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Welcome to NSIRC 2020 
Live – showcasing 
postgraduate study at 

the National Structural Integrity 
Research Centre

NSIRC 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.

With the world experiencing 
unprecedented, challenging times in 
the light of the Covid-19 pandemic, and 
the ongoing need for social distancing 
measures, we are delighted to still be 
able to bring you the NSIRC Annual 
Conference this year.

As you may have noticed from our 
pre-event communications, we took 
the decision quite early on to run the 
conference virtually for 2020, hence 
the new name!  This means we can 
continue to share with you the first-
class research and development being 
undertaken by our students, over 30 
of whom will be presenting their work 
during the conference. In addition, 
I would like to thank our keynote 
speakers who kindly agreed to join 
us for this virtual experience; their 
support being invaluable in providing 
our audience with a rich and varied 
conference experience this year.

I am pleased to report that NSIRC 
continues to flourish, with all of our 
students now studying remotely, and 
is outperforming its targets to date 
and making significant strides towards 
its long-term goals.  Our major 
achievements include:

	� Providing the opportunity for 280 
postgraduate research students 
to work at a state-of-the-art facility 
to enhance their knowledge and 
make scientific breakthroughs.

	� Creating 100 new jobs in the 
engineering and technology 
sectors.

	� Internationalising through 
partnerships with universities 
in Belgium, The Netherlands, 
Denmark, Lithuania, Malaysia, 
South Korea, China and Singapore.

	� Increasing our network of academic 
partners via signed agreements 
with more than 40 universities.

	� Promoting the inclusion of 
underrepresented communities 
in engineering. More than 30% of 
NSIRC PhD students are female, 
compared to a UK engineering 
workforce representation of 9%.

	� The completion of five cohorts of 
MSc in Structural Integrity (Asset 
Reliability Management) students 
and two groups of MSc in Oil and 
Gas Engineering students at Brunel 
University London, with a further 
two anticipated in the summer of 
this year.

	� The first students graduating from 
the MSc/Executive Apprenticeship 
in Engineering Leadership and 
Management with Aston University 
by the end of 2019. A further intake 
is planned for November 2020.

	� Three additional Masters’ courses 
commencing in January 2021: 
MSc in Artificial Intelligence, 
MSc in Lightweight Structures 
Impact Engineering and Masters 
of Business Administration 
(also available as an Executive 
Apprenticeship).

	� A 100% employment rate for 
PhD students within one year of 
graduating.

NSIRC’s core ambition is to advance 
fundamental research with real world 
applications in industry. It is, therefore, 
rewarding to see many of our students’ 
work being developed further and 
contributing to higher Technology 
Readiness Level (TRL) applications in 
global safety.

Our continuous 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 in developing NSIRC 
as the international research centre of 
choice for structural integrity.

Lastly, a very warm welcome to this 
first virtual conference: NSIRC2020 
Live.

Successfully bridging the gap 
between research and industry

Brunel University London delivers world-leading research 
focused on areas in which we can integrate academic rigour 
with the needs of governments, industry and the not-for-profit 
sector, delivering creative solutions to global challenges and 
bringing economic, social and cultural benefit. 

With world-class facilities and exceptional engineering 
capability Brunel has invested heavily in the development of 
research capability in materials and manufacturing including 
metal casting and processing as well as precision and additive 
manufacturing.

Brunel has a long history of collaboration with TWI, leading 
to the establishment of the Brunel Innovation Centre (BIC) in 
2009.  Then the National Structural Integrity Research Centre 
(NSIRC) in 2012, with Brunel receiving £15M of funding from 
HEFCE for its creation. Most recently establishing a second 
innovation centre, the Brunel Composite Centre (BCC), in 2016.

Research at Brunel is carried out within the Institute of 
Materials and Manufacturing, comprising the following area of 
expertise:

• Structural Integrity

• Materials Characterisation and Processing

• Liquid Metal Engineering

• Micro-Nano Manufacturing

• Design for Sustainable Manufacturing

Since 2014 over 50 Brunel PhD students have studied at 
NSIRC on a diverse range of topics including structural 
health monitoring, damage detection, ultrasound, fatigue and 
fracture, joining and additive manufacturing.  The students are 
funded from different sources, including EPSRC ICASE, Lloyd’s 
Register Foundation, BIC and other Brunel/TWI collaborations.

We also deliver unique, industry‑focused MSc courses, 
of which every aspect is undertaken at Granta Park, the 
Cambridgeshire home of NSIRC.

www.brunel.ac.uk/research
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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. It works closely with 
industrial partners Lloyd’s Register 
Foundation and BP plc, and lead 
academic partner Brunel University 
London. 

NSIRC collaborates with almost 40 
world-leading universities, including 
University of Cambridge, University 
of Oxford and National University 
of Singapore, to meet industrial 
challenges. 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 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 real world 
settings.

We would like to 
sincerely thank all our 
sponsors of NSIRC 2020 
LIVE. Without their 
support, our annual 
conference would not 
have been possible.

THANK YOU TO OUR 
NSIRC 2020 LIVE SPONSORS
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ABOUT NSIRC

33
Number of countries 
NSIRC students come 
from.

253
PhD research topics approved

157
PhDs started



A world-class centre of excellence 
We are at the dawn of the fourth industrial revolution – a revolution underpinned 
by computational technologies and massive amounts of data. 

It’s a revolution in how we collect, analyse and use information in every aspect of 
our lives. How we do business. How we deliver public and private services. And 
even how we relate to each other.

For over half a century, the University of Essex has been the intellectual home of 
the world’s leading experts in analytics and data science. Our work spans the full 
spectrum of data science, from data storage and curation to the application of 
scientific knowledge to the real world.

In 2014, under the leadership of Professor Maria Fasli, the UNESCO Chair in 
Analytics and Data Science, we created the Institute for Analytics and Data 
Science.

We have created a centre of excellence that connects with scholars, businesses, 
institutes and authorities. We are keen to work with partners across the globe 
who share our commitment to using data to make the world a better place.

The Essex data eco system
 n  Research infrastructure 

-  Internationally-acknowledged centre of expertise in acquiring,
curating and providing access to data

 n World-class Essex researchers

 n  Strategic partnerships with global business partners 
-  UK Government has invested in Essex as part of a multi-million-pound

national data infrastructure

 n Centres of excellence 
-  from Social and economic data research and Artificial Intelligence

 n  Training the next generation of global data scientists 
- through our award-winning Essex Summer Schools

Analytics and 
Data Science

Get in touch
University of Essex, Wivenhoe Park 
Colchester, Essex CO4 3SQ

T 01206 873333  E enquiries@essex.ac.uk

www.essex.ac.uk/research

Our innovators 
Here are just some of the businesses we work with:

TOP
20

GOLD

The facts

We are top 3 in the UK for 
the number of Innovate 
UK funded projects

We are top 20 for  
research excellence 
(Research Excellence Framework 2014)

Rated Gold - Teaching 
Excellence Framework
(The UK Government's Teaching 
Excellence Framework 2017)

TOP
3

MatIC 
at the 
University 
of Leicester

The Materials and Innovation Centre (MatIC), an 
international collaboration between The Welding 
Institute and the University of Leicester, creates 
a shared research and technology capability. 
Bringing together the expertise of the two 
organisations, it will specialise in small and full-
scale materials testing in harsh environments, it 
will undertake joint research programmes and it 
will develop the next generation of technologies 
and engineers in this discipline.

www.le.ac.uk/matic

Core areas:
•	Materials performance in simulated service conditions

•	Physical metallurgy of welding and other fusion-based processes

•	Materials characterisation and analysis

•	 Failure mechanism of weldments and other components made 
by fusion-based processes

•	Computational mechanics

•	Digital manufacturing and materials modelling

•	Thermal and cold spray coatings

•	 Thin	films	and	metal	matrix	systems

•	Electrochemistry and corrosion



Research Coventry discover more online
www.coventry.ac.uk/research coventry.ac.uk/iftc

J1558-20 © Coventry University. 

Materials  
and Structural 
Integrity
Coventry University’s Institute for Future Transport and 
Cities (IFTC) is concerned with advancing powertrain 
electrification, future and disruptive mobility solutions, 
advanced manufacturing technology and next-generation 
materials to ensure a more sustainable future. As the 
Materials and Structural Integrity group, our activities  
are spread across IFTC’s application areas.

Take our research in residual stress analysis.  
Our laboratories have world-leading capability for 
experimental stress analysis, including robot-mounted 
X-ray diffraction. We apply our methods to studying 
problems as diverse as welding, additive manufacturing 
and novel surface engineering techniques such as laser 
shock peening to improve the resistance of a component 
to fatigue damage.

Our relationship with the NSIRC has grown rapidly,  
and we are delighted to have been awarded 21 PhD 
studentships since 2014. We are keen to add to our 
existing award-winning industrial partnerships to  
develop innovative solutions to new challenges.

J1558-20_IFTC_NSIRC_e-brochure_advert_V1.indd   1J1558-20_IFTC_NSIRC_e-brochure_advert_V1.indd   1 03/06/2020   09:0903/06/2020   09:09



INNOVATE. DEVELOP.  
COMMERCIALISE.
For more than a decade, we have helped our partners  
develop their ideas into disruptive, innovative solutions and 
transform them into viable market opportunities. 

Our professionals offer 20+ years of experience in delivering innovative solutions and 
inspire positive change in business and technology.  

With a multitude of successful projects, our engineering and project management 
teams have established Innvotek as a reliable and competent partner.

enquiries@innvotek.com  /  +44 (0) 330 223 5625

 Grant writing and full innovation lifecycle support

  Out-of-the-box solutions for your engineering  
and commercial goals

  Proven R&D, boosting disruptive innovation  
in technology 1500+ 

ideas supported for

500+ 
clients

enquiries@innvotek.com  
www.innvotek.com

360° Innovation  
Consultancy

Robotics &  
Automation

Data Science &  
Simulation

www.marshalladg.com
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 University 
of Edinburgh

Teesside 
University 

University 
of Leicester

University 
of Nottingham

Loughborough 
University

University 
of Cambridge

Brunel University 
London

University 
of Strathclyde

University 
of Manchester

University 
of Birmingham

University 
of Surrey

University 
of Greenwich

Sheffield Hallam
University

University 
of Oxford

London South 
Bank University                                  

University 
of Aberdeen

Coventry
University

Cranfield
University

University 
of Leeds

 University of 
Southampton

University 
of Bristol

Lancaster 
University

De Montford
University 

University
of Sheffield

University 
of Warwick

University 
of Essex

Queen Mary University 
of London                                  

 University 
of Exeter

University 
of Hertfordshire

Aston 
University

AFFILIATED UNIVERSITIES

National University 
of Singapore

University 
of Kuala Lumpur

University of 
Technology Malaysia

Kaunas University 
of Technology

Technical 
University of 

Denmark

Wuhan University 
of Technology

Pusan National 
University

Tianjin University

Delft University of 
Technology

UCLouvain

KAUST

At NSIRC we combine 
academia with industry, 
working closely alongside 
lead academic partner Brunel 
University London, as well as 
more than 35 other affiliated 
universities...

Enhance your expertise within our 
Centre for Engineering Research at 
the University of Hertfordshire.

Find out more at 
go.herts.ac.uk/cer

www.go.herts.ac.uk/cer


Jeremy Silver, CEO of Digital Catapult, 
is an entrepreneur, author and angel-
investor. He is a Trustee of the British 
Library and a member of the UK 
Creative industries Council. Jeremy 
sits on the Boards of HammerheadVR 
Ltd, Imaginarium Studios Ltd and 
FeedForward.AI.

He was previously Executive Chairman 
of Semetric (acquired by Apple), a 

strategic advisor to Shazam (acquired 
by Apple), and CEO of Sibelius 
Software (acquired by Avid). Jeremy 
was Worldwide Vice-President of New 
Media for EMI Group in Los Angeles 
and Head of Press at Virgin Records 
where he worked with Genesis, 
Massive Attack, Brian Eno and Bryan 
Ferry among others.

His history of the music industry on 
the internet is titled “Digital Medieval”. 
He has spoken at TEDx, Houses of 
Parliament, CBI, SXSW and Midem 
among many trade events. His PhD in 
English Literature is on Ben Jonson.

Dr Jeremy Silver
Chief Executive Officer,
Digital Catapult

Professor Andrew Curran is the Chief 
Scientific Adviser and Director of 
Research at the Health and Safety 
Executive.

He has responsibility for the 
professional leadership of 850 
scientists, engineers and physicians, 
and for development and delivery of 
HSE’s science strategy. He has oversight 
of HSE’s Scientific Advisory Committee 

on Workplace Health (WHEC), is the 
Chair of the Sheffield Group (global 
network of national health and safety 
research organisations) and a member 
of the Steering Group of PEROSH 
(Partnership for European Research in 
Occupational Safety and Health).

He is a Fellow of the Royal Society 
of Biology, and the Chartered 
management Institute, and an 
Honorary Fellow of the Faculty of 
Occupational Medicine (UK). He is an 
Honorary Professor at two leading UK 
Universities, Sheffield and Manchester.

Prof Andrew Curran
Chief Scientific Officer, HSE

Professor Mark Gillan is responsible for 
leading the Strategy and Impact and 
Centres and Networks Governance 
directorates at Innovate UK.

This includes directing delivery of 
Innovate UK’s strategy, the design 
and development of Innovate UK’s 
programmes, ensuring that the 
organisation incentivises and drives 
economic growth through business-
led innovation.

Mark has held engineering leadership 
roles in Formula One with McLaren, 
Jaguar/Red Bull, Toyota and as Head of 
the Race Team at Williams.

He was CEO of the UK renewable 
energy firm Wavepower and Head 
of Innovation and Project Lead for 
the ex-America’s Cup team Artemis’s 
autonomous zero emissions 
commercial maritime vessel 
programme.

A chartered engineer, Mark is also a 
Visiting Professor at the University 
of Surrey and a Fellow of the Royal 
Aeronautical Society.

Prof Mark Gillan
Chief Technology Officer, 
Innovate UK

Discover the  
importance of  
IoT for industry

Digital Catapult is proud to be partners with TWI  
to establish a new Industrial Net Zero hub  

Established as a joint initiative between two of the UK’s  
leading innovation organisations in the engineering and  
digital sectors, INZIC will target asset and energy intensive  
industries such as aerospace, utilities and energy.  

Find out more bit.ly/INZIC

Industry adoption of future IoT technologies has the potential to  
increase productivity, lower costs, improve product development  
and improve customer insights. Selecting the right products,  
services and solutions is essential if industries are to capitalise  
on the available benefits. The challenge often lies in discovering  
and adopting these technologies for industrial settings. 

Digital Catapult’s IoT Discovery Programme is designed to help  
industrial businesses to accelerate the understanding and  
adoption of IoT technologies.

Visit: bit.ly/IoTDiscovery 
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KEYNOTE SPEAKERS 

www.bit.ly/IoTDiscovery


PhD | Competitive Scholarships
within Industry

During the PhD programme, students will design and carry 
out original experiments guided by the laboratory manager 
or TWI industrial supervisor.

Additionally the programme will include high-quality training 
and support to provide a strong foundation for future 
careers in engineering.

MSc | Oil & Gas Engineering

As the industry now seeks the rapid drilling and 
commissioning of new wells to meet energy demands, along 
with major investment in heavy oils and shale oil and gas, 
skilled engineers who can rapidly design and commission 
oilfield installations will be the backbone for growth in this 
industry.

It is precisely this type of engineer that Brunel’s programme 
will develop. Awarded by Brunel University London.

MSc | Structural Integrity (Asset
Reliabilty Management)

This course focuses on the knowledge and skills most 
relevant to developing a career in technical and engineering 
roles where understanding and achieving structural integrity 
is a key component. Awarded by Brunel University London.

MSc | Engineering Leadership &
Management

The course has been designed specifically to meet the 
needs of businesses and to develop future leaders. 

Offered at NSIRC in Cambridge and awarded by Aston 
University, this part-time MSc can be funded from the 
apprenticeship levy so there are no tuition fees to pay.

For more information, visit 
nsirc.com/degrees

Coming soon | Master of Business 
Administration (Engineering)

Accelerate your career as a senior excutive in the 
engineering sector and change the way you see your 
future and the world around your.
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END OF DAY THANK YOU

CLOSE

INTRODUCTION & WELCOME: Prof Tat-Hean Gan, NSIRC Director

KEYNOTE SPEAKER: Dr Jeremy Silver, Chief Executive Officer, Digital Catapult 

9:30

ROOM 1:
ADDITIVE MANUFACTURING

COATINGS 
TECHNOLOGIES

STANDARDS
& MAINTENANCE 
METHODOLOGIES

INSPECTION 
& MONITORING

9:40

10:00 SPEAKER:
Mason Rowbottom 

SPEAKER:
Aamna Asad 

SPEAKER:
Oliver Logan 

SPEAKER:
Faris Nafiah 

SPEAKER:
Mehran Shahriarifar 

SPEAKER:
Ana Antelava 

SPEAKER:
Konstantinos Kouzoumis 

SPEAKER:
Zhiyao Li

SPEAKER:
Emre Akgun 

SPEAKER:
Craig Melton  

SPEAKER:
Gowtham Soundarapandiyan 

SPEAKER:
Berenika Syrek 

SPEAKER:
Madie Allen 

SPEAKER:
Rosa Grinon 

KEYNOTE SPEAKER 

JOINING TECHNOLOGIES COMPOSITES & POLYMERS

SPEAKER:
Andrew Sandeman  

SPEAKER:
Dimitrios Fakis

SPEAKER:
Chris Nyamayaro 

SPEAKER:
Changyi Yu

SPEAKER:
Bowei Li 

SPEAKER:
Faranak Bahrami

SPEAKER:
George Brooks 

SPEAKER:
Pedro Santos  

END OF DAY

10:20

10:40

11:00

11:20

11:40

12:00

12:20

13:00

13:20

13:40

14:00

14:20

14:40

15:00

15:20

15:30

NSIRC 2020 LIVE
AGENDA
23 JULY
OUR ANNUAL CONFERENCE 
IN A NEW ONLINE FORMAT

9:30

INTRODUCTION & WELCOME: Prof Tat-Hean Gan, NSIRC Director

9:40

KEYNOTE SPEAKER: Dr Jeremy Silver, Digital Catapult 

ROOM 1:
ADDITIVE MANUFACTURING

ROOM 2:
COATINGS TECHNOLOGIES

ROOM 3:
STANDARDS & MAINTENANCE 

METHODOLOGIES

ROOM 4:
INSPECTION & MONITORING

We are delighted to bring you the NSIRC Annual Conference as an online experience this year, 
which means that we can continue to provide you with access to over 30 PhD research presentations 
by NSIRC students, and give our students a platform from which to disseminate their research and 
its impact on industry. Our students are all safe and working hard from home, and this new conference 
format is our solution to the situation the world finds itself in as a result of COVID-19.

NSIRC 2020 Live will be broadcast on Thursday 23 July 2020 and the PhD students' presentations 
will highlight the world-leading engineering research they are producing on additive manufacturing, 
composites and polymers, and structural Integrity, amongst others.

The agenda will include live Q&A interactive sessions with the students,
along with three keynote speakers.

10:00

Mason Rowbottom 

Investigation into the influence 
of Friction Stir Welding in thick 
section aluminium alloys 

10:00

Aamna Asad 

Understanding the structure 
function relationships of 
super-omniphobic nanoparticles 
using magnetic resonance 
techniques

10:00

Oliver Logan 

Fracture Toughness Testing of 
Non-sharp Defects-Assessing 
constraint effects in notched 
modified boundary layer models

10:00

Faris Nafiah 

Pulsed Eddy Current: 
Signal Feature Enabling In-situ 
Calibration

10:20

Mehran Shahriarifar

Effect of Build Direction and 
Heat-treatment on Microstructure 
and Tensile Properties of 
L-PBF 316L Stainless Steel

10:20

Ana Antelava

Development of Super 
Repellent Coatings

10:20

Konstantinos Kouzoumis 

Biaxial loading effects on the 
integrity of flawed components
Design of Experiments

10:20

Zhiyao Li 

New development of spatial 
phase shift shearography for 
wind turbine blade inspection

10:40

Emre Akgun

Porosity Defects in Additive 
Manufactured Titanium Ti6Al4V 
and their Influence on Fatigue 
Performance

10:40

Craig Melton

Corrosion Sensing Coating 
Viability Testing

10:40

Domenic Di Francesco 

Improved Estimation of Fatigue 
Crack Growth Rate by Partial 
Pooling of Test Data in Bayesian 
Models

10:40

Hesham Yusuf

Semantic Feature Extraction of 
Defects in X-Ray Scans of 
Metallic Plates

11:00

BREAK

11:20

KEYNOTE SPEAKER: Prof Mark Gillan, InnovateUK

ROOM 1:
ADDITIVE MANUFACTURING

ROOM 2:
COATINGS TECHNOLOGIES

ROOM 3:
STANDARDS & MAINTENANCE 

METHODOLOGIES

ROOM 4:
INSPECTION & MONITORING

11:40

Gowtham Soundarapandiyan 

Ti6Al4V Powder Degradation 
in Electron beam Powder Bed 
Fusion Additive Manufacturing

11:40

Berenika Syrek

Thermally Sprayed Aluminium 
(TSA) Coatings for Corrosion 
Protection of Steel Effect of 
Temperature

11:40

Hadi Khalili

Different Bayesian Methods 
for Updating the Distribution of 
Fatigue Crack Size

11:40

Afnan Islam 

Development of cost effective 
permanently installed corrosion 
monitoring system with 
permanent magnets

12:00

Madie Allen 

Numerical Modelling Methods 
for the Prediction of 
Microstructure in Metal AM

12:00

Rosa Grinon

Evaluation of corrosion protection 
offered by sacrificial Thermal 
Spray Coatings for offshore 
applications

12:00

Matthew Weltevreden

A Review of the Treatment of 
Residual Stress in BS 7910 
Fracture Assessment

12:00

Xuening Zou

Automatic defect detection 
and localization in austenitic 
stainless steel cladding

12:20

Jessica Taylor

Compact Crack Arrest testing of 
EH47 Shipbuilding Steel

12:20

Han Yang  

Crack growth prediction 
and monitoring of hydrogen 
induced cracking under biaxial 
stress conditions

12:40

LUNCH

13:40

KEYNOTE SPEAKER: Prof Andrew Curran, HSE

ROOM 5:
JOINING TECHNOLOGIES

ROOM 6:
COMPOSITES & POLYMERS

ROOM 7:
ADDITIVE MANUFACTURING
 & JOINING TECHNOLOGIES

ROOM 8:
STRUCTURAL INTEGRITY

14:00

Andrew Sandeman 

Plasma cathode electron beam 
for high-integrity materials 
processing

14:00

oDimitri s Fakis

Electromagnetic Surface Waves 
on Fibre-reinforced Composite 
Substrates

14:00

Marie-Salome Duval-Chaneac

Effect of heat treatment on the 
microstructure and fatigue 
behaviour of 316L/IN718 layered 
structure made by multiple 
material additive manufacturing 
(MMAM)

14:00

Vishal Vats

An investigation on feasibility 
of using FTIR for Cr (VI) analysis 
in welding fumes

14:20

Chris Nyamayaro

Underwater laser cutting in 
hyperbaric conditions

14:20

Changyi Yu

Effect of Insufficient 
Homogenization During the 
Extrusion of Polyethylene Pipes 
on Butt Fusion Joint Integrity

14:20

Stephen Cullen

Assessment of Part Geometry 
and Distortion in Additive 
Manufacturing Through Direct 
Energy Deposition with Laser

14:20

Ahmed Teyeb

Investigation of the use of 
ultrasonic power for the 
improvement of manufacturing 
processes 

14:40

BREAK

15:00

Bowei Li

Laser Riveting: an innovative 
technique for dissimilar 
composite to metal joining

15:00

Faranak Bahrami

Thermally Assisted Piercing; 
Manufacture and Properties 
of Multiply-Pierced Composites

15:00

Helen Elkington

Laser Beam Direct Energy 
Deposition– the Effect of Process 
Parameters on Metallurgical and 
Mechanical Properties

15:00

Alessandro Sergi

Hot Isostatic Pressing of 
IN625 Powder: Influence of 
Atomisation route on 
Microstructure and Mechanical 
Properties

15:20

George Brooks

Investigation into the influence 
of Friction Stir Welding in thick 
section aluminium alloys

15:20

Shuang Yan

Multi-phase multi-physics 
predictive modelling in 
composites forming

15:40

Pedro Santos

Influence of tool material 
and design on the mechanical 
and microstructural properties 
of refill friction stir spot welds

15:40

Sharda Lochan

TBC

16:00

END OF DAY THANK YOU AND CLOSE

9:25

 Dr Abbas Mohimi, Head of Public Funding, TWI

INTRODUCTION & WELCOME

9:30

Prof Tat-Hean Gan, Director, NSIRC 
NSIRC AND ITS INDUSTRIAL IMPACT

10:00

Mason Rowbottom 

Study of Cause and Effect of 
Thermal Induced Focal Shifts 
within the SLM Process of 
AlSi10Mg 

10:00

Aamna Asad 

Understanding the structure 
function relationships of 
super-omniphobic nanoparticles 
using magnetic resonance 
techniques

10:00

Oliver Logan 

Fracture Toughness Testing of 
Non-sharp Defects-Assessing 
constraint effects in notched 
modified boundary layer models

10:00

Faris Nafiah 

Pulsed Eddy Current: 
Signal Feature Enabling In-situ 
Calibration

10:20

Mehran Shahriarifar

Effect of Build Direction and 
Heat-treatment on Microstructure 
and Tensile Properties of 
L-PBF 316L Stainless Steel

10:20

Ana Antelava

Development of Super 
Repellent Coatings

10:20

Konstantinos Kouzoumis 

Biaxial loading effects on the 
integrity of flawed components
Design of Experiments

10:20

Zhiyao Li 

New development of spatial 
phase shift shearography for 
wind turbine blade inspection

10:40

Emre Akgun

Porosity Defects in Additive 
Manufactured Titanium Ti6Al4V 
and their Influence on Fatigue 
Performance

10:40

Craig Melton

Corrosion Sensing Coating 
Viability Testing

10:40

Domenic Di Francesco 

Improved Estimation of Fatigue 
Crack Growth Rate by Partial 
Pooling of Test Data in Bayesian 
Models

10:40

Hesham Yusuf

Semantic Feature Extraction of 
Defects in X-Ray Scans of 
Metallic Plates

11:00

BREAK

11:20
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Carrs Welding Technologies Ltd

Carrs Welding specialises in laser welding and is considered to be one of the UK market leaders in this field. With more than 25 
years of experience and continuous investment in cutting-edge technology, we proudly provide welding services for multiple 
industry sectors, for instance, aerospace, automotive, medical, amongst others.

