 
can be drawn:

 � A genetic algorithm has been developed suitable 
for the automatic optimisation of electron gun 
designs that generate specific electron beam 
characteristics

 � The algorithm provides a fast and more efficient 
way to design electron guns

V.  FUTURE PLAN/DIRECTION
Further work will be carried out on the algorithm 
and parameters for efficient solution of electron gun 
design optimisation.



                                                                                                    

The London South Bank Innovation Centre (LSBIC) is a collaboration with TWI Ltd, 
the National Structural Integrity Research Centre and London South Bank University 
to research and develop automation and robotics for non-destructive testing. It is 
based in the premises of TWI and began operating last year in July 2015.

The Centre focusses on developing mobile robots that provide access to very large 
and vertical safety critical structures to deploy a range of non-destructive testing 
techniques. The Centre’s research has previously won eleven awards for innovation 
in industrial robotics and has been selected by the Royal Society and the Royal 
Academy of Engineering for its science and engineering exhibitions.

LSBIC’s wall-climbing and swimming prototype NDT robots developed together with 
TWI during previous European framework programmes are now being engineered 
toward the final technology readiness levels with grants from the Horizon 2020 Fast 
Track to Innovation Pilots. LSBIC is on course to commercialize at least two robotic 
NDT systems within the next three years. One mobile system will operate in oil and 
petrochemical storage tanks to detect corrosion and pitting on the floors and walls of 
the tanks while submerged in liquids. The other will climb on wind towers to inspect 
blades using shearography.
.
In addition, the Centre will R&D Automated NDT in the TRL1-3 region to underpin 
the work of TWI to its 700 industrial members and identify their future needs.  

Other objectives are to develop intelligent automated NDT to improve the quality and 
probability of defect detection and to develop autonomous robot deployment systems 
that can perform NDT with minimum intervention by human operators

More fundamental research in robotics and automation is being performed by PhD 
students funded by NSIRC, the Lloyds Register Foundation and London South Bank 
university.
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I.  INTRODUCTION
The corrosion of steel as a result of chemical 
or electrochemical reactions with its service 
environment is a spontaneous process and can 
compromise the materials integrity and impact not 
only the asset, but also the environment and people 
if no measures are taken to prevent or control it.

The most common way in which steel is treated to 
prevent corrosion and the problems associated with 
its effects is via the use of specialised coatings. 

One of the most promising routes to develop high 
performance anti-corrosion systems is the use 
of nanotechnology in coatings. Previous literature 
has shown that the use of nano-additives can aid 
corrosion protection as well as lead to more durable 
coatings, with improved mechanical and barrier 
properties, scratch resistance and a lower tendency 
for blistering and delamination.

The goal of the present work is to create a 
polysiloxane-based coating and modify it with silica 
nanoparticles to study the corrosion behaviour of 
carbon steel protected with these nano-enabled 
coatings.

II.  DESIGN/METHODOLOGY/APPROACH
A.  Polysiloxane-based coatings
Polysiloxane-based coatings are obtained by the 
sol-gel process, which involves hydrolysis and 
condensation of metal alkoxides (precursors), such 

Keywords: coatings, nanoadditives, nanoparticle 
surface treatment, polysiloxane-based coating, 
silica nanoparticles

as tetraethylorthosilicate (TEOS), in the presence of 
acid or base as a catalyst1, 2. 

This study started with TES40, which is the 
oligomeric form of TEOS. However, when used 
alone it was difficult to create a film-forming 
coating. (Pure inorganic films with thickness more 
than a few microns are usually not easily formed 
using sol-gel chemistry and are fragile and crack 
easily at thickness greater than a few microns). 
For this reason, a second silane, 3-GPTMS 
(3-glycidoxypropyltrimethoxysilane), was added to 
help with the formation of the matrix. This precursor 
has two components, glycidoxy (organic) and silicon 
alkoxy (inorganic) groups; and a hybrid coating 
based on TES40 and GPTMS can be used to 
increase the density and flexibility of the coating.

Three different TES40/GPTMS molar ratios (1/0.6, 
1/0.9 and 1/1.8) were tried in order to develop coatings 
initially without nanoparticles. It was found that a 
TES40/GPTMS molar ratio of 1/1.8 provided the most 
uniform coating. The formulation was applied by bar 
coating onto the substrate (Q-panels made of low-
carbon steel).

Once the matrix was optimised, silica nanoparticles 
were introduced into the TES40/GPTMS based 
formulation. Experiments were run with non-
functionalised silica nanoparticles at different loading 
levels (1, 3, 5 and 10wt%; wt% calculated as the 
ratio of silica to weight of silica+GPTMS+TES40 in 
the formulation) and functionalised silica at 10%wt.
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B.  Silica nanoparticles: Preparation
Silica nanoparticles for this study are prepared by 
the Stöber process, which produces mono-modal 
spherical silica nanoparticles by an ammonia 
catalysed reaction of tetraethoxysilane (TEOS) in 
alcohols as solvent1. The Stöber silica dispersion 
made at TWI is a 4.3wt% dispersion in IMS and has 
a mean particle size (Z-average) of 25nm.

C.  Silica particles: Surface functionalisation
Silica nanoparticles made by Stöber method were 
surface-treated with GPTMS to make them more 
compatible with the matrix and to prevent/reduce 
agglomeration of nanoparticles during incorporation 
into the coating formulation.

0.43g of GPTMS was added to 100g of silica 
dispersion prepared by Stöber method, giving a 
mass ratio of 0.1g GPTMS/g silica in the dispersion. 
The pH value of the solution was adjusted with 
acetic acid to be between 3-5. This solution was 
mixed for a few minutes and then heated at 65°C for 
18h.

