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Executive summary 

The Intelligent Fixtures for Optimised and Radical Manufacture (InFORM) project has completed the first stages of 

development for a range of innovative technologies that will reduce the cost and lead times associated with the 

manufacture of large, complex, safety critical components required by the power generation industries. The project was 

completed in two stages between May 2017 and August 2019. The Stage 1 project was a three month feasibility study 

of enabling technologies and Stage 2 was a full 20 month programme to develop equipment and knowhow in each 

process area. 

The InFORM Stage 1 project identified several technologies in forging, machining and power beam welding which have 

the potential to make large scale nuclear component manufacturing processes more productive and less costly. The 

objective in Stage 2 was to realise the potential of various innovations by developing a through-life intelligent fixture 

concept which can interface with and support the technologies identified in Stage 1. The fixture concept addresses the 

challenges of transferring large, high value components through key stages of assembly, without the need for multiple 

fixtures and repeated set-ups at each interval. A fixture system that supports the joining of large components to form 

even larger assemblies, functioning more as a fully integrated manufacturing platform than as a stand-alone fixture, will 

reduce the number of fixtures requiring storage and the demand on floor space, resulting in smaller, less costly, factory 

footprints. 

The Nuclear AMRC led a consortium of key industrial partners on a collaborative programme to deliver proof of concept 

evidence for a range of innovations in: 

 Forging technologies (Sheffield Forgemasters RD26) – hollow ingot forging, modular tooling, materials for large
nuclear pressure vessels, real-time metrology

 Advanced rough machining and Super-critical CO2 coolants (Nuclear AMRC) – advanced reverse engineering
using scan / point cloud data, and machining with cleaner, more environmentally friendly coolants

 Advanced intelligent fixtures (MetLase) – upscaling of MetLase’s patented fixture system for deployment on
large scale components

 Local vacuum electron beam welding (TWI) – localised vacuum chamber for power beam applications to
provide improved productivity, faster welding time, greater weld quality and reduced factory footprint

 Metrology for InFORM technologies (Nuclear AMRC) – recommendations on suitable systems and methods for
measurement and monitoring to support development of innovations in each technology group

 4th Industrial Revolution technology demonstrator (AMRC with Boeing) – integration of sensors on the
intelligent fixture for through-life continuous monitoring and reporting on the status of the fixture and located
component, with systems to provide location tracking, monitoring of movement and alignment of the located
component relative to the fixture

Through the course of this project the technologies have been developed to an average TRL and MRL of 3. An intelligent, 

flexible and mobile assembly platform which connects digital monitoring systems with large-scale automated 

manipulation hardware will lead to wider industrial adoption of innovative manufacturing processes, but the work 

required to deploy and commercialise such a system will need to be the subject of future research programmes. 
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1 Introduction 

Intelligent Fixtures for Optimised and Radical Manufacture (InFORM) Stage 2 is a large collaborative research and 

development project undertaken by the Nuclear AMRC and key industrial partners between February 2018 and August 

2019. The project was funded by the Department for Business, Energy and Industrial Strategy (BEIS) in response to the 

SBRI Advanced Manufacturing and Materials (AM&M) competition, which was set up to stimulate innovation in the civil 

nuclear sector. The project was split into two stages, the first being a three-month feasibility study of enabling 

technologies, with a fully scoped 20 month development programme in Stage 2. The outputs of the Stage 1 work are 

fully documented in Appendix 7. 

1.1 Nuclear Innovation Programme 

1.1.1 History and Background 

In 2011 the House of Lords Science and Technology Committee carried out an Inquiry into the UK’s nuclear R&D 

capability and made a number of recommendations on where it viewed improvements were needed. In response, the 

Government published its Nuclear Industrial Strategy in March 2013. This described a clear and ambitious vision of a 

vibrant UK nuclear industry making a valuable economic contribution and providing the UK with a safe, reliable and 

affordable source of low carbon electricity. It also identified a series of initial actions to realise those objectives. These 

included the establishment of Nuclear Innovation and Research Advisory Board (NIRAB) and Nuclear Innovation and 

Research Office (NIRO). 

NIRAB was initially established as a three-year temporary advisory board in January 2014 and was charged with advising 

Government on the level, approach and coordination of nuclear innovation and R&D required to keep future energy 

options open to enable both domestic and international commercial opportunities to be realised. NIRAB’s initial term 

ended in December 2016 (1).  

NIRAB was reconvened and reconstituted in 2018 and works in partnership with NIRO to advise Ministers, Government 

Departments and Agencies on issues related to nuclear research and innovation in the UK (2). 

NIRO is operated by the National Nuclear Laboratory (NNL) on an independent arms-length basis and is primarily staffed 

by secondees from NNL and industry (1). 

1.1.2 NIRAB report to government 

In March 2016 NIRAB provided a report - UK Nuclear Innovation and Research Programme Recommendations – to the 

UK Government on the R&D needed to deliver its civil nuclear power objectives (3).  

NIRAB developed recommendations for research, which were grouped into five key programmes. One of these areas 

was advanced materials and manufacturing.  
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On 7th November 2016 BEIS launched a competition for advanced materials and manufacturing (AM&M) under the Small 

Business Research Initiative (SBRI) which closed on 11th January 2017. 

1.1.3 Advanced Materials and Manufacturing 

The AM&M competition was split into five themes: 

1. Nuclear structural materials

2. Mechanisation and automation of component manufacture

3. Large scale component manufacture and assembly

4. Pre-fabricated module development and verification

5. Design codes and standards

Figure 1-1 shows the themes and proposed phases. 

Figure 1-1: AM&M Themes and Phases 
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SBRI competitions are 100% funded and are open to all organisations that can demonstrate a route to market for their 

solution. The BEIS Guidance for Applicants - Advanced Manufacturing and Materials Competition stated on page 7: 

2. This competition covers the R&D required in the first two years of a 5 year programme. For all themes,

applicants should consider forward planning and how each theme will develop at the end of the initial 2 years. 

However, this competition must have clearly defined outputs at the end of the 2 year period. 

So while the competition was only for the first phase of 2 years, any submissions should be based around a 5-year 

programme. Due to the size of the budgets across the various themes, the competition consisted of 2 stages for Themes 

1 to 3. Successful applicants were initially awarded Stage 1 contracts (3 months) to produce a feasibility study and if 

justified by the study, a Stage 2 contract (20 months) would be awarded. 

Based on the 5 year timescale, Nuclear AMRC submitted an appropriate bid into Theme 3 – the InFORM project – and 

was awarded a Stage 1 contract in May 2017. The Stage 1 report (see Appendix 7) was submitted in August 2017 upon 

which a 20 month contract for Stage 2 was offered starting in January 2018 for completion at the end of August 2019. 

Nuclear AMRC’s proposal into Theme 3 was that the 20 months of the Stage 2 contract would demonstrate proof-of-

concept evidence for potential time and cost savings, which are achievable through the development of innovative 

technologies across the four themes of forging, advanced machining, intelligent fixtures and power beam welding. The 

Stage 2 contract would provide the underpinnings for the 3 year Phase 2, where further development would take place 

to increase the maturity of the technologies and processes, with a view to making them ready for commercialisation. 

The future work would also look at other manufacturing processes that could leverage the developments of current 

work and realise the concept of disparate manufacturing processes co-existing in a collaborate environment. 

1.2 The challenge 

A range of challenges were set for projects under Theme 3 of the AM&M competition for Large Scale Component 

Manufacturing and Assembly (4). Projects were required to address the challenges associated with the manufacture 

and assembly of large, complex, integrated nuclear components for SMRs and other key large-scale nuclear 

components, and also identify technical solutions to these challenges (5). Broadly, applications were required to develop 

and demonstrate:  

 Advanced techniques for the precision machining of large, complex, integrated nuclear components, such as

SMR modules and large heat exchangers.

 Techniques for large-scale metrology, to measure assemblies more quickly and accurately.

 Significantly better techniques to control and mitigate distortion during the machining of large nuclear

components.
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 Non-intrusive and rapid inspection and measurement techniques, to enable faster, cheaper and more accurate

inspections when integrating large complex assemblies.

Specific outputs of Theme 3 projects were to include (5): 

a) Solutions for off-site manufacture and assembly of large-scale components such as SMRs that introduce best-

practice techniques into the nuclear sector.

b) Demonstration of the development of advanced techniques for the precision machining of large, complex,

integrated nuclear components such as SMR modules and large heat exchangers.

c) Demonstration of the development of techniques for large-scale metrology to measure assemblies quickly and

accurately.

d) Demonstration of the development of techniques to control and mitigate distortion during the machining of

large nuclear components such as SMR modules.

e) Demonstration of the development of non-intrusive and rapid inspection and measurement techniques to

enable inspections during and following the integration of large complex assemblies.

f) A forward programme intended to better define the requirements of the remainder of the 5-year funding

period. This should include an outline plan to deploy and commercialise the outputs.

1.3 Intelligent fixtures for optimised manufacturing 

InFORM aims to establish proof-of-concept evidence for innovative technologies that will help UK companies to 

compete on a global scale and win major manufacturing contracts across all nuclear sectors, including new build, small 

modular reactors (SMRs), defence, decommissioning and fusion. This will strengthen the UK’s position as a significant 

partner in the global deployment of Gen III+, Gen IV and SMR technologies as envisaged in the AMM competition. 

The research documented in this report will help UK companies to develop the manufacturing and design expertise 

needed to become major global exporters of nuclear technology, which will be vital given that the majority of global 

new-builds are likely to be built outside the UK. The successful adoption of InFORM technologies and techniques will 

increase the capability of UK manufacturers in other heavy engineering sectors, such as wind energy, oil and gas and 

shipbuilding, and will help to build confidence in the supply chain. The ultimate goal is to create UK-owned intellectual 

property, which can be exploited across a wide range of applications, various industrial sectors and worldwide markets. 

The technologies and methods developed through the InFORM research programme will generate new workforce skills 

that are transferrable to other industries and will help to address the current nuclear skills gap in the UK. 

1.4 Large component manufacturing 

The InFORM Stage 1 feasibility report produced by the Nuclear AMRC (included in Appendix 7) noted that current 

manufacturing methods for large components for the energy-generating industries often involve manually intensive, 
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artisan operations, where the successful production of components relies largely on the skill and knowledge of shop-

floor technicians. Sub-optimal operations exist in most of the manufacturing procedures used to create large 

components, from the forging stage through to machining and welding operations. Typical forging processes, for 

example, generate large amounts of excess material due to poor understanding of downstream machining operations 

and the use of relatively unsophisticated measures for ensuring that sufficient stock material is available to machine 

components to the required size (forgings are often significantly oversized). Uncertainty regarding the exact final 

dimensions of the forging lead to increased machining costs, with hours wasted moving the tool through air. This is 

further exacerbated by difficulties in quickly and accurately setting components on machines because of their size and 

mass. When components are joined together, thick section welds (>50mm) are carried out using traditional, manually 

operated, mechanised multi-pass arc-welding techniques with inter-stage non-destructive evaluation (NDE). Bespoke 

fixtures are often used at each station, which leads to long set-up times and the stacking-up of positioning errors. 

The technologies developed through InFORM will help to provide solutions to these challenges and ultimately make 

large-scale manufacturing processes much more efficient. InFORM sought to develop hollow ingot forging techniques 

which will increase confidence in the process and enable the production of forgings, which are near net-shape (NNS), 

resulting in less material waste.  An intelligent fixture concept will also be developed, which, along with digital scan data 

from the forging process, will allow components to be positioned quicker and more accurately at processing stations. 

Advanced rough machining methods, which are already used in other sectors, will be applied to reduce the amount of 

time that cutting tools spend ‘cutting’ fresh air. Additionally, carbon dioxide will be used instead of conventional 

coolants, to allow cutting speeds to be increased whilst simultaneously increasing tool life. 
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2 Project scope 

Stage 1 of the InFORM project was a feasibility study that identified several technologies across forging, machining and 

power beam welding, which have potential to make large-scale nuclear component manufacturing processes more 

productive and less costly. The study set a goal of developing a single through-life fixture that can support and interface 

with these technologies and be capable of transferring large high-value components through each stage of the 

manufacturing and assembly process, rather than using multiple fixtures and set-ups at each step. The Stage 1 work 

documented in Appendix 7 included market research, a technology development plan, an assessment of potential 

commercialisation routes, and defined the scope for Stage 2 of the project. 

InFORM Stage 2 focused on developing proof-of-concept evidence for each of the technologies and innovations 

identified at Stage 1 and assessing the potential cost savings that might be achieved if they are deployed in the 

manufacture of large, complex, safety critical components. The Stage 2 project also aimed to demonstrate how 

expertise in these technologies could be developed and successfully transferred to industry by manufacturing a two-

thirds scale pressure vessel, showcasing each of the technology innovations. The intention was also to identify how 

these technologies might, in future, be integrated into a fully commercialised system that can be procured by UK 

pressure vessel manufacturers. 

A core aim of Stage 2 was to produce an intelligent fixture concept that could potentially support the complete 

manufacture and assembly of a full-scale pressure vessel, where individual components are transferred seamlessly 

through each manufacturing stage via a single, versatile fixture system.  A single intelligent fixture system has numerous 

benefits over the conventional approach, which uses multiple bespoke fixtures for each step within the manufacturing 

process. Bespoke fixtures can account for a large proportion of the component cost but often spend a significant amount 

of time in storage when not in use. An intelligent fixture would be utilised more frequently, require less storage space, 

and would lower production costs, as custom made fixtures would not be required every time a new component is 

produced. The intelligent fixture would move components between ‘docking’ stations in the assembly process, where 

it would provide a platform on which other manufacturing operations could be carried out. To facilitate the intelligent 

fixture concept, some modification and development of existing processing technologies was considered necessary, and 

the intention of InFORM Stage 2 was to investigate any such changes required of those technologies. 

An intelligent fixture is likely to have greatest benefit during component assembly, where it would be required to 

support joining technologies and integrate metrology and component alignment systems. Plans were made to design 

an effective local vacuum end effector for electron beam welding of nuclear pressure vessels, with development trials 

to establish whether the system can hold a satisfactory vacuum in order to produce an approved weld. A review of 

metrology systems, which span all the InFORM technologies, and particularly those which aid component alignment, 

was to be completed to support the conceptual development of the intelligent fixture. Demonstration of 4IR 

technologies that are suitable for asset management and tracking of components through the manufacturing process 

were included to support development of the intelligent fixture concept. A review of large scale forging technologies, 

looking at various aspects from vacuum degassing techniques for steelmaking, nuclear materials for generation IV and 
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SMR designs, to modular forging tools and concepts in real-time metrology systems, was also carried out. Advanced 

rough machining techniques featuring optimised tool cutting paths, which make better use of digital scan data to 

machine rough forgings, and research on advanced super-critical carbon dioxide coolants, was also to be included in the 

overall machining optimisation work. 

2.1 Project concept 

The current best practice for the manufacture of pressure vessels and large assemblies relies on bespoke one-off fixtures 

designed for individual components. The introduction of Small Modular Reactors (SMRs) has led to widespread 

acceptance that serialised, mass production techniques will be required to make components of SMR designs financially 

viable. The core objective of InFORM Stage 2 is to develop intelligent fixtures to optimise pressure vessel manufacture, 

focusing on four primary processes: forging, machining, assembly and welding. 

2.2 Future commercialisation 

The scope of the InFORM project was to demonstrate proof of concept evidence for innovative technologies across 

forging, machining, local vacuum electron beam welding and assembly. In principle each of the technologies could be 

commercialised independently but to realise their full combined potential – and true value – on the overall 

manufacturing cycle, an extensive development program is needed to incorporate them holistically into an intelligent 

assembly system that would serve as a fully integrated manufacturing process rather than as a mere fixture. A fixture 

system that is able to support components through critical stages of assembly, where large segments are joined 

together, will mean a reduction in the number of fixtures requiring storage. A flexible, mobile manufacturing platform, 

which connects digital monitoring systems with automated manipulation hardware will lead to wider industrial adoption 

of innovative manufacturing processes. The work required to deploy and commercialise such a system will need to be 

the subject of future research programmes. 

2.3 Commercial benefits to project developers and consumers 

InFORM will benefit UK manufacturing industry by reducing baseline manufacturing costs for large-scale nuclear 

components, potentially generating multi-million-pound cost savings in the process. This will allow UK manufacturers 

to increase their global competitiveness, win more major export contracts and drive wider economic growth. The 

InFORM programme showcases several commercially exploitable manufacturing technologies (e.g. hollow ingot forging, 

localised vacuum electron beam welding, supercritical carbon dioxide (scCO2) coolants, intelligent fixture design, digital 

asset management and part tracking etc.) that could be used to increase manufacturing productivity for the large, high 

value components seen in typical nuclear power generating plants. Knowledge gained on the application of these 

technologies also has cross sector relevance, where skills and expertise can be transferred to the manufacture of other 

high value components such as wind turbine masts or oil and gas well heads. This will allow manufacturers (particularly 

the commercial partners of the InFORM consortium) to develop and exploit business opportunities further across a 

number of different and diverse markets. The wind energy sector, for example, is a major alternative outlet for some of 
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the technologies developed through InFORM. The InFORM Stage 1 report (see Appendix 7) highlighted that the UK is 

the ‘world's largest offshore wind market and accounts for almost 36% of offshore capacity installed worldwide’. In 

2017, the UK installed 53% of net capacity across Europe, according to WindEurope (6). The scale of the market which 

is potentially available to UK manufacturers would be significant, as the manufacture and supply of wind turbine towers 

can account for 10-25% of the cost of a typical 2 MW, £2.5-3M wind turbine. 

InFORM provides substantial economic benefit to each member of the consortium with future outcomes from 

commercialisation and sales being potentially transformative for each organisation; this is particularly the case for 

Cambridge Vacuum Engineering (CVE) and MetLase who are both SMEs. The key exploitable results are described in the 

next sections. 

2.3.1 Local Vacuum Electron Beam Welding – EBFLOW system, CVE 

Through InFORM, Cambridge Vacuum Engineering (CVE) has further developed the EBFLOW local vacuum system for 

nuclear components. Whilst CVE compete with companies such as Sciaky, Pro-Beam, PTR Precision Technologies and 

Mitsubishi Electric on conventional vacuum electron beam welding (EBW) systems, they have no known competitors in 

local vacuum EBW. CVE currently hold patents for the EBFLOW system; three covering local vacuum chamber seals and 

one for modifications to TWI’s (The Welding Institute’s) electron beam (EB) gun. They have total freedom to operate 

through the use of their IP and sole licence of the TWI gun. The patent for the EB gun technology which underpins the 

application of a local vacuum system in a ‘reduced pressure’ environment is owned by TWI, who have granted CVE a 

sole licence to the technology for the purpose of machinery supply, thus allowing TWI to operate in the same 

commercial space. The return on investment (ROI) for specific end-users will vary according to the application but in 

offshore wind generation, for example, standard methods of producing foundations take 6200 hours of arc welding 

compared to 200 hours EBW, which gives a ROI of 3-4 weeks. Whilst the EBFLOW system is already commercially 

available, development of a pressure-vessel-relevant system requires further research in order to build evidence for a 

comprehensive nuclear code case. Complete commercialisation of the system would have a transformative effect on 

CVE's business with an estimated increase in sales of 2-4 systems per year. This would lead to a significant increase in 

revenue; specifically, it could double the size of the business and create 30 new jobs. As the sole supplier in the world 

for local vacuum EBW, CVE could acquire 100% of the market share. 