QUALITY WITHOUT 
COMPROMISE

www.malvernpanalytical.com/MetalPowders

ANALYTICAL SOLUTIONS FOR METAL POWDER PRODUCERS AND END-USERS

Metal powder is a commonly used raw material 
for additive manufacturing (AM) components. 
To ensure consistently high quality in these 
components, producers and users of metal 
powder for AM need to ensure that their 
supplies are also of consistent quality.

Our unique set of research and quality control 
solutions provide complementary information 
to help you:

•  Ensure consistent powder supply and prevent 
variations in end-component quality.

•  Optimize atomization conditions to achieve 
the desired powder characteristics and yield.

•  Develop novel alloys and manufacturing 
processes to meet industry needs.

•  Predict and optimize powder-packing density, 
flow characteristics, and sintering behavior.

What’s more, our solutions are continuously 
upgraded to meet ever-changing industry needs. 
Our experts are happy to elaborate on what our 
solutions can offer you and how we can help you 
strengthen your market position and meet your 
customer’s demands.
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Creating tools for innovation
• Jackweld develops machinery and equipment for new industrial processes 

in friction welding, metallurgy, ultrasonics and surface engineering.

• Working with industrial partners and research organisations Jackweld 
capabilites deliver effective solutions for new industrial processes.

www.Jackweld.net• All illustrations of machinery and equipment designed manufactured assembled and commissioned by Jackweld.
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Development of geometric and defect characterisations 
within parts made via laser powder bed fusion 
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2nd Year of PhD 
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I. INTRODUCTION
The SLM process is a powder bed AM technology
that has been around for 30 years since its
invention by Fraunhofer ILT in the mid-1990s, the
process has come a long way with the increase of
accuracy through improved optics and an increase
in productivity through multiple lasers with higher
power outputs. However, these increases in laser
power outputs have brought about some issues
within the process, especially in regards to
repeatability within weld pool depth and Volumetric
Energy Distribution (VED). The variations in the
weld pool depth have been shown within previous
studies to be caused by "Thermal Induced Focal
Shifts" these focal shifts are what cause the change
in power density that is exposed on the powder
bed, preliminary results within this study have
shown how much these focal shifts effect the weld
depth and in some cases cause the formation of
“Key Hole Welds” and “Porosity”. The presence of
both key hole welds and porosity have shown to
reduce the mechanical properties of SLM produced
AlSi10Mg components, it is for reason that for
further progression of this technologies production
rates, the issue of “Thermal Induced Focal Shifts”
needs to be addressed and investigated further for
high powered lasers within the SLM process. This
study shows the effects and possible solutions to
“Thermal Induced Focal Shifts” through the use of
COMSOL Multiphysics software. A simulation of the
DREAM 1KW SLM optical system located at TWI
was generated to show the alteration of VED at the
point of contact on the powder layer, this was then
correlated with the results of physical analysis via
the production and analysis of single scan tracks of
AlSi10Mg.

. 

II. DESIGN/METHODOLOGY/APPROACH
In order to fully understand the characteristics and
how it performs to better control the process of the
SLM machine used within this project also known
as the DREAM Machine (Distortion Reduction and
Elimination for Additive Manufacturing),
measurements of the laser source and laser
system are required. This is due to “Key laser
parameters which ensure a successful process
include output power or energy at the work piece,
spot size or beam waist size, spot location (over
time) in addition to M2 or beam parameter product
values.” (Guttman & McCauley, 2018)[1]

Measurement of both the energy and beam waist 
size at varying focal offsets and power ranges can 
be achieved with laser beam profilers such as the 
Ophir BeamWatch. The Ophir BeamWatch is a good 
option for this part of the analysis for the following 
reasons: 

• Min Focus spot size 55µm

• Power range 400W-100KW

• Recommended wavelengths 980-1080nm

These functionalities of the equipment provide the 
ability to sufficiently monitor the beam produced 
by the DREAM machines 1KW laser operating at a 
wavelength of 1070-1080nm, going below 400W 
will not be necessary as most to all builds 
performed on this machine will not be done at 
powers lower than 400W, Figure 12 shows the 
beam profiler. 

In order to correlate the beam profiling results 
against their effects on weld pool geometry, single 
track scan lines will be produced for each of the 
parameters previously stated within the beam 
profiling test, the test layout is demonstrated 
within figure 1 below. 

Room 1 at 10:00

 
III. FINDINGS/RESULTS 
The results recorded for analysis of the beam 
profile where the D4σX and D4σY ISO beam widths 
in µm, the result of the beam widths can be seen 
below in figure 2. 

 

Figure 3 below shows the effect on weld pool depth 
within the physical analysis of the test samples, 
here you can see how the weld pool depth is effect 
within the interaction of the Aluminium substrate 
at varying focal lengths and scanning speeds. 

 

 

IV. DISCUSSION/CONCLUSIONS 
The initial results of the single scan track test have 
shown intriguing results regarding weld pool 
manipulation, and the possibility of increasing build 
rates through focal offset adjustment. However as 
stated previously this test will have to be 
reconducted after optical cleaning and coolant 
replumbing as to ensure that these trends remain 
the same, this will also provide an opportunity to 
improve on the last test by taking into 
consideration the denudation phenomenon by 
producing triple scan lines with a 30% overlap. This 
should provide the characteristics closer to that of 
a true component build, as the centre weld will 
show how over lapping beams of same parameter 
sets influence its formation and microstructure. 

 

 

V. FUTURE PLAN/DIRECTION 
After further investigation into both the results and 
optical system, it showed that their was 
contamination within the system and as such this 
was cleaned out. The next steps within this project 
will be to first deduce what alterations have 
occurred to the DREAM machines beam profile 
after cleaning, from this, new parameter sets for 
focal distance can be utilised within a data base 
upon the MCP, this will also be increased in 
reliability and repeatability by the use of Ophir 
BeamWatch profiler. Utilising the results and 
knowledge gained from the two previous 
milestones, a secound test will be conducted in 
order to investigate the effect of focal offsetting on 
porosity generation. This is required due to the 
presence of Key Hole porosity within this project 
preliminary results, as outlined and demonstrated 
within the presentation for the ILAS 2019 
conference earlier within this project. 

Finally a simulation with COMSOL Multiphysics 
software will be conducted as to simulate as close 
as possible both the optical system with the DREAM 
machine and the effect of altering the lens material 
to CVD diamond optics, this will be conducted in 
order to see if the thermal lensing effect at higher 
power ranges of 1-2KW can be mittigated to 
provide a more stable system. 
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I. INTRODUCTION
Additive manufacturing (AM), also known as rapid
manufacturing or layered manufacturing, is an
emerging technology that has recently gained
large interest due to its potential to produce
customised components [1]. Laser powder bed
fusion (L-PBF) is a mainstream AM process for
fabricating 3D metallic parts, where the powder
bed is melted by a high energy density fibre laser
according to a 2D pattern obtained by slicing the
3D CAD model with a certain layer thickness. The
layer-wise production technique in L-PBF provides
a high degree of freedom of design, with which to
produce a wide variety of objects with complex
geometries [2].

The aim of this work is to investigate the effect of 
build direction and heat-treatment on 
microstructure and tensile properties of L-PBF 
AISI 316L. This material is widely used in oil and 
gas, aerospace and medical applications due to its 
excellent corrosion resistance and weldability [3]. 

II. DESIGN/METHODOLOGY/APPROACH
Gas atomised 316L metal powder was used for
production of the samples by a RenishawAM250
L-PBF machine equipped with Ytterbium 200 W
fibre. The process parameters for manufacturing
were selected based on previous optimisation
work.

Cylindrical bars for tensile testing were printed on 
the build plate in vertical and horizontal directions 
where the loading direction is perpendicular and 
parallel to the additive layers respectively. The 
samples were then machined to the final 
geometry and tested as per ASTM E8/E8M 

standard. Half of the specimens were subjected to 
AMS2759 standard annealing treatment at 1066 
°C for one hour followed by furnace cooling prior 
to machining. 

Samples for microstructure characterisation were 
extracted from the grip section of the tensile. Two 
surfaces of the specimens were characterised, 
along the build direction and transverse to the 
build direction. Optical microscope, scanning 
electron microscope (SEM), and electron back-
scattered diffraction (EBSD) were used to study 
the microstructure. 

III. FINDINGS/RESULTS
A. Microstructure:

Figures 1 and 2 show the micrographs of the as-
built and annealed specimens respectively. The 
samples in as-built condition present a layered 
microstructure typical of additive laser processes, 
characterized by melt pools generated by the 
laser beam. The scanning laser beam generated 
periodic melt pools in each layer that can be seen 
in Figure 1(a). The melting tracks can be 
observed from Figure 1(b). Melt pool boundaries 
are not existent in the build direction of the 
material after annealing, as can be seen from 
Figure 2(a). Annealing also resulted in the 
homogenisation of the material leading to a 
similar microstructure in the build and transverse 
directions. 

EBSD maps of the as-built material show 
elongated grain in the build direction (Figure 3(a)) 
and equiaxed grain structure in the transverse 
direction (Figure 3(B)). The different 
microstructure in build and transverse directions 
could result in the material having anisotropic 
properties. Annealing resulted in more equiaxed 
grain morphology in both directions (Figure 4) 

which could be attributed to the recrystallisation 
of the material in the annealing process. 

 
Fig. 1. Optical micrographs of as-built L-PBF 316L 
stainless steel (a) build direction, (b) transverse 
to build direction. 

 
Fig. 2. Optical micrographs of annealed L-PBF 
316L stainless steel (a) build direction, (b) 
transverse to build direction. 

 
Fig. 3. EBSD maps of as-built L-PBF 316L stainless 
steel (a) build direction, (b) transverse to build 
direction. 

 
Fig. 4. EBSD maps of annealed L-PBF 316L 
stainless steel (a) build direction, (b) transverse 
to build direction. 

B. Tensile Properties: 

Figure 5 shows tensile properties of L-PBF 316L 
material in different build orientations and 
conditions. Compared to the wrought material 
properties [4], the L-PBF 316L has significantly 
higher yield strength which could possibly be due 
to the fine sub-grains and high dislocation 
network in the L-PBF material [5]. Annealing 
resulted in significant improvement in ductility of 
the material, although slightly decreased the yield 
strength. In both as-built and annealed 
conditions, horizontal samples show higher 
strength and ductility compared to vertical 
samples. 

IV. CONCLUSIONS 
The microstructure of L-PBF 316L material was 
found to have different characteristics in different 
orientations in the as-built condition, while 
annealing resulted in less inhomogeneity in the 
microstructure. Depending on the build 
orientation, the material could have different 
strength and elongation to failure. 

 

Fig. 5. Tensile properties of L-PBF 316L stainless 
steel. 

 

V. FUTURE PLAN/ DIRECTION 
Study of the fatigue S-N curve, fatigue crack 
growth rate and residual stresses in L-PBF 316L 
stainless steel is in progress. 
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I. INTRODUCTION
Additive manufacturing (AM) is currently in
transition from prototype building to producing
load-bearing components. Considering that most
of the critical load-bearing components are
subject to cyclic loading, fatigue failure
mechanisms in AM materials need to be well
understood for a successful transition. In this
regard, this PhD is concerned with process-
induced defects, more specifically porosity, and
their influence on fatigue performance.
Exploratory research in literature has shown that
process-induced defects in AM materials act as an
important source of failure under cyclic loading
[1,2,3].

II. APPROACH
Earlier studies in metal AM were mainly
concentrated on discovering general trends by
conducting experiments that have many
variables. Consequently, it has been reported that
fatigue properties of AM materials are influenced
by feedstock quality, machine type or model,
selected process-parameters, built direction and
many more [1,2,3].

In order to quantify influence of porosity on 
fatigue performance, an experimental programme 
has been designed to circumvent other 
parameters that might influence the fatigue life. 
In this regard, only a single batch has been 
manufactured using the same build direction for 
all samples. Subsequently, a stress-relief heat 
treatment was applied to remove residual 
stresses. Finally, a mechanical grinding and 
polishing procedure was conducted to eliminate 
as-built surface roughness. As a result, it was 
expected that any variation in fatigue life among 
the manufactured samples, would be related to 
differences in defect population unique to each 
sample. 

When possible, prior to fatigue testing, gauge 
volume of the test sample was scanned using the 
X-ray Computer Tomography (XCT) technique to
quantify size and spatial location of the embedded
defect population. After testing, these results
were complemented with post-mortem analysis,
which entailed removing the fracture surface from
the sample via a precision cutter, applying
ultrasonic cleaning and analysing it under
scanning electron microscope (SEM) in the
secondary electron mode using a 20kV
accelerating voltage. Representative images of
these processes are given in Figures 1 and 2.

Figure 1: Part of the gauge section of a fatigue 
test sample captured by using XCT prior to 
fatigue testing, depicting embedded pores 
commonly seen in metal AM with spherical 
morphology. 

Load-controlled, uniaxial fatigue testing was 
conducted in accordance to ASTM E466-15 [4] 
using a servohyrdraulic fatigue testing machine 
under constant amplitude (CA) loading and a 
stress-ratio of R=0.1. Tests were repeated at 
least three times per selected stress level to 
obtain statistically significant data. 
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Figure 2: Fracture surface analysis of a fatigue 
sample showing an isolated spherical pore as the 
crack initiation location. Obtained via SEM. 

Finally, during some of the CA load fatigue tests, 
crack growth rate from pores was quantified using 
the replica technique. Usage of optical techniques, 
like microscopy, was not possible due to the size 
and stochastic nature of the critical pore location. 

III. FINDINGS AND DISCUSSION 
In metal AM, although bulk density above 99% 
can be regularly achieved, many micron-scale 
pores are present (Figure 1), and act as 
preferential locations for fatigue crack initiation, 
Figure 2. In this figure, cracking was initiated 
from an embedded pore, but it is in fact more 
common to find failure due to surface pores. 

Inherent surface roughness in AM, which is 
between Ra=14-30 microns [5, 6], makes surface 
treatment a necessary post-processing step. This 
additional material removal results in exposing 
some of the embedded pores to the surface. It 
has been shown that surface pores are more 
detrimental than embedded pores [7]. Therefore, 
in this work, to make fatigue life predictions, 
attempts were made to study small crack 
behaviour from surface pores and quantify crack 
growth rate by using the replica technique, Fig. 3. 

In Figure 3, it can be seen that after nucleation, 
cracking initially followed a tortuous path, which 
signifies microstructural influence on crack 
growth. This growth pattern continued until the 
crack length reached roughly the same size as the 
pore. The crack then propagated almost 
perpendicular to the loading direction, the so-
called mode I crack growth. 

IV. FUTURE PLAN AND CONCLUSIONS 
This abstract provides a discussion about on-
going experimental work in this PhD. Controlled 
experiments are designed to study the effect of 
porosity; other parameters that might influence 
the fatigue performance have been circumvented. 
By this way, scatter in fatigue life due to porosity 
will be quantified by providing mean life and 
standard deviation for particular stress levels. 

Such information has been routinely used to 
develop engineering design curves for mature 
processes, e.g. welding, but not available at the 
moment for the AM materials in open literature. 

Furthermore, the XCT technique has been used to 
quantify defect population in the gauge volume 
prior to fatigue testing. Correlation between 
defect population and crack initiating defect will 
be important to assess the criticality of a defect 
discovered by non-destructive test 
measurements. Finally, crack growth rates from 
surface pores are characterised by using the 
replica technique. These measurements will be 
used to develop a model for fatigue life prediction 
in presence of defects. 

 
Figure 3: Crack initiating from a process-induced 
pore, captured by using the replica technique. 
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I. INTRODUCTION
Additive manufacturing (AM) processes such as
electron beam powder bed fusion (EB-PBF) are
widely used to produce near-net shaped
components for the aerospace, dental, energy
and automotive industries [1]. The powder that is
left-out post-fabrication in the EB-PBF process is
often recovered and recycled to improve cost-
effectiveness [2]. However, the physical and
chemical properties of the unconsumed powder
might have changed during manufacturing or
powder handling. One of the key issues in the
wide-scale adoption of EB-PBF process is
repeatability in part properties [3]. Therefore,
ensuring the quality of the recycled powder before
reusing it is one of the key parameters to
maintain consistency in build properties. Previous
studies conducted in this domain were mainly
performed on relatively costly powders produced
by plasma-based processes and powder
degradation was studied with respect to the
number of times the powder was reused. In this
work, a relatively cheap powder was used, which
was produced by the gas atomisation process.
Powder degradation was investigated with respect
to its location in the powder bed and number of
reuse times. Powders were characterised using a
range of powder characterisation techniques and
the results were compared with the properties of
the virgin powder. In addition, metallurgical and
mechanical properties of specimens produced
from virgin and recycled powder were also
investigated.

II. METHODOLOGY
The work was conducted in ARCAM Q10 plus EB-
PBF system using argon gas atomised Ti6Al4V
extra-low interstitial powder. A controlled and
simulated recycling methodology was employed to
produce four test coupons following two

conditions, virgin and recycled as summarised in 
Fig. 1. Four types of powder samples were 
investigated: Near-melt zone, away-melt zone, 10 
times recycled and sieve residue powder and 
compared with the virgin powder properties. In 
addition, fatigue, tensile and Charpy impact tests 
were peformed on the  specimens produced from 
both virgin and recycled conditions. 

Fig. 1: (a) Build strategy and powder sampling, 
(b) Extracted blocks after powder recovery
system (PRS), (c) Machined specimens as per
ASTM standards.

III. FINDINGS/RESULTS
1. Powder Morphology

Fig. 2: Scanning electron microscopy (SEM) 
image of (a-c) virgin and (d-f) recycled powder 
mophology.   

As shown in fig. 2, virgin powder consisted of fine 
particles bonded to coarse particles (indicated by 
blue arrow) while recycled powder had concave 
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sites on its surface caused by the detachment of 
fine particles during powder recovery (indicated 
by red arrows).   Near-melt zone powder 
consisted of partially melted and hard sintered 
powder particles (Fig. 3 (a-c)) due to heat from 
the melt pool while away-melt zone powder 
consisted of soft-sintered powder particles (Fig. 
3(d-f)) caused by the preheating process.  

 
Fig. 3: SEM image of (a-c) near-melt zone and (d-
f) away-melt zone powder morphology.  

2. Powder Microstructure  

The virgin powder consists of martensitic (α′) 
microstructure caused by rapid cooling during the 
gas atomisation process. However, the near-melt 
zone powder, consisted of α+β microstructures. 
Since recycled powder consists of unconsumed 
particles from both the near-melt zone and away-
melt zone regions, they contain particles with a 
mixture of α′ and α+β microstructure.  

 
Fig. 4: SEM image of (a) virgin (b) away-melt 
zone, (c) near-melt zone (d and e) recycled and 
(f) sieve residue powder microstructure    

3. Powder Oxygen Content   

The interstitial oxygen content increased from 
800 ppm to 1000 ppm in the away-melt zone, 
1200 ppm in the near-melt zone, 1100 ppm in 
recycled and 1200 ppm in sieve residue powders.  

4. Powder Flow, Apparent and Tap Densities 

The powder flow increased from 25 s/50g to 24 
s/50g with no significant change in apparent and 
tap densities. According to the Hausner ratio, 
recycled powder exhibited good flow and packing 
behaviour even after 10 times of recycling.      

5. Mechanical Properties 

The yield strength (YS) and ultimate tensile 
strength (UTS) of the specimen increased 
marginally by 12MPa and 14MPa respectively 
after 10 times recycling but the average fatigue 
life of the specimens decreased from 111384 
cycles to 92827 cycles to failure after recycling. 
No significant change was observed in the 
microstructure, hardness and Charpy impact test 
values. 

IV. CONCLUSIONS 
(i) Virgin vs recycled powder: The recycled 
powder had better sphericity and powder flow but 
had 200 ppm more oxygen content than the 
virgin powder                                                                                            
(ii) Near-melt zone vs away-melt zone powder: 
The near-melt zone had hard sintered particles 
whereas the away-melt zone powder had soft 
sintered particles. The near melt-zone powder 
had a higher oxygen content (1200 ppm) than the 
away-melt zone powder (1000ppm).                                                           
(iii) YS and UTS increased marginally from 
845MPa and 917MPa to 857MPa and 928MPa with 
recycling. HCF results show a marginal reduction 
in the fatigue lives of specimens produced from 
recycled powder.   

V. FUTURE DIRECTION 
Quantitative investigation of defect size and 
population will be performed on blocks 
manufactured from both virgin and recycled 
powders to understand the reduced fatigue life of 
the specimens produced from recycled powder.    
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I. INTRODUCTION
Additive manufacturing (AM) is a novel
manufacturing process that produces parts
through the deposition of material layer by layer.
There are a number of different types of AM
processes from powder bed fusion (PBF) methods
to direct energy deposition (DED) techniques. PBF
utilises a build chamber in which a layer of
powder is spread and selectively melted according
to a CAD file of the desired geometry. On the
other hand, DED processes deposit molten
material at the position of the heat source. These
include processes such as wire-arc additive
manufacturing (WAAM) and laser metal deposition
(LMD). AM is set to become a $21.5 billion
industry by 2025 [1] due to the large range of
benefits it offers, including high material usage,
the development of complex geometries and

customisation opportunities. 

Figure 1: Laser Powder Bed Fusion. Image 
Courtesy of TWI Ltd. 

However, as with all new technologies there are 
some challenges and limitations preventing the 
widespread implementation of this manufacturing 
method within industry. These challenges include 
manufacturing constraints, surface finish, as well 
as residual stress and distortion due to the rapid 
heating and cooling cycles. Moreover, there is a 
significant issue with the reliability and 
repeatability of additively manufactured parts. 

This issue needs addressing to ensure the safety 
and performance of any AM part to be used within 
service. 

In a recent additive manufacturing roadmap by 
the Lloyd's Register Foundation it was noted that 
the key to the development of safe products is 
through the understanding of the properties and 
performance of AM parts [2]. Material properties 
are determined by the microstructure of the part, 
which in turn is driven by the thermal history of 
the process. Thermal history can change greatly 
depending on the AM method implemented and 
the process parameters used within this 
technique. Therefore, it is important to be able to 
understand the links between process, 
microstructure and properties. 

II. APPROACH
This project focuses on developing and
implementing a numerical modelling method to
help improve understanding on the links between
process parameters and resultant microstructure.
Numerical modelling is an efficient way of
investigating the effect of process parameters,
particularly when there are a large amount of
variables available, as there is for AM processes.

Figure 2: Overlap between FE thermal model and 
CA microstructure model. 

The modelling approach undertaken within this 
work implements a Cellular Automata (CA) - 
Finite Element (FE) model. Finite element models 
are used to simulate the thermal history of the 
AM process on a continuum scale. This involves 
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modelling the heat profile as well as accounting 
for the scanning strategy, material deposition and 
heat losses involved within the process. The 
thermal model is then imported into the CA model 
to drive grain growth in the microstructure 
simulations. 

Cellular automata models make use of a grid of 
cells, where each cell is assigned a number of 
state variables. These are updated throughout the 
model according to a prescribed set of rules. 
Within this microstructure model, these state 
variables and rules are defined to represent the 
physical solidification mechanisms that take place 
within AM processes, and are based upon those 
used in the model presented by Rappaz and 
Gandin [3] for casting applications. Work is now 
being seen within literature to apply these models 
to additive manufacturing processes. 

III. RESULTS 
A 2D version of the modelling approach has been 
validated using open source data provided by the 
NIST laboratories [4]. The set up involved a single 
laser scan across a bare IN625 substrate. A 
strong level of agreement was achieved and the 
approach was deemed to be successful. 
Furthermore a statistical analysis has been 
undertaken to evaluate the probabilistic effects of 
the microstructure model. 

Following this work we are now applying the 
model to a DED process. An extensively 
monitored experimental design has been 
undertaken, including thermocouple 
measurements, in order to validate FE thermal 
models before their implementation within the CA 
models. 

Figure 3: Example of an application of the CA 
model to a Wire- Arc Additive Manufacturing 
process. 

A good level of visual agreement was achieved 
between experimental EBSD images and 
simulated microstructures. Qualitative 
measurements have also been undertaken. 

IV. DISCUSSION 
Within this work the modelling approach has been 
validated against a simple benchmark study. 
Following the success of this it has been applied 

to a direct energy deposition process and 
successfully simulated the key grain 
characteristics within the build part. 

V. FUTURE PLANS 
The modelling approach implemented here offers 
a wide variety of applications for the future, from 
the prediction of grain size to help determine the 
strength of a material to the prediction of 
microstructural transitions for the development of 
functionally graded materials. Future adoption of 
the methods will see a growth in understanding 
surrounding the processes involved in these 
complex manufacturing technologies and help 
accelerate the safe implementation of these parts 

in industry. 

Figure 4: Application of the model to a PBF 
microstructural transition. 
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I. INTRODUCTION 
The Stöber method makes use of the sol-gel 
process and creates monodispersed spherical 
silica particles by the hydrolysis and condensation 
ofalkoxysilanes. The benefit of using the Stöber 
method over other synthesis routes is that it 
produces high purity materials with narrow 
particle distributions, reduces energy costs and, 
most importantly, is able to control the surface 
chemistry of silica nano-particles (SNP).[1] The 
surface of SNPs can be made hydrophobic by 
functionalising or grafting with certain silanes in 
order to form trimethylsilyl (TMS) groups (- 
Si(CH3)3).[2] Surface functionalisation has 
different uses in a variety of applications including 
catalysis, biochemical sensing, biolabeling, 
coatings and photonics. Therefore, it is important 
to develop a methodology to characterise, design 
and optimise the functionalisation of SNPs. This 
research will allow for the quantification and 
qualification of a range of Stöber silicas with 
different structures and surface chemistries. 