D.  Characterisation of coatings
Coating characterisation was carried out by 
thickness measurement, water contact angle and 
FTIR measurements, among others. Corrosion 
resistance of the coated samples was examined by 
exposing them to a salt fog atmosphere generated 
by spraying 5wt% aqueous NaCl solution at 
35±2 °C following the protocols of ASTM B117, using a 
salt spray chamber Ascott CC1000ip.

III.  FINDINGS / RESULTS
Salt spray results showed that adding nanoparticles 
has improved coating performance compared to 
the base matrix, showing as well greater corrosion 
resistance with an increase in loading level, with 
the best performance shown at 10wt% silica 
incorporation.

Coatings that incorporated the silica nanoparticles 
functionalised with GPTMS showed better corrosion 
performance than those after 72h of salt spray, as 
can be seen in Figure 1.

IV.  CONCLUSION/DISCUSSION
It was found that the introduction of non-treated 
silica nanoparticles led to improvement of barrier 
properties which may be due to enhanced 
thickness and reduced porosity.

When same silica nanoparticles are treated with 
GPTMS, it can be seen an improvement in corrosion 
protection. Meaning that functional group, epoxide, 
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Figure 1 Salt spray results after 24h (above) and 72h 
(below). From left to right: polysiloxane-based matrix, 
matrix with 10% non-functionalised silica, matrix with 

10% functionalised-silica.

successfully grafted onto the surface of silica 
nanoparticles after modification (which was 
confirmed by FTIR), producing a strong interface 
between matrix and nanoparticles. The epoxide 
groups also help to suppress aggregation due to 
their enhanced resin-wettability, which is in line with 
other investigations3, 4.

It can be concluded that at the 10wt% loading, 
incorporation of functionalised silica nanoparticles 
into polysiloxane-based coatings led to better 
corrosion protection after 72 hours in the NSS 
chamber than incorporation of the same wt% of 
non-functionalised silica.

V.  FUTURE PLAN/DIRECTION
This work will continue trying to find the optimum 
loading level of functionalised silica as well as 
optimum level of functionalisation which improves 
the corrosion performance of this coating. Other 
nanoparticles will also be studied, like ceria, which 
can take an active role in corrosion prevention due to 
its multiple oxidation states. 
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I.  INTRODUCTION
Polyethylene (PE) pipes are being used increasingly 
in many traditional industries as an alternative to 
metallic pipes. Even the safety conscious and 
conservative nuclear industry is now using plastic 
pipes in safety critical applications. The weakest part 
of every pipe system is the welded joint. A number 
of standards are available that define the butt fusion 
butt fusion welding procedure for PE pipes. Although 
the material is the same, the welding parameters 
defined by different standards are very different. 
For approval by the national regulatory bodies (in 
particular NRC in US, ONR in UK and ASN in France) 
proof is required from the industry that welded pipe 
systems will last for the design life of the system1, 2. 
The aim of this PhD is to determine which PE pipe 
welding procedure produces welded joints with the 
best short-term and long-term performance.

II.  METHODOLOGY
There are several standard welding procedures 
that overlap between industries and countries. The 
following welding procedures (Figure 1) are being 
used in conjunction with various mechanical tests 
to investigate the effect a broad range of welding 
parameters has on the short-term and long-term 
integrity of butt fusion joints: 
1. WIS 4-32-08 (UK)
2. DVS 2207-1 (Germany)
3. PPI TR-33, ideal (USA)

Keywords: butt fusion, HDPE pipe, hot plate 
welding, mechanical testing, polyethylene, 
welding procedure

4. PPI TR-33, acceptable (USA)
5. High pressure low temperature (Non-standard)
6. High pressure high temperature (Non-standard)High pressure high temperature (Non-standard)

Figure 1 Fusion pressure versus heater temperature plot of 

the different welding procedures used in this study.

Seven welds in 180mm SDR11 PE100 pipe were made 
in accordance with each welding procedure; three 
welds to be tested using the whole pipe tensile 
creep rupture (WPTCR) test and four welds to be 
used to determine the short-term integrity of the 
joints according to coupon tests suggested by the 
different standards. A minimum of five specimens 
were extracted and tested using the guided side 
bend (ASTM WK24244 draft standard), high-speed 
tensile impact (ASTM F2634-10) and waisted tensile 
(BS EN 12814-7) test methods.

III.  RESULTS AND DISCUSSION
The circumferential position that the test specimens 
were extracted from did not influence the energy to 
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break values. 

All specimens for the guided side bend test method 
passed the test criteria which required ductile 
bending at 90o. The test was extended until the 
maximum displacement allowed by the test jig, 
forcing bend angles of 140o. All specimens remained 
ductile and showed no sign of cracking. Therefore, 
the guided side bend test was not able to distinguish 
between the welding procedures.

Each specimen for the high-speed tensile impact 
failed in the parent material in a ductile manner. 
Therefore, this test was also not able to distinguish 
between the different welding procedures (Figure 2).   

Figure 2 Example of high-speed tensile impact 
specimen after testing.

The waisted tensile test forced the failures at the 
weld; the specimens from all welding procedures 
failed in a ductile manner. The values of energy to 
break the specimen for each welding procedure 
is shown Figure 3. The welds made according to 
the DVS standard had the lowest average energy 
to break, which was determined to be statistically 
lower than the values obtained from welds made 
according to PPI procedures. according to PPI procedures. 

Figure 3 Waisted tensile test results. 