2.3.2 Through-life intelligent fixtures – MetLase 

The InFORM project has allowed MetLase to develop their approaches – and FEA methodologies – towards designing 

through-life intelligent fixtures for larger, heavier components. Their patented manufacturing system, comprising jigs, 

fixtures and other tooling is inherently more accurate and quicker to deploy than conventional tooling. Their 

competitors use traditional technologies which are slower, less accurate and less agile. MetLase hold various patents 

related to the mechanical joining of sheet metals using non-welded techniques, a method which retains the accuracy of 

the laser cut edge and provides the customer with extremely accurate fixtures. Their patents allow MetLase to operate 

freely in this area and, by integrating sensors and associated controlling software to add value to the fixtures, will allow 
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them to increase their market share in high-value manufacturing sectors. By building on the design approaches 

developed through InFORM, it may be feasible for MetLase to acquire more than 50% of the market share for high-

value, through-life intelligent fixtures, due to their existing advantage in the agile production of extremely accurate 

fixtures. Depending on the number and type of sensors required, and the size of the fixture, their intelligent fixtures 

could cost anywhere between £1K and £300K; the ROI for the customer is expected to be around one year. 

Commercially, MetLase could expect to increase their turnover by around £1M per annum and employ an additional 

five skilled engineers. 

2.3.3 Software for fixtures – AMRC (DPG) 

Software developed by The AMRC with Boeing – Design and Prototyping Group (DPG) through InFORM is protected 

through confidentiality agreements. It will be used in consultancy by AMRC (DPG) and licensed to UK manufacturers 

where appropriate. One commercialisation route under consideration is to license it to MetLase free of charge to be 

bundled and sold with their intelligent fixtures. This resultant intelligent fixture and associated software will have a 

number of applications beyond the nuclear sector, including uses in ship building, aerospace and rail. 

2.3.4 Advanced machining strategies – Nuclear AMRC 

The use of optimised CAM workflows and advanced coolants such as supercritical carbon dioxide (scCO2) to improve 

the productivity of machining operations has been further developed by the Nuclear AMRC through InFORM. The 

outcomes achieved may be used in consultancy or licensed to Nuclear AMRC members and UK manufacturers where 

appropriate. The advanced machining strategy work by Nuclear AMRC has a number of applications beyond the nuclear 

sector and continued development of advanced cooling techniques in machining will increase the profile of the centre 

through dissemination of results in journal articles and conferences. Such research will substantially contribute to the 

Nuclear AMRC’s reputation as a centre for manufacturing excellence. 

2.3.5 Process improvements in forging – SFIL 

Process improvements identified by Sheffield Forgemasters International (SFIL) as part of InFORM will be utilised 

immediately in SFIL’s own production processes provided that there is sufficient confidence in the anticipated results. 

Other commercial opportunities may be exploited by further development and testing of nuclear-scale hollow ingot 

forging methods, which would also include work to characterise material and structural qualities of the component. 

Similarly, further research and development of future forging tools and methods, especially modular tooling equipment, 

may lead to the creation of nuclear specific tools or handling equipment which could be commercialised through 

licenced use of IP or component specific design models. 
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2.4 Alignment with Nuclear Innovation Programme objectives 

Projects submitted under Theme 3 of the AM&M competition for Large Scale Component Manufacturing and Assembly, 

as part of the Nuclear Innovation Programme, were required to identify and develop solutions which address the 

challenges associated with the manufacture and assembly of large, high value nuclear components. The objectives 

focused on developing and demonstrating innovative solutions or applications across specific technologies, which 

included forging, machining, power beam welding, fixtures and assembly. If integrated successfully, these solutions will 

achieve the overall objective of making large-scale nuclear component manufacturing processes more productive and 

less costly to the manufacturer and consumer. 

 This phase of the Nuclear Innovation Programme aimed to strengthen the position of UK industry as a

significant partner in the global deployment of Gen III+, Gen IV and SMR technologies. In response, each

InFORM work package has demonstrated proof-of-concept evidence for novel technologies that will help UK

manufacturers to compete internationally and win major manufacturing contracts across all nuclear sectors,

including new build, small modular reactors (SMRs), defence, decommissioning and fusion.

 Through InFORM, the project partners, SFIL, Nuclear AMRC, AMRC DPG, TWI, CVE and MetLase, have further

developed intellectual property for products and services they supply. Ultimately, with further research

funding and appropriate future commercialisation activities, they will be able to exploit this knowledge and

expertise across a wide range of applications, industrial sectors and worldwide markets.

 The technologies and methods developed through InFORM research will create new workforce skills in several

areas, such as fixture design, advanced toolpath programming and non-contact metrology. Development of

training in these areas will help to capture the years of tacit knowledge which has built up among the

workforces of manufacturers so that expertise can be passed on to future generations of engineers. Many of

these skills are transferrable and will help to address the current nuclear skills gap in the UK.

 InFORM has provided a framework which unifies a number of technical research areas and contributes to

ongoing research programmes in the other competition themes, such as mechanisation and automation of

nuclear component manufacture; pre-fabricated module development and verification; and nuclear design

codes and standards. InFORM has also investigated how technologies used in other industries (e.g. large

volume laser scan metrology from aerospace and fixture design from the automotive industry) could be

transferred and applied to nuclear manufacturing and identified key limitations in their suitability for meeting

the requirements of large scale nuclear manufacturing.

Significant time and cost savings have been identified across each InFORM technology group, particularly in power beam 

welding, optimisation of machining strategies and application of advanced machining coolants. Although further 

commercialisation work is needed to increase industrial adoption of these technologies and methods, significant 

progress has been made towards developing more efficient manufacturing processes which will help to drive down 

costs and in turn improve the cost effectiveness of nuclear power in the UK and potentially worldwide. 
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3 Project structure 

The InFORM project is divided into five parallel work packages (WPs) as shown in Figure 3-1. 

Figure 3-1: InFORM consortium members 

3.1 Project consortium 

The InFORM consortium led by the Nuclear AMRC includes Small-to-Medium Enterprises (SMEs), research and 

technology organisations and Catapult centres, who bring complimenting skills and approaches to the project. The 

Nuclear AMRC sub-contracted InFORM work packages to Sheffield Forgemasters RD26, The Welding Institute (TWI), 

MetLase and The AMRC with Boeing – Design and Prototyping Group (DPG). 

3.1.1 Sheffield Forgemasters RD26 

Sheffield Forgemasters RD26 is a research and technology organisation and is the seventh subsidiary of Sheffield 

Forgemasters International. Sheffield Forgemasters RD26 focuses on research and development and offers its services 

to a wide range of markets, including civil nuclear, offshore, general engineering and renewables. Sheffield 

Forgemasters RD26 has a highly qualified and experienced team, and works with visiting PhD students and 

undergraduates from UK universities. The company services Sheffield Forgemasters’ internal work and also offers its 

expertise to external contracts (7). 

3.1.2 The Nuclear AMRC 

The Nuclear AMRC is part of the Advanced Manufacturing Research Centre Group owned by the University of Sheffield 

(UoS) and is one of seven UK High Value Manufacturing Catapult centres. Its mission is to help UK companies win work 

in the global nuclear marketplace. It has established itself as the centre of excellence for industry focused research on 

nuclear manufacturing in the UK and has strong working relationships with all the named project subcontractors and 

supporting partners. The Nuclear AMRC brings together the experience and resources of industry leaders from across 

the civil nuclear manufacturing supply chain with the expertise and innovation of leading universities. It has substantial 

experience in managing large collaborative research and development projects and has valuable in-house expertise. 

This expertise comprises project management, nuclear research and development (where stringent regulations must 

be complied with and large, high-value components are typical), non-destructive testing (NDT), machining, industrial 
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fixtures, large-scale metrology and the development of new and optimised welding processes for the most demanding 

nuclear applications. The Nuclear AMRC can also access the experience and skills available within the University of 

Sheffield and the wider AMRC Group (8). 

3.1.3 TWI 

The Welding Institute (TWI) is a UK research and technology organisation, which has expertise in materials joining and 

industrial engineering processes. They specialise in innovation, knowledge transfer and in solving problems across all 

aspects of manufacturing, fabrication and whole-life integrity management. TWI have a £150M facility in Cambridge, 

which includes state-of-the-art equipment dedicated to structural integrity, robotics, welding and non-destructive 

evaluation (NDE). They have extensive knowledge of electron beam welding and it is their electron beam gun that is 

used under license on CVE’s EBFLOW system (see 3.1.3.1), with whom they have a long-standing relationship. TWI have 

previously collaborated with all of the subcontractors and have particular expertise in weld testing / verification (8). 

3.1.3.1 CVE 

Cambridge Vacuum Engineering (CVE) are a SME and subcontracted to TWI to contribute to the development of the 

local vacuum electron beam welding (LVEBW) technology for InFORM. CVE have more than 60 years of experience in 

manufacturing electron beam systems and vacuum furnaces. They have a commercially available local vacuum welding 

system named EBFLOW, own Intellectual Property related to local vacuum equipment for electron beam welding, and 

design and build process solutions for electron beam systems. CVE provide valuable expertise on the sealing systems 

required to enable local vacuum electron beam welding and in-factory acceptance testing (FAT). CVE will be the pilot 

organisation to commercialise InFORM outputs associated with electron beam welding through marketing and sales of 

an adaptable SMR-ready welding system. 

3.1.4 MetLase 

MetLase are a SME formed by a joint venture between Rolls-Royce and Unipart. They are a mechanical engineering 

consultancy whose technology-based approach and patented tooling techniques allow them to quickly design and 

manufacture bespoke, precision engineering solutions. They have expertise in laser-cutting machines and press-brake 

material forming, and can design and produce both simple and complex tooling, fixtures and components for a wide 

range of industries, often bringing lead times down from months to just days (9). 

3.1.5 The AMRC with Boeing – Design and Prototyping Group (DPG) 

The AMRC with Boeing aims to bridge the gap between industry and academia. It is a collaboration between the 

University of Sheffield and Boeing, opened in 2008 with funding from the European Regional Development Fund. The 

AMRC with Boeing is part of the AMRC Group, a cluster of world-class centres for industry-focused research and 

development of technologies used in high-value manufacturing sectors. The group has specialist expertise in machining, 

casting, welding, additive manufacturing, composites, designing for manufacturing, testing and training. It has a global 
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reputation for helping companies overcome manufacturing problems.  Its success worldwide has led it to become a 

model for collaborative research involving universities, academics and industry (10). 

The AMRC DPG is at the centre of active research themes across the AMRC and the wider University of Sheffield, 

enabling them to combine world-class research and development with innovative and flexible design capabilities. They 

utilise in-house high-precision machining processes, additive manufacturing, fabrication, advanced analytical tools and 

clean room facilities to develop next generation prototypes. Their recent portfolio includes: the design and build of a 

high performance, large volume additive manufacturing machine; the development of an unmanned ground support 

vehicle; the successful launch of powered and free-flight unmanned aerial vehicles; the re-design of a pyro-electric fuel 

shut off valve and the development of next generation orthopaedic devices. 

3.1.6 Supporting partners 

The InFORM project received letters of support at Stage 1 from the following supporting partners: BAE Systems, 

Cavendish Nuclear, EDF Energy, Frazer Nash, GE Hitachi Nuclear Energy, Moltex Energy, NuScale, Rolls-Royce, Sellafield 

and Westinghouse Electric Company (WEC). The supporting partners were available throughout the project to provide 

industrial advice along with the industrial pull. The partners have confirmed how InFORM can reduce cost and time in 

their core manufacturing businesses.  They provided consultation during the initial proposal stage and Stage 1 to guide 

the project and provided input to the Peer Review as the project reached its conclusion. The relevance of the supporting 

partners’ membership is shown through their core business interests: 

BAE Systems 

BAE Systems (Maritime) is a world leading designer and manufacturer of the full range of naval ships, including nuclear 

submarines, which necessitate welding large components. 

Cavendish Nuclear 

Cavendish Nuclear are the UK’s leading supplier to the nuclear industry offering both experience and specialist 

knowledge across all aspects of the nuclear energy lifecycle, from design and build, through operations and 

maintenance, to decommissioning, waste management and remediation. 

EDF Energy 

EDF Energy is an integrated energy company with operations spanning electricity generation and supply to homes and 

businesses throughout the United Kingdom. Within the nuclear industry, its activities involve site planning and 

construction, operations and decommissioning. 
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Frazer-Nash 

Frazer-Nash is a multi-disciplinary engineering consultancy focused on providing solutions to complex challenges in 

engineering using knowledge and technical expertise gained from a diverse suite of industries – one of those being 

nuclear. 

GE Hitachi Energy 

GE Hitachi Energy alliance combines GE’s design expertise delivering reactors, fuels and services with Hitachi’s proven 

experience in advanced modular construction offering the technological leadership required to enhance reactor 

performance, power output and safety. 

Moltex 

Moltex is a developer of nuclear power reactors specialised in molten salt reactor technology, with the potential to 

make nuclear power safer and cheaper. 

NuScale 

NuScale Power is a leading developer of SMR technology, offering near-term deployable, cost competitive, scalable, 

flexible and low carbon power supply. NuScale is advancing its plans to build a UK-US partnership, which will see its 

technology built in British factories. 

Rolls-Royce 

Rolls-Royce are the UK’s leading manufacturer of high value components for nuclear new build and defence sectors. 

They are the lead manufacturing organisation that has developed a business proposal for a UK SMR technology 

programme. 

Sellafield 

Sellafield Ltd are responsible for the decommissioning of their site in West Cumbria, on behalf of the Nuclear 

Decommissioning Authority.  Sellafield is Europe’s most complex nuclear site with up to 100 years of uniquely 

challenging projects remaining. 

WEC 

Westinghouse Electric Company (WEC) provides a wide range of nuclear power plant, products and services to utilities 

throughout the world.  They are continuing development of their AP100 SMR technology for UK implementation. 
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3.2 Work package structure 

InFORM work packages are denoted by a numerical reference as shown in Table 3-1. The table also indicates where 

each work package is summarised in this report. 

Table 3-1: InFORM work package structure 

WP no. Work package name Lead organisation Location in this report 

2.1 Forging Optimisation Sheffield Forgemasters Chapter B 

2.2A Machining Optimisation (Advanced Roughing) Nuclear AMRC Chapter C 

2.2B Machining Optimisation (scCO2) Nuclear AMRC Chapter D 

2.3 Intelligent Fixtures MetLase Chapter E 

2.4-5 Local Vacuum Electron Beam Welding (and weld trials) TWI Chapter F 

2.6 Metrology for InFORM Nuclear AMRC Chapter G 

2.7B 4IR Technology Demonstrator AMRC DPG Chapter H 

2.7A-C Local Vacuum and InFORM Project Demonstration Nuclear AMRC Chapter I 

2.8 Dissemination Nuclear AMRC Chapter I 

2.9 Project Management Nuclear AMRC - 

3.3 Report and chapter structure 

Chapters B to I of this report outline the research undertaken by each consortium partner. Each chapter outlines the 

challenges faced by the corresponding work package, giving an assessment of the initial TRL / MRL of relevant 

technologies, and then describes the work carried out to develop the technology further. An outline of the challenges, 

which are still to be overcome follows, and a route to commercialisation is given. 

A summary of the work conducted by each work package is given in section 4 of this report. The results of an 

independent TRL / MRL assessment of each work package technology at the conclusion of the project are stated, and 

full details of the assessment process is given in Appendix 1. 
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4 Summary of project outputs 

Full details of the technology developments made by each InFORM work package are documented in chapters B to I. An 

overview of the key outputs and achievements from each area is given later in this section. The overall impact of the 

project is considered in terms of progress, which has been made to raise the Technology and Manufacturing Readiness 

Levels of each work package / technology theme. 

4.1 Overall impact of the project 

The graphs shown in Figure 4-1 and Figure 4-2 illustrate the increases in TRL and MRL for each work package as validated 

by the Principal Investigator (PI). 

Figure 4-1: Start and finish TRL 
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Figure 4-2: Start and finish MRL 

A full description of the TRL / MRL assessment process and its results are given in Appendix 1. 

4.2 Forging technologies 

This work package provides a full review of currently available forging technologies for large scale nuclear components, 

and identifies necessary developments to optimise the UK’s capability for large scale open die forging of nuclear grade 

alloys for the next generation of reactors. Principal among these are the benefits of in-process advanced metrology 

techniques to measure and monitor forging operations in order to improve process control and increase the geometrical 

accuracy of forged components. Real time metrology will generate more reliable data, enabling nearer-net-shape 

forgings and thus improve the manufacturability of key reactor components. To support further development of near 

net-shape forging technology, the research: 

 Provides analysis of forging requirements for different designs of Advanced Modular Reactor (AMR) and Small

Modular Reactor (SMR). A number of potential manufacturing challenges and areas for further research are

identified. For example, in the very high temperature reactor (VHTR) design, intensive temperature and

irradiation conditions place demanding requirements on materials. Nickel based super alloys are required to
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provide corrosion and creep resistance for critical components, however, further research is required to improve 

the forging and general manufacturability of such materials. 

 Addresses the differences between key nuclear reactor components, identifying specific features or design

characteristics that would require particular manufacturing steps or approaches to be taken. Conventional

tooling sets for Reactor Pressure Vessel (RPV) head forming have a significant cost; but a modular design

methodology and hollow fabricated tool sets are found to drastically reduce the cost of tooling manufacture.

Sheffield Forgemasters has demonstrated these methods during the manufacture of a NuScale RPV head in the

Innovate UK support programme ‘Innovate forging and fabrication solutions for the nuclear industry’.

 Identifies key challenges in UK steelmaking, specifically with regards to the capabilities of existing vacuum

degassing techniques, and evaluates recent developments which could be used to address current problems.

 Surveys future nuclear reactor materials, which are likely to be used in Generation IV and SMR designs,

identifying particular geometrical / forming aspects or material properties that could require alternative forging

approaches to be taken.

 Highlights emerging challenges in forging and tooling. This identified improved forging routes, contrasting the

forging requirements of conventional pressure vessel designs with more advanced reactor designs; particular

attention was given to the number of individual components which need forging and welding together. Analysis

of various reactor designs, using design for manufacturing principles, highlighted the benefits of specific

technologies, such as hollow ingot forging techniques (which require fewer forging operations/steps), the use of

modular tooling, real time non-contact metrology and improved heat treatment processes.

4.3 Advanced rough machining 

The advanced rough machining work package shows how large, rough forged components can be digitised with three-

dimensional scanning tools, and the captured data then used to produce more efficient computer controlled cutting 

programs. Scanned data is typically captured in quality inspection procedures to verify geometrical tolerances and 

specification conformity, however the highly detailed data could potentially be re-used to produce very accurate 

component models for simulating optimised rough machining operations. This research developed viable methods for 

preparing large point clouds and workflows for manipulating them in Computer Aided Manufacturing (CAM) software 

environments. Significant improvements were made in: 

 Reducing the amount of time a cutting tool spends out-of-cut (not cutting material) as it moves around the

component, by using optimised tool paths based more closely on the actual stock material available.

 Pre-processing and optimising scanned datasets of large file size into more usable formats for subsequent CAM

engineering.

 Component location and alignment. Establishing and transferring the datum for the alignment of featureless

stock using traditional methods is time consuming and can be error prone. Software with manual and automatic
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tool alignment was used to align CAD/CAM test models to provide greater assurance that sufficient stock is 

available to achieve the finished component. 

The work package proposed an optimised advanced reverse engineering workflow – Scan-to-CAM. This removes one 

step from current best practice which is to scan the component, create a CAD model from the scan data and then use 

that CAD model to create a numerical control (NC) program. The key benefits of Scan-to-CAM include: 

 Increased machining efficiency, as the NC program will only move the cutter to where material is present and

requires removing and so minimise out-of-cut conditions.

 Reduced environmental impact – components are machined quicker, reducing energy consumption and

potentially reducing material waste.

 Closer tolerance forgings – increases confidence that components can be machined from the available stock.

 In simulations it was found that the Scan-to-CAM approach can be up to 40% faster in rough machining

operations as compared to traditional CAM approaches which do not use scan data in toolpath programming.