II. DESIGN/METHODOLOGY/APPROACH 
As part of this research, Stöber silicas of many 
different sizes were synthesised using a 
statistically valid approach. The materials were 
reacted in solvent dispersions with 
hexamethyldisilazane (HMDS), at different 
concentrations and reaction times to facilitate the 
functionalisation process. The silica:silane ratio 
was varied gravimetrically and is defined as T = 
Stöber silica/mass of functionalised silica. In 
addition to primary characterisation techniques 
such as dynamic light scattering (DLS), 
thermogravimetric analysis (TGA) and particle 
surface area measurements, solid-state 1H, 29Si 
and 13C nuclear magnetic resonance (NMR) 
techniques were used to provide chemical 
characterisation and quantify the extent of 
functionalisation/TMS coverage on the 
functionalised silica particles. 

III. RESULTS AND DISCUSSION 
The three types of Stöber SNPs and their 
functionalised materials were characterised and 
analysed using DLS and nitrogen sorption 
methods. The results are summarised in Table 1. 
With reference to surface area values, it can be 
seen that the three different particles exhibit 
different trends with respect to functionalising 
times. This could be due to the different 
geometrical and chemical structures of these 
particles. The surface area of SMS35 decreases 
when functionalising time increases, however, the 
opposite trend is noted for SMS310.  

Table 1 Particle size and surface area 
measurements of parent and functionalised silica 
particles 

 
The chemistry of silica has been studied through 
history by various authors, using 1H and 29Si NMR 
methods. The various species that are found on 
the surface of silica are summarised in Figure 1. 
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Figure 1 The various types of species present on 
the silica surface 

Each of these species can be identified with a 
certain chemical shift on the NMR spectrum, 
considering SMS35 and its corresponding 
functionalised materials. 

The 1H Magic Angle Spinning (MAS) results, as 
depicted in Figure 2, display various regions that 
match to different species present on the silica 
surface. All the functionalised samples show an 
appearance of a new peak at approximately 1 
ppm which is likely to be due to the HMDS 
functionalisation, as it is absent on the parent 
SMS35. 

 
Figure 2 1H MAS spectra of SMS35 and HMDS 
SMS35 

The equivalent 29Si High powered 1H-decoupled 
(HPDEC)-MAS spectra, Figure 3, of SMS35 and 
HMDS SMS35 show high intensities of structurally 
mature Q4nd Q3 species, but low intensities of Q2 
species. A well defined M peak/region is also seen 
to lie on the spectrum at 14 ppm for all 
functionalised samples which is due to the 
formation of TMS species. The 13C Cross 
polarised-MAS spectra (Figure 4) displays the 
different carbon species present in the silica. The 
peaks at 17 and 58 ppm are due to the presence 
of CH3 and CH2 groups from ethanol leftover 
from the reaction mixture which was not 
removed, post drying protocol (120 degree C for 
>24 hrs). For the higher concentrations of HMDS, 
i.e. 4T, the carbon intensity signal is also greater. 
It can be noted that for the parent SMS35, there 
is no TMS species at 0 ppm.  

 
Figure 3 29Si HP - MAS spectra of SMS35 and 
HMDS SMS35 

 

       
Figure 4 13C CP -MAS spectra of SMS35 and HMDS 
SMS35 

IV. CONCLUSIONS/FUTURE DIRECTION 
In its current state, this research is focused in 
understanding and quantifying the chemistry of 
the silica surface and the changes made post 
functionalisation. Though not shown here, 
SMS120 displayed less functionalisation than 
SMS35, and SMS310 showed the least 
functionalisation out of all materials. Future work 
will consist of deuterium exchange experiments to 
quantify the number of surface hydroxyls present 
on the surface that play a part in 
functionalisation. 
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I. INTRODUCTION 
Surface contamination is an industrial problem 
that leads to loss of performance and increased 
maintenance costs. Numerous methods have 
been developed to prepare a super-repellent 
coating but the retention of high levels of 
repellence has not been achieved yet1. The 
development of surfaces that repel liquids has 
attracted lots of interest due to a wide variety of 
possible applications in industry. A deeper 
understanding of the key chemical and 
topographic characteristics that dictate this 
behaviour would provide the enabler for the 
engineering of anti-contamination, anti-sticking 
and self-cleaning materials2. The purpose of this 
research is to better understand the conditions 
that dictate very high levels of repellence, 
specifically to decouple the effect of surface 
chemistry from surface roughness and to develop 
a new methodology for assessing wettability. 

 

II. DESIGN/METHODOLOGY/APPROACH 
To decouple the effects of surface chemistry from 
topographic contributions, substrates with micro-
scale, nano-scale and minimum surface 
roughness were used. The substrates were 
treated with commercially available coatings as 
well as a range of chemical functionalities known 
to promote low surface energies3. This included 
fluorinated and non-fluorinated silane treatments 
with long and short alkyl chains.  

For the minimal surface roughness, glass slides 
and stainless steel 304 slides polished to mirror 
finish were used. To achieve micro-scale 
topography, stainless steel 304 slides were used 
as received and were also blasted with grit of 

various sizes; 36, 60, 100 at  70 PSI, 50 PSI and 
40 PSI respectively.  

To achieve nanoscale roughness, 35nm silica 
nanoparticles functionalised with trimethylsilyl 
ligands were deposited on the smooth substrates 
to build up topography4. 

To assess the repellence of fabricated samples, 
the drop shape analyser (DSA) was used. Contact 
angle measurements were undertaken with water, 
diiodomethane and ethanol/water blend probe 
liquids. To provide a more discriminating 
assessment to enable the selection of the most 
repellent surface chemistry and topography, an 
examination of advancing-receding contact angle 
as a function of tilt was undertaken. In addition, 
an evaluation of the droplet location as a function 
of tilt was carried out to determine whether it 
exhibits film-forming behavior. 

The achieved topographic roughness was 
assessed using atomic force microscopy (AFM), 
Alicona confocal microscopy and white light 
interferometry (WLI). 

 

III. FINDINGS/RESULTS 
Planar substrates with minimal roughness showed 
little difference in the degree of repellence 
between fluorinated, non-fluorinated silane 
treatments and commercial coatings. It was also 
demonstrated that the maximum static water 
contact angle achievable on a smooth surface was 
around 110°. In order to pass this limititation of 
surface chemistry, the surface has to exhibit the 
correct degree of surface roughness (Figure 1). 
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Figure 1 effect of roughness on apparent contact 
angle values 

The grit blasted stainless steel 304 exhibited 
roughness in the range from 0.16 to 4.08 microns 
(Figure 2. a and b). While, the subtstrate coated 
with the layer of SMS35 silica nanoparticles 
showed roughness of 35 nm. (Figure 2. c) 

 

   

                      
Figure 2 a) AFM image of Stainless steel 304 slide 
as received. b) blasted with 100 grit at 40 PSI. c) 
layer of SMS35 silica nanoparticles deposited on 
glass slide 

The substrates with micro-scale roughness 
displayed an increase in static water contact angle 
to ~125° but the dynamic contact angle 
measurments revealed that samples were 
exhibiting the petal effect - the deposited droplets  
had contact angle hysteresis (CAH) of 30° and did 
not roll off even at a 80° tilt. 

The samples with nanoscale topography showed 
an increase of static contact angle to 140° (Figure 
3). Dynamic contact angle measurments as a 
function of tilt showed that the surface exhibited 
low contact angle hysteresis of 3°and the roll off 
angle of 8°. 

 

  
Figure 3 Water (a) and diiodo-methane (b) 
droplets on the planar glass slide without any 
treatment (top) and on the layer of trimethylsilyl 
treated silica nanoparticles (bottom)   

IV. DISCUSSION/CONCLUSIONS 
To decouple the effects of surface chemistry from 
topographic contributions, substrates with various 
degree of surface roughness were studied 
together with fluorinated and non-fluorinated 
silane treatments with long and short alkyl 
chains. 

Planar substrates with minimal roughness showed 
the maximum static water contact angle 
achievable on a smooth surface was around 110°. 
Substrates with micro-scale roughness showed 
increased static contact angle but exhibited petal 
effect. The nano-scale topography showed the 
highest static contact angles and also lowest CAH 
and roll-off angle. 

V. FUTURE PLAN/DIRECTION 
• Assessment of additional surface 

chemistry/roughness profiles 
• Durability assessment 
• The roughness parameters will be 

investigated to determine those that enhance 
repellence without increasing CAH. 
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I. INTRODUCTION
Steels used in offshore constructions corrode, and
one of the most common corrosion mitigation
techniques is the application of polymer coatings.

Epoxy coatings, protect the steel by functioning as 
a physical barrier to the environment and by 
providing a high resistance, thereby preventing 
current exchange between cathode and anode 
[1][2]. However, coatings degrade overtime, 
allowing corrosive species to permeate through 
and corrode the underlying substrate. 

Inspection is carried out to ascertain the coating 
condition and to find out if corrosion beneath the 
coating has occurred. One concept to simplify the 
inspection is to incorportate chromophore-
containing molecules (CCM) which change colour 
when in contact with products of corrosion[3]. 

As the steel corrodes, hydroxide ions are formed at 
cathode. These ions deprotonate the CCM, bring 
about structural conjugation and a colour change 
which an engineer can inspect (see equations 1-3). 

The aim of this study is to investigate the viability 
of two CCMs (phenolphthalein (phph) and thymol 
blue (TB)) with two epoxy coatings (liquid and 
powder). 

II. EXPERIMENTAL APPROACH
The experimental approach was to firstly check
compatibilty between phph and TB and the
coatings. To do this, glass slides were coated in
CCM and in epoxy coatings (either liquid or
powder).

The details of phph and TB are given in table 1. 

Table 1: Selected CCMs, their respective colour 
changes and the pH ranges of said colour changes. 

The ability for the TB and phph to change colour in 
the coating was then investigated by utilising the 
epoxy powder glass samples and immersing them 
in 0.1M NaOH solution for 35 days. 

Following this, S355 steel plates and S355 plates 
thermally sprayed with 85% Zn & 15% Al (TSZA) 
were taken and coated in either phph or TB then 
coated with epoxy powder. These plates were then 
exposed to synthetic seawater (adjusted to pH 7.2) 
for 35 days.  

III. RESULTS
The results of each stage of coating viability test
are given below, note than unsuccessful
coating/CCM combinations did not receive further
evaluation.

Figure 1 phph (left) and TB (right) coated glass 
coated in liquid epoxy. 

Figure 2 phph (left) and TB (right) coated glass 
coated in powder epoxy. 
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Figure 3 phph and epoxy powder coated glass 
immersed in 0.1M of NaOH for: 0 days (left), 2 days 
(centre) and 35 days (right). 

    

Figure 4 TB and epoxy powder coated glass 
immersed in 0.1M of NaOH for: 0 days (left), 2 days 
(centre) and 35 days (right). 

   
Figure 5 phph and epoxy powder coated S355 
plates exposed to seawater for: 0 days (left), 7 
days (centre) and 35 days (right). 

   
Figure 6 Thymol Blue and powder epoxy coat S355 
plates exposed to seawater for: 0 days left, 7 days 
(centre) and 35 days (right)  

    
Figure 7 phph and epoxy powder coated TSZA 
S355 plates exposed to seawater for: 0 days left, 
and 35 days (right)  

   
Figure 8 TB and epoxy powder coated TSZA S355 
plates exposed to seawater for: 0 days (left), 10 
days (centre) and 35 days (right)  

IV. DISCUSSION/CONCLUSIONS 
It can be seen that the liquid epoxy coating system 
is incompatible with the two CCMs utilised. This is 
due to the use of amine-containing hardening 
agents to cure the polymer. Amines increase the 
pH, this results in the CCM colour change. 

Epoxy powders 'cure' mechanism does not utilise 
amine hardeners but involves heating to 232°C 
which, as the results on glass show, prevents the 
activation of the CCM and does not result in colour 
change. After the epoxy powder samples were 
immersed in NaOH the colour change of phph and 
TB was observed. Immersion in NaOH imitates 
corrosion at the cathode and showed that the 
chromphore-containing molecules post cure are 
still available for activation.  

Viability of this coating system is further 
demonstrated with the seawater exposure tests of 
the coated S355 plates. After 7 days a colour 
change is visible, this colour change is more 
obvious for thymol blue samples, and is sustained 
through to the end of the test at day 35.The results 
of the TSZA S355 plates exposured to seawater in 
a 35 day time frame demonstrated no colour 
change on the phph samples and little on the TB 
samples, this may be due to the reduced corrosion 
rate of the Zn/Al coating in comparison to steel. It 
may also be due to readiness of Zn or Al to form 
slightly soluble complexes with hydroxide ions, 
meaning that there are less hydroxide ions 
available for increasing the pH and therefore CCM 
colour changes. Perhaps with an extended 
exposure the corrosion sensing capability and 
coating viability will become more apparent on 
TSZA. 

V. FUTURE PLAN/DIRECTION 
Future investigations will include, but are not 
limited to, quantifying any possible alterations in 
anti-corrosion barrier properties of the epoxy 
powder coating by evaluating the system via 
electrochemical impedance spectroscopy, pull-off 
strength, defect propensity and salt spray 
corrosion testing. Currently, real world 
environmental testing is being carried out on test 
plates in a coastal environment and a marine 
environment. The results of these tests are due in 
September 2020. 
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I. INTRODUCTION

The most commonly used corrosion mitigation 
methods for structures operating in seawater 
include a combination of protective coatings and 
cathodic protection (CP) provided by sacrificial 
anodes, but the use of such systems is not 
without limitations. In the absence of an effective 
CP system, organic coatings can provide 
protection to steel only when they remain intact. 
In subsea where the CP is effective, sacrificial 
anodes can considerably increase the overall 
mass of the structure. 

An alternative method is application of thermally 
sprayed aluminium (TSA) coatings. TSA offers 
long-term, maintenance-free protection to steel 
substrate, working as a barrier to the corrosive 
environment when intact, and acting as an evenly 
distributed anode which sacrificially protects steel 
when damaged. Furthermore, high resistance to 
mechanical damage, large operating temperature 
range, and low corrosion rate makes it an 
excellent corrosion mitigation coating for offshore 
applications.  

In this work, the behaviour of arc-sprayed 
aluminium coatings deposited on carbon steel is 
investigated under full artificial seawater 
immersion. Effectiveness of TSA coatings is 
evaluated using electrochemical techniques. 

II. METHODOLOGY

Carbon steel plates (S355) were used as 
substrate materials. Before spraying, steel 
coupons were prepared by blasting with 80 mesh 
alumina abrasive blasting grit. The substrates 
were then sprayed with commercially pure 
aluminium (99.5wt%) using twin wire arc 
spraying method. After spraying 5% of the 

coating was removed to simulate a defect in the 
coating.  

For electrochemical measurements a typical 3 
electrodes systems consisting of Ag/AgCl 
reference electrode, Pt/Ti counter electrode, and a 
sample as a working electrode. Electrochemical 
measurements were performed using a Biologic 
VMP-300 potentiostat. Linear Polarization 
Resistance (LPR) method was used to determine 
polarisation resistance of the samples. Samples 
were polarised ±10 mV from the open circuit 
potential (OCP). 

III. RESULTS AND DISCUSSION

The OCP of TSA coatings containing defects was 
monitored during the 32-day immersion in 
artificial seawater at 4ºC and 15ºC. The results 
are shown in Fig. 1. Noticeably, the potential of 
the sample exposed to the lower temperature was 
significantly higher during the whole duration of 
the test.  

Figure 1 Evolution of the open circuit potential of 
TSA coatings with defects on steel during 
immersion in artificial seawater at 4 and 15ºC. 

The TSA coating exposed at 4ºC, did not polarise 
the steel substrate to the protection potential of -
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 0.8 mV (Ag/AgCl/seawater) specified by the 
DNV- RP-B401 standard. 

However, both of the samples exhibited similar 
evolution of the potential as a function of time: 
initial increase of the potential, followed by its 
sharp drop and another gradual rise. The initial 
increase of the potential is most probably 
associated with formation of oxides and 
hydroxides layers on the aluminium coatings. The 
sudden potential drop could be due to the 
dissolution of aluminium layer accompanied by 
the formation of calcareous deposits (such as 
CaCO3 and/or MgOH) on the exposed steel. The 
gradual rise of the potential is most likely 
associated with the formation of corrosion 
products on the coating. 

 
Figure 2 Evolution of the polarisation resistance 
of TSA coatings with defects on steel during 
immersion in artificial seawater at 4 and 15ºC. 

 
Figure 3 Images of the samples after the 32-day 
immersion in artificial seawater at 4 and 15ºC. 

 

Worse performance of TSA at lower temperature 
can also be seen from the results of the LPR 
measurements (Fig. 2). Higher Rp values at 15ºC 
indicate higher resistance to corrosion and lower 
corrosion rate. Moreover, as can be seen in Fig.3, 
at 15ºC, exposed steel is covered with calcareous 
deposits, whereas at 4ºC, not much products 
have formed.  

 

II. CONCLUSIONS 
 

1. Temperature has an effect on the performance 
on TSA coatings in seawater.  

2. TSA coatings with defects showed better 
corrosion performance at 15ºC as compared to 
4ºC. 

3. It is important to evaluate corrosion 
performance of Al-coatings at temperatures of 
intended service.  

 

III.  FUTURE PLAN 

Investigation of the reasons for the worse 
performance of TSA coatings at lower 
temperatures using several techniques such as 
zero resistance ammetry (ZRA), electrochemical 
impedance spectroscopy (EIS), X-ray 
photoelectron spectroscopy (XPS), Raman 
spectroscopy.  
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I. INTRODUCTION
Marine environments are highly corrosive for
offshore structures made of carbon steel such as
oil and gas platforms, pipelines or wind farms.
Corrosion mitigation in this environment can be
achieved by metallic coatings, such as Thermal
Spray Aluminium (TSA). These coatings consist of
finely dispersed molten or semi-molten aluminium
particles deposited onto the steel substrate by a
high temperature and high velocity gas stream.

TSA acts as a physical barrier against the harsh 
environment, and also provides cathodic 
protection in case of coating damage [1]. In 
addition, due to cathodic polarisation, chemical 
reactions on the surface occur on exposed steel 
and calcareous deposits precipitate on top of the 
steel acting as an additional barrier against the 
environment. 

With the UK as one of the world leaders in 
offshore wind power, corrosion of these structures 
could cause loss of assets and concerns about 
safety. Therefore, this work aims to provide a 
better understanding of the long-term offshore 
corrosion performance of TSA coatings by means 
of electrochemical measurements and surface 
characterization of the deposits formed both in 
laboratory and real marine environments.   

II. METHODOLOGY
Low carbon steel (S355) coupons (40 x 40 x 6
mm) were coated with 250 ± 50 μm of
commercially pure aluminium (Al 1050, 99.5 %
Al) by Twin Wire Arc Spray (TWAS).

Circular defects were machined post-spray at the 
centre of each sample (covering 5 % of sample 

surface area), in order to simulate coating 
damage or failure. 

All electrochemical measurements were carried 
out using a three-electrode cell configuration; TSA 
samples as working electrode, Ag/AgCl (KCl sat.) 
as reference electrode and platinum/titanium wire 
as counter electrode. Artificial seawater (ASTM 
D1141) was used as electrolyte in individual cells 
maintained at 25 ± 2 °C. Electrochemical 
techniques used to study the corrosion protection 
mechanism of TSA coatings:  

• Polarization curves
• Open Circuit Potential (OCP)
• Linear Polarization Resistance (LPR)
• Voltammetry Around OCP (VAOCP)
• Electrochemical Impedance Spectroscopy 

(EIS)

Samples were also exposed to a real marine 
environment at Les Minimes (La Rochelle, France) 
in collaboration with the "Laboratoire des Sciences 
de l’Ingénieur pour l’Environnement (LaSIE)". 
Electrochemical measurements and post-exposure 
surface characterization was performed following 
same procedures as laboratory exposed samples. 

Corrosion products on the surface of the of the 
specimens were characterised by Scanning 
Electron Microscopy and Energy Dispersive X-Ray 
spectroscopy (SEM/EDX), Raman spectroscopy 
and X-Ray Diffraction (XRD). 

III. RESULTS AND DISCUSSION
Aluminium coatings are used to protect carbon
steel structures in marine environments due to
two main factors:

• Aluminium is less noble than steel in the
galvanic series, therefore providing cathodic
polarisation in case of coating damage
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Due to the pH of seawater, aluminium pseudo-
passivates reducing its self-corrosion rateThe 
long-term behaviour of TSA in marine 
environments is commonly studied through LPR 
measurements. It is a non-invasive method that 
provides instant corrosion rates (CR). However, it 
presents some limitations as it requires an active 
general corrosion mechanism. As aluminium 
pseudo-pasivates and can present localised 
corrosion in seawater, TSA samples with defects 
were also studied by VAOCP and EIS 
measurements. The results from these techniques 
provided a better understanding of the corrosion 
protection mechanism offered by TSA coatings to 
protect offshore structures. With these 
techniques, the pseudopassivation behaviour of Al 
was taking into account to calculate more 

accurate CR, which correlate well with the ones 
obtained through LPR. 

Figure 1. OCP and Rp comparative of TSA samples 
with 5 % of surface area defect to laboratory 
(ASTM D1141) and real marine environments 
(Les Minimes). 

In order to observe the influence of the 
environment and evaluate how laboratory tests 
can predict the long term performance of TSA 
coatings, electrochemical measurements were 
recorded in situ at a real marine environment (Les 
Minimes, France) and compared to the ones 
obtained through controlled laboratory tests with 
artificial seawater. Potential values (OCP) and 
polarization resistance (Rp) data of TSA samples 
were collected over 90 days of exposure (Figure 
1). 

From these graphs, a good correlation can be 
observed between artificial and real 

environments. In both cases, TSA samples with 
defects show cathodic polarization of the steel 
substrate with OCP values below -0.8 V.   

Polarization resistance measurements recorded by 
LPR increase over time in both cases, showing 
values over 100 kΩ cm2 on the sample tested in 
a controlled environment and final value of over 
90 kΩ cm2 on the sample exposed at Les 
Minimes. These values would translate into 
corrosion rates of less than 20 μm/year, therefore 
TSA coatings can protect offshore structures over 
20 years.  

Figure 2. Photographs of TSA samples with 5 % 
of surface area defect before (left), after 
exposure to artificial seawater for 90 days 
(centre) and after exposure at a real marine site 
for 90 days (right). 

Figure 2 shows images of TSA samples with 
defects before and after exposure to laboratory 
and real marine environments, showing the 
formation of deposits on top of coating and defect 
areas. In addition, the sample exposed at Les 
Minimes presents algae coming from the 
environment. 

Surface characterization by SEM/EDX, Raman and 
XRD revealed same compouds independently of 
exposure to laboratory or real marine 
environments. On top of the TSA coatings, 
aluminium oxides/hydroxides were identified as a 
result of corrosion protection offered. On top of 
the defects, a bilayer of brucite and aragonite was 
identified. These are the so called calcareous 
deposits that precipitate as a result of the 
cathodic polarization provided to the steel 
substrate.  
IV. CONCLUSIONS
From a combination of electrochemical techniques 
and exposure to laboratory and real marine 
environments, it has been shown that TSA 
coatings can provide corrosion protection to 
carbon steel offshore structures for over 20 years.

V. ACKNOWLEDGEMENTS
The authors gratefully acknowledge financial 
support from the Centre for Doctoral Training in 
Innovative Metal Processing (IMPaCT) funded by the 
UK Engineering and Physical Sciences Research 
Council (EPSRC), grant reference EP/L016206/1. 
This work was made possible by the sponsorship and 
support of Lloyd’s Register Foundation, and enabled 
through and undertaken at the National Structural 
Integrity Research Centre (NSIRC). Lloyd’s Register 
Foundation helps to protect life and property by 
supporting engineering-related education, public 
engagement and the application of research.’ 

VI. REFERENCES
[1] H. S. Lee, A. Mohamed, B. C. Hong, "Arc thermal

metal spray for the protection of steel structures: An
overview." Corrosion Reviews 33.1-2 (2015): pp.
31-61

43



44

 

 

Placeholder for picture – 
please send a JPG to 
James Brookman 

 Oliver Logan 
Oliver studied his Masters in Mechanical Engineering at the University of 
Bristol, graduating in June 2018. He started his PhD in September 2018 at the 
University of Bristol and TWI Ltd. He is a member of NSIRC and the Solid 
Mechanics Research Group. His PhD investigates the effects notch tip radius of 
non-sharp defects has on fracture toughness assessments. This work was co-
funded by the Industrial Members of TWI as part of the Core Research 
Programme and the University of Bristol via a PhD programme. The work was 
enabled through, and undertaken at, the National Structural Integrity 
Research Centre (NSIRC), a postgraduate engineering facility for industry-led 
research into structural integrity established and managed by TWI through a 
network of both national and international Universities. 

   

Assessing constraint effects in notched modified 
boundary layer models 

Isabel Hadley1, Nicolas Larrosa2 
1TWI Ltd, 2University of Bristol 

2nd Year of PhD 
Keywords: Notch Effect, Constraint, Two-
parameter Fracture Mechanics, Modified 
Boundary Layer Models 

I. INTRODUCTION 
Structural integrity assessment procedures 
conventionally categorise flaws either as infinitely 
sharp cracks or local thinned areas (LTAs) [1], 
[2]. Defects failing an LTA geometry check are 
assumed to be sharp cracks and are assessed 
using a fracture mechanics-based approach. 

 
Figure 1: Effect of flaw tip acuity on plastic 
collapse load and apparent fracture toughness. 
The black line shows the current value used and 
the red line shows the expected behaviour. 

Although real world defects are often sharp 
defects or LTAs, they can lie somewhere in 
between - a non-sharp defect. Figure 1 shows the 
expected behaviour as defects transition between 

sharp defects and LTAs, highlighting the excessive 
conservatism that might be added to an 
assessment by simplifying a non-sharp defect into 
a sharp crack. As a result, there is the need to 
develop procedures that assess non-sharp defects 
more realistically [3]–[5]. This change in defect 
severity from sharp to non-sharp can be 
considered an in-plane constraint loss.   

It was also recently observed that specimens that 
would satisfy minimum thickness requirements 
for a fatigue pre-cracked test in typical fracture 
toughness tests (e.g. ASTM E1820-18 [6]) may 
not be appropriate for non-sharp defects [7], [8]. 
The change of the defect from sharp to non-sharp 
also influences the out-of-plane constraint. 

This work seeks to unify the procedures by which 
non-sharp defects and constraint effect are 
addressed in fracture assessments by means of 
applying a two-parameter fracture mechanics 
approach based on J and Q.  

 
Figure 2: 3D modified boundary layer model. 