REFERENCES
1  Troughton, M. J & Booth, G., 2000. Structural integrity of butt 
fusion welded PE pipes – A Review, Cambridge
2 Troughton, M., 2010. A comparison of mechanical test 
methods for butt fusion joints in PE pipes, Calgary, Alberta, 
NACE International

Long-term integrity of the butt fusion welds made 
according to above mentioned procedures is being 
investigated using TWI’s unique testing facility 
according to European standard 12814-3. The whole 
pipe tensile creep rupture (WPTCR) test is currently 
ongoing.

IV.  CONCLUSION
Among the completed mechanical tests, the tensile 
impact and the guided side bend test have not 
been able to distinguish between different welding 
procedures, since either all of the failures occurred 
in the parent material or the test specimens satisfied 
the pass criteria. The waisted tensile test suggests 
that the welds made according to the DVS welding 
procedure had a significantly lower energy to break 
compared to welds made according to the PPI 
welding procedure. 

V.  FUTURE PLAN
 � Separate the energy to break values from the 

waisted tensile test into before-yield and after-
yield stages  for detailed analysis 

 � Complete the WPTCR  long-term mechanical test
 � Disseminate results via journal publications
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I.  INTRODUCTION
Emerging technologies for nanostructured easy-
clean coatings (superhydrophobic, oleophobic, 
anti-soiling, anti-icing, self-cleaning etc.) have 
significant potential for the development of very 
high performance surfaces with benefits to the 
transportation, construction and power generation 
sectors. The chemistry and physics of such 
materials is relatively well-understood. Nevertheless, 
the lack of retention of functional capability in 
such coatings is widely recognized as the primary 
barrier to industrial adoption1. Moreover, the lack of 
clear understanding of wear mechanisms and the 
lack of recognized standard procedure enables 
comparison between various easy-clean coatings 
hamper further progress of designing effective highly 
repellent surfaces.

In this study, novel approach for applicability 
evaluation of advanced coatings was introduced. 
These new assessment criteria focus on 
validation the relationship between initial wetting 
characteristics of the coating, its lifetime and 
retention of repellency when exposed to mechanical 
damage. Based on obtained data, global figure of 
merit of easy-clean coatings was identified and new 
classification system was established in order to 
accelerate the research uptake. 

Keywords: abrasion, coatings, durable, easy-
clean, repellency

II.  DESIGN/METHODOLOGY/APPROACH
A.  Materials
Eight different highly repellent surfaces, including two 
commercial products and six TWI formulations were 
fabricated and assessed in this study2,3. 

B.  Methods
Key coatings properties were identified and group 
into six categories, including initial repellency, 
lipophobicity, visual appearance in pristine state, 
ability to resist abrasion, ability to retain main 
functional performance and ability to withstand 
chemical environments. 

III.  FINDINGS / RESULTS
Spider diagram was proposed as a tool to plot multi-
variable coating categories (Fig. 1). Each branch from 
diagram was divided into 10 points, so each single 
property is so scaled that its highest numerical value 
does not exceed 10.

Figure 1 Spider diagram model for durability evaluation of 

highly repelelnt surfaces.
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Performance indices were introduced in order to 
compare different material categories between 
different coating systems. Performance index for 
specified coating for specified group of properties 
(PICi) was calculated according the equation [1]. 

 [1]
The symbol PG corresponds to number of points scored by 
specific coating (C) in specific group of properties (i=1a, 1b, 1c, 2, 
3 or 4 part of spider diagram). MPG is the maximum value that 

can be scored in this specified group of properties.

The data from spider diagrams and performance 
indices were transferred into figure of merit (Fig.2). 
Proposed model of figure of merit allows on a direct 
comparison between three key coating parameters 
that are crucial for highly repellent surfaces, namely 
initial repellency, abrasion resistance and ability to 
retain main functional performance.

Figure of merit approach corresponds to classical 
composition-structure-property relationship. It was 
found that surface structure plays a crucial role in 
final performance of the coating. Direct (abrasion 
resistance) and indirect (retention ratio) durability 
was found to be strongly linked to initial roughness 
profile.

Figure 2 Figure of merit approach comparing coating 
repellency, abrasion resitance and retention ratio

The best combination of properties in terms of 
durability and repellency were achieved by surfaces 
with relatively high number of arithmetic means 
of surface profile and very symmetric roughness 
distribution. Therefore, the ability to design highly 
repellent surfaces through strict control of initial 
roughness profile opens new promising direction 
in materials development, where advanced 
multifunctional coatings can be design by approach.

IV.  CONCLUSION/DISCUSSION
A multi-variable approach for advanced materials 
assessment was introduced in this study. This 
novel method allows for comparison between 

REFERENCES
1  A.M. Wojdyla, G.G. Durand, A. Taylor, Ian W. Boyd, ‘Advanced 
low energy durable coatings’, International Journal of Energy 
Research 39 165 – 171 (2015)
2 A. Taylor, G.G. Durand, ‘Durable anti-fouling/anti-icing coatings: 
New strategy development’, Surfair Congress (2014)
3 A. Taylor, G.G. Durand, M. Alvarez, N. Sid, S. Mycock, 
‘Functionalisation methods for metal oxides particles’, Patent 
Application GB 1521301.0

different coating families and helps to categorize 
them in terms of performance characteristics. 
Three key coating parameters (repellency, abrasion 
resistance and retention ratio) were identified and 
the relation between them was represented in a 
form of figure of merit. The progress in testing and 
classification criteria of repellent coatings enables 
further development of next generation of materials. 
This novel knowledge-based approach for highly 
repellent coatings validation has the potential to 
accelerate uptake. The findings open a promising 
new direction in materials development, where 
advanced coatings and surface treatments can 
be developed by design, reducing the number of 
development iterations, ultimately leading to reduced 
cost and development time. New assessment 
criteria can be used as a basis for development of 
a standard, which would allow direct comparison 
between different families of highly repellent 
surfaces.