4.4 Super-critical carbon dioxide machining 

The advanced coolants work package investigated the effects of supercritical CO2 (scCO2) coolants on the machinability 

of nuclear grade steel (SA508 Grade 3 Class 2) by evaluating tool life, tool wear mechanisms, cutting forces and surface 

integrity across different combinations of cutting conditions. The performance of scCO2 was compared against 

conventional soluble oil coolant. It was found that: 

 Machining of SA508 steel with scCO2 resulted in a significant increase in tool life compared to conventional

soluble oil flood coolant. An increase in tool life of up to 220% can be achieved when using scCO2 and minimum

quantity lubrication (MQL) compared to flood coolant (based on a maximum tool wear threshold of 300 μm).

This could lead to fewer tool changes, in turn helping to reduce component manufacturing time. Optimisation

of the flow rate of scCO2+MQL using the Design of Experiments methodology is proposed as future work to

increase metal removal rate.

 No detrimental effects to the material surface condition were observed when compared to conventional soluble

oil flood coolant for the same cutting conditions. In studies with scCO2+MQL, surface roughness was influenced

more by feed rate than cutting speed. The lowest surface roughness was observed at low feed and high cutting

speed (which is consistent with published literature).

 Health benefits for the workforce and reduced environmental impact have been identified with further work

required to fully quantify the significance.

 The use of scCO2 results in components that are cleaner and require little or no post-machining decontamination

or removal of residue with significant downstream cost savings.
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4.5 Advanced intelligent fixtures 

The intelligent fixtures work package developed a through-life fixture concept which is designed to transfer large 

pressure vessel segments through major stages of assembly, incorporating support for welding and inspection 

operations. The concept device addresses the challenges associated with large-scale component alignment, and 

provides a platform for integrating sensor systems which provide feedback to actuators and manipulators in order to 

automatically adjust clamping forces and minimise distortion. The radical fixture concept is based on MetLase’s 

patented technology and could potentially revolutionise the process of building large pressure vessel assemblies. 

MetLase use laser cut sheet metal to build bespoke fixtures and rapid prototypes for the automotive and aerospace 

industries. Until now, the viability of the MetLase system for use in heavy engineering environments has not been 

demonstrated extensively, however, the InFORM programme has allowed MetLase to simulate, test and experimentally 

validate some of the larger structures featured in the concept design through finite element analysis (FEA). Additionally 

the concept has enabled MetLase to increase their understanding of how their system can be adapted to integrate 

multiple complex processes on one platform, in particular, support for heavy vessel alignment and local vacuum electron 

beam welding technologies. The concept fixture addressed challenges associated with: 

 Scaling up MetLase technology. This included FEA of key structures to verify the non-welded fixture design.

MetLase successfully refined their FEA approaches to more accurately predict the structural response of the

concept fixture when subjected to anticipated in-use loads. This allowed MetLase technology to be developed

further for large scale applications in a safe virtual environment, enabling pre-verification of future fixture

designs with greater confidence in the results.

 Location, manipulation and alignment of large, heavy pressure vessel assemblies.

 Interfaces with the welding process. This included mechanisms and actuation systems to enable synchronised

manipulation of the component, and provision of x-ray shielding.

 Heat treatment of the component.

The fixture concept provides a more holistic approach to large-scale assembly, and is more than just a large work-holding 

device. A scale model of the concept fixture (Figure 4-3) was produced to demonstrate the proposed process. 
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Figure 4-3: MetLase fixture concept: Left, CAD model; Right, physical model (displayed at Nuclear AMRC) 

4.6 Local vacuum electron beam welding (LVEBW) 

Although not currently part of the nuclear codes, the electron beam welding (EBW) process will be a key enabler of the 

mass production of large-scale pressure vessels due to the significant time savings, improvements in quality and fewer 

stages of inspection when compared to conventional arc welding methods. EBW processes require a vacuum 

environment for the beam to transmit energy effectively and efficiently. Conventionally this requires that the entire 

component with its associated tooling is entirely enclosed in a vacuum chamber. Constructing vacuum chambers for 

SMR RPVs would be prohibitively expensive – and gigawatt RPVs, even more so. Successful development of localised 

vacuum chambers will make power beam welding technologies easier-to-deploy, leading to a step-change in the 

production of thick section welds. The objectives of the LVEBW work package undertaken by TWI were therefore to: 

 Design and manufacture local vacuum electron beam equipment to meet the demands of the InFORM

demonstrator.

 Demonstrate the local vacuum electron beam equipment as a viable vacuum vessel.

 Demonstrate the local vacuum electron beam equipment as a viable vacuum vessel for EB welding.

TWI aimed to design a LVEBW end-effector suitable for a pressure vessel shell demonstrator as defined by the Nuclear 

AMRC. The design aimed to address shortcomings of earlier local vacuum systems deployed by TWI, in terms of set-up 

challenges, quality assurance and versatility. The design was reviewed with the InFORM consortium and a third-party 

vacuum engineering specialist (SpecNow Ltd) before being manufactured and assembled. The end-effector equipment 

underwent basic static and dynamic vacuum tests at TWI North East to identify and correct any system issues, and was 
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then commissioned on an EBFlow electron beam welding machine at Cambridge Vacuum Engineering’s facility near 

Cambridge. The trials were successful in carrying out full penetration melt runs on a steel test shell, representing a 

pressure vessel of 80 mm wall thickness, 1800 mm diameter, to demonstrate the feasibility of key system features and 

innovations. A one metre long melt run was completed satisfactorily, however, future work to develop the seal 

arrangement and improve its resilience to heat, abrasion and x-ray emissions from the electron beam gun was identified 

in order to progress from melt run to full welding capability. 

4.7 Metrology technologies 

A desktop review of metrology techniques, which could potentially help to streamline workflows at various stages of 

the production cycle was completed. Various measurement tools and metrology techniques were investigated and the 

most suitable systems for each of the InFORM technology areas (forging, machining, welding and assembly) were 

identified, compared and contrasted. 

4.7.1 Forging metrology 

Several metrology techniques were reviewed and a Pugh matrix used to identify the most suitable for forging, with 

optical tracking providing a basis for comparison. The review concluded that a laser line scanner referenced by a tracker 

would be the most suitable technology to use in a forge environment. The laser line scanner allows fast data capture of 

cold parts in a workshop environment, while non-contact laser tracker technology may be of interest for research into 

in-process measurement of hot parts. Manually operated measurement arms would also be suitable for measuring cold 

components in a workshop environment, provided the measurements can be made within the limitations on 

measurement volume. These systems may also be potentially capable of making use of augmented reality projection 

technology, which would put the detailed and highly accurate data collected to further use. For further details, please 

refer to Appendix 5 Metrology Report. 

4.7.2 Machining metrology 

A similar review of metrology techniques was carried out to identify those which are most suitable for use in machining 

operations, with the datum technology being photogrammetry. The review concluded that no single technology or 

product provides a stand-out advantage over another, with selection depending much on the specific application 

intended, and in some cases, technologies may support or complement each other. For example, a laser tracker with 

laser strip scanner and appropriate software could be used to acquire scan data for part setup and tool path 

optimisation. The laser tracker could also be used to verify the performance of an on-machine probing system used for 

in-process verification. Sharing and using data throughout the manufacturing process is desirable to maximise 

productivity and efficiency, but requires systems to be interconnected and compatible with each other. Compliance 

with 4IR principles also depends more on how measurement systems are integrated and implemented than on the 

systems themselves. Regardless of the measurement system(s) ultimately used, an understanding of temperature 
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variation and its impact on part dimensions and measurement system is crucial to having accurate measurements – this 

is anticipated to be an area for further investigation. For further details, please refer to Appendix 5 Metrology Report. 

4.7.3 Assembly metrology 

A review of assembly specific metrology identified that laser tracker based measurement systems would be most 

appropriate for assembly of components in the InFORM concept fixture. Laser radar and photogrammetry have the 

advantage that they support non-contact measurement but photogrammetry would still require visible reference 

markers to be placed on the component. The latest laser trackers from Hexagon have the ability to take non-contact 

measurements without the need for target markers. However non-contact measurement is not as crucial for assembly 

as it is for forging, machining and welding. Frequency Scanning Interferometry (FSI) has been identified as a promising 

technology, however, it is currently in the very early stages of development and as such considered to be out of scope 

for the InFORM programme. For further details, please refer to Appendix 5 Metrology Report. 

4.7.4 Welding metrology 

A review of options for welding metrology concluded that laser scanning with a tracker (either a laser tracker or an 

optical tracker) would be the most appropriate technology for measurement of welding operations in InFORM. This 

view is taken due to the requirements for large volume, non-contact measurements, however, for smaller parts a 

measurement arm with a laser scanner would achieve the same results at lower cost. The only significant limitation of 

laser scanners in this context is that the quoted uncertainties of these systems are close to the limit of what is acceptable 

for welding in InFORM. Measurement of artefacts with known form and comparison with other measurement systems 

may help provide confidence in measurements. If the requirement for non-contact measurement is relaxed, a high 

accuracy photogrammetry system may provide an alternative solution as these are robust systems which can achieve a 

high data capture rate at suitable accuracy. These would be more suitable for pre-welding inspections where high 

accuracy is important and the importance of non-contact measurements is reduced compared to inspections shortly 

after welding processes. For further details, please refer to Appendix 5 Metrology Report. 

4.8 4IR technology demonstrator 

The Technology Demonstrator work package demonstrates how 4th Industrial Revolution (4IR) technology can be used 

to create intelligent fixtures for the nuclear manufacturing industry. The concept of intelligent fixtures, which 

continuously monitor and report the status and condition of both the fixture and its located component, has not been 

adopted widely in the nuclear industry. 

4.8.1 Continuous process monitoring 

It was identified at the concept generation stage that a key requirement of an intelligent fixture is to provide through-

life continuous process monitoring, with systems being capable of location tracking, monitoring of movement and 

alignment of the located component relative to the fixture. The proposed system demonstrates a continuous monitoring 
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capability, enabled by the use of low power Internet of Things (IoT) sensors mounted on the InFORM fixture. The system 

highlights to the nuclear industry how the application of 4IR technology to fixtures has the potential to improve 

efficiency and ultimately reduce the cost of manufacturing through reduced setup time and maintenance. 

4.8.2 Industrial impact 

The system which InFORM has started to devise will ultimately allow manufacturers to accurately track fixtures and 

components around the factory environment, in turn making it easier to identify operational improvements. The 

integration of fixtures and sensors which are capable of constant monitoring also allows the acquisition of information 

required to implement predictive maintenance. Clearly, the ability to predict failures or problems with fixtures before 

they have a negative impact on the operation of the manufacturing process will deliver cost savings, improved safety 

and accident prevention and potentially improve the quality of the product. 

Fixtures used in the nuclear industry are expensive assets, requiring significant financial investment for both 

maintenance and storage. Correct storage of large fixtures demands a large amount of factory floor space, and with 

serialised production of reactor units a potential future scenario, there is increasing need to optimise factory layouts 

and make the best use of space available. 

With the ability to track fixture location and usage, and an understanding of the environmental conditions and loadings 

the fixture has been subjected to, manufacturers will be better able to maintain these valuable assets in such a way that 

their working life can be extended whilst minimising breakdown and failure. Data generated by the intelligent fixture 

during manufacture will provide additional benefits once the reactor components are in operation, as detailed 

manufacturing records combined within service data will increase the fidelity of digital twins, adding strength to safety 

cases and life extensions. The InFORM 4IR technology demonstrator has shown the feasibility and potential of ‘Fit and 

Forget’ sensors, which require minimal infrastructure to deploy and can provide valuable operational information to 

enable opportunities such as predictive maintenance and the possibility of a digital thread associated with the life of a 

fixture. 
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5 Summary of future work 

The table below summarises the main future work themes from InFORM outputs. 

 Work package Consortium member Future work Indicative 
Timescale 

Short, 
Medium, Long 

Indicative 
Priority 

Low, 
Medium, High 

WP2.1 
Forging 

Sheffield Forgemasters Further development and testing of nuclear-scale hollow ingot forging methods including characterisation of material and structural qualities. M H 

Address the key challenges and gaps in UK forging capability. L M 

Research and development of future forging tools and methods, especially modular tooling. S H 

Establishing optimal forging parameters suitable for future reactor materials. M M 

WP2.2A 
Advanced Roughing 

Nuclear AMRC Carry out some form of cost model exercise to quantify the true cost of current machining processes against the potential benefits and savings highlighted by the Scan-to-CAM process. This will strengthen the 
business case and provide justification to industry for investing in commercial development and realisation of the improved process. M M 

Develop standard artefacts to more accurately compare the performance of the various commercially-available Scan-to-CAM systems. As publicly-available standard items, artefacts will provide a 
developmental test bed for the developers of Scan-to-CAM systems as well as a comparator between alternative software solutions. S M 

WP2.2B 
Super Critical CO2 

Nuclear AMRC Further research to optimise cutting conditions with a view to increasing material removal rate is recommended, including: 

Develop a research database that links tool life, material removal rate and surface integrity for effective machining process planning. M M 

Apply Design of Experiments methodology to optimise MQL/scCO2 flow rate to increase metal removal rate. S H 

Evaluate thermal stability of retained austenite in SA508 steel in machining with scCO2+MQL, considering the potential microstructural changes due to cyclic heating and fast cooling. M M 

Determine the ductile to brittle transition temperature (DBTT) in SA508 steel after machining with scCO2+MQL to assess the surface integrity of machined workpiece. S M 

Repeat machining process for optimised cutting conditions with scCO2+MQL and compare to dry machining of as-forged SA508 steel. S H 

Carry out a thorough social, economic and environmental study to fully assess the impact of changing coolant strategies in industry. Study would look at full lifecycle costs of conventional coolant and scCO2 
(from the manufacture of the product, through management and maintenance, to usage (pumping) and end of life disposal), component cleanliness, reduction of cleaning costs, health benefits of scCO2 for 
work force and carbon footprint comparison. 

M H 

WP2.3 
Intelligent Fixtures 

MetLase Further improvement and refinement of pre-existing FEA methodology, e.g. model other jointing methods; look at jointing features at different scales and in different materials; look at the modelling of 
dynamic loading with MetLase fixtures. M H 

Physical validation / testing of large structures to validate FEA developed approaches. S M 

Further refinement of large structures identified to be of benefit in fixture design. These structures have only been understood and modelled at a rudimentary level hence further work would study those 
structures in greater depth. M M 

Create methodologies for joining core structural features. InFORM research by MetLase concentrated on the core beam and plate structures of fixtures for high-load applications. Further research is needed to 
scrutinise non-welded joining approaches for the beams and plates. S H 

WP2.4 
Local Vacuum EBW 

TWI Further work to focus on building confidence in the local vacuum EB welding system, specifically: 

Development of joint fit up and associated equipment for thick section welding. S H 

Revisit design of seal carrier to allow easy replacement of seal. Consider a more robust silicon compound in order to improve seal life span. S H 

Address issue of residual magnetism and joint fit-up/alignment before proceeding to welding a joint. M H 

Continue industrial engagement to ensure that standards keep up with the development of local vacuum EB welding technology. S H 

Further work needed to progress from melt run to full weld capability. M M 

WP2.7B 
Technology 
Demonstrator 
(4IR Technology 
Demonstrator) 

AMRC Carry out a feasibility study of energy harvesting technologies within nuclear manufacturing environments to enable the possibility of ‘fit and forget’ IoT sensor technology. S M 

Create a long term industrial test bed to highlight potential challenges with applying LoRaWAN to nuclear manufacturing environments (particular consideration should be made to dealing with interference 
from other manufacturing equipment). L M 

Research is required to understand how other location tracking systems (e.g. RFID, GPS) could be applied effectively in the nuclear sector, both inside and outside manufacturing environments, with the 
requirement for a low power solution. M M 

Table 5-1: Summary of InFORM future work 
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B. Forging Optimisation
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1 Forging optimisation 

Sheffield Forgemasters RD26 Ltd were engaged to report on the current state of play in the forging sector and therefore 

the developments that will need to be undertaken to make the sector fully ready for the manufacture of forgings for 

Advanced Modular Reactors (AMR) and Small Modular Reactors (SMR). Their resulting report is in Appendix 4. 

Sheffield Forgemasters’ report details potential optimisation of current UK large scale open die forging of nuclear grade 

alloys for civil power generation applications. The report reviews the current reactor vendors currently involved in the 

AMR feasibility and development project, as well as current SMR vendors’ designs. The different types of reactor, their 

materials and operational requirements are considered to assess the potential manufacturing challenges. Additionally, 

the most complex and safety critical nuclear island components are reviewed. Although only forging is within scope of 

the report, upstream processing in primary / secondary steel making can have a significant influence in the forge and 

thus steel making practices are reviewed and improvements are suggested. Potential future AMR material grades are 

considered and additional considerations to forging practices, metrology, heat treatment and costing are made. 
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C. Machining Optimisation – Advanced Roughing
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Executive summary 

 This work package focuses on optimising rough machining operations for large high-value components.

 The current state-of-the-art used to address the challenge is:

o Traditional reverse engineering (measure stock material mock-up with tape or laser measure, create

3D CAD model, use CAD model to generate CAM)

o Advanced reverse engineering (laser scan the stock material mock-up, create mesh from point cloud,

manually create CAD model from mesh, use CAD model to generate CAM)

 An optimised advanced reverse engineering workflow (Scan-to-CAM) is proposed, which removes the CAD

model creation stage.

 Scan-to-CAM is demonstrated by creating a scale model of a representative forged stock and specifying the

geometry of the required representative rough-machined component. The scale model is scanned and then

imported into industry standard CAM software to generate machine tool paths using the above advanced

reverse engineering workflow and the Scan-to-CAM workflow. The Scan-to-CAM workflow is also tested using

software products from two other leading vendors. Key results were:

o 18%-40% reduction in machining time when using industry standard software

o 13% increase in machining time to 52% reduction in machining time with two other vendors’ software.

(Note that timings are indicative as they are highly dependent on operator experience, specification of 

computer hardware, the starting and ending geometries.) 

Benefits of Scan-to-CAM: 

 Improved material removal rate

 Increased machining efficiency will reduce the environmental impact of the machining process

 Accommodates closer tolerance forgings, reducing the volume of material which initially needs removing

The Scan-to-CAM workflow is commonplace in other sectors (e.g. medical) but blocks to industrial adoption in the heavy 

engineering sector include: access to large scale scanners and skills to process point clouds; computer hardware and 

software limitations; manufacturing engineering skills with point clouds and sunk cost in legacy systems. 

Key recommendations for future work are to develop: 

 Cost models of existing process vs. Scan-to-CAM to justify development of large scale Scan-to-CAM

 Standard artefacts to enable accurate cross-vendor comparisons
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1 Technical challenge and first principles 

This report summarises research carried out by the Nuclear AMRC on technologies and approaches which can help in 

optimising rough machining operations for large high value components. The research forms one of five parallel work 

packages completed as part of the InFORM project which responds to the Large Scale Manufacturing and Assembly 

theme of the BEIS Nuclear Innovation Programme for Advanced Manufacturing and Materials. 

 Reducing inefficiencies in rough machining 

The Advanced Roughing work package aims to establish proof-of-concept evidence for significant time savings which 

potentially can be achieved by using innovative technologies to machine components to nearer-net-shape condition. 

The research focuses specifically on methods of processing 3D scan data to generate more representative condition-of-

supply (COS) models for use in toolpath programming, and methods to improve how components are located and 

aligned with the machine tool to increase the overall efficiency of machining operations. The techniques investigated 

are suitable for components which have been initially produced in processes such as forging, casting, additive 

manufacturing (AM) and powder metallurgy hot isostatic pressing (PM-HIP). 

The key technical challenges identified in current conventional machining processes used to manufacture large 

components are: 

1.1.1 Reducing non-cutting (or ‘air’ cutting) time 

Machining time for large components such as vessels is expensive it is therefore important to ensure that cutting tools 

remain ‘in cut’ (i.e. in contact with the material) for as long as possible to maximise machining efficiency and 

productivity. Large nuclear components often start life as forged billets of rough and irregularly shaped material which 

demand conservative cutting strategies in order to prevent tool and/or workpiece damage. Turning and milling 

operations, therefore, tend to include large toolpath offsets which result in cutting tools intermittently losing contact 

with the undulating surfaces as the tool traverses the workpiece. This causes tool loads to vary randomly and leads to 

poor cutting efficiency, rapid tool wear and longer machining times. This intermittent cutting also increases the number 

of initial engagements of the tool, which is a shock loading event that can result in tool breakage. The surface quality of 

the workpiece may also be compromised and more serious damage can occur if nothing is done to alleviate the problem. 