II. DESIGN 

Room 3 at 10:00

 

 

In this work, 3D modified boundary layer (MBL) 
models (see, Figure 2) have been used to assess 
the effects of notch tip radius and in-plane and 
out-of-plane constraint effects on stresses ahead 
of the crack tip, measured halfway through the 
thickness.  

The loadings were applied uniformly across the 
disc thickness at 𝑟𝑟𝑟𝑟 =  𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 using displacement 
boundary conditions defined by the stress 
intensity factor, 𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼, and far field T-stress, 𝑇𝑇𝑇𝑇. These 
were defined by: 

𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚 =
𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼
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and 𝑢𝑢𝑢𝑢𝑧𝑧𝑧𝑧 = 0 to simulate plane-strain conditions, 
where 𝜇𝜇𝜇𝜇 is the shear modulus, 𝑣𝑣𝑣𝑣 is the Poisson's 
ratio and 𝜅𝜅𝜅𝜅 = 3 − 4𝑣𝑣𝑣𝑣. A wide range of analyses for 
loadings of the same 𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼 (and 𝐽𝐽𝐽𝐽) and varying 𝑇𝑇𝑇𝑇/𝜎𝜎𝜎𝜎0 
ratios were carried out. 

Two-parameter fracture mechanics (J-Q) was 
used to characterise the in-plane stress fields 
under different levels of constraint and for various 
notch tip radius. This is a unique framework to 
quantify the level of deviation of the stress/strain 
fields from high crack tip constraint conditions - a 
2D plane-strain MBL model with a crack (T=0) - 
for both types of effects.  

III. FINDINGS 
The results of the MBL models have shown effects 
of changing the levels of constraint. Figure 3 
shows the relationship between Q and 𝑇𝑇𝑇𝑇/𝜎𝜎𝜎𝜎0 for the 
high constraint 2D model compared to 3D models. 
As thickness increases, Q also increases. But the 
change to non-sharp defect causes Q to decrease. 

IV. DISCUSSION 
The results showed a plane constraint level 
increase in the MBL models as the thickness 
increased; achieving plane strain conditions at 
𝑇𝑇𝑇𝑇/𝜎𝜎𝜎𝜎0 < 0.6 (i.e. a less constrained specimen design 
could represent plane strain conditions if a thicker 
specimen was used). These results also showed 
the effects of the increasing notch radius, what 
could potentially be considered a loss of 
constraint.  

It has been shown that the in-plane effects of the 
notch tip radius could be combined with an overall 
constraint level. This would allow a blunt notch to 
be assessed as a sharp defect by modifying the 
level of constraint. Therefore, the current R6 [2] 
constraint approach, equation 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼. 7.6: 

 𝐾𝐾𝐾𝐾𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐 = 𝐾𝐾𝐾𝐾𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚[1 + 𝛼𝛼𝛼𝛼(−𝛽𝛽𝛽𝛽𝐿𝐿𝐿𝐿𝑟𝑟𝑟𝑟)𝑚𝑚𝑚𝑚]; (3) 

where 𝐾𝐾𝐾𝐾𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and 𝐾𝐾𝐾𝐾𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐  are the fracture toughness 
and the constraint dependent fracture toughness 
respectively, 𝛼𝛼𝛼𝛼 and 𝑚𝑚𝑚𝑚 are material and 
temperature dependant constraints and 𝛽𝛽𝛽𝛽 = 𝑄𝑄𝑄𝑄/𝐿𝐿𝐿𝐿𝑟𝑟𝑟𝑟; 
and similar approach from BS 7910:2020 Annex N 
[1], could be used to assess specimens containing 
non-sharp defects by applying a modification to 
the constraint applied to assessments based on 
sharp defects. 

 
Figure 3: The effects on constraint caused by 
changing specimen thickness and defect radius. 

V. FUTURE PLAN 
The next steps for the project will be to 
investigate these effects with a large 
experimental testing programme of single edge 
notch bend (SEN(B)) specimens to demonstrate 
the effects of specimen thickness on notch 
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J. Press. Vessel. Pip., vol. 146, pp. 39–54, 2016. 

[4] J. S. Kim, N. O. Larrosa, A. J. Horn, Y. J. Kim, and 
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Fract. Mech., vol. 188, pp. 250–267, 2018. 
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I. INTRODUCTION 
Engineering components such as pressure vessels 
are usually subject to pressure, residual stresses 
generated from welds during manufacturing and 
thermal stresses. Such complex loading often 
creates a multiaxial stress state. 

Substantive research has been conducted to 
address the effect of load biaxiality on integrity 
[1]. On the lower shelf, load biaxiality increases 
the crack tip multi-axiality and thus increases 
plastic constraint, or in other words, it suppresses 
the flow of plasticity. It has been shown that 
there is a decrease in the critical value of the 
energy release rate (Jc) at fracture with 
increasing plastic constraint. Even though this 
effect has been quantified, very few and specific 
component-loading cases are currently included in 
fitness-for-service (FFS)) procedures. 

On the upper shelf of fracture toughness, there 
has been an observed trend of biaxiality affecting 
the plastic collapse load [2] which is also 
supported by limited existing experimental work 
that attempts to address this behavior [3]. 

II. METHODOLOGY 
To capture the effect of biaxiality on 
constraint/fracture toughness and plastic collapse, 
an experimental programme is currently 
underway. Test specimens are extracted from a 
BS1501- 224 28B mild ferritic steel plate (Young’s 
Modulus= 191 GPa, Yield Stress = 307 MPa, 
Ultimate Tensile Strength = 471MPa) and will be 
tested at three different temperatures ranging 
from lower shelf to upper shelf. 

The specimens are of cruciform or rectangular 
shape, shown in Figure 1 and Figure 2 

respectively, and contain through thickness sharp 
cracks developed with fatigue pre-cracking. They 
are loaded in uniaxial or equibiaxial bending with 
respect to their geometry. The test setup of a 
biaxially loaded specimen can be seen in Figure 3, 
where a semispherical punch will be pushed 
downwards creating a 5-point bend. Test setup 
limitations allow only for load – crack mouth 
opening displacement curves (CMOD) to be 
recorded during testing. 

 
Figure 1. Cruciform ppecimen–biaxially loaded 

 
Figure 2. Rectangular ppecimen–uniaxially loaded 

In order to test whether the experimental setup 
does capture, biaxiality PMMA samples were 
initially used. These had the same geometry as 
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the steel samples; however the cracks were sawn 
instead of fatigue pre-cracked. PMMA tests were 
executed at room temperature, in displacment 
control (0.2 mm/min). 

 

Figure 3. Setup of a 5-point bend test 

III. FINDINGS 
Post fracture PMMA samples can be seen in Figure 
4 for a uniaxial specimen, and Figure 5 for a 
biaxial specimen. It is observed in the latter that 
the fracture trajectory has an “S” shape. This 
effect of the curved crack has been noted in 
literature [4] as an effect of biaxiality. Hence, the 
trajectory of the crack observed in these 
specimens provides confidence that the current 
setup captures biaxiality. 

 
Figure 4. PMMA Uniaxial specimen - post fracture 

IV. DISCUSSION 
An experimental programe is currently under 
development to capture the effect of biaxiality on 
fracture toughness and plastic collapse 
throughout the ductile to brittle transition region. 
The setup proposed has been tested with the use 
of PMMA samples for its capability to do so. The 

current results give confidence on the setup since 
the crack trajectory of the tested samples has the 
characteristic "S" shape, found when loads are 
applied simultaneously perpendicularly and 
parallel to the crack. 

 
Figure 5: PMMA biaxial specimen - post fracture 

V. FUTURE PLAN 
The final step to validate the current test setup is 
to conduct finite element analyses (FEAs), from 
which the fracture toughness of each specimen 
geometry will be calculated. Once a lower fracture 
toughness is confirmed for the biaxially loaded 
specimens, testing of the steel specimens will 
commence. 

Steel samples will be initially tested at -160oC 
with the use of a cooling chamber and liquid 
nitrogen gas as a coolant. Additional tests will be 
conducted at room temperature as well as a third 
temperature that will be decided based on the 
results of the previous testing. 
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I. INTRODUCTION
Probabilistic methods can allow engineers to
quantify the epistemic and aleatoric uncertainty
associated with degradation models, and
propagate this uncertainty so that it can be
accounted for in predictions and decision analysis.

Modern Bayesian computation, based on a family 
of algorithms known as Markov Chain Monte Carlo 
(MCMC) samplers, can be used to estimate high-
dimensional, joint posterior distributions of model
parameters, conditional on a model structure, test
data, and priors [2].

This work is an application of Bayesian statistics 
to the data that is used to inform the 
recommendations for predicting fatigue crack 
growth rates in BS 7910 [3]. 

II. BAYESIAN DATA ANALYSIS
The current guidance in BS 7910 is based on a
spreadsheet analysis of data aggregated from
multiple studies [4]. The model described in
Equation 1 was proposed based on qualitative
justification.

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = {𝐴𝐴1,∙ 𝛥𝛥𝛥𝛥

𝑚𝑚1, 𝛥𝛥𝛥𝛥 < 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇
𝐴𝐴2,∙ 𝛥𝛥𝛥𝛥𝑚𝑚2, 𝛥𝛥𝛥𝛥 ≥ 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇

Equation 1: Bi-Linear Crack Growth Model 

A Bayesian approach to fitting this model, based 
on data associated with a 'high' stress ratio and a 
freely corroding environment is fully detailed in 
[1]. Note that this includes a model uncertainty 
parameter, 𝜎𝜎. MCMC samples from the posterior 
distribution are presented in Figure 1. This shows 
the uncertainty within, and the dependency 
between all model parameters. Both features are 
accounted for in Bayesian models. 

Figure 1: Posterior Distribution of Fully Pooled 
Bayesian Model. 

III. POOLING OF INFORMATION
The 'high' stress ratio, freely corroding fatigue
crack growth rate dataset is, itself comprised of
11 constituent tests. Differences between these
tests include material strength, (exact) stress
ratio and loading frequency. When data from non-
identical tests are aggregated (or 'pooled'), the
resulting model will not account for any variability
between them. Such a model is described in
Figure 2(a). Fully pooled models can only be used
to make predictions at the population level.

Alternatively, separate models could be fit to each 
test, as described by the structure in Figure 2(b). 
A challenge associated with this approach are the 
reduced amount of data available for each model. 
Independent models can only be used to make 
predictions at the test level. 

d_Ktr A.1 A.2 m.1 m.2 sigma

d_Ktr
A.1

A.2
m

.1
m

.2
sigm

a

80
0
10

00
12

00
-10

.0
-9.

5
-9.

0 -6 -4 -2 0 3.4 3.6 3.8 0.51.01.52.02.5 0.3
00
0.3

25
0.3

50
0.3

75

800
1000
1200

-10.0
-9.5
-9.0

-6
-4
-2
0

3.4
3.6
3.8

0.5
1.0
1.5
2.0
2.5

0.300
0.325
0.350
0.375

Room 3 at 10:40

A solution in between these two extremes can be 
achieved by structuring a model as shown in 
Figure 2(c). A regression analysis is performed to 
simultaneously estimate the model parameters 
and the parameters of global prior models, which 
determine the extent of regularisation. This 
results in partial pooling of information between 
the tests, the extent of which is estimated from 
the data. Partial pooling models can be used to 
make predictions at the population and test 
levels. 

 
Figure 2: Structure of Alternative Bayesian 
Models: 

(a) Fully Pooled Bayesian Model for Estimating 
Parameters, 𝜽𝜽, from data, 𝒛𝒛, and Priors, 𝜽𝜽𝒑𝒑𝒑𝒑 

(b) N Independent Bayesian Models 

(c) Partial Pooling Bayesian Model for Estimating 
Parameters, 𝜽𝜽, from data, 𝒛𝒛, Priors Models, 𝜽𝜽𝒑𝒑𝒑𝒑, 
and Hyperpriors 𝜽𝜽𝒑𝒑𝒑̂𝒑 

IV. FINDINGS/RESULTS 
For each of the model structures described in 
Figure 2, a total of 10,000 (post warm-up) samples 
of the joint posterior distribution were collected 
from each of 4 separate Markov chains. There 
were no indications of a lack of convergence, or 
excessive autocorrelation in any of the chains. 
This analysis was completed using the 
probabilistic programming language, Stan [5, 6]. 

The results of these models are shown in Figure 
3, alongside the test data. There is more 
uncertainty associated with the partial pooling 
model than the fully pooled model and this 
reflects the additional source of variability that it 
incorporates.  

In general, partial pooling of information is 
expected to result in improved performance 
because predictions will only be informed by other 
tests to the extent that the data suggest they 
should. The out of sample predictive accuracy (as 
characterised by the Watanabe Akaike 
Information Criterion [7]) is higher for the multi-
level (partial pooling) models than for the 
equivalent fully pooled models. This work also 
shows that all of the Bayesian models considered, 

performed better than the existing guidance in 
BS 7910. 

 
Figure 3: Bayesian Credible Intervals (CI's) of 
Posterior Predictive Distributions of Alternative 
Fatigue Crack Growth Rate Models for a Freely 
Corroding Environment and a High Stress Ratio. 
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I. INTRODUCTION
Offshore structures are likely to be fatigue
damaged due to high-stress concentration and
random cyclic wave loading. To assess the state
of fatigue damage, offshore platforms are
periodically inspected. Inspection results can be
used to update the probability distribution of
crack size in a tubular joint in offshore platforms.
The Bayesian framework is used to update the
probability distributions of the fatigue
uncertainties such as crack size in tubular joints.

II. APPROACH
A. Fatigue Reliability Analysis

In the Fracture Mechanics approach, the 
relationship between the crack growth rate and 
stress intensity factor can be developed using the 
Paris law: 

𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄  =  𝐶𝐶 × (∆𝐾𝐾)𝑚𝑚 (1) 

∆𝐾𝐾 =  𝑌𝑌 ×  ∆𝑆𝑆 × √𝜋𝜋𝜋𝜋 (2) 

Where 𝑎𝑎 represents the crack size, 𝑁𝑁 is the 
number of load cycles, 𝐶𝐶 and 𝑚𝑚 are the crack 
growth parameters and ∆𝐾𝐾 represents the stress 
intensity range. 

By plugging Eq.(2) into Eq.(1), and integrating 
from the initial crack size to the crack size at time 
𝑡𝑡, the crack size can be obtained as: 

𝑎𝑎𝑡𝑡 = {𝑎𝑎0
1−𝑚𝑚

2 + (1 − 𝑚𝑚
2 ) 𝑌𝑌𝑚𝑚 × 𝜋𝜋

𝑚𝑚
2  × 𝐶𝐶 × 𝑁𝑁 × ∆𝑆𝑆𝑚𝑚}

1
1− 𝑚𝑚2 (3) 

The probability of failure can be calculated by 
using a limit state function. It is assumed that 
failure occurs when the crack size is bigger than 
its critical value: 

𝑔𝑔 =  𝑎𝑎𝑐𝑐  − 𝑎𝑎𝑡𝑡 (4) 

Where 𝑎𝑎𝑐𝑐 represents the critical crack size. In this 
study, the critical crack size is taken as the wall 

thickness of the tubular joint [1]. The considered 
uncertainties in this study are: 

- Initial crack size (𝑎𝑎0); 𝐸𝐸𝐸𝐸𝐸𝐸 (0.11 𝑚𝑚𝑚𝑚)
- Material property (𝐶𝐶): 𝐿𝐿𝐿𝐿 (1.8 × 10−12, 𝐶𝐶𝐶𝐶𝐶𝐶 = 0.35)
- Stress range (𝛥𝛥𝛥𝛥𝑚𝑚): 𝐿𝐿𝐿𝐿 (300 𝑀𝑀𝑀𝑀𝑀𝑀, 𝐶𝐶𝐶𝐶𝐶𝐶 = 0.1)
B. Bayesian Framework

When additional information becomes available, 
the obtained information can be used to improve 
the previous estimate of uncertain parameters. 
The framework for updating the distribution of the 
uncertain parameter is called the Bayesian 
framework. The distributions that describe our 
knowledge before and after incorporating new 
data are called Prior and Posterior distributions, 
respectively. The posterior distribution of the 
uncertain parameter (𝜃𝜃), given new information, 
is available (𝑥𝑥), can be obtained by using Bayes’ 
theorem as [2]: 

𝑓𝑓(𝜃𝜃|𝑥𝑥) = 𝑓𝑓(𝑥𝑥|𝜃𝜃) × 𝑓𝑓(𝜃𝜃)
𝑓𝑓(𝑥𝑥) (5) 

Where 𝑓𝑓(𝜃𝜃|𝑥𝑥) is posterior distribution, 𝑓𝑓(𝑥𝑥|𝜃𝜃) is 
likelihood function, 𝑓𝑓(𝜃𝜃) is prior distribution and 
𝑓𝑓(𝑥𝑥) is a normalisation factor that makes the area 
under posterior distribution equal to one. In 
general, numerical integration is required to 
obtain the posterior distribution.   

(a) Prior Distribution

In this study, a sampling method is used to obtain 
the prior distribution of the crack size. To obtain 
the prior distribution for crack size, a large 
number of samples (e.g.105) is generated from 
the probability density function of each uncertain 
parameter (i.e. 𝑎𝑎0, 𝐶𝐶 and 𝛥𝛥𝛥𝛥𝑚𝑚). For each set of
random samples, the crack size is calculated 
based on Eq.(3). The histogram of the simulated 
crack size is then used as a prior distribution. 
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Figure 1- Prior crack size distribution  
 

(b) Likelihood Function 

The likelihood function is defined based on the 
expert’s belief to take into account the involved 
uncertainties. The likelihood function can be 
represented as a non-normalised normal 
distribution as: 

𝐿𝐿 = exp (−
(𝑎𝑎 − 𝑎𝑎𝑚𝑚)2

2𝜎𝜎2 ) (6) 

Where 𝑎𝑎𝑚𝑚 represents the measured crack size, 𝑎𝑎 is 
the crack size and 𝜎𝜎 is the standard deviation of 
crack size. In this study, a standard deviation of 
0.5mm is considered for a likelihood function. 

Figure 2- Likelihood function  
 

It is assumed that ten observations (𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖 = 10) of 
crack sizes are available.  A normal distribution 
with a mean value of 2mm and a standard 
deviation of 0.2mm is assigned to the inspection 
results. It is also assumed that these inspections 
are independent of each other. 

In the Bayesian updating approach, the posterior 
distribution needs to be updated for each 
observed crack size. Therefore, the probability 
distribution function of crack size is updated 
𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖 times sequentially by using Eq.(5). The 
obtained posterior is assumed as the prior 
distribution for the next updating process. 
Therefore, the updating procedure is a 
computationally expensive process. 

Figure 3 illustrates that the posterior distribution 
shifts towards the observations, i.e. the observed 
data dominate the posterior distributions.  
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C.  Conclusion 

The Bayesian approach is used to update the 
distribution of the crack size when new 
information is available. In this approach, the 
posterior distribution is obtained by multiplying 
likelihood function and prior distribution. 
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I. INTRODUCTION
The procedure provided in BS 7910 [1] ‘Guide to
methods for assessing the acceptability of flaws in
metallic structures’ regarding weld residual stress
is outlined in Annex Q. Annex Q is used for
investigating serviceability and the failure
likelihood of welded structures of varying joint
types. The non-uniform residual stress profiles
have been part the annex since the first
publication of BS 7910 in 1999, based on a
compendium of experimental data available at the
time. One of its key purposes is to provide the
user with simple measures to estimate the non-
uniform residual stress distribution. For pipe girth
welds, this can be estimated using two key
parameters (1) the material type (austenitic or
ferritic) and (2) the weld heat input. This
assessment can be applied to cases that occur
outside controlled environments, where in most of
these cases, performing residual stress
measurements can be costly and time consuming.
The current upper bound distributions in Annex Q
have remained unchanged since first publication,
despite new information and measurement
techniques becoming available. This paper aims
to provide an overview of the literature relevant
to the upper bound residual stress distributions,
and present possible avenues of improving and
updating them.

II. LITERATURE REVIEW
The key studies referenced in the BS 7910 1999
edition will be briefly analysed to give an
overview of the residual stress knowledge
accepted at the time. Scaramangas [2] and
Leggatt [3] were significant contributors in the
creation of the upper bound distributions given in
Annex Q. Each study consisted of bringing

together known data to capture general trends. 
Though they used similar techniques, the 
conclusions drawn by Leggatt, to partition the 
residual stress distributions centred on heat input, 
were implemented into the 1999 edition of BS 
7910 (Figure 1). The results were formulated 
based on 10 individual experiments with differing 
welding parameters. 

Figure 1. Residual stress distributions as 
presented in Annex Q 

In 2012, the Health and Safety Executive [4] 
commissioned TWI to collect, analyse and update 
residual stress information regarding low heat 
input pipe girth welds. Excluding non-destructive 
methods, the data was combined and compared 
with the current upper bound distributions. Using 
an expanded database (of 9 datasets), the report 
proposed a new upper bound based on a 90% 
upper confidence limit. This recommendation 
however was not implemented into the 2013 or 
2019 edition of BS 7910 due to lack of 
information regarding the original data sources 
outlined by Scaramangas. In addition, the 
document recorded significant presence of 
experimental variability (scatter) in results when 

-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1
1.2

0 0.5 1

N
or

m
al

is
ed

 Y
ie

ld
 S

tre
ng

th

Normalised depth from inner surface

Residual Stress Distributions - Annex Q

Low
Heat
Input

Med
Heat
Input

High
Heat
Input

Room 3 at 12:00

 

 

combining the datasets. From the point of view of 
the standards, this is important as it makes it 
difficult to suggest a reliable upper bound which 
can apply to all cases with confidence. More 
recent studies which have addressed this include 
Mirzaee-Sisan and Wu [5] and Cathcart et al [6]. 
Mirzaee-Sisan and Wu analysed advances in 
measurement and modelling techniques between 
2009 and 2019. The study highlighted some 
issues regarding the Annex Q distributions, 
stating that averaging the heat input across the 
entire weld is not sufficient to describe the non-
uniform residual stress distribution at any 
location. It continues to report on the general 
variability of residual stresses, suggesting more 
specific consideration of underlying parameters 
(such as joint type) supported by further 
experiments is required. Importantly, the paper 
aimed to produce results which could not only be 
applied to specimens produced in controlled 
laboratory conditions but also to those in less 
closely controlled factory environments. Cathcart 
et al statistically examined the variability of 
residual stress in austenitic steel pipe girth welds 
using a Bayesian approach. Although the dataset 
in the study was small, there was potential to 
further develop the technique using additional 
measurements. One of the advantages of a 
Bayesian approach is the ability to quantify 
experimental scatter for use in a probabilistic 
framework, whereby a healthy level of 
conservatism can be maintained despite large 
weld-to-weld variability. 

III. UPDATED DATABASE 
This PhD project involves the development of a 
residual stress database which documents all 
relevant residual stress measurements in 
literature alongside their welding parameters 
(Table 1). This provides an overview of the 
available data and a basis for further statistical 
analysis. 

 
Table 1. Database extract containing residual 
stress measurements on pipe girth welds 

Partitioning data, based on similar parameters 
such as the base metal or measurement 
technique, will help develop a better 
understanding of variation regarding residual 
stress while highlighting the effect of different 
welding and measurement parameters. 

 

IV. DISCUSSION 
The literature analysed gives clear evidence of 
where the current BS 7910 upper bound 
distributions originate, however, the datasets 
used, although useful at the time, do not depict 
the scattering behaviour seen from the gathering 
of much larger data sources today. In addition, 
the methods for obtaining through-thickness 
residual stress data have improved significantly 
over the past 20 years, and introducing an 
extensive database can help shed light on the 
current issues regarding residual stress, especially 
concerning uncertainty and variability. 
Furthermore, this can be used to update BS 7910 
based on experimental evidence and potentially 
offer advice for their treatment, either in 
deterministic or probabilistic assessments. 

V. FUTURE WORK 
There are several possibilities for updating our 
current procedures regarding the treatment of 
residual stress in failure assessments. One 
approach, as part of a wider industrial effort, is 
the development of a probabilistic framework to 
help quantify uncertainty in industry, ensuring 
that an appropriate level of conservatism can be 
met without becoming overly excessive. This 
framework can be reinforced through use of a 
database, encompassing the relevant information 
while identifying influential parameters which 
affect the resultant residual stress distribution. In 
addition, statistical methods such as a Bayesian 
approach could be used to manage datasets when 
partitioning information is based on these 
parameters. The purpose of this work is to 
improve the treatment of residual stress in Annex 
Q and help provide users with more reliable tools 
for assessing pipe girth welds in industry.  

REFERENCES 
[1] BS 7910 (2019) ‘BSI Standards Publication Guide to 

methods for assessing the acceptability of flaws in 
metallic structures’, BSI Standards Publication, 
(UK), p. 490. 

[2] Scaramangas, A., Porter Goff, R.F.D. Residual 
stresses in cylinder girth butt welds. (1985) 
Proceedings of the Annual Offshore Technology 
Conference, 1985-May, pp. 25-30.  

[3] Leggatt RH. Welding residual stresses. In: 
Proceedings of the fifth international conference on 
residual stresses, Linkoping, Sweden, 16–18 June 
1997. 

[4] Zhang, Y.-H. et al. (2012) ‘Health and Safety 
Executive Residual stress measurements and 
modelling’. 

[5] Mirzaee-Sisan, A. and Wu, G. (2019) ‘Residual 
stress in pipeline girth welds- A review of recent 
data and modelling’, International Journal of 
Pressure Vessels and Piping, 169, pp. 142–152. doi: 
10.1016/j.ijpvp.2018.12.004. 

[6] Cathcart, H., Horne, G., Moffat, A. The variability in 
weld residual stress. (2019) American Society of 
Mechanical Engineers, Pressure Vessels and Piping 
Division (Publication) PVP, 6B-2019.  

53



54

Placeholder for picture – 
please send a JPG to 
James Brookman 

 Jessica Taylor 
Jessica is a structural engineer with a special interest in fracture mechanics. 
She attained a BSc in Physics at Warwick University before joining Cranfield in 
2015 for an MSc in Offshore Technology with Offshore Renewable Energy. For 
her thesis, she is investigating crack arrest as a method of fracture prevention 
in thick steel sheets, with applications in shipping and wind industries. Small 
scale testing will be correlated against large scale testing to predict the crack 
arrest properties of a range of structural steels. Jessica has presented at the 
14th International Conference on Fracture (ICF14), the 38th International 
Conference on Ocean, Offshore & Arctic Engineering (OMAE2019) and 
participated in the Lloyds Register Foundation student competition 2018 and 
the STEM for Britain poster competition in 2019. 