V.  FUTURE PLAN/DIRECTION
Different coatings families, different substrates 
could be investigated. Future work is recommended 
to investigate the role of surface roughness 
under different abrasive wear-mode types. New 
assessment criteria could be linked to different form 
of coating durability, such as fatigue, corrosion and 
thermal wear.
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I.  INTRODUCTION
A current issue faced by many industries is to 
maintain performance while reducing mass or 
energy consumption in the manufacturing process.

An option for designers is to use a multi material 
approach where the material for each component 
can be selected based on the component and 
not on the ease of manufacture. A key issue with 
this approach is how to join the different materials 
together.

Mechanical fastening and welding are two options 
for joining materials but both have drawbacks. The 
first with increased mass due to requiring thicker 
sections. The latter has a problem with joining 
dissimilar materials especially those with different 
melting temperatures.

Finally, there is adhesive bonding which has 
been used for high value added, low production 
volume manufacturing for many years but it now 
seeing more use in mainstream industry. The 
principal advantage of adhesives is that they can 
join dissimilar materials effectively. This can lead 
to increased materials selection for designing a 
structure.

The largest disadvantage of structural bonding 
however is that metals are difficult to bond; they 

Keywords: adhesion, cold atmospheric plasma, 
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require a pre-treatment to enable an effective bond 
to be performed. This is usually based on a wet 
chemical treatment such as acid or alkaline etching.

This aim of this project is to investigate if cold 
atmospheric plasma (CAP) can be used to replace 
the wet chemical treatments used currently.

Cold atmospheric plasma has a range of benefits 
compared to chemical processes:
It is a dry process which means there are fewer 

process steps to undertake after the treatment.
It is a low energy process, this immediately reduces 

the impact on the environment and cost. A 
further benefit of is the low temperature of the 
plasma plume (~40°C)

The system is very versatile, allowing for several 
varieties of plasma chemistry allowing for many 
potential effects on the surface.

This aim has been investigated and the effect of the 
plasma on the surface has been examined using 
several techniques to understand the process.

II.  METHODOLOGY
316 stainless steel and titanium-6Al-4V have been 
used to date to test the efficacy of the process. 
The testing has been broken down into two main 
areas, the chemistry of the process, using X-ray 
Photoelectron Spectroscopy (XPS), optical Emission 
Spectroscopy (OES) and mechanical testing such 
as single lap shear and wedge tests.
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III.  RESULTS AND DISCUSSION
Results reported previously demonstrated that 
plasma treating grit blasted stainless steel results 
in a stronger lap shear joint compared to using a 
chemical process; these data are shown in Figure 1.chemical process; these data are shown in Figure 1.

Figure 1 Lap shear test results for 316 stainless steel.

Work conducted since this experiment has shown 
that there is also a substantial improvement in the 
bond durability of grit blasted and plasma treated 
stainless steel. The wedge test demonstrated that 
the durability was similar in performance to that of 
grit blasted and chemically etched stainless steel, 
this data is shown in Figure 2. The data shows that 
the crack dos not propagate through the bond as 
quickly compared to untreated.quickly compared to untreated.

Figure 2 Boeing wedge test data for 316 stainless steel.

A further durability test was undertaken in the 
form of an aged lap shear test; this was to test 
the degradation of the joint as a whole, and not 
the crack interface. Figure 3 shows that there is 
a reduction in bond strength across the board. 
The plasma treated samples outperformed the 
chemically etched samples and the grit blasted only.chemically etched samples and the grit blasted only.

Figure 3 Aged lap shear test data. Legend is number of 

hours in humidity chamber (98%RH, 50°C).

Further work is planned in this area to extend the 
aging time beyond 1 week (168 hours).

Initial trials on titanium have also been conducted. 
The data for this is shown in Figure 4 currently 
plasma treatment performs closely to alkaline 
etched material. This gap is expected to reduce as 
testing continues.testing continues.

Figure 4 Lap shear results for titanium-6Al-4V.

Analysis has been undertaken to further understand 
the plasma and its effect on the surface. These 
include chemicals analysis of the plasma plume and 
the surface pre and post treatment.

Currently, the proposed mechanism which 
influences the adhesion strength of metals treated 
with atmospheric plasma split between:

 � a reduction in contamination, supported by 
reduced carbon peak in the XPS of treated 
material;

 � modification of the metal oxide which is shown 
by changes in the oxygen peak and some 
subtle changes in the XPS iron peak.

IV.  FUTURE PLAN
As a result of the doping of the plasma with several 
different species there is a large amount of work to 
cover the effect of each of the plasma compositions 
on stainless steel and titanium.

V.  CONCLUSION
The results to date show an increase in bond 
strength and retention in durability over acid etched 
316 stainless steel.

This is resulting from a reduction in the carbon 
contamination on the surface and also a 
modification of the oxide layer.

Titanium bond strength is also increased.

This may be the beginning of a truly universal pre-
treatment for multi material adhesive bonding.
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During the conceptual design stage of a project, the 
selection of materials and structural schemes are 
often governed by the requirement for solutions to 
be economically viable whilst equally providing a 
positive contribution towards the environment and 
society. High strength steels (HSS, defined here as 
materials with yield strength between 460 and 700 
N/mm2 in accordance with the Eurocode  Part 1-12 
[1]) have the potential to make a positive contribution 
towards these demands by reducing the material 
usage and hence weight of structural elements 
when employed in appropriate applications.  Lighter 
structures lead to smaller foundations, reduced 
transportation costs and potentially reduced 
construction times and costs, as well as lower CO2 
emissions and energy use during construction. 