Numerically controlled toolpaths can be programmed to compensate around well-defined features on the forging 

surface, for example, by varying cutting speeds and depths around specific undulations, or by introducing pauses in the 

machining cycle to allow adjustments to tooling (e.g. to vary insert material grade). This approach often however relies 

on the experience and manual intervention by the operator, and can be very time-consuming. Accurate surface mapping 

and selection – ideally with some degree of autonomy – of only those surfaces which need machining is a necessary 

advancement to enable some of the inefficiencies of the current approach to be overcome. This section of the report, 

therefore, investigates how scan data from the forging process can be used to produce accurate/efficient and more-
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representative condition of supply (COS) models which, combined with innovative, adaptive toolpaths, can reduce the 

time spent ‘air cutting’. 

1.1.2 Using 3D scan data to support machining activity 

Computer Aided Manufacturing (CAM) is widely used to produce computer programs that drive Numerically Controlled 

(NC) machine tools. The software uses a graphical user interface (GUI) to define the machining sequence which is then 

post-processed to create a numerical control (NC) program which contains the machine-specific commands for the 

target machine tool. Scan data, usually in the form of 3D point clouds and polygon meshes in the standard triangle 

language file format (.stl), are currently poorly supported by CAM software when seeking to define the shape of the 

initial near-net shaped component. Most CAM software is not capable of processing large point cloud data and 

consequently becomes unresponsive when computing large, ‘raw’ datasets delivered straight from scanning devices. 

The conventional approach is to use multiple software packages which are individually optimised for specific operations 

to pre-process datasets into more usable formats for subsequent CAM engineering. Tasks such as the initial scan 

capture, mesh generation, mesh repair (i.e. construction of surfaces between data points and filling of holes and 

overlaps) and CAD modelling are often undertaken using entirely separate software packages. This necessitates the 

export/import and conversion of various file types, resulting in workflow fragmentation, inefficiency and accumulative 

error due to conversion tolerances. It demands more time, effort and software knowledge from the operator; in some 

cases multiple operators may be needed. The additional cost of training, purchase and maintenance of several software 

packages must also be factored.  

1.1.3 Aligning featureless stock to the machine tool 

Aligning digital models of the forged billet, machine bed and finished workpiece is often a significant challenge in large 

component machining. Similarly, ensuring the real component is aligned on the actual machine in accordance with how 

it was aligned in the CAM package also presents difficulty. Models of near-net-shape objects, whether they are 

generated from point cloud data or reconstructed from manual measurements into solid body CAD objects, often do 

not contain fixed points of reference, and are inherently difficult to align in Cartesian space. Similarly, real forgings do 

not possess defined datum and are additionally challenging to align accurately on machines due to practical handling 

difficulties. To set a large, heavy and difficult to handle workpiece safely and correctly on a machine can take a significant 

amount of time, and depends greatly on the skill and experience of the operator. 

1.1.4 Ensuring a part can be made from the material available 

Ensuring the finished component can fit into – and be formed from – the available stock material is another major 

challenge in large scale manufacturing industries. If a large high value forging has to be scrapped because it is found to 

contain insufficient material to produce the final component, significant time delays and severe cost implications can 

occur with serious immediate and long term consequences. 
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 Current state of the art used to address problem 

In Nuclear AMRC’s experience, the manufacturers of large scale nuclear components tend to use long-standing 

conventional machining strategies rather than newer, more advanced techniques. Most do try to reduce cutting time, 

but often do not address the non-added value aspects of the machining cycle such as those identified above. 

In low-volume, high value machining operations where conventional machining strategies are used, some level of non-

cutting time tends to be accepted. In these situations, endeavours to fit the finished component within the stock 

material so that it can be produced successfully often receive first priority. Checks to ensure that the stock material can 

fully encapsulate the finished component, however, extend only to gathering basic dimensional information to confirm 

the overall size of the supplied billet. Once it is established that the finished part can be machined from the stock 

material, little consideration is given to the length of time the machine spends ‘cutting air’ or removing surplus material 

from high points – a theoretical best fit of the finished component inside the stock material is usually not applied. The 

question of exactly how much surplus material the supplied billet contains receives much less attention in machining 

workflows than it perhaps should, possibly because the forging and machining stages are treated as two almost 

unconnected activities. Forgings which contain excess surplus material might be preferable to some manufacturers and 

forgers as it provides a better guarantee that the component will ‘clean up’ when machined and yield the finished item. 

In some cases, removing large amounts of excess material is simply accepted because other options do not, or are not 

known to, exist. In some machining operations the consequence of failing to produce the final component due to 

insufficient material in the forging far outweighs the extra cost and other impacts of manufacturing in this way. It is 

clear that this practice for whatever reason is inefficient and wasteful, both in materials, machine time and machining 

consumables. 

1.2.1 Tape measures vs 3-dimensional scanners 

Conventional approaches used to align featureless billets on machine tools, and methods of establishing the location 

and orientation of components within the billet, vary depending on the nature of individual components and/or specific 

machine requirements. The approach currently used in industry is encapsulated in the often-used phrase of ‘setting the 

component to best advantage’, usually with basic measuring tools such as tape measures and dial gauges. This 

essentially means that the billet is positioned on the table in whatever way the machine operator believes will provide 

the best access for machining and inspection operations to take place whilst ensuring dimensional requirements can be 

achieved. Component set-up in this way requires skilled machine operators and is usually undertaken on a component-

specific basis using processes which are not easy to repeat, especially when components require transferring multiple 

times between different machining stations. 

In recent years, research has focused on improving alignment methods by making better use of 3D scanning technology 

to create more representative COS models, with the added aim of reducing non-cutting time and developing faster 

techniques for locating components on the machine table. The use of 3D scanning technology has become relatively 
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common in the aerospace, automotive and construction industries. Designers use the technology to digitise physical 

models of prototypes or existing components to create 3D parametric models which can be developed or adapted 

through reverse engineering workflows. The techniques are useful for undertaking repair work and replicating 

components which are no longer available, as well as modifying and upgrading existing structures and components. The 

technology has become an essential tool to industrial product designers and businesses which specialise in 

rapid/functional prototyping, concept modelling and 3D printing techniques. Whilst the techniques are used extensively 

in vehicle body styling (1), there are numerous other applications in art, heritage, medical treatment, construction, 

product development, tooling and fixture manufacture (2) (3). 

1.2.2 Reverse engineering 

Although reverse engineering workflows adopted by different users often have similarities, no single or common 

approach appears to exist for specific applications – methods instead are often adapted to satisfy individual component 

and project requirements. Quality Magazine defines reverse engineering in its simplest form as ‘a process of measuring 

precise 3D dimensions of an existing object and converting that information to a 3D CAD model’ and suggests that there 

is ‘a lack of consensus as to what exactly constitutes ‘reverse engineering’’ (4). This remark corroborates the perception 

that approaches to, and definitions of, ‘reverse engineering’ differ amongst practitioners. This is also reflected in the 

way that the software technology driving the process constantly evolves to meet new needs. 

The following case studies provide insights into large-scale reverse engineering challenges which could be transferred 

successfully into high value nuclear manufacturing. 

1.2.2.1 Case study 1 – upgrade of Black Hawk military helicopters 

BAE Systems Australia was tasked with upgrading the electronic technology for Black Hawk helicopters used by the 

Australian Army (5). This required BAE to generate 3D CAD data which accurately represented the airframe and ancillary 

equipment installed on each helicopter at the time of the project. A combination of 3D photogrammetry and optical 

scanning techniques were used to digitise the surfaces of a designated aircraft in order to generate a 3D point cloud 

from which parametric CAD surfaces and solid objects could be reconstructed. This method was selected as it was 

considered the most efficient approach and would provide a more accurate representation of the helicopter structure 

than other methods such as surface modelling in 3D CAD software. It also allowed large amounts of dimensional data 

to be collected in a relatively short timeframe, thereby minimising disruption to flight operations. 
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Figure 1-1: Fuselage prepared for scanning (5) 

The specification of the data gathering project involved measuring the airframe and producing data to within a verifiable 

accuracy of 0.1 mm. Given that the airframe is considered a large object, traditional digitising techniques such as surface 

reconstruction from hand measured data were not capable of meeting the accuracy requirements. Whilst co-ordinate 

measurement machine (CMM) probing would provide data of the required accuracy, it too was considered unfeasible 

given the practicalities of capturing enough data points to faithfully recreate complex/compound curves. The TRITOP 

Optical Photogrammetry and ATOS 3D Scanning systems supplied by GOM were able to overcome this problem. The 

aircraft was prepared by placing coded and un-coded targets (Figure 1-1) onto the airframe and gathering reference 

data which could be imported into CAD software and manipulated in subsequent design and planning processes. The 

coded markers provide a reference coordinate framework to which captured scan data (point clouds) are aligned. 

 

Figure 1-2: Nose – ATOS scan data (optical white light scanner data) (5) 

These systems provide a time-efficient way of capturing data to accurately represent large objects which have complex 

surface features. The methodologies are also likely to generate considerable time and cost savings over conventional 

methods, which are substantially more labour intensive and often require some disassembly for measurements to be 
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made (i.e. a conventional method might require removal of several components to access others, and then measuring 

each one individually by hand). 

Applying the same methodology to data collection and surface modelling in nuclear component manufacturing would 

not be difficult to implement, provided that large dataset processing methods are devised. The main advantage of 3D 

scanning is the ability to accurately measure large complex components in a relatively short period of time. This will 

benefit the production of virtually all new large scale nuclear components irrespective of whether they are made in low 

volume or high volume. 

1.2.2.2 Case study 2 – Printing and certifying additively manufactured marine propellers 

There is growing interest in understanding how 3D scanning technology can support additive manufacturing processes 

which are currently in development across various industries. Research and development carried out recently in the 

shipping industry between Rotterdam Additive Manufacturing Laboratory (RAMLAB), Autodesk and FARO Metrology (6) 

(7) has shown that it is possible to manufacture small to medium sized ship propellers using the wire arc additive 

manufacturing (WAAM) process, with the help of 3D scanning techniques to perform essential measurement and quality 

inspections of the component. 

 

Figure 1-3: Wire Arc Additive Manufacture (WAAM) of a ship propeller blades (7) 

The WAAM process allows replacement components to be made using 3D metal ‘printing’ technology in far shorter time 

than would normally be required if traditional methods are used. Components which are damaged in service, or which 

are so old that spares no longer exist, can effectively be reproduced on-demand without lengthy delay. This has 

enormous benefit to the shipping industry as it significantly reduces the time and cost incurred when vessels require 

urgent repair and maintenance work, allowing ships to be returned to service far quicker. Although current work has 

focused on the manufacture of propellers, the versatility of the WAAM process means it can be used to remake and 

repair many different types of component, in some cases reducing their weight and optimising their design. 
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Figure 1-4: 3D scan technology used in WAAM of ship propeller blades (6) 

In the work by RAMLAB to manufacture a prototype ship propeller, a robotic WAAM process was used to form each 

blade by depositing multiple over-laying weld beads onto the propeller shaft substrate to build up the blade profile layer 

by layer. As the process can be programmed to place material only where it is needed, each blade can be made hollow 

and lighter, which improves operating efficiency and reduces vessel running costs. As with most additive manufacturing 

methods, the WAAM process creates components which have deeply ridged surfaces (7) which require machining and, 

in the case of marine propellers, polishing by hand to a precisely profiled finish. A FARO ScanArm was used to accurately 

scan the propeller to see if any deformation had occurred in the welding or ‘printing’ process (6). Scans were performed 

at various stages in the production process, each one taking around 20 minutes to complete. Measurement data 

collected from the ScanArm was exported into Autodesk PowerInspect, a 3D measurement and metrology software 

product, to allow comparison of the scan data with ‘as-designed’ CAD geometry and to check that the newly formed 

component matched the design intent. The scans confirmed that the ‘as-manufactured’ component closely matched 

the CAD intent model, and successfully identified areas in which the deposition process could be improved. 

Whilst scan data was used mainly to validate component geometry, check conformity with design intent models and 

help to control the position of weld deposition, it is unclear as to how extensively the scan data was used in machining 

operations. However, the programming of computer numerically controlled (CNC) milling operations would likely have 

benefitted from the availability of more accurate, detailed models of the ‘stock’ component. 
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2 Starting TRL/MRL level 

At the start of the project the Nuclear AMRC considered that the type of technologies needed to support machining 

from scanned datasets were collectively around TRL 4. In conventional applications, machine tools, CAM software and 

tools for scanning and alignment are considered to be relatively mature and therefore achieve high TRL (in the range 6-

8). However, CAM software – a fundamental part of the process – was not deemed to have matured sufficiently in terms 

of its ability to support machining from large scanned datasets, therefore the overall TRL is considered lower on this 

occasion. 

The application of scan based machining technologies in the nuclear industry was considered to be around MRL 3, as 

such technologies were not thought to be widely deployed across the sector. This work package focuses on increasing 

the deployment of existing technologies by aiming to improve processes and methods rather than developing the 

technology itself. It does not aim to produce specific software improvements, as this would be a task for the software 

vendors, but instead aims to develop and improve generic processes and raise awareness in industry to facilitate wider 

adoption of these technologies in the nuclear sector. 

These assessments were based largely on observations of how existing technologies are used in other industries to 

complete specific tasks. A more detailed justification for the assigned TRL/MRL values is shown in Appendix 1. 
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3 Overview of technical challenge for industry 

The following sections present an overview of the main challenges involved in machining rough forgings and the work 

carried out in this work package to address the challenges identified. 

 Fundamental concepts for machining of rough forgings 

3.1.1 Near-net-shape manufacturing 

Near-net-shape (NNS) manufacturing is a concept which has developed from the application of several different Design 

For Manufacturing (DFM) methodologies and is supported by various technologies. The main aim of a NNS 

manufacturing approach is to reduce production lead time, and hence cost, by producing components which are as 

close to the finished condition as possible, thereby minimising unnecessary material removal and un-productive 

processing time to achieve finished size. 

Marini et al. explain that the concept of manufacturability has been applied to numerous processes and industries in 

the last 30 years, and that the idea of NNS ‘has evolved from being a generic term to a specific family of processes and 

technologies’ (8). It would not seem however, that a significant amount of research and development has taken place 

on the application of such processes and technologies specifically in the nuclear industry. This is highlighted in Figure 

3-1, which shows the distribution of research papers by application across key sectors. 

 

Figure 3-1: Papers distribution by application (8) 

Further investigation of NNS methods and technologies, particularly from a machining and forging perspective, is clearly 

required as significant time and cost savings could be made by improving the manufacturability of key nuclear 
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components, for example by reducing the number of manufacturing steps needed to complete a component. In terms 

of machining optimisation, this will focus on improving the way scan data from the forging process is acquired and 

processed in order to implement more efficient cutting programs. The ultimate intention will be to move away from 

cutting programs which are based on simplified CAD representations of the component, as these often do not give true 

representations of the component geometry and surface condition, to using tool paths which are based on the actual 

topography of the COS surface. By including all, or at least more of, the imperfections and irregularities of the COS 

surface in the CAM model, toolpaths which cut only where necessary can be programmed, thereby saving a large 

amount of time compared to more conventional toolpaths. 

3.1.2 How nuclear components are manufactured to near-net-shape  

Large nuclear forgings such as thick-walled pressure vessels create many challenges during rough machining operations. 

After undergoing primary shaping, forgings can be supplied to the customer either in a completely un-machined state 

or, if suitable facilities are available at the forge, in a semi-machined condition. 

Where forgings are supplied in a semi-machined condition, subsequent machining operations carried out by the end 

user can be relatively straightforward, as datum for measuring equipment such as flat faces, or other features and 

reference points, are likely to have already been defined and the overall component geometry is generally more 

uniform. 

If the forging is supplied totally un-machined, however, the task of removing the rough ‘as-forged’ surface is more 

complicated than for a semi-machined forging. For ease, end users might request that the stock material is supplied 

semi-machined with a more uniform shape. This is mainly because foundries often provide, or have access to, first stage 

machining services/capabilities and are better equipped to handle heavy components. This may cost the end user more, 

but ultimately saves time in preparing the forging for further machining. The foundry, however, still has the difficult task 

of preparing the ‘as-forged’ surface to the requirements of the customer. This means selecting and removing sections 

of forged material which are not needed, whilst leaving enough for the end user to machine to their specific 

requirements. The methods used by foundry machine shops to select regions of material for removal, whilst relatively 

fast, are not always particularly sophisticated (e.g. manual measurement devices and simple, straight cuts using a band 

saw may be as far as capabilities extend). This results in more material being retained on the forging to guarantee that 

it will clean up to the end user’s specification. 

There are other issues with as-forged surfaces. Irregular, undulating features and long shallow surface depressions 

reduce tool engagement and lower cutting cycle efficiency. Localised high-points can cause increased wear, damage 

and premature tool failure. Simple, conventional toolpaths may be unable to adapt to these irregular surfaces as they 

tend to run at constant cutting parameters and often take slow, shallow, and hence sub-optimal, cuts to avoid excessive 

tool wear and damage to the component. 
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3.1.3 Machining uncertainties 

A model of a representative nuclear component and the forging from which it could be machined is shown in Figure 

3-2. These models were created by Nuclear AMRC to develop and test machining workflows described later in section 

3.2.2. The designs do not represent specific nuclear components, but are based on generic features found in most thick-

walled pressure vessels. 

 

Figure 3-2: Forging test model 

3.1.3.1 Stock measurement uncertainty and non-cutting time (cutting ‘air’) 

In a conventional workflow, where simple measuring techniques are used (tape measures, dial gauges, minimum 

number of probe points, etc.), it is difficult to accurately map the surface of the stock material. Stock model 

approximations used in CAM programming are often deliberately oversized to provide a greater margin of error and a 

better chance of being able to machine down to the finished size. For cylindrical components, this approach assumes 

that an excess of material exists evenly all the way around the circumference of the component, fully encapsulating the 

finished component. The disadvantage is that machining times are much longer, because the cutting tool spends more 

time passing over low points on the surface where material does not exist (air cutting), than removing high points, which 

may be fewer in number but spaced further apart. 

Uncertainty about the stock surface profile increases the risk that the component will not clean up, as illustrated in 

Figure 3-3. This may necessitate additional finishing cycles or passes being needed to complete the component, which 

further increases the machining time. In a worst case scenario, inaccurate mapping of the stock material could lead to 

stock model approximations which are slightly undersized in particular areas. It may not become apparent until 

machining operations are under way that there is insufficient material to produce the finished component; 

consequently, the stock component may end up being scrapped, with a considerable amount of time and other 

resources being wasted during the machining process. 
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Figure 3-3: Innovate R&D project between Nuclear AMRC and Sheffield Forgemasters 

Uncertainty about the stock surface profile leads to conservative machining strategies being implemented, where 

‘cutting moves’ are used instead of ‘rapid moves’ in order to prevent collisions between the tool, machine and 

component. This increases machining time as cutting moves (e.g. G1, G2, G3, etc.) are very slow, whereas rapid, non-

cutting moves (e.g. G0) are very fast. Rapid moves should only be used where it is certain that the tool will not collide 

with other objects or stock material, however, unrepresentative and inaccurate stock models cannot provide any 

guarantee or certainty that material will not exist where indicated. 

3.1.3.2 Machine tool location uncertainty and alignment of featureless stock to machine tool 

Further uncertainty is met when stock components are set on the machine table and their 3-dimensional positions are 

referenced in the NC program. Forged billets have rough and uneven surfaces, and often lack distinctive features which 

can be used for alignment. They are usually extremely heavy, which makes it difficult and hazardous to locate and define 

their exact position on the machine table with total certainty. Further allowance for misalignment with the machine 

tool must be made in addition to any measures which compensate for stock model uncertainty. The allowance is 

designed to prevent tool collisions and may be in the form of an offset applied in the CAM program. 