   

Correlation between initiation toughness and crack arrest 
toughness of steels predicted from small-scale testing. 

Rob Kulka1, Ali Mehmanparast2 
1TWI, 2Cranfield University 

4th Year of PhD 
Keywords: crack arrest; structral steel; 
small-scale testing 

I. INTRODUCTION 
The ability of a material to arrest a fast-running 
brittle crack is vital in various industries such as 
offshore wind, oil and gas, and shipbuilding in 
order to ensure the safety of the structure and 
the employees.  

Some modern steels show a high Charpy 
toughness, but low resistance to crack 
propagation – i.e. low crack arrest toughness [1-
3].  

In this work, the relationship between initiation 
and arrest toughness is investigated in six 
different steels, including S355 structural steel, 
X65 pipeline steel, two high strength reactor 
pressure vessel (RPV) steels and EH47 
shipbuilding steel. 

II. DESIGN/METHODOLOGY/APPROACH 
Small scale mechanical testing was carried out to 
determine the material properties, which were 
correlated against the microstructural 
characteristics of the materials.  

The test program included instrumented Charpy, 
drop weight Pellini, fracture toughness, tensile 
testing, and optical and electron microscopy. Nil 
ductility transition temperature (NDTT) is used as 
a measure of arrestibility. 

III. FINDINGS/RESULTS 
Initiation fracture toughness (from CTOD testing) 
showed strong correlation with upper shelf Charpy 
and grain size measurements, which is shown in 
figure 1. These are accepted relationships [4,5] 
for modern steels and this agreement provides an 
additional level of confidence in the other results 
presented here. In this way, the steels behave as 
expected, with a small grain size providing high 
toughness (measured through both upper shelf 
Charpy and CTOD testing). 

 
Figure 1: Correlation between grain size, upper 
shelf Charpy energy and CTOD. 

However, figure 2 shows that there was no 
correlation between the initiation fracture 
toughness and the crack arrest toughness of the 
steels. This is concerning for modern steels, as 
upper shelf Charpy energy is commonly used as a 
design criterion for both  fracture initiation and 
crack arrest performance. 

 
Figure 2: Correlation between NDTT (arrest 
parameter) and upper shelf Charpy energy 
(initiation parameter). 
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Figure 3 demonstrates that the arrest toughness 
is better correlated against the T(27J) 
temperature – i.e. the onset of the lower shelf. 
This relationship is valid even for steels where the 
NDTT lies on the upper shelf of the Charpy curve. 

 
Figure 3: Correlation between lower and upper 
shelf Charpy temperature and NDTT 

IV. DISCUSSION/CONCLUSIONS 
The arrest properties cannot be correlated 
strongly to the materials’ microstructure or 
initiation fracture toughness. It was expected that 
the NDTT would follow a similar trend as the 
upper shelf Charpy energy, with the fine-grained 
steel arresting crack propagation at a lower 
temperature, however this is not the case. 

It is not recommended to use upper shelf CTOD 
or upper shelf Charpy energy as measures of 
crack arrestibilty in a material as there is no 
correlation between the two. However, there is 
some potential to using T(4kN) from instrumented 
Charpy tests, suggesting that the crack arrest 
behaviour is affected more by lower shelf or 
transition properties.  

This work has shown that: 

• The parameters which influence the crack arrest 
behaviour of modern structural steels are 
independent of those which provide these steels 
with upper-shelf fracture toughness.  

• The crack arrest behaviour is more closely 
linked to the ductile to brittle transition 
temperature of the steel, such as T(27J) from 
Charpy testing. 

• When steels are characterized only in terms of 
three fracture toughness tests, that is not 
sufficient to determine whether the steel could be 
at risk of unstable fracture from a localized brittle 
event, due to poor crack arrest toughness. 

V. FUTURE PLAN/ DIRECTION 
This test program will be continued in future 
work. Quantitative crack arrest testing in the form 
of "compact crack arrest" tests will be carried out 
on the EH47 shipbuilding steel to validate the 
predictions made from small-scale test methods. 

These results will be further validated against the 
results of large-scale wide-plate crack arrest tests 
which have been carried out by researchers in 
Japan. 

EBSD will be used to characterize fully the texture 
of the materials by including the grain orientation 
and correlating the materials’ texture to their 
small-scale mechanical properties. Further 
correlations between mechanical and 
microstructural properties will be investigated for 
each of the materials to determine the 
relationship between microstructure and arrest.  

If there remains no correlation, it is advised that 
an energy based approach is investigated to 
predict the arrest behaviour of the materials i.e. 
K(ca). 
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I. INTRODUCTION
Steel pipes in process plant applications are often
covered with insulation or weather protection that
make structural inspection difficult because the
additional layers need to be penetrated. The
pulsed eddy current (PEC) method was devised as
a means of inspection through the surface layers.
However, the performance of a PEC system is
dependent on the electrical and magnetic
properties of the pipe material, which are
generally unknown. Therefore, the use of a
calibration block from a different steel will give
inaccurate results. The concept of calibrating
using measurements obtained during inspection
has not been discussed in the literature, which is
the main contribution of this research. The
functional behaviour of the novel feature, notated
as |𝛻𝛻|−1, with the level of corrosion, 𝑑𝑑2, is first
established using analytical solution. This allows
the calibration curve of a specific pipe to be done
using only two measurements; the reference
measurement and the measurement without the
presence of pipe. The performance of this
technique is analysed.

II. METHODOLOGY/APPROACH

A. DERIVATION OF |∇|−1 FEATURE
The extraction of |∇|−1 starts by representing the
time-dependent induced voltage in the detector
coil, 𝑉𝑉(𝑡𝑡) as [1]

𝑉𝑉(𝑡𝑡)|𝑡𝑡≫0 ≈ 𝑏𝑏1𝑒𝑒𝑒𝑒𝑒𝑒 −𝜋𝜋2𝑡𝑡
𝜎𝜎𝜎𝜎𝑑𝑑2

(1) 

where 𝜎𝜎, 𝜇𝜇, and 𝑑𝑑 are the conductivity, the 
permeability and the thickness of the pipe wall, 
respectively. The term 𝑏𝑏1 is the fitted coefficients. 
Note that this equation only applies during the 
eddy current decay phase. Expressing this in its 
natural logarithmic form, the exponential term 
can be reduced to 

ln[𝑉𝑉(𝑡𝑡)]|𝑡𝑡≫0 ≈ ln 𝑏𝑏1 + −𝜋𝜋2

𝜎𝜎𝜎𝜎𝑑𝑑2
(2) 

To further reduce the variables, differentiation of 
the whole equation gives 

|d ln[𝑉𝑉(𝑡𝑡)]|𝑡𝑡≫0
d 𝑡𝑡 |

𝑡𝑡≫0
≈ −𝜋𝜋2

𝜎𝜎𝜎𝜎𝑑𝑑2
(3) 

which proves the proportionality of the inverse 
graident with the squared of the pipe wall 
thickness as 

 𝑑𝑑2 ∝ | d 𝑡𝑡
d ln[𝑉𝑉(𝑡𝑡)]|𝑡𝑡≫0

|
𝑡𝑡≫0

(4) 

 𝑑𝑑2 ∝ |𝛻𝛻|−1 (5) 

With the known relationship of the proposed 
feature, |𝛻𝛻|−1, with the squared of the sample 
thickness, 𝑑𝑑2, the calibration curve can be 
established by taking one (or multiple) reference 
signals from the inspected area. This can later be 
compared with the signals taken in air (without 
the presence of any pipe), and a straight line can 
be drawn crossing the |𝛻𝛻|−1 values obtained from 
these measurements. This slope of the straight 
line indicates the functional relationship of |𝛻𝛻|−1 
with 𝑑𝑑2. 

B. EXPERIMENTAL SETUP
For validation purposes, a PEC system has been
developed consisting of a transmit-receive coil,
excitation circuit and a LabVIEW data acquisition
program. Carbon steel plates of S275 grade were
used, with thicknesses of 4 mm to 12 mm, at
increments of 2 mm. Plastic plates were used as a
non-conductive insulation of 40 mm. The
excitation voltage was 10 V with 8 Hz excitation
frequency. Data was acquired at the rising edge,
and 16 pulse signals were averaged for each test
for the purpose of white noise reduction.
Experimental setup is presented in Figure 1.
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Figure 1 PEC experimental setup 

III. RESULTS/DISCUSSIONS 
Received PEC signals show strong correlation with 
the sample thickness, especially during the 
diffusion phase of the eddy current, as shown in 
Figure 2. These are accepted relationships [2,3], 
and this agreement provides an additional level of 
confidence in the results presented. In this way, 
the PEC signals behave as expected, with the 
thinner sample possessing earlier eddy current 
diffusion time as compared to thicker samples. 

 
Figure 2 PEC signals corresponding to different 
thicknesses 

The extraction of |𝛻𝛻|−1 was carried out at the later 
parts of the signals, as notated in the figure. The 
inverse slope of these excerpted PEC signals were 
extracted using linear fitting in logarithmic 
domain, and were then compared with 𝑑𝑑2, shown 
in Figure 3. 

 
Figure 3 Plot of extracted |𝜵𝜵|−𝟏𝟏 against 𝒅𝒅𝟐𝟐 

 

At first glance, the extracted |𝛻𝛻|−1 can be claimed 
to have an approximately linear functional 
relationship with 𝑑𝑑2. A straight line is drawn 
crossing |∇|𝑎𝑎𝑎𝑎𝑎𝑎

−1  and |𝛻𝛻|12 𝑚𝑚𝑚𝑚
−1 , which represents the 

established calibration curve. Although 
discrepencies in the measurements can be seen, 
especially for 6 mm and 8 mm, this is still 
acceptable considering the practicality of a PEC 
technique as an estimation and screening 
technique.  

In real life practice, reference signal (in this case, 
PEC signal for 12 mm plate thickness, 40 mm lift-
off) can be obtained by choosing single or 
multiple signals in the inspected area which 
possess the highest feature measurement as well 
as having the least variations in the C-scan. 
Having the PEC signal in air stored in the 
computational memory, the calibration curve can 
easily be established once the reference signal is 
chosen. 

IV. FUTURE PLAN/ DIRECTION 
Current work considers the variation in the pipe 
wall thickness, without considering other factors 
that might contribute signal variations, such as 
lift-off, shielding effects contributed by cladding 
and variations in insulation thickness. Future 
works will see how these influences can be 
compensated, while still aiming to develop a PEC 
screening system that requires no prior 
calibration. Modifications in the PEC probe designs 
will be considered, as well as analysing different 
signal processing approaches. 
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I. INTRODUCTION
Wind energy nowadays is one of the most
important green electric power sources,
generated from wind turbines. As wind turbines
are expected to generate electricity 90% of the
time during a typical lifetime of 20 years,
structural flaws in wind turbine blades (WTB) are
of great concern. WTB is a critical component in a
wind energy installation, as its structural failure
could cause a catastrophic accident.

Cracks in the blades sometimes appear soon after 
manufacture. Defects can also be produced during 
transportation. Repairing or replacing a WTB is 
always difficult, especially for large wind turbines. 
The downtime of a wind turbine installation due to 
a blade failure usually lasts 4-6 days, which is 
longer than for repairs due to electrical or 
mechanical failure within the nacelle. 

Numerous NDE techniques have been widely used 
in industry, but few can be applied to the 
inspection of in-situ WTBs. Ultrasonic testing is a 
point-wise contact inspection technique and is 
usually only suitable for homogeneous materials, 
not composite materials. Radiography, especially 
computer tomography, is a powerful technique 
widely used in industry. However, its deployment 
to the wind tower is difficult. Thermography is a 
promising NDE technique, but its application to 
on-site WTB inspection has yet to be proven, 
given the environmental temperature change due 
to wind flow which will add considerable noise to 
the captured thermal images. 

Compared to other optical techniques such as 
holography interferometry, moiré interferometry, 

and electronic speckle pattern interferometry 
(ESPI), shearography has a relatively large 
tolerance to vibrations, enabling it to operate 
beyond an optical lab. However, existing 
shearography techniques were designed to 
operate on the ground or in a test facility; their 
applications for on-site inspection of a WTB has 
not been demonstrated.  

Since the WTB is in constant vibration due to 
wind, even when it is parked on a tower at low-
speed wind, we believe that the only solution for 
shearography to work on a wind tower is to 
enable the shearography to be attached on the 
WTB surface during inspection when the WTB is 
parked, so that the relative motion between the 
shearography and the WTB is minimised to be 
within the tolerance of the shearography system. 
In fact, for application to WTBs, there are various 
choices of on-the-shelf robotic systems which can 
carry simple monitoring equipment such as visual 
inspection [1]. However, there are no reports 
showing a practical robot-assisted shearography 
for on-site WTB inspection. In this paper, we 
report our research surrounding the shearography 
that is designed for integration with a robotic 
climber for on-site WTB inspection. A specific 
robotic climber which has a high payload and was 
developed by ICM (International Climbing 
Machines, USA) was selected for integration. The 
climber was further adapted by our project 
partners. 

II. DESIGN/METHODOLOGY/APPROACH
The schematic explanation of shearography
system has been shown in Figure 1 (a). The
sample surface to be tested is illuminated by an
expanded laser beam with sole wavelength. The
light scattered from the object surface passes
through a Michelson interferometric prism and is
split into two beams (see Figure 1(b)).
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Figure 1(a) Shearography set-up schematic 
diagram 

 
Figure 1(b) A modified Michelson interferometer 
as the image shearing device 

Our shearography system is specifically designed 
for integration with a robotic climber that it can 
work on a WTB on-site. The shearography unit 
uses an external mirror to reflect the laser from 
the window of the main unit. This design is to let 
the main body of the shearography stay on the 
robotic climber. The shearography set-up is 
intuitively shown in Figure 2 (a). The light path is 
shown in the Figure 2 (b). The external mirror 
installed over the window of the shearography 
unit  will increase the light path for the purpose of 
enlarging the field of view in order to enhance the 
efficiency of the whole inspection process. 

 
Figure 2(a) Shearography unit 

 
Figure 2(b) Shearography light path 

Figure 2 Set up of pneumatic system for suction 
cup 

III. FINGDING/ RESULTS 
Phase shift technique [2,3] is useful in result 
quantification of  shearography fringe pattern. 
Below is the verification of the feasibility of the 

phase shift applied on the existing system using 
4-steps phase shift analysis. 

 

 
Figure 3 Phase shift result for fringe pattern 

IV. DISCUSSION/CONCLUSIONS 
Shearography is an effective NDE technique for 
inspecting WTBs for subsurface defects. Through 
integration with a robotic climber and associsted 
post processing algortihms for quantitive phase 
analysis, a remotely controlled shearography 
system will become practial for the wind energy 
sector to adopt in the near future. 

V. FUTURE PLAN/ DIRECTION 
1. Further signal processing with the aid of 
phasing shift using PTZ transducer and spatial 
phase shift techniques. 

2. Laser heating for lock-in shearography 
development. 

4. Adopt further possible initiation methods on 
WTBs. 
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I. INTRODUCTION
Feature extraction (FE) is a process by which data
of higher dimension is reduced to remove any
redundant information that can increase 
processing time required without adding any
significant performance benefit  [1]. FE is also
applicable to obtaining a dimension of data a
simple model is capable of processing.

There are two types of features that can be 
generated as part of FE: semantic and non-
semantic. The former are features that are 
human-understandable i.e. with a quantity that a 
human can reason with or understand the 
consequence of its changing value. In contrast, 
non-semantic features are numbers that are 
extracted from the original dataset by 
mathematical operations resulting in values that 
are not human-understandable in nature  [2]. The 
abstract investigates the calculation of semantic 
features for two testing samples. 

II. APPROACH
The case study for semantic feature extraction
was for X-Ray images of metallic surfaces. The
data includes a set of images for a surface
with/without an artificial crack from different
angles, the size and shape of which differs in each
image.

In order to extract semantic features from the 
images, a two step process was used: 
segmentation and pattern recognition to select 
the crack. Segmentation is a technique by which 
pixels of similar intensity are grouped to form a 
segment. It is an approach utilised to divide 
image data into different regions of interest. A 
segmentation of a typical X-Ray image generally 

results in a segment for the background (air) and 
the rest of the segments for the varying densities 
in the object. For X-Ray of cracks, segmentation 
is likely to add the cracks to the background 
segment. Therefore it becomes a matter of 
removing the background before or after 
performing the segmentation. 

Following the isolation of the cracks from the 
background pixels, calculations can be made on 
the crack pixels to extract semantic features such 
as crack dimensions and more advanced crack 
information such as dendrites or pits. 

III. FINDINGS
The crack space contains air therefore shows up
as very low intensity (near to black pixels) on the
X-Ray image while the object shows up as grey to
dark-grey. Hence segmentation results in dividing
the cracks into their own segment. However,
since the background is also air, the object has a
black background. A second-step algorithm was
designed to trim out the background using some
basic signal processing. For images with no
background, it is simpler, as no trimming is
required. The FE process was able to select the
crack in a majority of the images.

Figure 1: CT scan (left) and the result of the 
image segmentation (right) on metallic plate #1 

Room 4 at 10:40

 

 

Figure 1 illustrates the result of dividing of the 
image into three different segments: crack, object 
and background, which are in red, grey and black, 
respectively. The image on the left is the original 
(before processing) and the one of the right is 
following segmentation. Figure 2 shows metallic 
plate #1 from a different angle which reveals the 
pit.  

 
Figure 3 shows the same process applied to a 
different set of images for metallic plate #2. 
Despite the images having different colours for 
the background. Plate #1 had a black background 
while #2 had a more greyish background. There 
was a possibility the segmentation algorithm 
would have grouped the background as part of 
the object pixels due to the similarity, however, 
that was not the case as shown in the Figure 3.     

Once the crack pixels were selected, the 
dimensions of the defect can be calculated.  

 
IV. DISCUSSION 
The method developed was effective at 
highlighting crack pixels in two different sets of 
images for two different plates. The model relies 
on the plate being placed in a horizontal 
orientation, hence selecting a column to stop 
highlighting crack pixels results in a reasonably 
accurate representation of where the crack 
opening is in the majority of images. However, for 
images of objects that have edges that are not 
aligned with the x or y axes, this method is likely 
not suitable. 

V. FUTURE PLAN 

The future plan is to extend this method for more 
complex images such as UT, which contain a 
greater deal of features. Naturally, it is more 
challenging to effectively extract features from 
images which are more complex in structure. 

Machine Learning models often rely on non-
semantic features hence explaining the decisions 
at the end of the classification becomes less 
direct. However, if semantic features are used for 
image-based classification, it can pave the way 
for more explainable decisions which are more 
dependable and reliable for real-world 
applications. 
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Figure 2: CT scan (left) and the result of the 
image segmentation (right) on metallic plate #1 

Figure 3: CT scan (left) and the result of the 
image segmentation (right) on metallic plate #2 
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Figure 1: a) MFL array of detection units b) Single 
detection unit c) Leakage field components 
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I. INTRODUCTION
Corrosion is one of the leading causes of failure or
premature deterioration of steel structures.
Monitoring of critical areas of structures is often
carried out at intervals using various Non-
Destructive Testing (NDT) and Condition
Monitoring (CM) techniques, which is not always
possible in extreme conditions [1]. Sometimes,
the process requires access during operation,
halting primary workflow for long time periods for
expensive setup for measurements. Still, these
processes are unable to meet the expectations of
the clients, as the data provided is inadequate.
Researchers have therefore been exploring cost
effective methods to provide a sound solution that
are established based on the combination of the
autonomous fault detection, diagnosis of the
collected data from the defects, prognostics of the
data for real time visibility, and, predictability of
possible failures arising from the said defect.
During this research a variant of the Magnetic
Flux Leakage (MFL) technique is being used
primarily to develop a cost effective, remote,
condition monitoring system using permanent
magnets for measurement of corrosion in steel.

II. METHODOLOGY/APPROACH
Ferromagnetic structures upon magnetization by
an external magnetic field, will constrain magnetic
flux, almost entirely, in the interior of the
material. The prototype sensors are
systematically placed along the outer surface of
the specimen as shown in Figure 1a. A snippet of
the working methodology of a single detection
unit is shown in Figure 1b. Upon development of a

defect on the surface or inside of the 
ferromagnetic material, the uniform magnetic flux 
is disrupted.  The disruption causes changes in 
the permeability and magnetic resistance of the 
material arising from the defect, changing the 
magnetic field lines, causing MFL from the defect 
into the surrounding medium. The flux density of 
the leakage fields can be separated into axial, 
radial and tangential components, along the x, y 
and z planes as shown in Figure 1b and 1c, and 
are picked up by sensors, which interprets flux 
changes observed in voltage units [1].  

The process is governed by the equation: 

   (1) 

Where VH refers to the Hall electromotive force;  
KH is the Hall coefficient;  I is the electric current; 
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B refers to the magnetic flux intensity; cos α 
refers to the normal angle between B and Hall 
components. The magnitude of the MFL is directly 
proportional to the magnetic field strength of 
ferromagnetic material.  

B. EXPERIMENTAL SETUP 
A prototype system has been developed which 
consists of horse-shoe shaped AlNiCo magnets,  
hall sensors of sensitivity 4.5 mV/G in a 2 cm 
separated array, axial to the flux density, 
transmitting collected data wirelessly at 9600 
Baudrate. Experiments are being carried on Low 
Carbon Steel plates (S275 grade) from 2-12 mm 
thicknesses at increments of 2 mm. The data is 
being analysed using Python. The experimental 
setup is shown in Figure 2.  

3D Finite Element Modelling has been performed 

using COMSOL Multiphysics to validate 
experimental results. The model has been 
generated using 'Magnetic Flux, No current' 
module and the Geometry has been designed 
using AutoCAD Inventor. Exact parameters have 
been used from experiments to simulate the 
model showing results based on thickness 
changes.  

RESULTS/DISCUSSIONS 

Experimental data collected have been averaged 
with 1000 units of sampling over 12 hours, for 
each thickness measurements. The ambient 

temperature drifts from electronics, offset 
readings around 1.5-2%, after 7-8 hours of 
reading which is being compensated in Python, 
comparing to the initial data observed from the 
first ~3-4 hours. Figure 4a shows the drop of 
Voltage observed for each thickness arising from 
sensors A1, A2 and A3, placed under plates. A 
sharp fall of 2.85 to 2.60 V from A2 can be 
observed for thicknesses 2-6 mm. From 6-10 mm 
intervals the change of voltage from for the 
sensors overlaps, which happens due plates not 
reaching magnetic saturation, sensitivity 
limit/noise from the sensors and electronics [1].  

 
Results are still premature and needs much more 
investigation before conclusion can be drawn. 

III. FUTURE PLAN/ DIRECTION 
Currently, a basic sensing unit has been 
developed that observes the variation in plate 
thicknesses using AlNiCo horseshoe magnets. In 
addition, the aspect of arising defects of different 
geometry and chemistry has not been looked 
into.  Future work will establish usage of 
Neodymium Magnets of different shapes, sizes 
and strengths that will be able to saturate plates 
and other structures of more thickness, while 
accelerated defects are being generated on them. 
Defect shapes and sizes at different positions, 
including their partial chemical compositions will 
be analysed using COMSOL and multiple sensing 
units will also be used with more sensitive sensors 
that will be fed into the predictive analysis model. 
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Figure 2: a) Experimental results using AlNiCo 
magnets b) Results obtained from FEA. 

Figure 2: Sensing unit experimental setup. A0, 
A1, A2 and A3 are hall sensors placed 
systematically to observe Flux changes. 

Figure 3 Simulation using COMSOL Multiphysics 
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I. INTRODUCTION 
The difficulties associated with austenitic steel is 
due to the coarse textured grain structure. This 
makes ultrasonic beams subject to deviation, 
distortions and sometime ghost echoes. 
Consequently, the noise due to the grain scattering 
lowers the signal-to-noise (SNR) and skewing 
leads to false information, i.e. position and sizing 
errors. A lot of effort has been put into overcome 
the difficulties.  

Convolution neural network (CNN) has recently 
shown good performance for both classification 
and localization tasks. We examine how several 
different CNN architectures can be used to localise 
defects in ultrasonic signals. We use full matrix 
capture (FMC) data acquired from a finite element 
simulation of inspecting austenitic cladding as a 
training dataset. And experimental FMC data 
collected from the cladding block are used as 
validation dataset.  

II. DESIGN/METHODOLOGY/APPROACH 
In our approach, metallurgical structure and grain 
texture are taken into consideration through 
electron backscatter diffraction (EBSD). The EBSD 
map contains grain orientation information which 
determines the wave transmission and reflection in 
the material. Then EBSD map is introduced into a 
FEM simulation software called OnScale to 
represent the austenitic steel. Ultrasonic data from 
simulation is subsequently fed into convolution 
neural network (CNN) to train detection algorithm. 
Experimental ultrasonic dataset from austenitic 
steel block with equally spaced defects was 
collected to validate the CNN model. 

III. FINDINGS/RESULTS 
Importing EBSD map into simulation software 
enables the simulation of phased array ultrasonic 
inspection. Equally spaced defects are inserted into 

the simulation model. The model was run long 
enough for the wave to be transmitted from the 
element of the array probe, travel into the 
component, interact with the flaw and then return 
to the probe. The received signals from simulation 
indicates that the material properties in the EBSD 
map was imported successfully to represent the 
austenitic steel.  

IV. DISCUSSION/CONCLUSIONS 
EBSD map can represent the metallurgical 
structure. It significantly reduces the cost of 
building and scanning real steel blocks to acquire 
enough dataset for CNN model.  

V. FUTURE PLAN/DIRECTION 
Building CNN model to automate detection and 
localize defects in austenitic steel. It is expected 
that the results will give accurate localization of 
defects even for noisy signals. 
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techniques used across 
industries such as aerospace, 
oil and gas, amedical, rail and 
general manufacturing to name 
a few. It is a crucial aspect of 
quality control and ultimately 
health and safety. Photo: TWI Ltd
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I. INTRODUCTION 
In oil and gas production environments, acid gases 
and fluids can induce severe corrosion (Figure 1) in 
carbon and low-alloy steels. In the presence of 
hydrogen sulphide, hydrogen embrittlement 
phenomena can occur, where hydrogen atoms 
originating from electrochemical reduction of 
protons can diffuse into the steel and induce 
cracking [1]. 