One of the issues preventing more widespread use 
of HSS in structures is the lack of reliable information 
relating to the response of these materials at 
elevated temperature. Although the Eurocode does 
include a section for HSS1, the guidance for fire 
design is based on experiments on steel with yield 
strengths below 460 N/mm2. For HSS, there are 
limited data in the literature (eg 2, 3) that present the 
effects of temperature on the mechanical properties 

Keywords: Eurocode 3, fi re, high strength steel, 
structures  

in terms of reduction factors.  Whilst the loss of 
strength and stiffness during a fire is inevitable, a 
recent review highlighted that the strength and 
stiffness of HSS at elevated temperature are directly 
related to the alloying elements and processing 
route employed4. This implies that by choosing 
particular alloying elements and processing routes, 
possible metallurgical effects such as secondary (or 
precipitation) hardening could potentially be utilised 
to retard the loss of strength and stiffness of HSS 
during a fire, therefore buying valuable evacuation 
time. However, because limited metallurgical analysis 
was presented in the literature, the influence of 
strengthening mechanisms such as precipitation 
hardening on the performance of HSS at elevated 
temperature is not clear. In this context a primary aim 
of this work is to provide engineers and designers 
with essential and reliable information to support 
the safe design of fire resistant structures made 
from HSS. A further aim of the work is to develop 
a detailed understanding of the effects of steel 
alloying and processing routes on the structural 
response of HSS in fire as these are likely to have a 
strong influence on the degradation of mechanical 
properties.
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This presentation will summarize the work done to 
date which includes a series of isothermal elevated 
temperature tests on commercially-available HSS 
grades presented in Table 1.

Table 1 Grades of commercial HSS included in the programme

Steel Grade fy (N/mm2) Manufacturing 
process

A S690QL 690
Quenched and 

tempered

B S700MC 700
Thermo-mechanical 

control process + 
cold - formed

C S690QL 690
Quenched and 

tempered

Based on the findings of this study, data of the 
following mechanical properties are presented:  
proportional limit (f

p,θ), elastic modulus (E
a,θ) and 

effective yield strength (f
y,θ) based on the total strain 

level at 2% (in accordance with the Eurocode 
approach). The results are compared with available 
results in the literature and also the Eurocode 
values5. The tests described are part of a larger 
programme which includes anisothermal testing as 
well as detailed metallurgical studies.
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I.  INTRODUCTION
Thermal spray processes are used to deposit relatively 
thick coatings (~10μm – 5mm) onto components to 
improve their surface properties. The processes work 
by projecting a high speed (30 – 800m.s-1) stream 
of small (5 - 100μm diameter) [1 & 2] molten/semi-
molten particles at the component. The assembly of 
particles, often referred to as the thermal spray plume, 
impact the surface, forming splats (Figure 1). Coherent 
coatings are formed by a succession of splats being 
deposited on top of one another.
Thermal spray processes are distinguished by 
how they produce this thermal spray plume eg via 
combustion processes or electrical means (arc or 
plasma). In the case of wire flame spray (Figure 2), 
feedstock wire is fed into a flame burning at the end 
of a nozzle. The heat from the flame melts the tip of 
the wire, this molten tip is broken-up and propelled 
toward the component by the combustion process 
and a compressed atomising gas (typically air).
Properties of the final coating are dependent on 
many factors including the properties of the particles 
within the plume (e.g. velocity, size and temperature) 
[3], thus measuring their properties is important in 
order to optimise the coating. Several techniques, and 
commercial systems have been developed to enable 
monitoring of these particles. Traditionally, wire flame 
spray has been used in low cost applications where 
optimising performance through particle diagnostic 
measurements has been of little interest. However, 

Keywords: thermal spray, particle diagnostics, wire 
fl ame spray, wire breakup. 

recently there has been interest in using wire flame 
spray techniques for high technology applications 
where quality control and knowledge of the plume is 
vital.

Figure 1 Isolated aluminium splats deposited on a polished steel 
surface.

Figure 2 Schematic illustration of a wire flame spray gun.

Thus, this study seeks to better understand what 
is happening within the wire flame spray plume by 
studying in detail particle and plume behaviour. 

II.  METHODOLOGY
This study investigated the plume of a typical wire 
flame spray system (Mark 73, Metallisation, Dudley, 
UK) spraying a typical feedstock (industrially pure 



87

aluminium wire). Particle properties (i.e. size, velocity 
and location) were monitored within the plume using 
a commercially available thermal spray diagnostic 
system (Spraywatch®, Oseir, Tampere, Finland). 
Furthermore, particle properties also examined by 
collecting particles on impact with a substrate using 
a technique known as a “wipe test” (e.g. Figure 1).
The particle diagnostic equipment was also used 
to photograph the wire-tip breakup (Figure 3). The 
images were analysed in conjunction with collected 
spray particles which solidified in flight (i.e. did not 
splat on a component and deform), eg Figure 4. 