Where features are difficult to define, 3D scanning technology can be used to reverse engineer the stock component by 

‘extracting’ best-fit geometric features (such as planes, cylinders, cones and spheres) from the scan data and aligning 

them to the CAD model. This can be a challenging and time consuming task if the CAD and scan geometries are 

significantly different, however, this approach often works well when combined with secondary manual alignment 

techniques (9). Detail drawings should specify how the CAD and scan models should be aligned to ensure that sufficient 

material is available during final machining operations. If any areas are found which might not clean up, alignments can 

then be adjusted before machining starts. The modifications can be recorded and then used to position the stock 

material in the machining fixture. If the alignment shows there is insufficient material for the component to clean up 
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then the near-net-shape billet can be scrapped without wasting valuable machining resources, saving both time and 

cost (9). 

The common approach to dealing with on-machine component alignment in industry is shown in Figure 3-4. The process 

is based on ‘setting the component to best advantage’. This simply means that the machinist uses traditional machining 

tools, such as dial gauges, to ‘clock’ the component (e.g. to measure run-out) and make small adjustments to its position 

on the machine table, using jack-screws or hydraulic rams, so that selected faces or other features sit square and central 

to the machine axes. The procedure relies solely on the ability and judgement of the operator – it requires many years 

of experience to gain the necessary skills in order to complete the task successfully. The process itself can be time 

consuming, as positional information must be checked regularly using on-machine probes to probe datum features on 

the component. Despite frequent checks of key dimensions, the NC programmer is often still unsure about the exact 

position of the stock material, and precisely where the final component should be located within the stock. To guarantee 

that the component will clean up when machined, oversized forgings are commonly used. This necessitates extra 

machining, which is time consuming, produces more swarf (hence scrap) and increases the cost of the initial forging and 

the rough-machined component. 

  

Figure 3-4: Current alignment procedures (L: MMS Online; R: Centroid CNC) 

3.1.3.3 Final component location and orientation uncertainty 

To ensure that hours of programming and machining time are not wasted in producing a component that potentially 

will not clean up during final machining, it is essential to establish that the stock material is suitable for the machining 

process. To assess stock material suitability, the scanned forging and finished CAD models can be superimposed to 

identify areas where the finished component is not fully encapsulated by the stock material. Alignment of the two 

models can be achieved manually, or by using best fit tools provided by the scanning/inspection software. The manual 

process can be effective for simple components, but relies on human judgement to visually adjust component origin 

points so that the component is entirely surrounded by material. If best fit alignment tools are used, advanced 

algorithms which recognise and match geometry profiles are applied by the  software to achieve an even or minimum 
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depth of material all around the finished CAD model. In both methods, the software can highlight any areas which might 

not clean up on a colour map by displaying deviations in material depth from a specified nominal value. Some software 

packages also generate inspection reports which allow similar analyses of the fit made between the scan and CAD 

models. In reality, a combination of both alignment methods is often used – first, auto-fit techniques to set the general 

position, then second, manual methods to fine-tune the final alignment (9). 

3.1.3.4  Accumulation of machining uncertainties 

Whilst the cumulative effect of the machining uncertainties listed above are not an exact science, they can have a 

significant impact on the overall process time as the level of uncertainty increases. Consequently Figure 3-5 attempts 

to illustrate how this might impact a conventional machining workflow used to produce the type of nuclear forging 

shown in Figure 3-2. To help reduce component manufacturing time, uncertainty about the stock material, tool location 

and component location/orientation must be removed as much as possible. 

    

Figure 3-5: Machining uncertainties 
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 Work conducted and the development path 

To address the technical challenges identified in section 1, research tasks were split into broad groups as detailed in 

Figure 3-6. 

 

Figure 3-6: WP2.2A – work package development pathway 

3.2.1 Forging test model 

The forging test model shown in Figure 3-2 was created to investigate and compare different workflows that are widely 

used in industry. It was also used to develop and test methods of reducing non-cutting time in CNC toolpaths, and 

techniques for aligning stock and finished CAD models on representative machine tables. 

The test model is an 8% scale reduction of a generic pressure vessel component and does not reflect any specific design. 

However, the features and geometries it includes are typical of most thick walled pressure vessels. The reasons for using 

a scaled model are as follows: 

 The test model does not have to satisfy a particular design or set of requirements. It must simply allow the 

demonstration and comparison of methodologies, and not indicate how a specific component should be 

produced. 

 The test model uses basic geometry which is neither too simple nor too complex. For very simple geometries, 

such as a plain cylinder, it is unlikely that any difference would be observed in machining times between a 

simple and advanced cutting process as the cutting strategies used would be similar for both methods. 

Conversely, complex component geometries might present specific challenges, which require more targeted 

investigations that are beyond the current scope of this work. 

 A scaled test model is physically easier to manipulate, which allows quicker experimentation and testing of 

different scanning parameters. Data files produced by the scanner are complete, with no missing parts or areas. 

With a full size component, access to inspect and scan particular areas of the component, such as the underside 

or where support structures (pallets, fixtures etc.) are present, may be restricted. 

 Although the test model is a reduced scale object, it is scanned at the full resolution allowed by the scanner. 

The dataset captured is therefore of comparable file size to similar files that would be obtained when scanning 

a full size component; the only difference being the geometric/dimensional size of the component itself. The 
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dataset is scaled back up to full size in the CAM software in order to produce representative machining times. 

The same test model data, with the same surface features, are used for a fair comparison to be made between 

different workflows. 

 The test model is based on non-specific geometry using datasets which are captured ‘in-house’ at Nuclear 

AMRC. This provides full control of the data and avoids potential issues with Intellectual Property rights. The 

data can be shared with outside organisations as required, without fear of infringing commercial or security 

sensitivities. 

3.2.2 Machining workflows and reverse engineering 

Various different approaches to machining exist in industry and although methods may be familiar between 

manufacturers of similar products, each process followed will be slightly different from one manufacturer to the next. 

A typical, generic process for machining components is likely to include the tasks shown in Figure 3-7. 

 

 

Figure 3-7: Generic machining workflows 

 

The process is characterised by two distinct and commonly used reverse engineering approaches; traditional and 

advanced. 
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3.2.3 Traditional reverse engineering 

A traditional reverse engineering workflow for a large bespoke component typically includes the following steps: 

 

Figure 3-8: Typical procedure for traditional (simple) reverse engineering 

The process typically starts with a technician measuring the stock component with a tape measure to ascertain its 

maximum extents, using the dimensions gathered to create a basic CAD model which represents the component which 

can then be imported into the CAM program for toolpaths to be created. The measurement and CAD modelling stages 

usually do not take long to complete, however, the CAM programming stage can be lengthy, as extra checks of the 

cutting path are needed due to uncertainties about the stock model accuracy. The key steps in this workflow are 

explained in more detail in Figure 3-9. 

 

 

Figure 3-9: Traditional (simple) reverse engineering workflow stages 
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Traditional reverse engineering (RE) workflows are characterised by the use of ‘contact’ metrology techniques (cf. non-

contact methods such as 3D or 2D scanning systems) to collect measurement data about the stock material. Simple 

tools such as tape measures, plumb-lines, machinist-squares and straight edges offer a quick, inexpensive (but generally 

less accurate) way to measure the overall geometry, position and orientation of large stock components. Large 

micrometres, callipers, and height, depth and thickness gauges are also routinely used to measure dimensions between 

specific points on the stock material surface. The geometry of specific features such as holes – which can be used as 

reference for alignment – is usually measured with more specialised tools such as bore or thread gauges. 

If appropriate handling equipment and space to manoeuvre is available, bulky, semi-machined components can be 

measured using large volume CMM machines. However, it is difficult to measure large forgings in the same way because 

the irregularity of surfaces on the material usually make it difficult to support, align and transfer components between 

machining and measurement stations. As component complexity increases it becomes more difficult for CMM probes 

to access intricate features and the confined profiles which are normally found on stock material surfaces. This often 

prevents the comparatively high measurement accuracy of the CMM machine from being fully exploited. To avoid 

moving and resetting the component, the most practical solution is often to use simple, manual techniques to measure 

the component whilst it is still on the machine – clearly this requires the machine to be stopped, increasing downtime 

and reducing productivity. 

Generally, the larger and more intricate the stock component, the more difficult it is to accurately measure its geometry 

and surface characteristics. This is due mainly to the ease with which the component can be manipulated to gain access 

to its surfaces, but also because more data must be collected in order to fully define a larger volume/area. A significant 

drawback with traditional measurement tools is that, unlike more advanced methods such as 3D scanning (in which 

very large amounts of data are captured), only a limited number of data points can be measured (or ‘sampled’). A 

common approach is to only measure the ‘maximum extent’ of selected primitive shapes and perhaps a few specific 

dimensions (e.g. its overall height or diameter) to infer the overall geometry of the body. In practice, it is not possible 

to produce high-definition models of large, irregular forgings by using traditional measurement tools alone, as every 

small detail and surface undulation cannot be captured and recreated individually. The conventional solution is to create 

‘oversized’ stock models, which are less detailed, less well defined, approximations of the real stock material. 

Consequently, more material has to be machined away, which leads to significant increases in the amount of ‘air cutting’ 

required. Inevitably, machining times are longer and more material is wasted. This approach can, however, be less risky 

than running a cutting program with an ‘under-sized’ representation of the stock material, since it offers more choice 

over toolpath options, greater flexibility to control tool wear/damage and guarantees that enough material is available 

to produce the finished component. 
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3.2.4 Advanced reverse engineering 

An advanced reverse engineering workflow for a large bespoke component features the following steps: 

 

Figure 3-10: Typical procedure in advanced reverse engineering 

The process begins by using 3D scanning technology to digitally map the surface of the stock material in a point cloud 

format. This can take several hours, depending on the complexity and size of the component. The point cloud data is 

next ‘meshed’ to create polygonised surfaces between node points. Again this can take several hours, depending on the 

component complexity, scan resolution (affecting the number of data points per unit area) and the level of operator 

skill; however, the data collected is much denser (i.e. the number of points measured is higher) and more accurate than 

the data collected in the simple reverse engineering workflow. The meshed surface is then imported to a CAD program 

where surfaces are reconstructed to form a parametric model of the component. This is often an intensive process and 

can take several days or weeks to complete in order to produce an accurate representation of the final component. The 

final stage involves importing the CAD model to the CAM software, where toolpaths are created and machining takes 

place. This stage is similar in duration to equivalent stages in simple reverse engineering workflows. Breaking the 

advanced reverse engineering workflow down into more detailed steps produces a process shown in Figure 3-11. 

 

Figure 3-11: Advanced reverse engineering workflow stages 
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Keys stages in an advanced reverse engineering workflow can be summarised as follows:  

3.2.4.1 Scanning the stock material 

The first step in creating a CAM model is to scan (i.e. measure) the forged component with a 3D scanner. Various types 

of scanning system can be used to capture raw data (10) (11); most include basic tools within the user interface to view 

and manipulate data, which is normally in the form of a point cloud. 

The raw data, or point cloud, consists of large numbers of 3D coordinates which define the position of every measured 

point on the surface of the object. It also includes the surface normal for each point (the surface normal is an orientation 

vector, or angle which defines a line that is perpendicular to the measured point). Each set of coordinates can also 

include information on RGB (red-green-blue) colours and intensities, which can be mapped in third party graphics 

rendering applications. The number of coordinates measured varies depending on the size of component being scanned 

and the scanning density provided by the equipment – large, dense scans may include several million points of data. As 

more data points are recorded, the point cloud becomes denser and object contours become more clearly defined. 

However, file sizes become larger, which inevitably increases computation time in downstream processing. Point clouds 

can be exported in various file formats, such as .stl, .xyz, .ply, or .obj. 

3.2.4.2 Optimising the stock material scan 

Point cloud file sizes are influenced closely by the size and complexity of the component, the scanning resolution and 

sampling methods which might be applied to limit the amount of data initially captured. Raw, un-filtered scans of typical 

large-scale forged components may be between 1 and 3 Gigabytes in size and will almost always require sampling to 

make them more manageable for CAM software to process. Whilst dedicated point cloud handling software, such as 

CloudCompare (12), can easily manipulate large datasets, CAM software packages normally become unresponsive if 

large raw datasets are imported. Methods for filtering and sampling such datasets can vary depending on the specific 

requirements of the component and the chosen machining process. In Nuclear AMRC’s experience, using industry 

standard computer hardware, CAM software packages can open scan files of up to around 50 Megabytes but are unlikely 

to be responsive enough to actually perform any other operation. Similarly, CAD files of up to around 30 Megabytes can 

be opened but with similar performance issues. 

To make the raw datasets captured by 3D scanners easier to manipulate in CAM software, pre-processing may be 

required before polygonised meshes are generated. Polygonising the mesh effectively means ‘joining the dots’ of the 

point cloud to form a surface. Pre-processing might, for example, involve removing overlapping or coincidental data 

points and points which fall outside a specified tolerance value. Data can also be refined by applying thinning algorithms 

to control point cloud density. Many pre-processing measures can be performed with commercially available reverse 

engineering software (Polyworks (13), GOM Inspect (14) (15), Geomagic (16) , GibbsCAM (17), etc.), however, dedicated 

third party applications, such as CloudCompare (12), also offer useful tools and features for optimising raw data files. 

Other general pre-processing measures are described in section 3.2.7. 
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3.2.4.3 Generating the mesh from the scan of the stock material 

When all scanned data has been combined into a single, optimised point cloud, surfaces can be reconstructed by 

generating a polygonised mesh. Polygon meshes are formed by linking the vertices of 3D point clouds (i.e. the points) 

together to define the edges and surfaces of the object. Surface reconstruction firstly allows point cloud data to be 

visualised more clearly, but more importantly, provides the necessary shells (i.e. boundaries) from which 3D solid 

models are formed. Reconstructed surfaces also allow easier comparison of designed and actual component geometry, 

where two or more models are overlaid, aligned and checked for deviation from the design intent. Software packages 

with combined meshing and inspection functions often provide tools for extracting dimensions of specific features and 

methods of highlighting geometric deviations between models as colour maps (18). Meshing is often a highly iterative 

process and it can therefore be time consuming to produce stock model approximations which meet accuracy 

requirements which require minimal computational effort by the CAM software. 

Mesh quality can significantly influence the validity of NC simulations – where quality is low, models might not represent 

the actual component accurately and consequent cutting simulations might be imprecise and unrealistic. If mesh quality 

is too high, models and simulations – whilst potentially being very accurate – are likely to run extremely slowly due to 

increased computational demand. A balance must be found between choosing an appropriate level of accuracy which 

does not require an unreasonable amount of computational time to both form and manipulate the mesh. 

Various reverse engineering software packages, such as Meshmixer (19), Netfabb (20) or Tebis (21), can be used to 

convert point clouds to 3D surfaces and then repair or apply patches over holes which may be present. Holes often 

occur when the scanner cannot detect a surface in a particular area, possibly as a result of surface reflections, low light 

contrast or other environmental conditions. Gaps and holes must be closed to make the surface continuous, otherwise 

toolpaths cannot be superimposed over them. Meshes can also be refined by applying smoothing tools to flatten any 

imperfections generated from the scanned data, although this method can reduce model accuracy. 

3.2.4.4 Creating a 3D CAD model from the stock material scan 

A common method of generating interactive parametric CAD surfaces starts by processing the mesh with ‘curvature-

based algorithms and tolerances’ (14), where mathematically defined wireframe curves are fitted between selected 

mesh points. The software interpolates additional points within a specified tolerance of the original wireframe line and 

creates a meshed face using the new contour as a guide. Curve fitting can also be carried out manually (i.e. visually by 

the operator), however, for improved accuracy, the operation is more likely to be performed with automatic spline 

fitting or feature recognition tools built into the CAM software. The process is often executed iteratively to produce 

surfaces which have the required profile. Many software packages also include dynamic feature libraries, which allow 

specific features identified in the mesh, such as standard hole-types (e.g. counterbore, countersunk, straight/tapered 

tap etc.) to be recreated from standard templates. Although automatic curve fitting/feature recognition methods are 

preferable for their accuracy and ease of use, approaches on how to apply them usually vary between different 

proprietary CAM systems. 
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Surfaces are generated using the wireframe curved lines as a guide. The curved lines represent the edges or boundaries 

between adjoining panels or ‘shells’, which must be merged together to form continuous, ‘closed’ surfaces. Generally, 

surfaces have to be conjoined in order to fully enclose a given volume. If surfaces are left ‘open’ or ‘non-manifold’, the 

CAM software will be unable to determine the surface normal vectors of points along the line, which means it will not 

be able to distinguish between internal and external spaces and generate toolpaths. The term ‘non-watertight’ is used 

to describe a similar issue in 3D printing, where the component fails to print because open object surfaces prevent the 

software from defining and resolving boundary interfaces. Surface models must be converted to solid bodies so that 

the object can be discretised into slices and toolpaths can be generated. Solid models however are more complex and 

computationally demanding than surface models, which, in turn, are more complex than wireframe models. If the 

meshed surfaces generated from the scanned data have suitable resolution, it may be possible (and computationally 

quicker) to define the surface of the component using primitive shapes. For example, for plain cylinders, cylinders 

extruded from 2D sketches may provide satisfactory component definition and accuracy without needing to apply 

surfaces based on complex compound curves. 

3.2.4.5 Importing stock model CAD into CAM software and aligning with finished component model 

The remaining stages in an advanced engineering workflow, which involve importing the stock material CAD model into 

the CAM software and aligning it with the finished CAD model are similar to those in the traditional workflow detailed 

in section 3.2.3. 

3.2.4.6 Rapid surfacing 

An emerging philosophy in a number of high end software packages is the concept of rapid surfacing. This removes the 

need for manual CAD techniques to create surfaces and could provide a faster, less labour intensive option. However 

the software (e.g. Geomagic (16), Rapidform (22), Polyworks (13)) is expensive and requires significant training to get 

accurate and usable geometries with more complex components. 

 

3.2.5 Optimised advanced reverse engineering (Scan-to-CAM) 

In a typical advanced reverse engineering workflow, the process of generating surfaces from a mesh to create a CAD 

model is often a time consuming task. It also introduces another source of inaccuracy, as the CAD model is an 

approximation of the real component. One way to improve the process would be to eliminate the CAD stage and 

program toolpaths directly onto the mesh, as illustrated in Figure 3-12. 
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Figure 3-12: Scan-to-CAM process 

The process of programming toolpaths onto mesh is a challenging task and is not widely attempted in large-scale nuclear 

manufacturing. There is some anecdotal evidence that similar processes are used in the aerospace and automotive 

sectors but nothing with sufficient detail is available in the public realm to confirm that this is the case. It is highly likely 

that the process will be a steep learning curve for production engineering teams as it generally is a more complex 

approach compared to conventional NC programming. 

3.2.5.1 Scan-to-CAM programming 

The Nuclear AMRC used the forging test models in Figure 3-2 to develop a workflow in which toolpaths were 

programmed directly onto mesh rather than CAD models. In order to create a machining toolpath using a meshed 

surface, the finished component model and the scanned model have to be imported into the CAM environment and the 

two models aligned to each other. Initially, the models were aligned using Autodesk PowerInspect (23), which was able 

to align both models so that the finished component model was fully encapsulated by the scanned/stock model. 

However, the stock was not evenly distributed around the finished model, and therefore manual manipulation of the 

stock model was required to adjust its position so that material would be removed as evenly as possible around the 

component. 

With the two models aligned, the datum position is set in the CAM environment to reflect the equivalent datum position 

of the CNC machine tool. Usually this datum position is set in relation to (or offset from) a feature on the final model 

such as the centre of a block or a hole; in this particular case, the datum was set on the intersection of the bore centreline 

and the bottom face of the model. 