 
Figure 1 Pipes with severe corrosion 

During HIC, acoustic emission (AE) signals of high 
amplitude have been observed in previous 
research [2].  When steel is exposed to H2S for 
extended periods of time, hydrogen can penetrate 
the surface of the metal and diffuse inside the 
material. At an initial stage, hydrogen accumulates 
at weaker interfaces. Once the hydrogen reaches a 
critical level of pressure, the de-cohesion of weak 
interfaces occurs to form a crack, and the 
cumulative energy of AE events shows a sharp 
increase, depending on the size of the initial crack. 
After the crack initiation, the gaseous hydrogen 

continues to accumulate in the blisters until the 
pressure is sufficient to make the crack grow. 
Cumulative energy shows continuous increase 
during the stable crack growth stage. At the final 
stage, the crack ceases to grow and no AE related 
to HIC can be observed [3]. 

Although crack propagation in uniaxial conditions 
has been widely studied, crack development under 
biaxial loading, which often better representing the 
loading scenarios in practice, such as pressure 
vessels and pipelines, are to be considered in this 
research. The capability of AE techniques in 
monitoring crack growths with different loading 
routes under biaxial stress conditions is also of 
great interest. 

II. METHODOLOGY 
The traditional way of using finite element method 
to model crack propagation comes with a 
considerable computational cost as the mesh 
needs to be regenerated along with the crack 
increment. Considering this limitation, several 
approaches based on the concept of partition of 
unity had been proposed, including the extended 
finite element method (XFEM) [4]. XFEM has been 
applied in modelling material discontinuities, and 
will be used in this study for crack propagation. 

Once the mechanism of the above-mentioned 
dynamic crack growth process is clarified, during 
which the AE waves are generated, it is necessary 
to study the propagation and attenuation of the 
elastic waves emitted with a replaced smplified AE 
source to build the modelling capacity. 

In the first method of simplified AE source , to save 
computational time, the stress field is calculated 
with a tensile load applied to the un-cracked plate 
using a static analysis, and then imported as a 
predefined field in the dynamic analysis. The 
boundary condition of the crack surface is defined 
as symmetry in the static analysis. In the dynamic 
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analysis, the boundary condition of the crack 
surface is deleted. The idea of such a first approach 
is to release the node of the crack to simultae the 
instantaneous crack surface growth and generate 
elastic waves [5, 6]. Anthoer method, in which the 
stiffness of elements of the propagating crack are 
reduced, can also be tried in [7].  

 
Figure 2 The model used in the first method 

III. RESULTS 
The time vs vertical displacement curve of the 
output points are plotted and shown in Figure 3. 
The distance between output point (AE sensor) and 
the crack is 0.3m. As AE sensors used in 
experiments have frequency responses, in order to 
compare results obtained from finite element 
modelling and those from experiments, numerical 
filters are applied to the signal resulted from 
modelling. First the time domain signal is 
converted to frequency domain using Fast Fourier 
Transform (FFT), which is a commonly used tool 
for obtaining frequency contents of a signal. Then 
a Gaussian filter is applied to modify the signal’s 
spectrum, in the end the data is converted back to 
the time domain (Figure 3).  

 
Figure 3 The time versus vertical displacement 
curve of output point  

 
Figure 4 Time domain of vertical displacement 
signal of output point after filtering 

IV. DISCUSSION AND FUTURE PLAN 
An FEA model is being developed to simulate the 
instantaneous crack growth and generate different 

models of waves. With initial simulation results 
available, further experiments need to be done to 
verify the present numerical model.  

The FE modelling work will be continued using 
XFEM to model the crack propagation under biaxal 
stress conditions. Then the acostic emission 
generated by crack propagation can be modelled 
based on the crack propagation information from 
XFEM results. Experiments of crack propagation 
under biaxial stress conditions will be conducted to 
characterise the AE signatures. In comparison of 
the experiment results, the effective numerical 
model for the prediction of the dynamic crack 
growth under biaxial stress condition can be 
obtained, and the capability of AE technology in 
monitoring crack growths with different loading 
routes in biaxial loading conditions can be further 
employed.  
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I. INTRODUCTION 
Plasma is commonly known as the fourth state of 
matter; it is essentially ionised gas, composed of a 
complex mixture of electrons, ions, and neutrals.  
Plasmas are generated and sustained by a balance 
between the generation and losses of charged 
particles e.g. charged particles are often generated 
by gas ionisation, but are also lost to electrodes. 

A typical electron beam gun machine is depicted in 
Fig. 1, with a plasma source.  Sources for electron 
guns have conventionally relied upon heating 
metals e.g. W, Ta to a few thousand K, in order to 
enable thermionic electron emission. 

The problem of thermionic emitters is that the 
process intrinsically causes wear, in that material 
evaporates due to high temperature.  Not only 
does this affect beam reliability during operation, 
but the thermionic emitter itself must eventually 

be replaced.  On the other hand, a plasma is able 
to avoid material evaporation by not needing 
materials to be heated, offering a long-life electron 
source and therefore a reliable beam.   

Thermionic sources are also highly sensitive to 
contaminating particles e.g. electronegatives from 
the residual vacuum, and ion back-scattering.  
These contaminants accelerate wear, and hence 
thermionic emitters require a strict vaccum 
environment.  However, in a plasma the gas is 
constantly replenished, and such small 
contamination is unlikely to significantly alter the 
plasma. 

 

II. METHODOLOGY 
Previous experimental work [1] studied several 
important parameters for optimising extracted 
beam power, such as pressure, magnetic fields, 
and geometry.  Simulation will be used to provide 
more detailed diagnostics to build upon this data, 
and help to optimise the design of the plasma 
electron source more efficiently.  The software 
used to simulate the plasma device is XOOPIC [2], 

Figure 1: Schematic of a typical plasma cathode 
electron gun (not to scale). 𝒑𝒑𝒅𝒅 , 𝒑𝒑𝒗𝒗 , and 𝒑𝒑𝒘𝒘 are the 
pressures of the plasma discharge, vacuum, and 
working chamber respectively, where 𝒑𝒑𝒅𝒅 ≫ 𝒑𝒑𝒗𝒗 and 
𝒑𝒑𝒗𝒗 ~ 𝒑𝒑𝒘𝒘 . 

Figure 2: Axisymmetric simulation domain of the 
plasma discharge. 
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a particle-in-cell code.  The magnetic field in the 
plasma device is generated by a permanent 
magnet, and this field is solved for using a finite-
element magnetics solver, FEMM [3].  The 
magnetic field computed from FEMM is then 
imported into the plasma simulation.   

 

III. RESULTS & DISCUSSION 
Bennchmarking results have been obtained for the 
geometry in Fig.2, at a pressure of 5.8E-1 mbar.  
One of the important input parameters for the 
discharge is the secondary emission coefficient 𝛾𝛾𝑠𝑠𝑠𝑠, 
which is the electron yield per ion incident on a 
material.  Since 𝛾𝛾𝑠𝑠𝑠𝑠 is not determined 
experimentally here, a range of values are studied 
in order to help benchmark the model.  The range 
of 𝛾𝛾𝑠𝑠𝑠𝑠 tested is based on typical values obtained 
from [4], and the results are depicted in Fig. 3, 
showing the model is a valid description of the real 
system. 

A ring magnet is placed on the emission plate and 
produces a magnetic field which lies mostly along 
the z axis, and is concentrated in the inter-cathode 
region (from the end of the hollow cavity to the 
emission plate, Fig. 2).  As depicted in Fig. 4 where 
the magnetic field is applied incrementally, the 
plasma itself also becomes concentrated in the 
inter-cathode region, and achieves over an order 
of magnitude increase in plasma density 𝑛𝑛𝑒𝑒.  Since 
DC conductivity 𝜎𝜎𝑑𝑑𝑑𝑑 ∝  𝑛𝑛𝑒𝑒, this results in a decreased 
voltage across the plasma. 

External magnetic fields are known to confine 
charged particles via various drifts.  The magnetic 
field in the inter-cathode region deflects particle 
trajectories, giving an increased path length and 
more opportunities for collisions.  This results in 
increased ionisation and therefore plasma density 
in this region.  The increase in electron density 
near the anode will more effectively shield the 
electric field from entering the hollow cavity. 

 

IV. CONCLUSIONS 
• The simulation model has been benchmarked 

against experiment by exploring a range of 𝛾𝛾𝑠𝑠𝑠𝑠. 
• Benchmarking results of simulations including 

the magnetic field agree qualitatively with 
experiment. 

 

V. FUTURE PLAN 
Simulation: 

• Breakdown simulations, studying the effect of 
geometry and magnetic field. 

• Extension of the model to include the emission 
region. 

Experiment: 

• Construction of a Langmuir probe in order to 
gain more experimental diagnostics for 
verification with simulation. 
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Figure 4: Plasma density (𝒎𝒎−𝟑𝟑) non-uniformity due to external magnetic field scaled from a N42 ring. 
Pressure = 1.4E-1 mbar and plasma current = 10 mA.  

Figure 3: Comparison of experimental results with 
simulation, without an external magnetic field, 
and pressure = 5.8E-1 mbar. 

69



70

Placeholder for picture – 
please send a JPG to 
James Brookman 

Chris Nyamayaro 
Chris obtained his BEng and MSc in Aerospace and Mechanical Engineering at 
Swansea and Birmingham University respectively. As a PhD student at Lancaster 
University his research project explores the theoretical and practical investigation of 
underwater laser cutting for decommissioning applications. Chris hopes to develop 
underwater fibre delivered laser beam cutting technology for primarily 
decommissioning applications towards oil and gas and nuclear industrial sector. 

Underwater laser cutting in increasing 
hydrostatic pressure conditions 

Chris Nyamayaro1, Dr Ali Khan2, Dr Andrew Pinkerton3, Dr David Cheneler4 Dr Darren Williams5 

1Lancaster University, 2TWI 
3rd Year of PhD 

Keywords: Underwater laser cutting, decommissioning, 
subsea 

I. INTRODUCTION
Energy Act 2008 requires that a large proportion of the 
North Sea infrastructure will need to be 
decommissioned in the next 30 years. So far in the UK 
continental shelf only 88 out of 1500 installations have 
been decommissioned to date. With more stringent 
environmental legislations related to global warming 
and low oil prices, it's thought that decommissioning will 
become a priority for many companies, as the overall 
cost of production is no longer financially viable. This 
potentially likely to provide substantial decommissioning 
opportunities for years to come.  

There is currently a selection of different Subsea Cutting 
Methods which could be effectively utilised for 
Decommissioning offshore installations. Three main 
competing technologies for decommissioning subsea 
structures are abrasive water jet, diamond wire cutting 
and plasma arc cutting. However, in order to couple with 
varied geometries and thicknesses, a single tool with 
flexible functionality (ease of remote deployment, 
operation and maintenance) and capability to cut both 
from outside-in and inside-out would be considered 
highly desirable. Fibre delivered laser beam cutting has 
the potential to deliver these benefits by means of 
cutting safer, cheaper and faster. 

Also, fibre delivered underwater laser cutting has the 
potential to develop a system that can cut installations 
at extreme water depths. As the water depth increase 
by 10 m, the hydrostatic pressure increases by 
approximately 1 bar.  

DESIGN/METHODOLOGY/APPROACH 

In order to simulate offshore conditions a first-of-its-
kind pressure vessels was designed, and manufactured 
by TWI Ltd. The vessel was integrated with capability to 
move the workpiece with 3-degrees of freedom, 
dynamically balance the pressure up 35bars 
representing depth of ~350m, provide process visual 
monitoring and recording capability. The system can be 
pressured to a desired level within minutes.  

The cutting trials were carried out using a 10 kW Yb fibre 
laser system, with optical fibre and all associated 
services delivered through a prototype underwater laser 
cutting head capable of withstanding the hydrostatic 
conditions. The experiment setup is illustrated using a 
high-pressure vessel lid in the following Figure 1: 

Figure 1: Experiment setup 

Horizontal underwater laser cutting trials were carried 
out in increasing hydrostatic pressure conditions of 0, 5, 
10, 15 and 20 bar in the vessel. The goal was to cut at 8 
bar relative compressed air pressure to that of the 
vessel, which varied from 13, 18, 23 and 28 bar 
respectively.  

A laser power of 10 kW was used to cut C–Mn steel 
workpieces from a thickness of 5-50 mm. The focus 
position was located 18 mm inside the material. All 

Cutting gas 

Hydraulic 
motor 

10 kW fiber laser 

IPG chiller 

Air bottle to 
pressurize tank 
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experiments were recorded using a Panasonic camera 
and the results were plotted. 

II. FINDINGS/RESULTS 
The following Figure 2 shows the maximum cut thickness 
with the corresponding cutting speed at different 
hydrostatic pressure conditions: 

 
Figure 2: Maximum cut thickness with the corresponding 

cutting speed 

Here it can be seen that a 50 mm thickness C-Mn steel 
workpiece can be adequately cut with a maximum 
cutting speed of 200 mm/min at all hydrostatic 
pressures. Thereafter, the maximum thickness that 
could be cut decreased with increase in the cutting 
speed for all hydrostatic pressure conditions. 
 
For the maximum cut thickness, the dross height for 
every millimetre of the cut was measured using a 
Vernier caliper. The average dross height was calculated 
using Microsoft Excel. The following Figure 3 shows the 
dross height curves plotted at different hydrostatic 
pressure conditions: 

 
Figure 3: Average dross height with the corresponding 

cutting speed 

As expected, the average dross height decreased with 
increasing cutting speed for 1 atmosphere hydrostatic 
pressure condition. However, the relationship between 
the average dross height and cutting speed at higher 
hydrostatic pressure conditions is unclear. At 5 and 15 
bar, the average dross height increased with increasing 
cutting speed whilst at 10 and 20 bar, the average dross 
height increases with increasing cutting speed up to 150 
mm/min then decreased. Figure 3 also shows that the 

average dross height decreases with increasing 
hydrostatic pressure at all cutting speeds.  
 
The kerf width was measured 2 mm from the start and 
end of the cut at all cutting speeds. The measurements 
were taken from the top of the workpiece using a 
Vernier caliper. The following Figure 4 shows the 
average kerf width with the corresponding cutting 
speed: 

 

Figure 4: Average kerf width with the corresponding 
cutting speed 

The average kerf width decreased with increasing 
cutting speed at all hydrostatic pressure conditions.  

III. DISCUSSION/CONCLUSIONS 
The following conclusions can be drawn from the 
hyperbaric underwater laser cutting trials: 

 A maximum cutting speed of 200 mm/min was 
used to cut a 50 mm thick C-Mn steel workpiece 
at a hydrostatic pressure of 5, 10, 15 and 20 bar. 

 The average dross height decreased with 
increasing hydrostatic pressure at all cutting 
speeds. 

 The average kerf width decreased with 
increasing cutting speed at all hydrostatic 
pressure conditions 

IV. FUTURE PLAN/ DIRECTION 
 Develop an analytical model for underwater 

laser cutting that will be verified by 
experimental results 

 Validate underwater gas jet expansion model 
with gas jet visualization experiments 
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I. INTRODUCTION 
In the transport sector, there has been a recent 
emphasis on the practice of ‘light-weighting’ in 
which engineers attempt to reduce the overall 
weight of structures in order to: 

• Meet emission targets and standards as 
required by both national and international 
legislation and policy 

• Improve the fuel economy of the vehicle and 
reduce costs for the owner 

• Meet the public’s environmental expectations 
of the sector. 

The main way in which manufacturers minimise 
the weight of transport structures is by selecting 
higher strength construction materials to use. 
Such materials are not only metallic; there are 
also non-metallic materials: Carbon Fiber 
Reinforced Polymer Composites (CFRPs), such as 
PEEK, which can be used in conjunction with their 
metallic counterparts, to create materials that are 
both lightweight and tailored to their purpose. 
However, despite the benefits of integrating 
CFRPs with metallic materials, there are a number 
of issues relating to the manipulation and joining 
of these very different materials. 

TWI has developed a technique it has termed 
‘laser riveting’ which offers a quicker, cheaper, 
more flexible and more effective way to 
circumvent the limits of existing mechanical 
fastening techniques. 

II. DESIGN AND APPROACH 
The final aim of this research is to create a 
dissimilar joint between composite and metal. In 
this case, the project consists of two main 
research progresses: laser metal wire deposition 
(LMWD) to build a solid rivet on the metal 
substrate, and dissimilar joining to interlock 
composite sheet to the metal substrate. The 

different metals (titanium, aluminium, and steel) 
will be used to create dissimilar joints with CFRPs 
after designing and developing the experiment. 
Several analyses will be conducted including, but 
not limited, to metallurgy, strength and fatigue 
tests. For the numerical analysis, an ABAQUS 
simulation of laser riveting will be applied in this 
project.

 
Fig 1. LMWD processing system set up. 

So far, the main investigation on the first 
research progress, LMWD, has been completed. 
This focuses on the cylinder building in three 
areas: wettability checking, feasibility study on 
Ti6Al4V, and parametres control both on 304 
stainless steel and AA 60601 deposition. Some 
trials of dissimilar joining for steel to alumininium 
have been tested and analysed at the end of this 
phase. LMWD experiment processing system 
shows in Fig 1. 

In the feasibility study of cylinder building, two 
different shapes were explored. In both cases, 
because of the limited deposition rate, one single 
layer of material was not sufficient to build a 
cylinder. Thus, each cylinder was manufactured 
by depositing a certain number of layers onto the 
substrate. Two different path strategies were 
adopted for depositing the material in each layer: 
the 3-arcs and full circle path strategies. 

After the processing parameteter control and 
improvement trials of steel deposition have been 
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conducted, targets on the key factor of industry-
productivity-time shorten. Through the processing 
parameters control, different deposition strategies 
have been designed: high speed (HS) deposition 
by increasing the speed and reducing the cooling 
time, then a new continuous deposition method 
(Con) developed which removed the cooling step 
between layers. Results are compared in the next 
paragraph. 

III. INITIAL FINDINGS 
1. Feasibility check for cylinder deposition of 
Ti6Al4V: 

 
Fig 2. Multiple layers Ti6Al4V cylinder deposited 
by LMWD applied with (a) 3-arc path and (b) full 
cycle deposition path. 

2. Parametre control and improvement of 
stainless steel cylinder deposition: 

 
Fig 3. Total processing time results from the 
comparison of different deposition methods. 

3. Initial trials of dissimilar joining for aluminium 
to steel: 

 
Fig 4. The dissimilar joint trial of steel and 
alumininium plates. 

 

IV. DISCUSSION AND CONCLUSIONS 
In the preliminary stage of this research, single 
layer cladding and multiple layer deposition 
experiments were conducted using 3-arc path and 
full circle path strategies respectively. Both 
results proved the feasibility of the cylinder 
building based on the laser wire deposition 
method in the micro-scale (circle radius from 
500𝜇𝜇𝜇𝜇 to 1.5𝑚𝑚𝑚𝑚). 

Although, the multiple layers were successfully 
implemented in the two path strategies, the 
results still demonstrated flaws in the single 
cladding, and a build angle issue while building 
the 3-arc path layered deposit, Fig 2(a). This 
issue was solved by changing deposited mass, 
which allowed successful deposition of proper 
geometry with desirable microstructure, Fig 2(b). 

In the multiple layer deposition of steel trials, 
several deposition methods were developed by 
adjusting different processing parameters, which 
include but are not limited to, power, travel 
speed, cooling time and deposition path strategy. 
The initial feasibility trial is refered to as normal 
deposition (baseline), which was used as the 
benchmark for deposition procedures in order to 
reduce the processing time. These included high 
speed (HS 1&2) and continuous spiral deposition 
(CON). The outcome was a reduction in the 
overall deposition time by 85%, while delivering 
similar mechanical and metallurgical benefits. 

In the development of the LMWD process, the 
variation of processing parameters such as 
shielding gas position, wire feed and retraction 
speed was found to be critical for build height and 
geometry adjustment. 

 

V. FUTURE PLAN/DIRECTION 
1. Joints development 

The build process and procedures developed so 
far will now be taken forward to develop a 
disimilar joint between a composite sheet and a 
metal substrate. A mechanical joint performance 
experiment will also be carried out to discern and 
understand the major performance variables from 
the laser riveting process. 

2. Evaluation of joints 

After the joints are completed, results analyses, 
i.e., high-speed video and wettability, will be 
conducted to research the material’s behaviour 
when undergoing laser riveting, in order to 
develop a deeper understanding of the process. 

3. Numerical modelling 

For some of the lab experiments, a numerical 
simulation will be developed and built to calibrate 
the results, assist the experimental investigation 
and better predict how the process will work 
under different conditions. 
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I. INTRODUCTION 
Friction Stir Welding (FSW) is a solid-state joining 
process that in its simplest form uses a non-
consumable tool with a specially designed 
shoulder and probe to stir material softened by 
friction to form a joint, such as demonstrated in 
Figure 1.  

 

 
Figure 1 - Schematic of the FSW process [1]. 

 
The primary aim of the research project is to 
investigate the influence of welding variables on 
the microstructure and mechanical of welds 
created in thick section aluminium and thereby 
develop the technical and commercial benefits of 
the FSW process. 

 

II. METHODOLOGY 
Plates of 900x130x50mm AA5083-H111, AA6082-
T651 and AA7050-T7451 were welded to the 
same grade of alloy by Weld-Flip-Weld (WFW-
FSW) and Simultaneous Double Sided (SDS-FSW) 

and subsequently tested. The composition of the 
alloys is presented in Table 1. Further plates of 
500x130x50mm were welded using Supported 
Stationary Shoulder (SSS-FSW) as this technique 
was untested in the thickness of material, 
investigation into tool life was first necessary. All 
welds were produced using the PowerStirTM 
available at TWI Ltd in South Yorkshire. 

Wt. % AA5083 AA6082 AA7050 

Al 94.200 97.5 90.600 

Cr 0.110 0.011 0.008 

Cu 0.070 0.016 1.850 

Fe 0.350 0.19 0.120 

Mg 4.430 0.74 1.830 

Mn 0.480 0.53 0.010 

Other 0.028 0.076 0.04 

Si 0.240 0.92 0.054 

Ti 0.017 0.010 0.058 

Zn 0.075 0.007 5.290 

Zr - - 0.140 

Table 1 - Composition of alloys. 
 

Microstructural analysis of the material included 
Optical Emission Spectroscopy, Energy dispersive 
X-ray spectroscopy (EDX), X-ray Diffraction (XRD) 
and Optical Light Spectroscopy (OL). Mechanical 
testing focused on Micro-hardness and tensile 
testing. In addition, energy input into the weld 
was calculated.  

 

III. RESULTS & DISCUSSION 
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Results for the WFW-FSW in AA7050-T7451 are 
presented below.  The weld was produced using 
traverse and spindle speeds of 130mm/min and 
130rpm respectively. Figure 2 and Figure 3 show 
the macrograph and microstructure. Within the 
stir zone (Figure 3d, e & f) the grains are 
equiaxed and particles appear intergranular. 
Where the probes overlapped and produced a 
double processed region, e, the grains are much 
smaller. Whereas in the Heat Affected Zone 
(HAZ), where the heat input was sufficient to 
allow the precipitates and grains to grow, there 
are several larger grains surrounded by smaller 
grains.  

 
Figure 2 - Macrograph of G03/04 identifying 

regions of microstructural analysis. 
 

 
Figure 3 - Microstructure of G03/04 once etched 

in Krolls reagent. 
 

The hardness of the weld, shown in Figure 4, 
suggests that where the Thermo-Mechanical 
Affected Zone (TMAZ) meets the HAZ the material 
retains 55% of the hardness of the Parent 
Material (PM). This relates to the larger grains 
shown in Figure 3, which were influenced by the 
heat from the weld. However in the stir zone 
there is a 70% retention in hardness compared to 
the PM. Although this region is hotter than the 
HAZ, the mechanical deformation of the grain 
structure by the rotating probes produces grains 
typically a factor of 10x small than the PM and 
equiaxed. This reduces the effect of the heat 

input by forming more grain boundaries for the 
dislocations to pass through. The HAZ does not 
appear to extend beyond 30mm from the centre 
of the weld, a distance of only 10mm further than 
the shoulder of the tool. Compared to other FSW 
techniques investigated in this project, this is a 
much narrower HAZ.   

 
Figure 4 - Micro-hardness contour map of 

G03/04. 
 

IV. CONCLUSIONS 
Overall, eleven welds have been produced in 
50mm thick aluminium alloys. These have been 
produced using Friction Stir Welding (FSW) 
variants; Weld-Flip-Weld (WFW-FSW), 
Simultaneous Double Sided (SDS-FSW) and 
Supported Stationary Shoulder (SSS-FSW).  

 

The following observations have been made with 
regards to the microstructural and mechanical 
properties of the welded materials; 

• Retention of ~70% hardness is observed in 
the stir zone but only 55% at the TMAZ/HAZ 
transition. 

• The HAZ extends only 10mm wider than the 
shoulder of the tool.  

• The macrograph of WFW-FSW shows a clear 
hourglass shape to the stir zone.  

• Grains within the stir zone appear equiaxed 
and refined compared to the grains in the 
HAZ.  

 

V. FUTURE PLAN 
Future work on this project will continue the 
investigation into the microstructure of the 
welded material by conducting EBSD analysis. Full 
section tensile testing will be continued to provide 
tensile properties for the 50mm thick samples. 
Residual thermal stresses will be calculated using 
XRD analysis and further EDX mapping will be 
undertaken.  
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I. INTRODUCTION
Refill Friction Stir Spot Welding (RFSSW) is the
latest industrially relevant variant of the friction stir
spot welding technologies. It provides significant
advantages on aluminium joining compared to
conventional single point joining technologies.

Although the welding tool plays a critical role in the 
RFSSW process, there is a lack of publicly available 
and experimental data regarding RFSSW tool 
design. As highlighted by other authors [1,2], the 
effect of different tool materials and external 
geometrical features on the microstructural and 
mechanical properties have not been widely 
studied.  

This investigation aims to understand the influence 
of different tool materials and designs on the 
mechanical performance and microstructural 
properties of joints produced by RFSSW.  

II. MATERIALS AND METHODS
AA2024-T3 and AA7075-T6 aerospace grade
sheets with a thickness of 2 mm were used as the
base material for similar material welds. Single-
spot overlap welds were produced using an
optimised process parameter combination selected
based on previous work using TWI’s Kawasaki
RFSSW C-frame system.