III.  FINDINGS / RESULTS
Wire tip images show that the wire tapers toward a 
point (Figure 3). The images indicate that this taper 
is covered by a pool of molten metal, implied by 
surface waves highlighted by the arrows. Protruding 
off the end of the taper is a ligament of molten metal 
(boxed area, Figure 3) which has been transported 
there by the force of the combustion process and 
atomising gas. It is held together by surface tension 
until eventually the molten metal ligament detaches 
releasing the spray particles into the gas stream. 
These observations are in line with [4 & 5] who 
studied wire break up in arc or high velocity spray 
processes. SEM images of the atomised aluminium 
that solidified in flight, Figure 4, show the particles 
remain irregular and distended during flight rather 
than spheroidising in flight as may be expected for 
surface energy minimisation.
Velocity measurements of the plume show that mean 
velocities along the centreline approach 300 m.s-
1 (faster than would be expected for this process). 
Measured diameters are consistent at around~70μm; 
however it is likely that the equipment is only detecting 
the larger particles in the plume, skewing the average. 
This is validated by volume measurements of splats 
indicating an average particle diameter of ~10μm.
 In addition to monitoring the plume at a typical 
location, readings were taken at over 100 different 
measurement locations. By combining this data with 
more localised analysis of particles, velocity and size 
maps were produced (eg Figure 5). It is evident that 
the width of the plume increases with increasing 
stand-off distance, but remains relatively narrow 
throughout the measured domain. The velocity of 
the particles within the plume increases with stand-
off distance up to around 70mm then reaches a 
plateau value, before starting to gradually decrease 
at around 140mm. However the velocity remains 
high over the entire measured range. The velocity is 
shown to be the highest within the central portion of 
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the plume, decreasing radially from the centre. The 
velocity measurements were shown to be relatively 
insensitive atomising gas settings within the range 
tested

Figure 3 High contrast image of aluminium wire breakup in wire 
flame spray plume.

Figure 4 SEM image of collected aluminium particles

Figure 5 Speed map of particles detected in the wire flame 
spray plume.
                                         IV. CONCLUSIONS
• Collected particles are smaller than indicated by 

particle diagnostics 
• Plume particles are elongated and not spherical
• Velocities in the plume are faster than expected 

~300m.s-1
• Particle velocities decrease radially from a maximum 

along the centreline of the plume
• Measured particle properties are relatively insensitive 

to varied parameters, indicating the process is robust 
to small changes in investigated process parameters
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I.  INTRODUCTION
Ultrasonic guided waves (UGW) is a worldwide 
testing technique applied in many industrial 
applications for NDT and SHM solutions. Its capacity 
to cover long range of inspection from a single point 
of inspection and its ability for early stage defect 
detection make this technique highly important. 
However its multimode behaviour and dispersive 
nature can degrade the signals and complicate their 
analysis. Different investigations have studied how 
to solve these limitations by improving the electronic 
hardware, transducer technology or by using novel 
digital signal processing (DSP) approaches. 

This research presents a DSP algorithm that uses 
of Barker code as an excitation waveform and 
combines pulse compression (PuC) and dispersion 
compensation techniques applied to UGW testing. 
Details of how these two methods are implemented, 
and both experimental and analytical results are 
presented in this research. 

II.  METHODOLOGY
A.  Pulse compression
PuC is a post-processing method that has been 
employed in many different applications, such 
as radar or diagnostic ultrasound, with the aim of 
increasing the excitation power introduced by the 
waveform by keeping the resolution constant. For 
NDT and SHM applications using guided waves, 
PuC represents an alternative to the common use 
of windowed tone burst by using coded excitation 
waveforms. The autocorrelation properties of these 
coded waveforms are used to improve the time/
space resolution of the signals. For this reason 
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a signal with good autocorrelation properties is 
needed. Different waveforms have been previously 
employed such as Chirp, MLS, Golay codes or 
Barker codes1, 2. This research focuses on the study 
of Barker-coded sequences as PuC excitation 
waveform. In order to compress the signals, the 
received signals are correlated with the original 
Barker code signal (reference signal) increasing the 
SNR and the space/time resolution, this process is 
also called matched filter.

B.  Dispersion compensation 
The dispersion nature of a mode causes the 
wave to spread out in time and space during 
its propagation through the structure. This can 
complicate the signal analysis especially in a 
multimode scenario. Various investigations have 
implemented dispersion compensation techniques 
in order to avoid or mitigate the effect of the 
dispersion3. The presented technique uses the a 
priori information provided by the dispersion curves 
to compensate the signals before the matched filter 
is applied.

III.  RESULTS
A.  Characterization
Barker code is a phase modulated binary sequence 
of M terms1 with low autocorrelation side lobes. The 
relation between the length M and the side lobe 
levels is given by 20 log (1⁄M). Barker code sequences 
are implemented as a sinusoid and an example of a 
signal and its autocorrelation properties are shown in 
Figure 1.

The autocorrelation function and frequency 
spectrum of different Barker code sinusoids have 
been tested in order to find the most appropriate for 
its application to UGW testing.



Figure 1 13-Bits Barker-code 50kHz sinusoid (left), 
autocorrelation function of 13-Bits Barker-code 50kHz sinusoid 

(right). 

Figure 2 Simulated signal for a 2.15m aluminium rod pulse echo 
configuration, 13-Bits Barker code excitation. Blue: raw data, 
red: compensated and compressed signal for L(0,1) at 4.3m 
distance, green: compensated and compressed signal for 
F(1,1) at 4.3m distance.