Some CAM software environments are capable of using the .stl file format to create objects such as stock models. 

However, most software packages require the .stl file format to be converted first to allow the software to recognise 

the facets contained in the mesh file. 
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Once initial set-up has been completed, toolpaths can be calculated. The tooling selected comprised a 125 mm face mill 

and an 84 mm shoulder mill with a flute length of 60 mm. Since all machining simulations were done virtually, with no 

‘real’ machining taking place, the cutting parameters used (cutting speed, feed rate, depth of cut, etc.) were set to 

nominal values which would then be used throughout all simulations to ensure realistic comparisons. In the first 

operation, the top of the component was face milled and then the upper diameter was machined to where it meets the 

larger diameter of the centre band. The same operation was repeated from the bottom of the component, up towards 

the centre band, and then an additional toolpath for machining the central through bore was created. The final 

operation involved rotary machining the centre band between the upper and lower diameters, followed by face milling 

and finish machining the edges of the centre band. 

The main constraining factor witnessed during these programming routines was the effect that the scan model had on 

toolpath calculation times. The scan model has a relatively large file size, due to the complexity of the surfaces modelled. 

As the surfaces are approximations of the real, scanned component, the toolpath calculation has to consider where all 

the high and low points are, and whether the tool is actually able to cut at various points around the component. Taking 

these factors into account dramatically increases calculation time. A comparison of calculation times was made to 

highlight the difference between using a simple stock model approximation and a scan of the stock model. Using the 

simple model with a very large safety offset, the calculation time to face mill the top of the component was estimated 

to be around 2 minutes. To calculate the duration of the same operation using the scanned model, the calculation time 

was estimated to be around 15 minutes. The calculations were made on a CAD / CAM specification laptop with typical 

computing performance. Although calculation times for scanned data models will increase incrementally as more tool 

paths are added, and offline programming time will take longer than the traditional method, the on-machine time will 

be considerably less. Whilst more time may be required for programming, the overall cost of the extra programming 

time will be more than offset by the reduced machining time.  

3.2.6 Workflow comparisons 

The Nuclear AMRC has access to various industry standard CAM software packages, which it used to generate machining 

times for the two different machining strategies – traditional vs. Scan-to-CAM. In addition, the Scan-to-CAM strategy 

would also be used with another CAM software package from a different vendor, referred to in this report as Vendor A. 

The vendors have been anonymised as it is not the intention of this report to provide a competitive study between 

suppliers. All simulations used the scanned forging test model and the finished component model as described in section 

3.2.1. The simplified stock model was formed as an oversized cylindrical body, with increased diameter around the 

central band, as illustrated in Figure 3-8. 

A traditional helical toolpath with conventional step-overs was used with the simplified model, whereas optimised 

toolpaths were used with the scanned stock model, to accommodate the uneven surface geometry. The same cutting 

parameters are used on both toolpaths to allow fair comparison. 
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The results of these exercises are detailed in Table 3-1. 

Table 3-1: Comparison of machining times using different CAM software packages 

 Traditional machining strategy Scan-to-CAM 

Software Baseline package Baseline package Vendor A 

Without central 

band 
2 days 4 hours 32 min. 1 day 7 hours 6 min. 2 days 11 hours 17 min. 

Central band 

only 
2 days 23 hours 55 min. 2 days 11 hours 2 min. 2 days 0 hours 55 min. 

Total time 5 days 4 hours 27 min. 3 days 18 hours 8 min. 4 days 12 hours 13 min. 

 

The key points to note are: 

 40% reduction in machine time without central band with baseline package, but 13% increase with Vendor A. 

 18% reduction in machine time central band only with baseline package and 32% reduction with Vendor A. 

Due to significantly different performances with Scan-to-CAM between the baseline package and Vendor A, it was 

decided to repeat the Scan-to-CAM for the ‘without central band’ component using software from another vendor, 

referred to in this report as Vendor B, with the following result: 

 40% reduction in machine time without central band with baseline package, and 52% reduction with Vendor 

B. 

 

The simulations of toolpaths produced in the baseline package, first with the simplified stock model and secondly with 

the scanned stock model, are illustrated in Figure 3-13. 
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Figure 3-13: Comparison of toolpath time savings using baseline package 

Figure 3-14 shows typical simulations made using Vendor A. Most CAM software provides a visual indication of the 

toolpath types in use; in this example, toolpaths shown in red denote rapid (non-cutting) moves, blue toolpaths 

represent linking or approach moves (these run slowly at nominal cutting speeds, but do not actually cut), and green 

toolpaths denote (slow) cutting moves. 

   

Figure 3-14: Toolpath simulations in Vendor A 

The timings indicated are only meant to be indicative as they are highly dependent on: 

 Operator experience. It is not uncommon in toolpath programming for there to be slight variations in how 

different programmers apply the tools available in the software. The approaches taken depend on the 
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experience, training and level of familiarity individual programmers have for a given software package. The 

simulations made with Vendor A and the baseline package, for example, were completed by different 

programmers; this might account for the difference in timings predicted. 

 Hardware specification. Computer speed/power etc. clearly influence how quickly simulations are processed. 

Whilst the predicted machining times might not be affected, the time it takes just to run simulations – 

particularly for complex operations – should be given consideration. 

 Application. As a general rule, when the complexity of the stock model approximation increases (i.e. the more 

faceted it becomes), the longer it will take to calculate toolpaths and simulate machining operations. 

Complicated models create larger digital files, which in turn take longer to compute. Splitting machining 

operations into smaller tasks can help, as in the case of the forging test model. Programmers can still expect to 

achieve significant time savings if optimised toolpaths and more representative stock approximations are used 

when machining models with complex features, although the level of difference attained may not be as large 

compared to what might be possible with simpler models – component complexity plays a significant role. 

The conclusion from these results is that Scan-to-CAM would appear to provide significant advantages over the 

traditional approach. However, each software solution utilises proprietary algorithms for generating toolpaths and it is 

quite likely that these are affected by the actual profile being machined and the skill/experience of the programmer. 

3.2.7 Processing scan data 

To create stock model approximations of the forging test model for use in toolpath programming routines, a GOM ATOS 

structured light scanner was used in conjunction with GOM Inspect evaluation software. The process of capturing and 

processing the raw scan data into CAD readable meshed objects included the following steps: 

1. Scan the test model 

2. Apply sampling techniques (if necessary) 

3. Generate mesh 

4. Repair mesh 

5. Export to CAD 

3.2.7.1 Scanning the test model 

A GOM ATOS structured light scanner was used as shown in Figure 3-15 to scan the forging test model. The scanner 

illuminates the object with a structured fringe pattern and the geometry of the component distorts the pattern. A 

camera records the fringe pattern on the surface of the component and the distortion is used to determine the 

component geometry by triangulation. The operator must reposition the scanner to capture several images or scans of 

the component, which must then be ‘stitched’ together by the software to construct a complete scan. Small adhesive 



 

 

 

Document Revision Page 

NI1066-REP-02 01 C-33 

© 2019 University of Sheffield NAMRC.REP Version 7.0 

reference markers must be placed on the component to allow each individual scan to be joined together. The camera 

must be able to see a minimum number of markers to triangulate each scan. The principle of operation of this type of 

scanner is explained in more detail in Metrology for InFORM (see Appendix 3, NI1066-REP-04, Work Package 2.6). 

For large objects/components, multiple scans may be needed to map the entire surface of the component. Scans are 

merged and aligned together into single bodies of data in a process called registration (‘the process of aligning two data 

sets together based on known coordinates in each. Registration enables the alignment and integration of two or more 

point cloud data sets to complete larger models that must be captured in multiple scans’ (25)). The joining of multiple 

scans is more common when modelling very large components, but may be necessary where areas of the component 

(e.g. the base or underside) cannot be reached safely and scanned in one instance. The main drawback of working with 

multiple scans is the extra time that is required to carry out initial data capture together with joining and consolidation 

of overlapping sections of data in order to maintain manageable file sizes. 

   

Figure 3-15: Scanning the forging test model with GOM structured light scanner 

The time taken to scan components varies depending on the complexity and surface finish of the component, the 

scanner model and the level of operator experience. Component size also plays a role, in general, smaller components 

are quicker to scan than larger components as they tend to be lighter in weight and have fewer handling constraints. 

The forging test model, which was easy to manipulate, took around 2-3 hours to complete. This potentially could have 

been completed quicker if more scans had merged successfully on the first attempt at registration. Environmental 

conditions such as ambient lighting levels also influence scanning time, as this can affect the ability of the scanner to 

recognise object surfaces and register scanned data. A common technique to combat lighting related problems is to 

apply non-destructive (NDE) spray-on developer solutions which temporarily make the surface matt, preventing 

reflections from obscuring the view of the camera. In some instances, photogrammetry techniques can be combined 

with optical scanning methods to fill in areas not picked up by the scanner. Photogrammetry is used to create a 

coordinate framework that can help to maintain scanning accuracy when the component size exceeds twice the 

measurement volume of the scanner. It also reduces the need for overlapping scans which are used to reference any 
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un-coded markers captured in previous scans. This helps to hasten the data capture process and reduces the amount 

of duplicate data which would otherwise require registration/encoding. 

3.2.7.2 Sampling the data 

Data sampling in this context refers to techniques for optimising the raw scan data to make it more manageable and 

responsive in CAD/CAM software. It often includes methods to strip out unnecessary or duplicate data points. Noise 

reduction is one of several methods used to optimise raw data. Noise is ‘the existence of extraneous recorded data 

within a point cloud. It can be caused by an object obstructing the sensor or ambient light and reflections into the sensor 

during the data capture process’ (26). Highly reflective objects tend to be more difficult to scan than those with matt or 

opaque surfaces, and more time is needed to orient the scanner so that it can detect and register enough features and 

reference markers to fully map the surface. To make the object easier to scan, a very thin coat of non-aqueous liquid 

suspension developer can be sprayed onto the surface to temporarily roughen it and reduce its reflectivity. If too much 

powder is deposited, either over the whole surface or in particular areas, the true geometry of the object may be 

obscured and the resulting scanned model might appear to be larger and contain more material than the real 

component. The difference in volume between the scanned model and real component, however, is likely to be small 

and have little influence on overall machining time, since the tool cutting depth will usually be much greater than the 

depth of any deposited powder. If the surface colour of the object is dark the light from the scanner can be absorbed, 

limiting or preventing data points from being collected. The spray is white in colour and therefore lightens any darker 

coloured regions of the surface. Blue light scanners tend not to scan other colours, such as red, as well either. Other 

potential drawbacks of using developer to reduce surface reflection include: 

 Contamination of the component surface. Powder residue can be undesirable for various reasons and usually 

requires cleaning. A thin coat of developer is unlikely to be detrimental to the component on the basis that it 

does not significantly penetrate the surface and any affected areas would be removed during normal machining 

processes. 

 Formation of small facets. Clusters of small mosaic-like facets sometimes form in random locations during 

meshing. These develop when individual powder particles or reflections of light are detected by the scanner 

which interprets them as densely packed, localised high points. When polygonised, these points create multiple 

surface depressions, cavities and degenerative faces. Although degenerative faces (i.e. triangles that have 

negligible surface area) are small, they tend to occur in large numbers and hence require considerable 

processing time. They can be hard to detect due to their small size, but it is desirable to remove as many as 

possible to reduce the need for smoothing and other mesh modifications. 

3.2.7.3 Generating and repairing the mesh 

Mesh generation describes the formation of edges between the vertices, or points, in the point cloud data in order to 

form closed surface bodies. To program toolpaths successfully, meshes must be ‘watertight’ (i.e. they do not contain 
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holes or edge discontinuities) so that they form continuous surface structures. Mesh repair is one of several processing 

steps used to fix erroneous scan data (i.e. holes, incorrect normal data, degenerative faces, overlapping triangles, etc.) 

which may cause processing issues and failure of the toolpath in the CAM environment. Current versions of some CAM 

software provide limited tools to repair basic mesh faults, however, for more complex repairs to be made, the advanced 

features in dedicated software such as NetFabb, Polyworks, Geomagic, etc. may be needed. 

Once meshes are repaired, they may require further optimisation – whilst ensuring fidelity of the original data – to 

maintain the responsiveness of the CAM software. Mesh optimisation can be achieved through decimation – the process 

of lowering the number of triangles on a surface without distorting the detail or colour (27). Decimation works by 

removing just enough polygons to simplify a mesh without losing the accuracy needed to define its shape, within a user 

specified deviation tolerance. For example, in triangular meshes, the flattest surfaces should be defined by the least 

number of triangles possible. If the shape can be defined to an acceptable tolerance using just a few points, there is no 

need to include any additional points which fall within the same tolerance band, so they can be omitted in order to 

reduce file size and computational demand. Decimation can also help to reduce the number of data points by keeping 

only those within a defined radius. It can also help to eliminate rogue triangles which develop inside or outside the mesh 

as a result of erroneous data points picked up in the scan, which can prevent CAM programs from generating toolpaths 

as the software cannot resolve non-continuous surfaces. Some software such as GOM Inspect includes mesh editing 

tools which allow the user to place limits on the number of triangles in the mesh to control its file size, as well as 

controlling the number of points within a specific tolerance band of the original data captured. 

The table below compares the approximate size of various scan files sampled from the forging test model at different 

tolerances. It can be seen that sampling is able to dramatically reduce the raw data file size down from 650 Mb to a 

more manageable range of 24 Mb to 33 Mb. It would not be possible to import a raw data file of around 650 Mb into 

existing CAM software and produce toolpaths. From general machining experience, currently-available CAD/CAM 

software becomes unresponsive to scan files that are larger than 50 Mb. Tolerances of around 0.1 mm might be 

achievable with files of around 100 Mb, however, in reality, sub-millimetre tolerance is not usually necessary in most 

rough machining work, so it would be possible to use smaller file sizes and still achieve suitable accuracy. 

Table 3-2: Comparison of scan file sizes for given tolerances 

Tolerance Geometry Unrepaired file size Repaired file size 

Raw (equipment dependent) ~2.5 m dia. Forged cylinder 650 Mb Not repaired 

0.1 mm ~2.5 m dia. Forged cylinder 85 Mb ~95 Mb 

1 mm ~2.5 m dia. Forged cylinder 25 Mb 33 Mb 

2 mm ~2.5 m dia. Forged cylinder 15 Mb 24 Mb 
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3.2.8 Alignment of stock with the machine tool vs aligning the machine tool with the stock 

Workpiece alignment is traditionally achieved by aligning the workpiece to the machine tool – an operation which 

requires significant operator skill. With complex components this can be quite a time-consuming exercise and unless 

the machine tool has more than one pallet this can tie up an expensive resource without adding any value; commonly 

referred to as ‘time in cut’. Advances in scanning technology and machine tools have the potential to change this 

approach and significantly reduce setup time using the following workflow: 

1. Attach metrology datum points on to the component (see section 3.2.7.1) 

2. Scan the entire component off-machine 

3. Load and secure the component on the machine 

4. Scan the datum points with reference to the machine tool 

5. Enter key offsets into the NC controller based on the scanned location of the datum points 

6. Start machining 

Initial investigations by Nuclear AMRC have indicated that a software agnostic approach should be feasible and it can 

augment the traditional production workflow. There are a number of organisations who are starting to offer similar 

(more streamlined) approaches on a commercial basis however these solutions enforce adoption of specific software 

into the traditional workflow. Further work in this area is outside the scope of this report. 

3.2.9 Existing software technology 

A review of existing software which could support the implementation of workflows described in sections 3.2.3 to 3.2.5 

was made by carrying out internet searches and enquiries with various software vendors. Trials with the forging test 

model were completed using in-house software to develop and test different machining strategies. Where possible, i.e. 

if relevant licences were available, software from other vendors was trialled. The list of vendors/suppliers who were 

consulted included: 

 Innovmetric (Polyworks (13)) 

 Autodesk (Netfabb (20), PowerMill (28), Meshmixer (19)) 

 3D Systems (Geomagic (16)) 

 Tebis (21) 

 TTL (Siemens NX (24) (29) (30)) 

 MachineWorks (Polygonica (31) (32)) 

The vendors shown all supply or develop software which can support scan based machining processes. The majority of 
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products on offer can be used on a stand-alone basis, but to increase functionality, most are designed to work alongside 

other products that are usually, but not always, made by the same vendor. 

The products reviewed generally provide all the tools and features necessary to perform common operations which 

feature in typical machining workflows. Some products include additional toolsets which are optimised for specific 

procedures and are designed to give more control over certain variables. Variations in how features and commands are 

invoked exist between different products, and this can dictate how routine operations are performed. It may be 

necessary to adapt workflow sub-routines in order to apply particular tools and functions, however, many products can 

be modified to help optimise work procedures. 

It would be difficult and potentially misleading to compare the performance of different software products due to the 

number of factors which influence how each product functions. Every component dataset is different and most tasks, 

such as mesh sampling, mesh repair, toolpath creation etc. can often be completed in more than one way, sometimes 

without the need for specialised tools that might only be available in certain products. Businesses who are looking to 

purchase new software need to decide what they want to use the software for and trial as many products as possible 

to help inform their decision prior to any purchases being made. This evaluation process can be complex, time 

consuming and costly and the concern for the industry is that they may not have the resource available to make an 

informed selection and develop the knowledge and capability required. 

3.2.9.1 User-friendliness 

The notion of whether or not a piece of software is easy to use is very subjective and depends largely on the training, 

experience and preference of individual operators. It is not uncommon to find machine shops which have used the same 

CAD/CAM system for many years. This approach is not necessarily flawed, assuming that the software continues to meet 

present day needs and is still supported by the vendor. Manufacturers may be reluctant or unable to change their 

current CAD/CAM system for various reasons, but continuing to use outdated and sometimes un-popular software, 

especially when more capable alternatives are known to exist, can be detrimental for productivity. Some manufacturers 

retain old software simply to access historic design data and to maintain the ability to manufacture old components, 

which might only occur on an ad-hoc and infrequently basis. Whilst this method may be less costly than converting 

outdated CAD/CAM files into new software formats, it inevitably affects productivity as designers and programmers are 

forced to reacquaint themselves with old techniques and revert to outmoded, fragmented procedures. It is therefore 

important to review software capability, and any necessary training requirements, on a frequent basis to ensure that it 

remains suitable for the chosen application and does not become a barrier to the production process. 

3.2.9.2 Software performance 

Software is normally optimised for specific tasks, and products which are designed to perform similar functions often 

differ due to their fundamental coding and the algorithms used to run computations. The consequence of this can be 

varied – it could mean that one software package is able to repair large data files more quickly than another, or it might 
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mean one is able to compute simulations faster. This could be a benefit to a programmer, depending on the type and 

size of components being produced (larger components generally generate larger data files). A detailed technical 

assessment of software performances, however, is beyond the scope of this work as a large number of factors can affect 

software performance and any comparisons made could be misleading since the performance of some algorithms is 

‘highly data dependent’ (31). 

3.2.9.3 Mesh handling 

Machining from mesh files (.stl, .obj, .dxf, .step, .iges, .dwg, .3dm (33)) is not new, but is not yet fully supported by all 

CAM packages. CAM software generally does not offer the same versatility in handling meshes as dedicated meshing 

software because this is not its primary function. New technologies such as 3D printing have driven development of 

alternative methods for processing scan data, and some of the techniques are now being adopted in machining 

strategies. It may be the case that leading CAM software providers integrate more mesh handling functions into future 

software revisions to help streamline data processing workflows.   