The tool materials used in this investigation were 
M42 High-Speed Steel (hardened to 55 HRC) and 
WC-Co, coated with a diamond-like carbon coating. 
Physical properties are presented in Table 1.  

Table 1 - Physical properties of tool materials. 

Three different RFSSW tools were produced using 
different tool materials and designs, as 
summarised in Table 2. 

Table 2 - RFSSW tool materials and designs. 

Figure 1 and Figure 2 show the RFSSW tools used 
in this work. Shoulder and probe outer diameters 
are 7 and 4 mm, respectively.  

Figure 1 - Featureless RFSSW tool components: 
A) Tool 1 and B) Tool 2.

Figure 2 - M42 RFSSW tools components: A) Tool 2 
and B) Tool 3. 

Metallographic specimens were sectioned, polished 
and etched with Keller's reagent for microstructural 
analysis. Optical microscopy was conducted using 
an OLYMPUS GX71 microscope. Weld strength was 
evaluated via lap shear testing in accordance with 
BS EN ISO 18785-4:2018 using an INSTRON 8502 
tensile machine with a displacement rate of 1 
mm/min at room temperature. Three specimens 
were tested for each tool and alloy combination.  

M42 WC-Co 

Density [Kg/m³] 7.9 14.4 

Modulus of Elasticity [kN/mm²] 200.0 580.0 

Thermal Conductivity [W/m °C] 28.0 105.0 

1 

Tool Material Tool Design
Tool 1 WC-Co Featureless
Tool 2 M42 Featureless
Tool 3 M42 Left-hand groved 

Room 5 at 15:40

III. RESULTS AND DISCUSSION 
Table 3 presents the lap shear strength results 
obtained in this investigation. All welds surpassed 
the shear strength requirements for resistance 
spot welding set by AWS D17.2/D17.2M:2013. 
Furthermore, Tool 3 produced joints which 
surpassed the strength requirements set for 
aluminium rivets as defined by MMPDS - 4, 2008.  

Table 3 - Lap shear strength (LSS) results 

 
The presence of an external grove on the plunging 
component improved the weld mechanical 
performance on both alloys. This could be related 
to a more effective material mixing action and 
downward flow, as described in the simulations 
presented by Ji et al.[3]. This outcome suggests 
that other tool designs with external geometrical 
features could lead to further improvements in the 
mechanical performance of the weld. Based on the 
knowledge gathered in previous investigations [4], 
it was expected that a tool material with lower 
thermal conductivity would produce weaker welds, 
due to the increase in weld temperature and 
consequently alloy annealing. However, using 
different tool materials produced different 
outcomes on the weld mechanical properties for 
each alloy. Ongoing work focuses on explaining 
these observations. 

The typical microstructure and metallurgical 
features of RFSSW can be observed in Figure 3.  

 
Figure 3 - AA2024-T3 RFSSW Cross-section made 
with Tool 3. 

Fully consolidated welds were produced using all 
tool variants. Figure 3.A) and B) shows the hook 
feature (unbonded edge) and the interface 

between the stir zone (SZ) and the thermo-
mechanical affected zone (TMAZ), respectively. 
The increase in downward flow of material by 
Tool 3 enabled an extension of the SZ as well as a 
reduction in the height of the hook feature. 
Furthermore, the hook tip is located away from the 
shoulder interface.  

IV. CONCLUSIONS AND FUTURE WORK 
Fully consolidated welds were produced using all 
tool design variants. Due to the geometrical 
features present in the plunging component of the 
tool 3, the increased stirring actions produced 
larger welded areas compared to those achieved 
using featureless designs.  

The use of an external geometrical feature on the 
plunging component improved the stirring action of 
the tool, enhancing material consolidation and 
increasing lap shear strength. This promising 
finding suggests further research should address 
this topic. 

Due to the different observations for each alloy, the 
correct choice of tool material has a significant 
effect on the mechanical performance of the weld 
properties and can lead to either a positive or 
negative impact. This suggests that a correct 
choice of tool material is a key design consideration 
to maximise the weld mechanical performance. 

Future work will focus on determining the wear rate 
of the different tools when welding high strength 
aluminium alloys and quantify tool life expectancy. 
At the time of failure, the cost per weld can be 
determined and thus determine the most cost-
effective tooling solution. 

V. ACKNOWLEDGEMENTS 
This work was co-funded by the Industrial 
Members of TWI as part of the Core Research 
Programme and Coventry University via a PhD 
programme. The work was enabled through, and 
undertaken at, the National Structural Integrity 
Research Centre (NSIRC), a postgraduate 
engineering facility for industry-led research into 
structural integrity established and managed by 
TWI through a network of both national and 
international Universities. 

REFERENCES 
[1] Montag, T., Wulfsberg, J.P., Hameister, H. and 

Maschner, R., 2014. Influence of tool wear on 
quality criteria for refill friction stir spot welding 
(RFSSW) process. Procedia CIRP, 24, pp.108-113. 

[2] Feng, X.S., Li, S.B., Tang, L.N. and Wang, H.M., 
2020. Refill Friction Stir Spot Welding of Similar and 
Dissimilar Alloys: A Review. Acta Metallurgica Sinica 
(English Letters), pp.1-13. 

[3] Ji, S., Wang, Y., Li, Z., Yue, Y. and Chai, P., 2017. 
Effect of tool geometry on material flow behavior of 
refill friction stir spot welding. Transactions of the 
Indian Institute of Metals, 70(6), pp.1417-1430. 

[4] De Sousa Santos, P., Gandra, J., McAndrew, A. and 
Zhang, X. (2019) "Refill friction stir spot welding 
parameter optimisation for transport industry 
aluminium alloys" in NSIRC 2019 Annual 
Conference. 

AA2024-T3 AA7075-T6

LSS minimum [kN] 

(AWS D17.2/D17.2M)

LSS minimum [kN] 

(MMPDS-4 2008)

LSS Tool 1 [kN] 8.59 ± 0.10 9.11 ± 0.03

LSS Tool 2 [kN] 8.97 ± 0.11 8.62 ± 0.12

LSS Tool 3 [kN] 9.10 ± 0.04 10.72 ± 0.21

5,72

8,99 9,43
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I. INTRODUCTION
Fiber reinforced composites are often found in
close proximity to antennas, interacting with the
near field and affecting their performance. Such is
the case for conformal antennas mounted on
composite panels and for radars behind composite
radomes. The dielectric characterization of such
materials is complicated due to the fact that
composite parts usually come in the form of multi-
layered structures, called "laminates", that exhibit
an-isotropic characteristics due to the fiber
orientation on the weave of each  layer [1]. This
an-isotropic behavior is further exacerbated when
conductive fibers are used to reinforce the
mechanical/thermal properties of the composite,
as is the case for all carbon fiber composites.

II. DESIGN/METHODOLOGY/APPROACH
At microwave frequencies, while the wavelength is
significantly larger than tow and the periodic
features of the weave of the reinforcement fabric,
weak spatial dispersion effects take place when an
incident wave interacts with the composite
substrate[2].

Fig. 1. Reinforcement microstructure of a carbon 
fiber composite laminate modelled with 

Math2Market GeoDict 2020. It consists of 5 layers 
of plain weave carbon fiber (red: horizontal tows, 
black: vertical tows) 

A “homogenization” approximation is thus possible 
and the composite can be described as an 
effectively continuous material with uniaxial 
dielectric anisotropy [3] [4]. It is also often 
assumed that the composite material will not have 
any magnetic properties (μr=1) [5]. 

A number of methods have been proposed in 
literature for the calculation of the complex 
permittivity matrix, including free space, 
waveguide and resonant cavity methods [6]. 
Nonetheless, making an accurate assumption on 
the wavelength inside the composite material is 
often not possible, which in turn creates difficulties 
with methods that utilize resonant effects, where 
the thickness of the material is crucial. 

For that purpose, a number of carbon fiber 
reinforced composite samples were manufactured 
in this work and their complex permittivity was 
measured. The free space method was used with 
composite panel samples placed on a holder 
perpendicularly between a set of the pyramidal 
horn antennas. The distance between each horn 
and the sample was selected to be 10 times the 
wavelength so that the incident wave on the 
sample surface is approximately a planar wave. A 
TRL (Transmission-Reflect-Line) calibration was 
implemented to move the reference plane of the 
incident wave at the location of the sample and 
thus clear the measured signal from reflections [7]. 
The resulting reflectance value were subsequently 
used to calculate the frequency and material 
dependent complex permittivity values and the 
caracteristic coefficients of surface wave 
propagation.  
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Fig. 2. Photo of the experimental setup, 
showcasing the carbon fibre composite sample, 
the pyramidal horn antennas and the holder used. 

III. FINDINGS/RESULTS 
As frequency increases and the wavelength 
becomes comparable to features of the internal 
structure of the composite part, spatial dispersion 
becomes more significant and resonant effects 
start taking place inside the composite. There is 
therefore a transition from an effectively 
continuous medium to what could essentially be 
described as an artificially dielectric metamaterial 
characterised by a complex permittivity tensor[6]. 

 
Fig. 3. Measured permittivity values for different 
types of composite materials (real part). 

 
Fig. 4. Measured permittivity values for different 
types of composite materials (imaginary part, 
inverted sign). 

 

The surface wave propagation coeffients can be 
calculated using the resulting complex permittivity 

values for a hypothetical surface wave propagating 
along the inteface between two semi-infinite 
media, air (medium I) and a composite material 
(medium II). 

 
Fig. 3. Measured permittivity values for different 
types of composite materials (real part). 

IV. DISCUSSION/CONCLUSIONS 
 

Due to the significant variations in weave types, 
tow dimensions and fiber conductivity, this 
behavior and the frequency at which this transition 
occurs per composite type has not been well 
documented, but this phenomenon is expected to 
have severe effects on antenna applications such 
as aerospace or automotive conformal antennas 
directly  mounted on composite panels.  

 

V. FUTURE PLAN/DIRECTION 
Future work will be focused on the investigation of 
the properties of additional composite types and 
laminate configurations, and experimental 
evaluation of a surface wave communication 
system that would consist of more intricate intrface 
geometries and improved surface wave excitation 
antennas and tranceivers.  
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I. INTRODUCTION
High-density polyethylene (HDPE) is wldely used in
pipe applications because of the lower cost and
higher resistance to chemical corrosion and
biological attack compared with metallic materials
[1]. PE100 is a new generation of HDPE with
improved mecanical performance brought by
applying short chain branching and bimodal
molecular weight distribution [2]. Carbon black
(CB) is one of the most widely used additives in PE
pipe due to its low cost and absorption of UV which
contributes to the resistance of HDPE pipes against
photo degradation [3].

During the extrusion of HDPE pipes, fine particle 
additives like CB tend to agglomerate and in 
addition to this the high molecular weight part of 
PE100 tends to self-segregate and float in the 
molten low molecular weight part due to significant 
viscosity difference between these two [4]. 
Insufficient homogenisation during in-line 
extrusion of black HDPE pipes has been observed 
as white striations within the pipe, called windows. 
Previous work at TWI [5] and by Deveci et al. [6] 
has shown that butt fusion (BF) welds in PE pipes 
containing windows can have reduced short-term 
integrity. 

The main objective of this current project is to 
determine the relationship between the extent of 
windows and the mechanical performance of the 
BF joints in order to determine the maximum level 
of windows that does not affect the joint integrity. 

II. METHODOLOGY
Butt fusion welding was conducted on five sets of
110mm SDR5 PE100 pipes made on a laboratory
extrusion line with different levels of windowing
(Table 1).

Before carrying out the welding, a procedure for 
quantifying the level of windows in the pipe was 
developed, which involved cutting a ribbon with a 
thickness of 250 ± 50µm and a length equal to the 
whole pipe circumference from the pipe end. A 
segment of 20mm × pipe thickness was cut from 
the highest windowed region in the ribbon. Each 
segment was photographed and a 10 × 10mm 
suqare was cropped from the photo to perform 
image analysis, based on a greyscale threshold 
(60) to quantify the window concentration (Figure
1).

Table 1 Variation of PE pipes with different level of 
windowing 

Pipe No. Windows level 
Pipe 1 No windows 
Pipe 2 High 
Pipe 3 Medium 
Pipe 4 Low 
Pipe 5 High (extruded with breaker plate) 

Figure 1. The image analysis process for window 
quantification 

Following the welding trials, waisted tensile 
specimens were machined from the welds 
according to BS EN 12814-7 [7] and the energy to 
break the weld was calculated. The specimen 
geometry and their position around the 
circumference of the joint are given in Figure 2 and 
Figure 3, respectively.  
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Figure 2. Waisted tensile specimen geometry 

        
Figure 3. Location of the waisted tensile specimens 
in BF joints made in HDPE pipe samples 

III. RESULTS 
Representative images of the 10mm × 10mm 
analysis areas from Pipes 2 to 5 are shown in 
Figure 4 and the average window percentage 
(AWP) for each pipe type is given under the 
respective image. Pipe 1 contained no windows. 

 
 

Figure 4. Window percentage of each set of pipe 

Figure 5 shows the mechanical properties of the 
joints. The average energy to break of the joints 
dropped significantly from 318J to 79J with 
increasing levels of windows and the average 
extension at break decreased from 27mm to 9mm. 

         

               
Figure 5 Mechanical properties of the BF joints from 
each set of pipes. 

The average energy to break per cross-sectional 
area of each pipe set was calculated and plotted 
against the log of AWP (Figure 6) in order to find 
the critical window level that does not affect the BF 
joint integrity. The highest value of energy to break 
per cross-sectional area from all of the specimens 
that fractured in a brittle mode (427 KJ/m²) was 
selected as the critical energy level. The 
corresponded critical window level was 0.5%. 

    
Figure 6. Plot of average energy to break per cross-
sectional area values of the BF joints from Pipes 2 
to 5 versus logarithmic AWP values 

IV. CONCLUSIONS 
The significant reduction of the average energy to 
break and average extension at break of the BF 
joints with increasing levels of windows indicate 
that the presence of windows has a significant 
effect on the short-term integrity of the BF joints 
made using these pipes. The critical level of 
windows in the pipe that does not affect the short-
term integrity of BF joints was determined to be 
0.5%. 

V. FUTURE PLAN 
Additional welds from commercial in-line extruded 
PE pipes will be carried out to determine whether 
welds from commercially-available pipe containing 
windows have data points on the same energy to 
break per unit area vs log (window percentage) as 
Pipes 1 to 5. Further mechanical tests will be 
carried out to determine the effect of windows on 
long-term performance of the BF joints made in 
these pipes. 
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66mm 

110mm 

Pipe 2 Pipe 3 Pipe 4 Pipe 5 
20.3% 2.6% 0.2% 18.4% 
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I. INTRODUCTION 
Perforated metal panels are currently used in 
many industries and applications including sound-
absorbing engine components, leading-edge anti-
icing, and blast protection systems. Due to the 
increasing demand for weight reduction, the 
aerospace industry, in particular, is trying to 
increase its exploitation of composite materials. 
Composite parts can be manufactured to near-
net-shape with minimum wastage of material; 
however, there is often a need for further 
machining. Creating holes for assembly amounts 
to approximately 90% of the aerospace industry’s 
requirements for composites machining [1]. 
Perforation of composite materials is currently 
carried out using conventional machining 
techniques, such as drilling and abrasive water jet 
cutting. However, these techniques cut the load-
bearing fibres and reduce the efficiency of the 
composite around the holes. This project is 
funded by TWI’s Member companies and aims to 
exploit the benefits of thermoplastic composite 
materials for perforated structures; it is a further 
development of the Thermally Assisted Piercing 
(TAP) process [2, 3], an innovative technique 
applied to mechanical fastening. In this 
technique, the thermoplastic composite is heated 
above its melting point and a pin is pushed into 
the material. Since the matrix is molten, the 
fibres are free to move around the pin. In 
previous work [3], the effects of varying the 
process parameters on a single 6mm diameter 
hole generated by the TAP process were studied. 
Strength improvements of up to 11% and 21% 
were found for pierced specimens compared with 
drilled specimens for open-hole tension and 
compression loading, respectively. 

II. APPROACH 

A multiple-piercing rig has been designed with the 
potential of piercing a thermoplastic composite 
structure with one hundred 2mm diameter holes 
simultaneously (see Fig1). The rig allows creating 
a variety of perforation patterns.  

 
Fig1. Multiple Piercing rig 

Test coupons were made of Carbon fibre 
reinforced Polyamide (CF/PA12) laminates with a 
nominal fibre volume fraction of 55%. The layup 
of the laminates was [0/90]8S.  

To understand the effect of the multiple thermally 
assisted piercing technique on the composite 
materials, various mechanical tests and NDT 
techniques were used. The coupons were divided 
into three groups to aid comparison: Unperforated 
(UP), and Perforated: Pierced (P), and Drilled (D). 

III. RESULTS 
Table 1 and Table 2 show a summary of results 
for open-hole tensile (OHT) and open-hole 
compression strength (OHC), respectively.  

 

Table 1.  OHT test results for unperforated, 
pierced, and drilled coupons. 
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 Unperforated Pierced  Drilled 

𝜎𝜎𝑀𝑀𝑀𝑀𝑀𝑀 (𝑀𝑀𝑀𝑀𝑀𝑀) 648 ± 77 658 ± 79 555 ± 
38 

Table 2. OHC test results for unperforated, 
pierced, and drilled coupons. 

 Unperforated Pierced  Drilled 

𝜎𝜎𝑀𝑀𝑀𝑀𝑀𝑀 (𝑀𝑀𝑀𝑀𝑀𝑀) 328 ± 49 233 ± 34 274 ± 23 

The mechanical test results indicated that pierced 
coupons have higher average strength under 
tensile loading. However, the compression test 
results proved otherwise.  

IV. DISCUSSION/CONCLUSIONS 
Results of the mechanical testing revealed two 
different behaviours of the pierced perforated 
composites. Under tensile loading, the OHT tests 
showed the pierced composite specimens to have 
a strength similar to the unperforated coupons 
and a significantly higher strength that the drilled 
equivalents. This was to be expected, and was 
one motivation behind using the TAP method to 
make holes. No fibres are cut when making the 
holes, allowing more of the fibres to carry the 
tensile stresses, even allowing for the stress 
concentration factor initiated by the hole. If this 
beneficial effect is continued in larger test panels 
containing an array of pierced perforated holes 
(not a simple line as investigated in this project) 
then the perforation using TAP offers significant 
benefits and impetus to increase the adoption of 
composites and exploit their advantages, in 
applications currently dominated by metals. 
However, when loaded under compression, the 
behaviour is different. The OHC strengths 
determined were lower than those obtained from 
the unperforated test coupons, and also slightly 
lower than the drilled specimens.  

 

Figure 2. OHC tests: (a) OHC test geometry, (b) 
Longitudinal fibres displaced around the hole, (c) 
Kink failure under axial compressive stress. 

The compressive failure behaviour of continuous 
aligned fibre composites is sensitive to local 
changes in fibre orientation, or fibre waviness, 

which can cause fibre buckling. The piercing 
process displaces the fibres around the pin 
(Figure 2.b. The changes in the fibre orientation 
do not have a significant effect under tensile 
loading of the coupon, however, under the 
compressive loading, they can act as an initiation 
for a local kink failure (Figure 2.c). Optical 
microscopy of the OHC tested pierced coupons 
demonstrated the kink band which can explain 
the lower failure strength of the pierced coupon, 
relative to both the unperforated and the drilled. 

 

Figure 3. Optical microscope image of a pierced 
coupon tested under OHC loading. 

The reduction in OHC strength measured may 
suggest that the use of the TAP process does not 
have any benefits if the application is dominated 
by compressive loading. However, if the 
application experiences mainly tensile loading the 
TAP technique can still be beneficial. Such an 
application may be in blast protection systems. 
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I. INTRODUCTION
Multiple material additive manufacturing (MMAM)
allows the production, in a single operation, of
components with varying functional materials
integrated into specific design locations. Targeting
properties such as high temperature resistant
alloy, as Inconel 718 (IN718) and highly corrosion
resistant 316L stainless steel, combined to produce
key components in systems with extreme 
environments such as gas and oil industries, or
pharmaceutical production line. However, these
types of materials normally require specialised post
manufacture heat treatments to optimise their
mechanical properties and ensure their structural
integrity.

II. DESIGN/METHODOLOGY/APPROACH
In this study, layered structure combining Inconel
718 (IN718) and 316L austenitic stainless steel
have been fabricated by MMAM, and the effect of
heat treatment on the microstructure and
mechanical properties of these specimens has been
studied. Single edge notched bend (SENB)
specimens of bi-layer and four alternated layers
were built horizontally, both IN718 and 316L layers
were produced using the same set of process
parameters. A specific heat treatment strategy
including an annealing stage followed by a rapid
cooling and a single stage ageing was applied in
order to allow precipitation strengthening to occur
in IN718, while limiting the formation of
detrimental phases in the 316L region and at the
transition zone between the two alloys.

Microstructure of both as-built (AB) and heat-
treated (HT) bi-layers specimens were studied 
using SEM, EDS, and EBSD. First, the 
microhardness was measured across bi-layer 
specimens, then tensile properties of each material 
were characterised separately, finally fatigue tests 
were performed on the combined material system 
under three point bending configuration. Crack 
growth was investigated on single edge notched 
bend samples, through the dissimilar interface, 
with increasing and at constant crack tip stress 
intensity factor in order to discriminate the 
magnitude of the shielding/anti-shielding effect of 
the interface, in as-built and heat treated 
condition. 

III. FINDINGS/RESULTS
It was found that, compared with the as-built
specimens, the yield strength and ultimate tensile
strength after heat treatment increased by 11%
and 22% for IN718, and decreased by 31% and
5.2% for 316L. At the dissimilar material interface
an inter-diffusion zone with a width of 145µm was
observed and the presence of some Laves phases
and carbide formation was found in this region.

The effect of dissimilar material properties on crack 
propagation has been studied. The crack growth 
rate increased by a factor of three when transition 
from hard IN718 layer to soft 316L layer (anti-
shielding effect) in the as-built specimen, and 
reciprocally the influence of the more compliant 
316L layer in multi-material specimen showed a 
decrease in the overall crack propagation rate by 
effectively shielding crack propagation at the 
second interface.   
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IV. DISCUSSION/CONCLUSIONS
The effect of grain misorientation on crack
propagation has been found as a main factor
affecting crack propagation in the as-built L-PBF.
Whereas the yield stress difference between IN718
and 316L after heat treatment is larger, its effect
on crack propagation is more significant. The
transition from the soft 316L layer towards hard
IN718 layer, should display shielding and
effectively delay the overall crack propagation rate.

V. FUTURE PLAN/DIRECTION
Further work on material strengthening and
shielding effect will be continued, and
enhancement of fatigue lifetime in multiple-
material layered specimens will be investigated
further.
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I. INTRODUCTION 
Deemed one of the more adaptable additive 
manufacturing (AM) processes, directed energy 
deposition (DED) allows for fabrication of metallic 
parts directly from computer aided design (CAD) 
data [1]. A blown powder discipline of the AM 
process, currently being employed to produce 
large near net functional 3D shapes and 
structures. The established cladding process 
behind DED has been adapted utilising a layering 
method to allow for complex geometries to be 
formed. DED allows for flexibility within the 
system to conduct component repairs and 
production on a larger scale to the order of above 
1m^3. In combination with its reduced lead times 
[1] when compared to conventional subtractive 
machining, the use of DED reduces waste, having 
up to 80% nozzle efficiency in some cases. 
Therefore the volume/mass of material used is 
nearer to the volume/mass of the final built 
component, and thus optimises material 
usage/waste in the production process, reducing 
its carbon footprint [2]. The DED discipline uses 
the generated heat from a laser beam energy 
source, creating a melt-pool on the surface of a 
metallic component or substrate. Fine metallic 
powder is then fed into the melt-pool forming a 
solidified deposition that becomes fusion bonded 
to the preceding layer beneath it [3]. In 
combination with controlled laser beam 
movements and mapped geometry through CAD 
software, the solid metal part is built one layer at 
a time. Computer numerical control (CNC) of the 
laser and powder injection nozzle axis gives a 
freedom of motion that is greatly exaggerated 
from that of a powder bed process. Although 
advantageous in its use, using DED does lead to 
new challenges, where there are large knowledge 
gaps in understanding of the geometrical, 
mechanical and microstructural properties of the 

components being produced. This, in turn brings 
into question the DED part durability and 
functional predictability whilst in service. The 
cyclical heating and re-heating of deposited 
material generates large temperature gradients 
within the deposited material during manufacture, 
effecting the geometrical and mechanical 
behaviour. These temperature gradients have 
been seen to induce thermal distortion and 
residual stresses in components [4]. Factors 
shown to have the most bearing on geometrical, 
metallurgical and mechanical properties of the 
deposited material are those parameters that 
require forefront consideration when processing. 
These include: laser beam power, scanning 
velocity and powder flow rate, all directly 
effecting the energy density [5]. For the remit of 
this study laser power will be the focus. The 
nickel-based alloy Inconel 718 will be the subject 
material for this study. Such alloys, known for 
their excellent oxidation, corrosion, fatigue and 
creep resistance, are becoming widely used in 
applications of AM constructed jet engine casings, 
nuclear reactors, turbine blades/components 
[6,7] and in the petrochemical industry, all of 
which require large components for heavy 
industry. 

II. METHODOLOGY 
Twelve test specimen cylinders were additively 
manufactured using the Trumpf DMD 505 
machine. Using the 1.8kW CO2 laser, each 
cylinder was constructed with a single spiral 
pathway as a vertical build, built from a cylindrical 
billet. Each cylinder was then rotated through 90° 
to allow for deposition of a flange, as another 
vertical spiralling build around the circumference 
of the cylinder. To determine the effect of laser 
power on the lamination of weld tracks and 
topographical deviation, the power percentage for 
the laser was varied for each deposited flange, 
with a spread taken to show if any pertinent 
trends emerged. Using electrical discharge 
machining (EDM), sections were cut from the 
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flange of each sample at 90° increments of one 
another, inclusive of the weld interface between 
cylinder and flange, for further investigation. 
Sections cut from the specimens measured 
approximately 20mm ±0.05 in width. For 
distortional analysis on interface thickness, three 
cylinders were subsequently manufactured at the 
optimum wattage (840W, as seen through 
metallography) using a variance in cylinder wall 
thickness to determine the effect of deviation 
from the CAD model against the single cylinder 
builds.  