B.  Synthesis
To study the performance of both techniques 
in a multimode scenario the simulation of the 
propagation of guided waves on a 2.15 meter long 
aluminium rod has been implemented in Matlab® 
software. The information of the propagation 
velocity of each mode has been obtained 
from the dispersion curves obtained with the 
use of Disperse® software. Figure 2 shows the 
performance of a 13-cycles Barker code signal 
after dispersion compensation for both L(0,1) and 
F(1,1). These results show how the time resolution of 
the different returning echoes is highly improved. A 
Dirac-like function is obtained for each case which 
provides information about the corresponding 
time of arrival (ToA) of each wave package. For the 
case of F(1,1) a Dirac-like function is also obtained 
corresponding to the first returning echo. This signal 
also shows how at the corresponding ToA of the 
first L(0,1) returning echo, according to the dispersion 
curves information, no Dirac-like spike is received. 
This is produced by the over compensation of the 
wave-package.

C.  Experimental results
In order to evaluate the performance of the method 
in a real condition environment, a pulse-echo 
experiment was carried out on a 2.15 meter long 
aluminium rod. For the excitation of the signals a 
Teletest® unit and Teletest piezoelectric transducers 
were used.
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Figure 3 Experimental data for a 2.15m aluminium rod pulse 
echo configuration 13-Bits Barker code excitation. Blue: raw 
data, red: compensated and compressed signal for L(0,1) at 
4.3m distance, green: compensated and compressed signal 

for F(1,1) at 4.3m distance.

As in the previous case, for L(0,1) compensated 
and compressed signal a clear Dirac-like function 
is obtained at the expected ToA (Figure 3). For the 
case of F(1,1) the compressed signals show a peak 
value at the expected ToA of the F(1,1) returning echo. 
However also another wave-package at the ToA for 
L(0,1) is obtained. 

IV.  CONCLUSION/DISCUSSION
The research presents Barker code excitation 
waveform as an alternative to the common use of 
tone burst signals. These results show the potential 
of the technique for its application in UGW testing. 
In addition, the capacity of the technique for mode 
discrimination according to the dispersion of each 
mode is presented. 

V.  FUTURE PLAN/DIRECTION
The following work will be carried out in the future:

 � Further investigation regarding the excitability of 
the coded signals by the transducer

 � Comparison of Barker-coded excitation with 
other coded waveforms such as chirp or Golay 
code

 � Implementation of both methods in an iterative 
algorithm for defect detection

 � Application of these methods in other complex 
cases, on structures with highly attenuated 
conditions. 



88

High temperature electromagnetic acoustic 
transducer for guided wave testing

Maria Kogia 
Maria Kogia is a third year PhD student at Brunel University London.  She 
obtained her MSc in Electrical and Computer Engineering from the University 
of Patras, Greece in 2012. Before her PhD studies, she focused more on 
computer science; she studied pattern recognition, digital signal processing 
and VLSI circuits. Her dissertation topic was related to non-destructive testing 
and more particularly to real-time post processing of acoustic emission 
signals. In her PhD studies Maria has developed a novel water cooled 
electromagnetic acoustic transducer (EMAT) for guided wave testing at high 
temperatures.

TWI Supervisor: Prof Tat-Hean Gan          Academic Supervisor: Prof Wamadeva BalachandranTWI Supervisor: Prof Tat-Hean Gan          Academic Supervisor: Prof Wamadeva BalachandranTWI Supervisor: Prof Tat-Hean Gan          Academic Supervisor: Prof Wamadeva Balachandran
Brunel University LondonBrunel University LondonBrunel University London
Brunel Innovation CentreBrunel Innovation CentreBrunel Innovation Centre

3rd Year of PhD3rd Year of PhD3rd Year of PhD

I.  INTRODUCTION
In nuclear, solar thermal and oil industries, many 
critical components, such as pipelines and pressure 
vessels, operate at high temperatures and can 
suffer from creep and thermomechanical fatigue1. 
As a result, they are likely to get damaged and 
their replacement and maintenance costs are high. 
Non-Destructive Testing (NDT) is required for their 
structural integrity assessment. 

GWT using novel electromagnetic acoustic 
transducers (EMATs) is proposed for the inspection 
of large structures operating at high temperatures. 
To date, high temperature EMATs have been 
developed only for thickness measurements and 
they are not suitable for GWT2. A pair of water-cooled 
EMATs capable of exciting and receiving Shear 
Horizontal (SH0) waves for GWT with optimal high 
temperature properties (up to 500 °C) has been 
developed. Thermal and Computational fluid dynamic 
(CFD) simulations of the EMAT design have been 
performed and experimentally validated from ambient 
temperature to 500°C.

II.  DESIGN/METHODOLOGY/APPROACH
The EMAT was designed so that the temperature 
of the coil and the magnets remain below their 
Maximum Operating Temperature (MOT). Given that 
the coil is directly exposed to heat and its spacing 
from the magnets is usually less than 1 mm, its 
cooling becomes a challenge. Conductive materials, 
with MOT higher than 500°C, can be used for the 
manufacturing of the coil like constantan. Ceramics 
should be also added to the coil to impede the heat 
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transfer from the specimen. However, EMATs are 
very sensitive to lift-off variations. Consequently, 
the thickness of any material added to the coil 
should be as small as possible so that both the coil 
will be efficiently protected from the heat and the 
electromagnetic coupling will be maximized. The 
optimum thickness of the thermal insulation was 
investigated via thermal simulations.

The temperature of the magnets should be 
maintained below 200 °C, so that both Nd-Fe-B and 
SmCo magnets can be used. The heat transmitted 
to the magnets must therefore be removed via a 
cooling system designed into the EMAT. Optimal flow 
velocity and inlet temperature of the coolant were 
identified via CFD simulations. Figure 1 shows the 
steps followed in this study. 