3.2.9.4 Workflow fragmentation 

Levels of product integration vary considerably between different vendors. Where some have built comprehensive 

product ranges which aim to streamline workflows, others have focused on developing core products which specialise 

in a narrower range of functions. Currently, separate software products are needed to support scan based machining 

workflows, as tools for advanced meshing repair, surface reconstruction, toolpath creation etc. are not usually 

integrated together into single software packages. This often necessitates the import, export and conversion of different 

file formats, and leads to the fragmentation of workflows and accumulative error due to translation tolerances. Some 

vendors however have formed partnerships to extend the capabilities of their respective products. For example 

EdgeCAM Solid Machinist is a CAM program which allows solid 3D models from CAD software to be imported without 

translation in order to preserve the integrity of the designed component (34). This is achieved by access to the modelling 

kernel directly. However, a number of modelling kernals are available such as ACIS, Parasolid, Granite etc. The package 

supports files from major CAD systems including Autodesk Inventor, SolidWorks, Solid Edge, Siemens (formerly 

Unigraphics) NX, CATIA V5 and Creo (formally Pro / ENGINEER). 
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4 End TRL/MRL level 

A peer review assessment of the TRL and MRL attained by innovations in each InFORM work package was carried out 

by industrial academics and consultants on 23rd May 2019. It was determined that innovations in the machining work 

package which focus on methods of generating representative stock models from scan data and advanced toolpaths for 

machining rough components have increased modestly in terms of readiness to deploy and are still within the bands of 

TRL 4 and MRL 3. A more detailed justification for the assigned TRL/MRL values is shown in Appendix 1. 

 Potential industrial impact 

To achieve the required metallurgical properties, large scale nuclear components have traditionally been produced from 

forged nuclear grade steel. The wide dimensional tolerances of the current large scale forging process are such that a 

significant percentage of the time taken to transform the component from the as-forged state to being ready for finish 

machining either does not add any value (e.g. setting up the component) or reduces the efficiency of the machining 

process (e.g. cutting ‘fresh air’). While another part of the InFORM project addresses possible solutions to reduce the 

variation in the forging process (see Appendix 2) they will not negate the industrial impact of the advances proposed in 

this report. 

Scanning the component will: 

 Reduce component setup time 

 The reduced need to move the component will reduce the health and safety risks 

 There will be a faster learning curve for machine tool operators to become skilled in setting up the component 

 Reduce the potential for scrapping expensive, long lead-time components which could have significant follow-

on schedule and cost implications 

Scan-to-CAM will: 

 Improve material removal rate (section 3.2.6 shows that this can be as high as a 40% improvement for a simple 

geometry) 

 The increased machining efficiency will reduce the environmental impact of the machining process. The 

background energy consumption of a machine tool that is cutting ‘fresh air’ can still be 25% of the energy 

consumption when it is cutting metal – energy is being used but nothing is being achieved. 

 Allow for closer tolerance forgings which will reduce the volume of material that needs removing in the first 

place 
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5 Recommendation for further research and development 

 Blocks to industrial adoption in the heavy engineering sector 

In some respects the workflow that has been investigated in this report already exists at very high TRLs and MRLs in 

other sectors (e.g. gaming (35), heritage (36), medical (37) (38), motorsport (39)). It is by understanding the blockages 

that are preventing this approach from being brought into the nuclear and wider heavy engineering sector that the 

recommendations for further research and development become clear. 

5.1.1 Access to large scale scanners 

The installed base of appropriate scanning equipment within the sector is extremely low. 

5.1.2 Scanning skills with point clouds 

Scanners produce their results as point clouds which require new skills sets to be able to manipulate. 

5.1.3 Computer hardware and software limitations 

CAM from point cloud data readily occurs in the gaming and medical sectors where the components are the size of a 

game board piece or a human bone. In these circumstances the computer hardware and software are capable of 

handling the data file sizes generated during the scanning process. The data files for large forgings are several orders of 

magnitude larger and outside the capabilities of current hardware and software. 

5.1.4 Manufacturing Engineering skills with point clouds 

Point clouds are effectively a non-conventional CAD format which will require different skills of Manufacturing Engineers 

to be able to use these for producing CAM programs. 

5.1.5 Legacy systems 

Companies that machine large components will generally have invested heavily in CAD/CAM packages and it is quite 

possible that these are without Scan-to-CAM functionality. If their chosen vendor’s system had a Scan-to-CAM module, 

what evidence do they have regarding its performance? If there is no possibility of inserting a Scan-to-CAM module, 

where is the justification for replacing their entire CAD/CAM system (and all the retraining that will be required)? 
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 Recommendations for future work 

5.2.1 Cost model 

All the respective parts for bringing this workflow into the manufacturing of large nuclear forgings are present but there 

are different factors at each stage of the process. No one organisation has a view of the entire process and therefore 

has no view of the end game. For this workflow to be brought into the large scale nuclear manufacturing industry there 

will need to be a strong business case. This can only be produced once the true cost of the existing process is known 

and the savings that can be made by incorporating this workflow. If this shows that there is a financial justification in 

making the investment – either by Government sharing some of that financial burden or on purely commercial terms – 

then the various investments can be made which will bring this into reality. 

5.2.2 Standard artefacts 

There is no way to compare the performance of the various commercially-available Scan-to-CAM systems. A series of 

standard artefacts should be created – in pairs. The first artefact is the ‘as-forged’ condition and the second is in the 

‘ready for finish machining’ condition. The latter artefact of each pair will contain specific features that are often used 

in large scale nuclear components. As publicly-available standard items they will provide a developmental test bed for 

the developers of Scan-to-CAM systems as well as a comparator between alternative software solutions. 
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Glossary 

 

Acronym Meaning 

4IR Fourth Industrial Revolution 

AI Artificial Intelligence 

AR Augmented Reality 

BEIS [Department for] Business, Energy and Industrial Strategy 

CAD Computer Aided Design 

CAM Computer Aided Manufacturing 

CNC Computer Numerical Control 

COS Condition of supply (i.e. the state in which material is supplied before processing) 

NC Numerical Control 

RE Reverse Engineering 

Stock model 

Stock part 

Stock material 

The billet or rough, block of material from which the finished part will be formed. Also 

sometimes referred to as the ‘blank’ or ‘raw’ or ‘green’ material / forging / casting etc. 

Swarf Small chips, filings, turnings, shavings or other material debris produced by a machining or 

other cutting operation 

Toolpath The route followed by the tip of a cutting tool as it moves around the stock part, removing 

material to produce the finished component geometry. 

Workpiece A billet of metal or other piece of material which is being worked by a machine or a person 

operating a hand tool. 
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Executive summary 

 Tool life, tool wear mechanism, cutting forces and surface integrity were investigated to determine the effect 

of supercritical CO2 cooling on machinability of SA508 Grade 3 Class 2 steel for nuclear components. 

 The machining trials were performed for different combinations of cutting conditions. 

 The results from this research were compared and contrasted with conventional soluble oil coolant. 

 Machining of SA508 steel with supercritical CO2 resulted in a significant increase in tool life in comparison to 

the conventional cooling method. 

 Different tool wear mechanisms were observed depending on the coolant type being used. 

 No detrimental effects to the material surface condition were observed when compared to conventional 

soluble oil coolant for the same cutting conditions. 

 The use of supercritical CO2 results in components that are clean and require little or no post-cleaning to 

remove contamination and residue 

 Health benefits for the workforce have been identified and further work is required to fully quantify the 

significance. 
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1 Technical challenge and first principles 

1.1 The challenges of machining large-scale nuclear components 

Machining of large-scale steel components has significant impact on manufacturing cost. The most commonly used 

machine coolants in cutting processes are soluble oil coolants. These coolants usually contain additives, some to provide 

corrosion protection to the machined components and others to improve resistance to microbial degradation. However, 

the costs of the procurement, maintenance (cleaning sumps and machinery on a regular basis) and disposal of 

conventional coolants are relatively high (1). It is estimated that the total costs associated with the purchasing, 

preparation, maintenance and disposal of soluble oil coolants account for approximately 16% of the total machining 

costs (2). This has a negative impact on the economy of high-volume machining of large-scale nuclear components. In 

addition, it is important to be aware of the health risks from exposure to these various chemicals, for example contact 

with soluble oil during the handling of parts and tools can cause long-term skin rashes and dermatitis (2; 3).  Oil coolant 

systems can also be a source of unplanned maintenance or machine shutdown if the system leaks or the coolant 

overheats. 

The challenge is to find a solution which can increase material removal rate (MRR) and improve operational safety while 

reducing the likelihood that the solution is a contributory factor to unplanned machine shutdowns and repairs. For 

example something as simple as dispensing with coolant altogether could be a viable option, especially in interrupted 

cutting where the tool undergoes cyclic thermal stress caused by non-uniform heating up and cooling down of the tool. 

It could even potentially reduce the risk of thermal cracking. However, dry machining is not suitable for high speed 

machining (HSM) of difficult-to-cut materials. Dry machining of materials such as titanium or nickel-based alloys causes 

high heat generation during cutting due to poor thermal conductivity of these materials. Dry machining can also increase 

energy consumption of the machine tool due to increased cutting forces and heat generation. This consequently can 

lead to tool breakage and deterioration of the surface integrity of the machined component. 

The machining of nuclear components requires cleanliness, high surface integrity, tight tolerances, and high MRR while 

meeting environmental standards. However, current machining methods with oil-based coolants have the following 

issues: 

 Non efficient cooling solution leads to 

 Rapid tool wear  

 Poor surface integrity, which can accelerate corrosion of machined component during its service life.  

 Coolant splashes lead to: 

 Soluble oil coolant contamination 

 Hazards and risks associated with using conventional coolants lead to: 

 Bacterial growth, rancidity and oil contamination. 

 Unsafe work environment, inhalation hazards. 
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1.2 Current state of the art used to address problem 

In recent years, cryogenic cooling in machining processes has attracted a lot of interest (4). Currently, liquid carbon 

dioxide (LCO2), supercritical carbon dioxide (scCO2) and liquid nitrogen (LN2) are three alternatives to conventional 

soluble oil coolants (5). A combination of CO2 with Minimum Quantity Lubrication (MQL) has also been developed in 

order to provide lubrication in the cutting zone (6). Compared to dry machining, milling of high strength stainless steel 

(X12CrNiWTiB16-13) with carbon dioxide can increase MRR by 72% (7).  

Following a literature review, LN2 is the most commonly researched cryogenic coolant. More recently, however, LCO2 

and scCO2 are receiving growing attention due to economic and safety benefits. In general, LN2 is more difficult to 

retrofit into machine tools than CO2. This is because the LN2 boiling point of about -196C (8) means that the machine 

tool spindle requires insulation but this is not an issue with liquid carbon dioxide which has a boiling point of about -

79C.  In addition, CO2 allows for through-spindle single-channel delivery of scCO2 and MQL due to high MQL solubility 

in CO2 above its critical point (Tc = 31.2C, pc = 7.38 MPa) (9; 10). Use of cryogenic coolants in machining processes has 

many environmental and economic benefits. These can potentially transform conventional manufacturing methods by 

reducing the cost of energy consumption and increasing productivity (10). In industry, the performance of critical 

components must be carefully controlled over their lifetime where surface integrity is important. Carbon dioxide 

machining has the potential to increase tool life and maintain/improve surface integrity of those components as shown 

in multiple studies which have shown an improvement of tool life in cryogenic machining of various materials (11; 12). 

Tool wear improvement results from highly efficient heat removal from the cutting zone and reduced thermal softening 

of the cutting edge. 

2 Starting MRL/TRL level 

At the start of the project the Nuclear AMRC considered supercritical CO2 machining to be at a TRL of 3. With a 

corresponding MRL of 3. The justification for these values is shown in Appendix 1. 

3 Overview of technical challenge for industry 

3.1 Evolution from first principles 

One of the challenges for the nuclear manufacturing industry is to reduce the production lead-time in the manufacturing 

of components and increase production rates while maintaining surface integrity.  

In most cases, increasing MRR in high speed machining processes leads to excessive tool wear/shorter tool life, 

increasing burr formation on machined components and poor surface finish. Therefore, increasing MRR in the machining 

of steel parts is currently limited mainly due to the cooling capability of soluble oil coolants in high speed machining and 

during interrupted cutting (such as when first machining a forging) when there are temperature fluctuations.  
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The objective for this Work Package (WP 2.2B) was to use scCO2 coolant to evaluate the machining performance of 

steels used for nuclear Reactor Pressure Vessels (RPVs). The objective was to find the optimum cutting conditions for 

cost reduction while maintaining surface integrity. The three most important factors in machining that affect the cost 

of production and surface integrity are cutting speed (Vc), feed rate (fz) and depth of cut (ap). These factors also have 

an effect on tool life due to heat generation during the machining process.  

3.2 Work conducted and the development path 

The objective of the technical challenge was to demonstrate the differences in machinability of SA508 Grade 3 Class 2 

steel with conventional soluble oil coolant and supercritical CO2 with MQL (scCO2+MQL). The research study was 

performed following the sequence shown in Figure 3-1. 

 

Figure 3-1:  WP2.2B research pathway 

3.3 Tool Life Trials and Design of Experiments Methodology 

The material investigated was a forging of SA508 (Grade 3 Class 2) with the specification (chemical composition) given 

in Table 3-1. 

Table 3-1: Chemical analysis of SA508 (Grade 3 Class 2) forged, heat treated block (13)   

C Cr Si Mo Mn Ni Al Fe 

0.16 0.17 0.25 0.48 1.27 0.67 0.017 Bal. 

 

The material was provided in a heat-treated condition being water quenched from 875C and tempered at 620C for 6 

hours and 30 minutes (air-cooled). The mechanical properties of the SA508 forging are shown in Table 3-2. The tensile 

strength was 776 MPa. The elongation measured by using a gauge length of 4 times the original diameter was 23.5% 

with a reduction of cross section area (RA) of 77%. The average impact energy in Charpy V-Notch (CVN) test averaged 

320 Joules at -20C. 

Experimental 
planning

(Route Cards)

Tool Life trials DOE Surface integrity
Results analysis, 

recomendations and 
future work
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Table 3-2: Mechanical properties of SA508 (Grade 3 Class 2) forged, heat treated block (13) 

Temp. 

[C] 

0.2% Proof 

Stress [MPa] 

Tensile 

Strength 

[MPa] 

Elongation 

[%EL] 
RA [%] 

CVN impacts at -20C 

[Joules] 

RT 675 776 23.5 77 319 334 309 

 

The experimental work was divided into two parts:  

 Tool life trials [block size used: 155 x 275 x 455 mm] 

 Design of Experiments (DOE) [block size used: 270 x 155 x 55 mm (3 off)] 

Machining trials were carried out on a Starrag Heckert HEC1800 horizontal milling machine tool with a 4-axis traversing 

table and a column mounted spindle. It features the maximum spindle speed of 4000 rpm and maximum torque of 2150 

Nm. The HEC1800 was retrofitted with a scCO2 coolant with MQL lubrication delivery system manufactured by Fusion 

Coolant Systems (Figure 3-2). The LCO2 was stored under pressure in a steel cylinder and fed into the scCO2 system 

where it was compressed and heated rapidly above its critical point (Figure 3-2, right). Dense phase CO2 in its 

supercritical state of the pressure of about 140 bar was then mixed with MQL and delivered through the machine spindle 

via cooling nozzles. MQL oil (NuCut Plus soybean oil) was used at a flow rate of 1 ml/min. 

 

                

Figure 3-2: High-pressure scCO2 system with MQL (left) and temperature-pressure diagram for CO2 (right) (14) 

The experiments were also carried out with soluble oil coolant (HOCUT 795N) supplied externally at a rate of 50 l/min. 
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The pressure of the flood coolant was 0.6 MPa. The workpiece was clamped to a Kistler Type 9255C force plate of 

dimensions 500 x 500 mm, which was used to measure cutting forces during the experiments. The experimental setup 

is shown in Figure 3-3. 

    

Figure 3-3: Experimental setup for tool life trials (left) and the DOE (right) 

The cutting tool used in machining of the SA508 forging was a 36 mm high feed 419-036C3-14L face mill from Sandvik 

Coromant. Two multilayer-coated chemical vapour deposition (CVD) indexable inserts (419R-1405E-MM, grade 4230) 

were used in milling. In the DOE, it was important to keep the same level of tool wear. Before each new pass, the insert 

was indexed to present a new cutting edge. Therefore, a new cutting edge, in single-sided insert with five cutting edges, 

was used for each new pass. 

The recommended cutting conditions for flood coolant by the supplier are Vc = 305 m/min (325 – 275) and fz = 0.8 

mm/tooth (0.34 – 1.51) (15). The cutting conditions used in tool life trials cover a wide range of recommendations. The 

selected cutting conditions are summarised in Table 3-3. Tool engagement (radial depth of cut, ae) was 75% in both tool 

life trials and the DOE experiments. 

Table 3-3: Cutting conditions for tool life trials in milling of SA508 steel (Grade 3 Class 2) 

Factors Levels 

Cutting speed, Vc [m/min] 280; 340 

Feed rate, fz [mm/tooth] 0.25; 0.50; 1.00 

Depth of cut, ap [mm] 1.0 

Ae (75% of Dcap), [mm] 20.4 

Coolant Soluble oil (flood); scCO2+MQL 

 

A full factorial (2-level) design with three centre points and one replicate was used to identify significant main effects. 
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Table 3-4 presents a summary of all the data entered into investigation. The responses were: cutting forces, residual 

stresses and surface roughness. The number of runs for screening design was 22. The experiments were performed in 

randomised order to minimise the effect of the noise factors. (Noise factors are nuisance variables that may affect the 

measured output variables. Examples of noise factors are workpiece imperfections such as material non-homogeneity, 

and the machine operator when changing cutting inserts. Nuisance variables are difficult to control and therefore, the 

experiments are randomised to minimise these). The tool life trials were performed according to ISO 8688-1:1989 (16). 

Tool wear was measured until the maximum tool flank wear threshold was reached (VBmax = 300 μm). 

The tool path in tool life trials and the DOE is shown in Figure 3-4 while Figure 3-5 shows an example of images extracted 

from videos recorded during the trials. The rectangular tool path was selected to simulate continuous cutting and to 

avoid placing high load on the tool upon entry. The tool path in the tool life trials consisted of straight-line segments 

and circular arcs. The DOE was performed using a conventional zigzag tool path where each next pass was cut with the 

different cutting conditions specified in Table 3-4.  

 

  

   

Figure 3-4: Tool path for spiral (left) and zig-zag (right) milling (17; 18) 

 

Tool life DOE 
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Type of Coolant Tool life trials Design of Experiments 

scCO2+MQL 
(14 MPa) 

   

Flood coolant 
(0.6 MPa) 

   

Figure 3-5: Key-frames extracted from video during the tool life trials (left) and the DOE (right)
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Table 3-4: DOE matrix table 

Exp No 
Run 

Order 
fz [mm/tooth] Vc [m/min] ap [mm] rpm Zc  fn [mm/rev] 

Feed 
[mm/min] 

Coolant 

13 1 1 280 1 3277 2 2 6553 37.2 kg/h scCO2 + 1 ml/min MQL 

15 2 1 340 1 3979 2 2 7958 37.2 kg/h scCO2 + 1 ml/min MQL 

17 3 1 280 1 3277 2 2 6553 Flood coolant 

16 4 0.25 280 1 3277 2 0.5 1638 Flood coolant 

4 5 1 340 1 3979 2 2 7958 37.2 kg/h scCO2 + 1 ml/min MQL 

22 6 0.625 310 1 3628 2 1.25 4535 37.2 kg/h scCO2 + 1 ml/min MQL 

18 7 0.25 340 1 3979 2 0.5 1989 Flood coolant 

1 8 0.25 280 1 3277 2 0.5 1638 37.2 kg/h scCO2 + 1 ml/min MQL 

8 9 1 340 1 3979 2 2 7958 Flood coolant 

6 10 1 280 1 3277 2 2 6553 Flood coolant 

2 11 1 280 1 3277 2 2 6553 37.2 kg/h scCO2 + 1 ml/min MQL 

3 12 0.25 340 1 3979 2 0.5 1989 37.2 kg/h scCO2 + 1 ml/min MQL 

20 13 0.625 310 1 3628 2 1.25 4535 37.2 kg/h scCO2 + 1 ml/min MQL 

5 14 0.25 280 1 3277 2 0.5 1638 Flood coolant 

12 15 0.25 280 1 3277 2 0.5 1638 37.2 kg/h scCO2 + 1 ml/min MQL 

21 16 0.625 310 1 3628 2 1.25 4535 37.2 kg/h scCO2 + 1 ml/min MQL 

14 17 0.25 340 1 3979 2 0.5 1989 37.2 kg/h scCO2 + 1 ml/min MQL 

10 18 0.625 310 1 3628 2 1.25 4535 37.2 kg/h scCO2 + 1 ml/min MQL 

9 19 0.625 310 1 3628 2 1.25 4535 37.2 kg/h scCO2 + 1 ml/min MQL 

7 20 0.25 340 1 3979 2 0.5 1989 Flood coolant 

11 21 0.625 310 1 3628 2 1.25 4535 37.2 kg/h scCO2 + 1 ml/min MQL 

19 22 1 340 1 3979 2 2 7958 Flood coolant 
 

d                                
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3.4 Tool Life and Tool Wear 

The research to investigate the potential benefits of using scCO2 included tool life trials and studies to look at the 

mechanism of tool wear. 