III. RESULTS 
Initial analysis of the X-ray computed tomography 
(X-CT) demonstrated large amounts of 
delaminating between deposited tracks of 
samples produced with low power, high power 
samples showing a near, fully dense structure 
with few pores and potential porosity occurring. 
As the power decreases, samples start illustrating 
degradation of the weld fusion, thus the trend 
that decreasing the laser power increases the 
amount of porosity and inclusions. The porosity 
analysis of the X-CT is illustrated on a colour 
gradient from small to large using blue to red 
respectively (Fig.2).  

Further investigations depict that the defects 
within the samples follow the path of deposition, 
showing that the laser energy has influenced the 
quality of the material through the path of the 
deposited track. The frequency of porosity and 
inclusions trend directly to the laser path and 
energy alterations. The density of the samples 
increased with the increase in laser power. As the 
range of laser energy gave little shape 
deformation, further samples were produced to 
see the effect of increased cylinder thickness on 
this deformation. Using the Hexagon Romer RS3 
arm, it was possible to map the cloud point data 
onto existing CAD files used in the production of 
the samples. There can be seen a continuing 
reduction of the distortion through the spread of 
samples analysed. Approximately a magnitude of 
10° distortion at the cylinder top was noted as the 
maximum, where specification tolerances would 
undoubtably have failed on a commissioned 
component. 

IV. DISCUSSION/CONCLUSIONS 
This study illustrates that laser energy plays a 
crucial part in the AM process where component 

integrity is concerned. The effects of reducing the 
laser energy on the deposited tracks show an 
increase in the amount of porosity and inclusions 
found within the samples analysed. The presence 
of such defects would bring into question the 
structural and mechanical integrity of a finished 
components, compromising functionality. As 
measured by the metallography sections, the 
layer size is also decreased with the decrease in 
laser power, thus effecting the efficiency of the 
process where larger builds will subsequently 
require more build time. The distortion at the 
weld interface showed minimal difference through 
the course of the laser power used, but was 
ultimately eliminated with the increase of wall 
thickness. 
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Fig 2. XCT samples 1A, 4A and 8A showing 
increase in porosity and inclusions 
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I. INTRODUCTION 
Direct energy deposition with laser (DED-L) uses 
a laser as a heat source to melt metal in powder 
form to create components. There are numerous 
process parameters involved within this process 
which can be altered, with multifaceted 
relationships between these and the properties of 
the deposited material [1]. This research looks 
into the effect of certain process parameters on 
the metallurgical and mechanical properties of 
Inconel 718 in its as-deposited state. 

 

II. METHODOLOGY 
A Trumpf 505 DMD system was used to 
manufacture all test specimens of Inconel 718. 
Work was split into three phases of investigation. 
Phase 1 examines the differences present 
between planes of a single build. Phase 2 
investigates the effect of using different build 
deposition directions for identical geometries (an 
oblong block) and process parameters. Phase 3 
looks into the effect of using two deposition 
directions within a single build. 

Test specimens were subject to both metallurgical 
and mechanical analysis. This included optical 
light microscopy, scanning electron microscopy 
and energy dispersive X-ray analysis. Mechanical 
testing consisted of tensile testing followed by 
fractography and microhardness testing. 

 

III. RESULTS 
Phase 1 found anisotropy to be present within the 
test specimen, and this was also true of Phase 2 
and Phase 3 DED-L builds. Columnar grain growth 
was observed within the sample, with each 
deposited track clearly visible under the 

microscope. This columnar growth was also 
present in Phase 2 and Phase 3 test specimens. 

Phase 2 results indicate that the direction used to 
build a part with regards to the parts geometry 
affects final properties, this is likely to be due to 
its influence on heat build-up during the 
deposition process. Under high magnifications 
(>50x) on the optical light microscope, 
differences were revealed in grain structures 
between the two build directions used (Figure 1). 

Figure 1. The different microstructures 
observed in horizontal (long length parallel 
to substrate, top image) and vertical (long 
length perpendicular to substrate, bottom 
image) samples within Phase 2. 
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Phase 3 results indicate that when using more 
than one deposition direction within a part, the 
interface is not be detrimental to mechanical 
properties. The interface where the two 
deposition directions meet is visibly clear under 
the microscope. 

Scanning electron microscopy backscatter images 
observed elemental segregation within test 
specimens. Energy dispersive x-ray analysis 
revealed Nb to be the predominant segregating 
element (Figure 2). 

Examination of fracture faces for all tensile 
specimens observed no presence of oxidation and 
two distinct regions to be visible. Cleavage facets, 
coarse intergranular regions and the presence of 
microvoid coalescence could be seen. 

IV. DISCUSSION AND CONCLUSIONS 
The columnar growth present in all samples can 
be attributed to the repetitive heat cycling, 
causing the Inconel 718 to grow coarser and in a 
columnar manner as subsequent layers of 
material are deposited. It is possible that some 
grains will have extended the full length of the 
DED-L part, agreeing with Li et al. [2] that 
columnar grains can grow the length of an entire 
DED-L part. This results in fewer grain boundaries 
and thus will have a negative effect on the yield 

strength of the part, as according to the Hall-
Petch equation. 

The difference between microstructure in Phase 2 
horizontal and vertical samples is attributed to the 
differences in heat build-up during the DED-L 
process, as the vertical samples have less cooling 
time between subsequent layers. 

The elemental segregation of Nb is likely to have 
been detrimental to the mechanical properties of 
the Inconel 718 test specimens [3]. 

Fracture faces showed no presence of “cup and 
cone” ductile failure mechanism. The cleavage 
facets and coarse intergranular regions are 
indicative of brittle fracture, whilst the presence 
of microvoid coalescence indicates ductile failure. 
It is likely that the intergranular region 
propagated first resulting in the visible cleavage 
facets, and once the remaining ligament was 
small enough, the specimen was torn apart in a 
ductile manner. 

V. FUTURE PLAN 
To further this work, three key process 
parameters which influence the heat within the 
DED-L process will be examined. These have been 
identified as laser power, laser scan speed and 
powder feed rate. These will be used within a 
Taguchi Design of Experiments, with three levels 
for each process parameter. Ranges for these will 
be determined based on previous work using 
Inconel 718 on the Trumpf 505 DMD system. 
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Figure 2. A backscatter image of one of the 
test specimens (top) and the elemental maps 
of Mo and Nb (bottom). 
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I. INTRODUCTION 
The issue of occupational exposure to welding 
fumes, deleterious to welders, has gained 
considerable urgency, since last year, when HSE 
(UK) issued a safety alert to industries (in Feb 2019) 
requiring them to minimise exposure of their 
workers to welding fumes [1]. Current Long-term 
exposure limit (8-hr TWA reference period) for 
Cr(VI), are 0.025 mg/m3.[2] Airborne hexavalent 
Chromium (Cr [VI]) compounds, generated during 
arc welding is a  known human carcinogen [highly 
toxic due to its ability to oxidize biomolecules, 
notably DNA[3]] whilst Cr (III) which is not harmful, 
is usually in condensed phase.  The Na+ and K+ ions 
present in the welding electrodes are known for 
forming Cr (VI) compounds during welding. 

2Na + Cr + 2O2 → Na2CrO4  

2K + Cr + 2O2 → K2CrO4  

The presence of both +3 and +6 oxidation stage of 
chromium in welding fumes makes it difficult to 
analyse the correct amount of Cr (VI) in welding 
fumes. The current analytical methods used to 
determine Cr (VI) percentage in welding fumes are 
always being challenged as these methods involve 
wet chemistry. The most common procedure for Cr 
(VI) analysis is via extraction of air filtered 
particulate samples with sulfuric or nitric acid. 
Extraction is followed by spectrophotometric analysis 
of the magenta chromogen which is formed by the 
reaction of Cr (VI) with 1,5-diphenylcarbazide (DPC) 
in strongly acidic solution. 

During analysis there are chances of redox reactions 
oxidising Cr (III) to Cr (VI) and reducing Cr (VI) to 
Cr (III). The divalent iron [Fe(II)] which is most 
likely to be present in the welding fumes works as 
reducing agent for Cr (VI); also the manganese 
dioxide which too is likely to be present in welding 
fumes may react with Cr (III) and oxidise it to Cr 
(VI) during the course of hot alkaline extraction of 
insoluble Cr (VI) compounds in welding fumes. The 

effect of pH on the distribution of chromium between 
trivalent and hexavalent oxidation state in presence 
of iron is described by the equation below. 
Cr(OH)3 +  5OH- + 3Fe3+ ⇄ CrO42- + 4H2O + 3Fe2+ 

To avoid these redox reactions during the analytical 
analysis of Cr (VI) possibilities of using new methods 
to analyse Cr (VI) in welding fumes need to be 
explored. One of these new methods which has not 
been explored is Fourier Transform Infrared 
Spectrometry (FT-IR). FT-IR does not involve any 
wet chemistry so there are no chances of redox 
reaction, which interfere with the present analysis 
methods because of the complex mixture of welding 
fumes. 

II. FINDINGS/RESULTS 
To investigate the possibility of using FT-IR for 
analysis, the welding fumes were collected by 
performing Metal active gas (MAG) welding on mild 
steel bars with a 92% Argon and 8% Carbon Dioxide 
mixture as shielding gas. The consumable used was 
mild steel solid wire which has less chromium 
compared to a stainless steel filler wire. A mild steel 
filler wire was chosen instead of stainless steel as 
the fumes formed due to mild steel have less 
chromium in them, and it will enable the usage of 
FT-IR for tungsten inert gas (TIG) welding too, as 
the Cr (VI) content in the TIG welding is hard to 
determine due to generation of lesser fumes and 
much less Cr (VI) - similar to mild steel and hence 
fumes from TIG welding are  not being tested for 
Cr(VI) analysis. 

After collecting the fume samples by the method 
described in ISO 15011-1, these were analysed by 
Perkin Elmer FT-IR which has an ATR (Attenuated 
Total Reflection) probe attached. Along with the 
fume sample reference potassium dichromate 
sample was also analysed to see if the spectra of 
welding fumes contain any dichromates (and 
establish a location for the absorption bands for Cr 
(VI)). To get clear peaks fumes were tested with the 
different parameters of FT-IR and finally optimized 
at a probe resolution of 4cm-1. 
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Fig.1 FT-IR  spectra of welding fumes at 4cm-1 
resolution 

 
Fig.2 FT-IR  spectra of welding fumes at 4cm-1 
resolution (orange); 8cm-1 resolution (blue); 
and Potassium Dichromate (white). 

III. DISCUSSION/CONCLUSIONS 
Fume compositions from welding mild steel have 
been reported earlier [4], and were identified to be 
compounds of Fe, Mn, Cr, Ni and Cu. The other 
important point to consider is that most of the 
welding fumes originate from consumables and not 
from the welded base material and as a result it is 
always important to investigate the filler material 
composition. In this work, the electrode used was 
mild steel and its typical composition contains C 
(0.1%), Si (0.8%), Mn (1.3), and Iron. Previous 
FTIR data on chromates and dichromates shows 
peaks in the region of 900cm-1 to 700cm-1 [5,7,8] and 
these peaks were also reflects in our sample analysis 
which is shown in fig.1. Since the fume samples in 
this work was from mild steel Cr(VI) levels were 
perhaps low, but there is evidence of absorption 
bands peaks wavelength of 900cm-1 to 700cm-1 
which might be due to the functional group of  
Fe2042-, which overlaps chromates peaks in the 
region of 720 cm-1  to 840 cm-1[6,7,8,9].  

The FT-IR spectra was segregated into the various 
peak regions, and then analysed. The peaks in the 
initial results (fig.2), show the presence of functional 
group such as MnO32-, MnO42-, SiF62-, Fe2042-, SiO44-. 

These functional group peaks are due to the bending 
vibrations and stretching of molecules due to the 
energy provided by infrared. MnO32- and MnO42- can 
be characterised by a sharp peak between 860 cm-1 
to 890 cm-1, SiF62 peak is present between 610 cm-1- 
640 cm-1 and Fe2042- peaks overlaps the chromates 
and dichromats which may be challenge to 
differentiate when analysing stainless steel fumes. 

These preliminary results confirms that the FT-IR 
can be a promising technique to study the 

composition of the welding fumes and the chemical 
structure of the welding fumes can be easily 
determined through FTIR. The second phase of the 
study is to find out how we can use the FT-IR for the 
quantitative analysis of the welding fumes. 

IV. FUTURE PLAN/DIRECTION 
Plans include quantification of welding fumes, by 
looking at welding fumes from different consumables 
such as stainless steel electrodes and establishing a 
standard procedure for Cr (VI) analysis by FTIR. It is 
also planned to carry out more FT-IR analysis by 
changing the depth of penetration and work on 
Beer’s law for qualitative analysis of welding fumes. 
Another focus area is to investigate the possibility of 
analysing TIG welding fumes by FT-IR as they 
cannot be analysed by UV-Vis spectrometry because 
of low sample size.  

Along with FT-IR analysis work is in progress 
towards understanding the mechanism of Cr (VI) 
formation in welding fumes and the methods to 
mitigate them.  
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I. INTRODUCTION 
Novel materials processing techniques nowadays 
allow the production of parts with high mechanical 
properties that were beyond those of previous 
techniques. The reinforcement of composite 
materials with micro and nanoparticles has 
attracted the attention of several researchers. This 
type of reinforcement makes it possible to 
substantially improve the properties of the 
materials against a considerable reduction in 
weight. This is particularly useful in applications 
where mass reduction is critical, such as 
automotive, aerospace, nuclear and renewable 
energy.  

However, the quality of those parts produced with 
manufacturing processes involving a solidification 
phase requires further improvement, mainly 
regarding the size of the grains, the poor 
distribution of the particles, the agglomeration of 
certain additives, etc. 

The use of power ultrasounds during the liquid 
phase has shown high potential for solving this, as 
it helps to homogenise the material, refine grains, 
prevent agglomerations and improve the 
mechanical properties. 

The goal of this project is to investigate the use of 
power ultrasonic (hundreds of watts) for material 
refining and nanoparticles dispersion inside liquid 
phase material during manufacturing processes. 
The main focus is on the processes used for the 
manufacturing of composite laminates with fibre 
reinforcements (CFRP and GLARE), with 
nanoparticles (Grpahene and Carbon nanotubes). 

II. DESIGN/METHODOLOGY/APPROACH 
The proposed research includes a preliminary FEA 
study of ultrasonic waves propagation in laminate 
composites. The models help to  prove that 
ultrasonic waves are propagating to a sufficient 

depth within the manufactured parts, and  to 
determine and optimize ultrasonic processing 
parameters for manufacturing process. The wave 
propagation depends obviously on the attenuation 
properties of the materials, the number and types 
of layers, interlayer acoustic impedance, fibre 
orientation in composites, etc.  

COMSOL Multiphysics is used to run the 
simulations. It allows conduct different numerical 
analysis i.e. frequency domain, time domain, 
modal analysis. 

Models for wave propagation in multilayer 
composites were simulated at a range of 
frequencies varying from 20 kHz to 60 kHz. Results 
were obtained for impedance which allows to 
confirm the resonant frequency of the transducer. 
Distribution of total displacement was also 
observed at the resonant frequency and was 
compared with the different configurations.  

Integration of kinetic energy at each frequency was 
considered. To quantify the impact of the ultrasonic 
processing, it is necessary to study the variations 
of elastic energy through the whole media. 

At resonant frequency, high levels of displacement 
with node and antinode regions were observed 
closer to contact site as seen in Fig. 1. 

   

Fig.1. Displacement in Glare 3 sample  

The validation of the outcome of ultrasonic 
processing is achieved by the manufacturing and 
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the testing of a set of composite samples that 
covers relevant parameters. The design of 
experiments allowed us to propose an optimal 
testing matrix that covers the parameters and that 
will reveal how the ultrasound will help to improve 
the Nano dispersion in composites. CFRP and 
GLARE samples, with and without nanoparticles, 
were manufactured, using Oven, autoclave curing 
and resin transfer moulding, with and without 
ultrasonic processing. 

 

 

 

 

 

 Fig.2. Autoclave setup with US transducers  

III. FINDINGS/RESULTS 
The experimental validation of numerical models is 
achieved using 3D laser vibrometry of surface 
composite out of plane vibration, animated with 
ultrasonic power transducers from one side of the 
plates.  

 

 

 

 

 

                  Fig.3. 3D laser vibrometry  

The waves propagating through the composites are 
compared to the output obtained from the 
numerical model. Preliminary experimental tests 
consist in an analysis of the out of plane surface 
vibration following the propagation of an ultrasonic 
wave.  High power ultrasonics were successfully 
applied to improve the manufacturing of CNT 
enhanced GLARE and Graphene enhanced CFRP 
panels. The samples were prepared with UD 
prepreg and nanoparticles veils, using oven curing 
method. The resulting samples showed: 

-Improvement of the surface quality of the samples 
processed with Ultrasounds, confirmed by visual 
inspection.  

-Reduction of grains size and improvement of 
microscopic structure of the materials. This was 
confirmed by SEM tests. 

IV. DISCUSSION/CONCLUSIONS 
Preliminary tests were conducted to study the 
applicability of ultrasonication to improve the 
manufacturing of CFRP and GLARE composites. 
Numerical study was conducted to study the 
propagation of the ultrasonic waves through 
plates, using the piezoelectric transducers for the 
selection of appropriate transducer. Numercial 
results were validated using a controlled 

experiment and this behavior has been studied 
using the 3D laser Doppler Vibrometer. After the 
validation of the numerical model, this can be used 
to conduct a parametric study for further 
optimization of the process.High power ultrasonics 
were successfully applied to improve the 
manufacturing of CNT enhanced GLARE and 
Graphene enhanced CFRP panels. The samples 
were prepared with UD prepreg and nanoparticles 
veils, using oven curing method. The resulting 
samples showed: 

Improvement of the surface quality of the samples 
processed with Ultrasounds, confirmed by visual 
inspection.  

Reduction of grains size and improvement of 
microscopic structure of the materials. This was 
confirmed by Sem tests. 

 

 

 

 

 

     Without ultrasound       With ultrasound 

              Fig.4. SEM of GLARE sample  

High power ultrasonic waves applied during the 
manufacturing of composite laminates involving 
the use of nanoparticles improve the 
homogenization of this material, and help 
preventing nanoagglomerations. 

V. FUTURE PLAN/DIRECTION 
- Manufacturing of full testing matrix 

- Destructive and non-destructive evaluation of - 
manufactured samples  

- Numerical model refinement  

- Parametric study, optimisation, and iterative 
improvements 
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I. INTRODUCTION 
Powder hot isostatic pressing (P-HIP) is an 
advanced manufacturing process capable of 
producing near to net-shape complex parts. To 
achieve powder consolidation, a metallic 
container, commonly called a canister, is filled 
with powder and then hot isostatically pressed 
(HIPed) using a temperature around 0.7 Tm 
(melting temperature) and a pressure ranging 
from 100 to 200 MPa [1]. P-HIP has many 
advantages when compared to conventional 
manufacturing processes for the production of 
high value parts. The main one is the reduction in 
buy-to-fly ratio, with very little secondary 
machining. If compared to casting, P-HIP 
material's microstructure is free from elemental 
segregation, with a fine isotropic grain structure, 
which ultimately reduces the scatter band in the 
mechanical properties [1]. On the other hand, the 
major limitation associated with P-HIP of nickel-
based superalloys is how to control and/or 
eliminate the formation of a continuous network 
of oxides, carbides and oxycarbides detrimental 
phases at or around the prior particle boundaries 
(PPBs). These PPBs act as crack initiation sites, 
leading to poor ductility, fatigue life and fracture 
toughness of the P-HIP nickel-based, superalloy 
material. 

The main scope of this study is to gain a 
comprehensive understanding of the influence of 
powder atomisation types on the microstructure, 
such as generation of PPBs and consequently on 
the mechanical properties of HIPed IN625. To this 
end, four different powder atomisation production 
routes have been investigated including argon, 
nitrogen, plasma and water atomisation (AGA, 
NGA, PA, WA, respectively). The first part of the 

work was focused on a detailed analysis of the 
powder characteristics including chemical 
analysis, flowability, density (apparent, tap and 
packing), morphology and particle size 
distribution. In addition, to have a better 
understanding of the surface chemistry of the 
powders, X-ray photoelectron spectroscopy (XPS) 
analysis was also carried out on all four IN625 
powders. During the second part, microstructural 
differences between the four HIPed IN625 
powders were assessed. Finally, mechanical 
properties of the four HIPed IN625 powders were 
determined to see any difference in the tensile, 
Charpy impact data compared to wrought alloy. 

 

II. METHODOLOGY 
Powder morphology was assessed using a 
scanning electron microscopy (SEM). Chemical 
analysis was performed using inductively coupled 
plasma optical emission spectroscopy (ICP OES) 
and LECO systems. Semi-quantitative analysis of 
the surface chemistry of the powders was 
performed using X‐ray photoelectron spectroscopy 
(XPS) technique. The particle size distributions 
(PSDs) of all four powders were calculated by 
laser diffraction, using Malvern Mastersizer 3000. 
The packing density was determined using Copley 
JV 2000. 

Four cylindrical canisters (Ø50mm x 185mm) with 
2mm wall thickness were fabricated, helium leak 
checked, filled, de-gassed, crimped and HIPed 
(1160°C/120MPa/4h) using the EPSI HIP system. 
After HIPing, four samples were extracted using 
the electrical discharge machine (EDM) cutting 
method. The microstructure of the samples was 
characterised using SEM, energy-dispersive X-ray 
spectroscopy (EDX) and electron backscattering 
diffraction analysis (EBSD). Furthermore, three 
samples from each HIPed canister were extracted 
for tensile and Charpy impact tests performed 
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according to ASTM E8/E8M-16a and ASTM E23-18 
respectively. 

 

III. RESULTS 
1. Powder Characterisation - One of the key 
results outlined in the chemical analysis is the 
difference in oxygen levels between the four 
different atomisation routes. In particular, 
chemical analysis revealed that WA powders 
showed an oxygen level of 7100ppm, which is far 
above the requirements. The oxygen level of NGA 
powders is lower but still above the required 
range, while, PA and AGA have the lowest levels 
of oxygen within the standard requirements. This 
is further confirmed by XPS depth profiles (Figure 
1), which show a consistent difference of oxygen 
concentration on the surface of the four powders. 

 
Figure 1. XPS depth profiles of four IN625 
powders 

2. Microstructure and Mechanical Properties - 
Figure 2 shows fully dense HIPed microstructure 
of all four IN625 powders. NGA and especially WA 
HIPed powders' microstructure dominated with a 
strong network of PPBs, which can be directly 
linked to the amount of oxygen present in these 
powders. 

 
Figure 2. SEM of as-HIPed microstructure of 
IN625: (a) AGA; (b) NGA; (c) PA; (d) WA 

The mechanical properties of the four HIPed 
powders is reported in Table 1. Tensile properties 
of NGA, AGA and PA are higher than the minimum 

specification for wrought IN625, while WA has 
lower levels of strength and ductility. On the 
other hand, only HIPed PA powder has shown 
Charpy absorbed energy (J) similar to wrought 
IN625. 

Table 1. Room temperature mechanical properties 
of as-HIPed IN625 vs wrought IN625 

 
IV. CONCLUSIONS 
Powder atomisation production method plays a 
crucial role in the microstructure and mechanical 
properties of HIPed IN625. In particular, XPS 
analysis outlined the presence of an outer oxide 
layer which is responsible for the formation of 
PPBs. The mechanical properties of HIPed IN625 
are highly influenced by the microstructural 
features such as PPBs. In fact, PA and AGA, with 
the lowest amount of PPBs, showed the best 
mechanical properties. HIPed PA powder showed 
mechanical properties similar to wrought IN625. 

 

V. FUTURE WORK PLAN 
Future work will focus on understanding the 
influence of heat treatment on the microstructure 
and mechanical properties of HIPed IN625 
material. Furthermore, high temperature tensile 
tests will be performed on as-HIPed, HIPed and 
heat treated IN625. 
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I. INTRODUCTION

In the the aerospace industry, high-fidelity fibre 
reinforced composites structures are typically 
manufactured using prepregs. For components 
with irregular geometric features, such as curved 
thick sections, air can be easily entrapped during 
the lay-up procedure. These air pockets or voids 
are defects where damage initiates eventually 
leading to delaminations and hence compromising 
the expected performance of the final product. 
Despite the significant amount of research porosity 
is not yet fully understood due to the inherent 
uncertainties stemming from the manufacturing 
process itself.

II. DESIGN/METHODOLOGY/APPROACH 

This work presents a multi-phase, multi-physics
(MP2) modelling framework for composites 
forming in the presence of manufacturing defects. 
This MP2 framework aims to simulate the 
formation of entrapped air pockets during 
prepregs lay-up and the evolution of residual 
stresses through the autoclave cure cycle. In 
addition, structural performance is evaluated 
through fatigue analysis, capturing the crack 
initiation and propagation. Air pockets entrapped 
at ply interfaces are explicitly modelled using a 
pore-pressure cohesive zone approach. This 
method has been widely used to simulate 
hydraulic fracture, while first implemented in 
predicting voids formation by Seon et al[1]. The 
curing process integrates the air-solid interaction. 
This leads to a fully coupled thermal-chemical-
mechanical problem that is solved using Abaqus 
coupled pore fluid diffusion and stress analysis.

III.FINDINGS/RESULTS

Results indicate that the presence of voids alters 
the heat transfer path from the exterior to the 
interior, causing significant variations in the 
degree of curing, especially in thick sections. 
Voids also result in uncertainties in cure 
shrinkage and thermal expansion/contraction, 
leading to non-uniform residual stresses and 
distortion. The fatigue analysis also shows the 
crack initiation from the edge of the air pockets, 
bringing structural failure forward. 

IV. DISCUSSION/CONCLUSIONS

This modelling framework includes the simulation 
of the composites life cycle from the lay-up 
preparation to the performance evaluation, based 
on the necessary justifications on porosity 
distribution, dominant mechanisms during various 
stages of the cure cycle, and fracture/degradation 
mode etc. While some mechanisms are not 
considered in this framework, such as debulking, 
the purpose of this work is to illustrate the multi-
phase, multi-physics modelling approach in 
Abaqus. This work quantitatively assesses the 
significance of voids in altering the curing process 
and the resulting effect on structural integrity

V. FUTURE PLAN/DIRECTION

Instead of executing time-consuming FE model in 
iterative design phase, a deep-learning based 
surrogate model will be developed to provide 
rapid, yet accurate predictions, for any design 
variations in geometrical features or processing 
characteristics.
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