Figure 1 Methodology graph

B.  Equations
EMATs comprise a permanent magnet (or 
electromagnet) for generating a static magnetic field, 
and a coil. An alternating current in the coil generates 
a dynamic magnetic field that induces eddy currents 

in the surface of the specimen. The eddy current 
electrons experience a force due to both their 
motion in the static field and the varying total field. If 
the specimen is a conductive, non-ferromagnetic, 
the dominant force is the Lorentz force, equal to the 
product of the eddy current density and the total 
magnetic field.

  [1]
where FL is Lorentz force, Je is the eddy current density, Bst is the 
static magnetic field and Bdyn refers to the dynamic magnetic 
field.

Periodic Permanent Magnets (PPM) EMATs can 
excite/receive SH0. They are made of an array of 
magnets of alternating magnetization directions, 
all normal to the sample surface. Straight wires 
are under the magnets and carry current of 
perpendicular direction to the magnetic field. A 
PPM EMAT designed for high temperature GWT is 
analyzed in this paper.

III.  FINDINGS / RESULTS
During the first set of simulations, the temperature 
of the specimen was set to 100 °C. No Kapton 
encapsulated the coil. The thickness of the alumina 
layers (tc) was increased gradually in simulations 
from zero with a step of 0.25 mm until the thermal 
response of the EMAT essentially plateaued. 
The maximum thickness was 1 mm due to lift-off 
limitations. It was found that the thermal properties of 
the EMAT plateaued after 0.75 mm ceramic thickness 
and thus it was chosen as the minimum thickness 
of each alumina layer. When Kapton was added 
to the coil structure, the time required for the EMAT 
components to reach their maximum temperature 
increased significantly. 

The CFD simulations showed that the velocity of the 
coolant can affect the thermal response of the EMAT 
greatly. The optimum flow velocity for this system in 
terms of power requirement is 3 m/s. However, the 
inlet temperature of the coolant did not influence 
the thermal properties of the EMAT significantly. 
An optimum coolant temperature of 10 °C can be 
freely chosen since the minimum temperature of 
the magnets is below 200 °C. Figure 2 shows the 
temperature of coil and magnets as the temperature 
rises for the optimal EMAT design under the optimum 
operating conditions.

Figure 2 Coil and magnets temperature against 
temperature rise
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in the surface of the specimen. The eddy current 
electrons experience a force due to both their 
motion in the static field and the varying total field. If 
the specimen is a conductive, non-ferromagnetic, 
the dominant force is the Lorentz force, equal to the 
product of the eddy current density and the total 
magnetic field.

  [1]
where FL is Lorentz force, Je is the eddy current density, Bst is the 
static magnetic field and Bdyn refers to the dynamic magnetic 
field.

Periodic Permanent Magnets (PPM) EMATs can 
excite/receive SH0. They are made of an array of 
magnets of alternating magnetization directions, 
all normal to the sample surface. Straight wires 
are under the magnets and carry current of 
perpendicular direction to the magnetic field. A 
PPM EMAT designed for high temperature GWT is 
analyzed in this paper.

III.  FINDINGS / RESULTS
During the first set of simulations, the temperature 
of the specimen was set to 100 °C. No Kapton 
encapsulated the coil. The thickness of the alumina 
layers (tc) was increased gradually in simulations 
from zero with a step of 0.25 mm until the thermal 
response of the EMAT essentially plateaued. 
The maximum thickness was 1 mm due to lift-off 
limitations. It was found that the thermal properties of 
the EMAT plateaued after 0.75 mm ceramic thickness 
and thus it was chosen as the minimum thickness 
of each alumina layer. When Kapton was added 
to the coil structure, the time required for the EMAT 
components to reach their maximum temperature 
increased significantly. 

The CFD simulations showed that the velocity of the 
coolant can affect the thermal response of the EMAT 
greatly. The optimum flow velocity for this system in 
terms of power requirement is 3 m/s. However, the 
inlet temperature of the coolant did not influence 
the thermal properties of the EMAT significantly. 
An optimum coolant temperature of 10 °C can be 
freely chosen since the minimum temperature of 
the magnets is below 200 °C. Figure 2 shows the 
temperature of coil and magnets as the temperature 
rises for the optimal EMAT design under the optimum 
operating conditions.

Figure 2 Coil and magnets temperature against 
temperature rise
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The EMAT was tested regarding its GWT on a mild 
steel, square plate of 1m edge and 3mm thickness 
and on a stainless steel, square plate of 1.25m edge 
and 3mm thickness. A pair of EMATs was attached 
on the plate in a pitch catch configuration with 
30cm distance in between them. The temperature 
increased from ambient to 500oC. Figure 3a-c 
show the signal received when the Nd-Fe-B and 
SmCo EMAT were attached on the mild steel plate at 
ambient temperature, 250oC and 500oC respectively 
and Figure 3d shows how the amplitude drops as 
the temperature rises. Both EMATs inspected steel 
and stainless steel successfully up to 500oC. Figure 
4 presents the temperature of coil and magnets as 
they were measured during all set of experiments; 
the cooling system kept the temperature of the EMAT 
components under their MOT. Figure 4 validates the 
simulation results. 

Figure 3 Signal received at (a) ambient temperature (b) 
250oC (c) 500oC (d) amplitude drop against temperature 
rise

Figure 4 Measured coil and magnets 
temperature against temperature rise

IV.  CONCLUSION
A novel EMAT was theoretically and experimentally 
evaluated for GWT at room and high temperatures. 
The new EMATs were successfully tested in all cases 
validating their use in inspection of high-temperature 
structures. 

V.  FUTURE PLAN/DIRECTION
Further experiments on the guided wave 
performance of this EMAT over long periods of time 
will be conducted and a detailed characterization at 
both room and high temperature made.
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