3.4.1 Tool Life trials 

Figure 3-6 and Figure 3-7 show the relationship between tool wear and cutting time for different cutting conditions. A 

maximum tool wear threshold was 300 μm.  
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Figure 3-6: Maximum flank wear (VBmax) as a function of cutting time at various feeds and cutting speed of 280 

m/min 
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Figure 3-7: Maximum flank wear (VBmax) as a function of cutting time at various feeds and cutting speed of 340 

m/min 

The key findings and observations were drawn from the initial tool life studies: 

 At the lower cutting speed of 280 m/min there was an increase in tool-life of between 102% and 220% across 

all 3 feed rates when using scCO2+MQL compared to flood coolant. 

 At the higher cutting speed of 340 m/min there was an increase in tool-life of 206% and 150% when using 

scCO2+MQL when compared to flood coolant but only at the lower feed rates (0.25 mm/tooth and 0.5 

mm/tooth).  There was no difference at the highest feed rate of 1.00 mm/tooth. 

 Changing feed rate had a significant effect on tool life with scCO2+MQL but only minimal impact with flood 

coolant. A decrease in tool life with feed rate may result from an increase in friction coefficient between the 

chip and cutting tool. 

3.4.2 Additional Tool Life Trials 

Based on the results from the initial tool life trials, a decision tree was created with some alternative options (Figure 

3-8). The following three alternative strategies were considered in the next step: 

 It was decided to repeat the experiment with scCO2+MQL for the highest cutting conditions where no change 

in tool life was observed (fz = 1.00 mm/tooth, Vc = 340 m/min). 

 Also it was decided to test the hypothesis that a higher scCO2 flow rate should result in higher cooling capacity 
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as a larger pressure drop during the adiabatic expansion when using the high flow rate of scCO2 could 

potentially result in lower temperatures, and thus, the higher rate of heat transfer from the cutting zone. 

 Make changes to the MQL flow rate. 

Investigation of an increase in coolant flow rate with repeating measurement at high feed and speed was therefore 

undertaken in these additional trials. . 

 

Figure 3-8: Decision tree in optimisation of cutting conditions after reviewing the results of tool life trials 

The results from these studies are presented in Figure 3-9. Increased coolant flow rate resulted in an increase in cutting 

time of about 60% when compared with flood coolant. 
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Figure 3-9: The influence of scCO2+MQL flow rate on tool wear at the highest levels of cutting conditions 
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3.4.3 Tool wear 

As mentioned in Section 3.4.1, the maximum improvement in tool life was 220% with scCO2+MQL. Figure 3-10 shows 

tool life as the cutting time elapsed before the flank wear has reached the criterion value (VBmax = 300 μm). Tool wear 

was monitored during the milling process by acquiring images with a ShuttlePix P-400R digital microscope. Tool wear 

images corresponding to the circled numbers in Figure 3-10 are shown in Figure 3-11. 
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Figure 3-10: Tool life in the milling of SA508 steel (Grade 3 Class 2) 
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Figure 3-11: Tool wear on the flank face of the cutting tool in due cutting time (after 16 minutes and 52 minutes) 

Figure 3-12 shows the flank wear on the tool (Scanning Electron Microscope [SEM] images) and the results of the Energy 

Dispersive X-Ray Spectroscopy [EDS] analysis from a selected area marked in rectangle in Figure 3-11.  
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Figure 3-12: SEM/EDS elemental mapping (a, c) and line concentration profile (b) on the tool flank face after milling 

with flood coolant (a, b) and scCO2+MQL (c, d) 

Edge chipping and thermal crack formation were observed in the milling of SA508 steel with flood coolant (Figure 3-11 

and Figure 3-12a). EDS elemental mapping analysis demonstrated that the tool coating can be peeled away from the 

substrate (tungsten carbide) in the milling with flood coolant. High concentration of tungsten was found on the flank 

face of the tool after milling with flood coolant. In contrast to flood coolant, a built-up edge (BUE in Figure 3-12d) 

formation was observed in the milling with scCO2+MQL. 

Consequently, two different types of tool wear mechanisms were observed depending on the type of coolant being 

used: 

 Chipping, coating delamination and thermal cracking occurred with flood coolant. 

 Adhesive wear with scCO2+MQL. A stable and uniform BUE formation was observed over the cutting time until 

the threshold value was exceeded. 
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3.5 Surface integrity 

The influence of cutting conditions and cooling method on surface integrity in the milling of SA508 steel was investigated 

by an experimental study of surface roughness, cutting forces and residual stresses. In addition, the microstructural 

analysis in cross-section was carried out to determine the effect of milling on surface alterations and milling induced 

phase changes. The DOE method was used to study the effect of cutting conditions on surface integrity in the milling of 

SA508 steel. All the experiments were performed based on the full factorial design (Table 3-4).    

3.5.1 Surface Roughness 

The surface roughness was measured in the feed direction with a stylus-type surface roughness tester (Mutitoyo SJ 

410). The arithmetic average of the roughness profile (Ra) was evaluated over a fixed length which was about 40 mm. 

The Ra was calculated as the mean of three measurements with the distance between points of 3 mm. The measured 

surface roughness values are presented on a grouped bar graph in Figure 3-13. As can be seen from the graph, the two 

sets of data for each of the cutting conditions refer to the number of replicates that were run during the DOE phase. 

The columns correspond to different cutting conditions. The results shown in the graph are from 16 runs (2x 8). In 

addition, 3 centre points for a total 22 experiments were used (i.e. 6 runs at fz = 0.625 mm/tooth and Vc = 310 m/min 

with scCO2+MQL). In Figure 3-13, comparison between flood coolant and scCO2+MQL at extreme cutting conditions was 

made. 
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Figure 3-13: Surface roughness (Ra values) for SA508 steel after milling with flood coolant and scCO2+MQL 
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Based on the results, it was measured in an experiment and observed that: 

 The feed rate had a higher influence on surface roughness than cutting speed. The lowest surface roughness 

was observed at low feed and high cutting speed. The results obtained are consistent with data reported in the 

literature (19). 

 Ra decreased with increased cutting speed for scCO2+MQL. 

 The results of surface roughness showed lack of model fit. This means that no theoretical model exists that 

would allow to predict how cutting conditions and coolant type affect the surface roughness. 

3.5.2 Cutting forces 

The cutting forces were measured using a Kistler 9355C piezoelectric table dynamometer. Figure 3-14 shows the 

regression coefficient plot in milling of SA508 with both flood coolant and scCO2+MQL. The R2 and Q2 values were 

calculated for the Multiple Linear Regression (MLR) model at the confidence level of 95%. The size of the regression 

coefficient indicates the significance of a particular factor in a model. This size corresponds to the change in response 

when a factor varies from low to high level while the other factors are kept at their average values. 

 

Figure 3-14: The scaled and centred coefficients of the fitted model for the feed force in milling SA508 

  

In Figure 3-15, the 2D contour plot displays the predicted response values based on a specified regression model. 
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Figure 3-15: Response contour plot of feed force in milling SA508 steel with scCO2+MQL (left) and flood coolant 

(right) 

From analysis of cutting forces in Figure 3-14 and Figure 3-15, it was observed that: 

 The feed rate had the highest positive effect on the response, which means that cutting forces are increasing 

with an increase in feed rate. 

 No statistically significant effect of cutting speed on feed force was found. 

 Higher cutting forces were observed in milling with scCO2+MQL compared with flood coolant. 

3.5.3 Residual stresses 

The residual stresses were measured with a laboratory based X-ray diffraction residual stress measurement system 

(LXRD) provided by Proto. The residual stresses were determined by the sin2 method (20). The measurements were 

performed in both the transverse and longitudinal directions. The given values of the residual stress are the mean of 

the values from six individual measurements in the transverse and longitudinal directions. Based on the results obtained 

from the residual stress measurements, no model fits to the design as the R2 and Q2 values were not satisfactory. Figure 

3-16 presents a graphical appraisal of an interaction. It can be seen that the type of coolant (flood and scCO2+MQL) has 

an impact on the residual stress. 
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Figure 3-16: Interaction plot for the residual stress in the longitudinal (left) and transverse (right) directions 

The results of residual stress measurements are presented in Figure 3-17. 
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Figure 3-17: Residual stress in the transverse (top) and longitudinal (bottom) directions after milling of SA508 steel 

 

From the above graph, it was observed that: 

 Residual stress values were not significantly different at high cutting speed and feed rate in milling with flood 

coolant and scCO2+MQL. 

 Significant differences were found on measurements of the residual stress at low feed rate. It was observed 

that the residual stresses were higher in milling with scCO2+MQL at lower feed rate compared to flood coolant. 

 A large difference of run in the mean values of residual stress distribution in the transverse direction (fz = 0.25 

mm/tooth, Vc = 340 m/min, scCO2+MQL) could be caused by noise factors. 

3.6 Microstructure 

Microstructural characterisation of the workpiece surface was performed for selected cutting conditions using the SEM 

with backscattered electrons detector (SEM/BSE). The samples were selected based on the analysis of the data from 

the tool life trials and the DOE. The effectiveness of a coolant depends on the magnitude of the temperature change 

during the machining process. This can significantly affect the surface integrity. Therefore, the research was aimed at 

selecting samples after machining at various cutting conditions where the cooling capability of a coolant could 

potentially be different. This was important to determine if microstructural changes have occurred. The samples were 

cut from the machined workpiece with the abrasive cutting machine. Small pieces were cut along the feed direction and 

in the transverse direction. The yellow marked area in Figure 3-18 indicates the position of the sample. The dark shaded 
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areas indicate the observation direction for microstructure analysis. The samples were etched by Nital etch after 

metallographic preparation. 

 

Figure 3-18: SA508 workpiece before cutting into samples for microstructural analysis (ae is the radial depth of cut, 

ae = 20.4 mm) 

Figure 3-19, Figure 3-20 and Figure 3-21 present SEM micrographs of the microstructures after milling SA508 steel 

(Grade 3 Class 2) with flood coolant and scCO2+MQL. 
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Figure 3-19: SEM micrographs (x2000) of the microstructures along the feed direction (longitudinal) 

  

Figure 3-20: SEM micrographs (x2000) of the microstructures in the transverse direction 
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Key points to note are: 

 SA508 Grade 3 Class 2 with a predominantly lath tempered bainite microstructure was used. The lath structures 

were observed within the retained austenite (Figure 3-21). 

 Comparing the two types of coolants (flood and scCO2+MQL), no significant difference in microstructure could 

be observed after milling at the same feeds and speeds (Figure 3-19). 

 Decreased volume fraction of the retained austenite was observed with increased cutting speed (Figure 3-19a,d 

and Figure 3-19b,e). 

The latter point suggests that the retained austenite can decompose at higher temperature to bainite. Talebi et al (21) 

demonstrated that the decomposition of the retained austenite starts at 350C, which is the lowest temperature for 

decomposition of retained austenite. However, the retained austenite was not fully decomposed at this temperature. 

The full decomposition of the retained austenite occurs at much higher temperatures of about 600C and results in the 

formation of martensite in the microstructure during cooling. It is known that the retained austenite is a metastable 

phase at room temperature (22). It can be decomposed into martensite or a mixture of carbide and ferrite depending 

on the stress and temperature, which can enhance the development of compressive stress in a workpiece. 

 No significant changes were observed in the transverse direction regarding the microstructure and phase 

composition (Figure 3-20). 

 More surface alterations were observed in the transverse direction compared to longitudinal direction 

regardless of the type of coolant used (Figure 3-20 and Figure 3-21). 

Regarding the latter point, this could cause crack formation near the surface of the workpiece after milling with 

scCO2+MQL (Figure 3-19f). However, there was no clear evidence that scCO2+MQL has an adverse effect on 

microstructure or mechanical properties. In addition, the crack formation was observed at low cutting speed and high 

feed rate. However, the effect of feed rate on the temperature rise is minimal compared to cutting speed (23). 
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Figure 3-21: SEM micrographs (x5000) of the microstructures in the transverse direction 

 

4 End MRL/TRL level 

A peer review assessment of the TRL and MRL attained by innovations in each InFORM work package was carried out 

by industrial academics and consultants on 23rd May 2019. It was determined that innovations in the machining work 

package. Specifically regarding the use of supercritical CO2 in machining operations, has increased to MRL 4 and TRL 4. 
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The justification for these values is shown in Appendix 1. 

4.1 Potential industrial impact 

Machining with scCO2 has a significant industrial impact. The current machining methods use soluble oils for lubricating 

and removing heat from the cutting zone. Conventional coolants are typically limited by the heat removal capability, 

which makes them not suitable for high speed machining or in machining of difficult-to-cut materials. Also machining 

with conventional soluble oils generates waste products including oil-covered swarf, oil mist and increases energy 

consumption. This often requires manufacturing optimisation with swarf management, coolant recycling, filtration, and 

purification of oil mist (24). Machining with supercritical CO2 can bring benefits of to assist in the move towards a 

cleaner, more environmentally sustainable manufacturing process.  

With its demonstrated benefits of a significant improvement in material removal rates and its environmental credentials 

the potential industrial impact is significant.  

 

5 Recommendation for further research and development 

5.1 Future work 

The ongoing study on the machining optimisation with scCO2 has a crucial role, the development of a new cooling 

method to increase productivity in manufacturing components and for sustainable development targets. In the near 

future, it is expected that cryogenic coolants, which are increasingly becoming important to minimise the machining 

time, increase tool life and obtain better surface finish, can be used as an alternative to conventional soluble oils. Future 

research should focus on the optimisation of cutting conditions to increase metal removal rate. 

From this work, it is known that machining with the assistance of scCO2+MQL results in increased tool life compared to 

flood coolant without any significant unfavourable impact on surface integrity. However, more research is needed to 

optimise cutting conditions towards increasing material removal rate. 

Summarised below are some examples regarding future directions for research to be done in this field. 

 Develop a research database that links tool life, material removal rate and surface integrity for effective 

machining process planning. 

 MQL/scCO2 flow rate optimisation using the Design of Experiments methodology for increased metal removal 

rate. 

 Evaluate thermal stability of retained austenite in SA508 steel in machining with scCO2+MQL. Considering the 

potential microstructural changes due to cyclic heating and fast cooling. 

 Determine the ductile to brittle transition temperature (DBTT) in SA508 steel after machining with scCO2+MQL 
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for assessing surface integrity of machined workpiece.  

 Repeat machining process for optimised cutting conditions with scCO2+MQL and compare to dry machining of 

as-forged SA508 steel. 

In addition to the process parameter research to optimise the cutting conditions, a full social, economic and 

environmental study is required to fully assess the impact of changing coolant strategies in the industry. The output of 

which should focus on the following areas: 

 Improved cleanliness of components and the reduction of cleaning costs. 

 Health benefits for the work force and there social and economic impact. 

 Carbon footprint comparison. This should look at the full lifecycle costs of conventional coolant and scCO2, from 

the manufacture of the product, management and maintenance, usage (pumping) and end of life disposal. 

By fully understand the social, economic and environmental impact will inform industry of the benefits of changing to a 

new coolant method and the added value to the industry. The Nuclear AMRC has commenced this work as part of our 

internal research programme called Environmental Sustainable Manufacturing (ESM). 

5.2 Route to industrial adoption 

Machining with the assist of scCO2 can be an alternative solution to conventional soluble oil coolants. The results from 

this Work Package demonstrated the positive impact of scCO2+MQL in machining of SA508 (Grade 3 Class 2) forging for 

the pressure vessels.  

The use of scCO2 might potentially bring some manufacturing cost savings if the components do not require additional 

cleaning to achieve the required level of cleanliness after manufacturing processes (25). Machining with scCO2 could 

potentially be a cost-effective cleaning solution. 

At present, the retrofit of scCO2 system requires the machine tool and CO2 unit manufacturers to work together to 

ensure that the machine tool components are suitable for CO2. Once all the components are upgraded then this is a 

rather straightforward modification (depending on the complexity of machine tool).  

A rotary CO2 side-feed adapter can accelerate the adoption of supercritical CO2 as a coolant during machining processes. 

This is an excellent solution for older machine tools, which do not have through coolant option but would like to use 

the advantage of this advanced cooling method. 

The clear benefit of extended tool life (up to 220% in comparison to flood coolant) can be potentially traded off for 

higher productivity. This project will be continued and focused on optimising cutting conditions to maximise material 

removal rates. Also, optimisation of cooling/lubrication strategy will be an important part of the project. 
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1. Technical Challenges and First Principles 

The tooling and fixturing used to manufacture high-value nuclear pressure vessel assemblies are 

subjected to substantial loads during use. Loads experienced by the tooling during use include; static 

weight loading, dynamic weight loading, process loading, and fixture self-weight. Traditionally, to 

resist these loads large fixtures would be constructed from welded civil engineering beam structures. 

MetLase as a company is founded on the bedrock of an innovative laser-cut fixturing for the 

aerospace industry. Having patented integrated laser-cut jointing features, MetLase creates fixtures 

from assembled laser-cut sheet material rather than the welded structures of traditional fixturing. 

This methodology removes the need for welding, which in-turn removes the associated distortion 

and the need for post-weld corrective machining. This methodology offers a number of additional 

benefits over traditional fixturing, as it is: quicker to manufacture, lighter, and quicker to repeat 

build. 

The thin-walled lightweight nature of MetLase tooling has generally driven the technology away 

from heavy engineering as a market. Recently though, the MetLase technology has been successfully 

applied to large (4m+) and high-load (7tons+) applications (Figure 1), highlighting the technology’s 

applicability to the economically important heavy engineering industries. MetLase are using their 

membership of the InFORM consortium to test the full capability of their system for heavy 

engineering sectors. The pay-off for UK heavy industries being the ready access to the speed and 

cost savings offered by laser-cut fixturing and the MetLase design ethos. 

 

Figure 1 – Previous Examples of MetLase Technology Applied to Large Applications 

2. Starting TRL  

Prior to InFORM, MetLase was believed to be around TRL 1 as the Basic Principles of; speed, accuracy 

and structural integrity of the MetLase style fixturing is well established for industrial use. However, 

structures of the scale needed for InFORM were not yet validated. Therefore, MetLase will be using 

its membership of the InFORM consortium to develop integrated laser-cut jointing features for 

application into the Heavy Engineering sector. The justification for these values is shown in Appendix 

1. 



© University of Sheffield 2019  E-5 
 

3. Overview of the Technical Challenge for Industry 

To begin the initial verification of MetLase technologies to heavy engineering applications, there are 

a number of technical challenges that will need to be addressed as part of the InFORM project 

namely: 

 Aim 1: Generate location and alignment methods optimised for large cylindrical 

components 

 

Aim 2: Create an approach for presenting the components to the local vacuum electron 

beam welding (EBW) process and interface with control systems; producing a 

synchronised manipulation of the component part for local vacuum EBW  

 

Aim 3: Develop MetLase methodology for large high-load structures 

 

 

Aim 4: Present the concept as a desktop demonstrator 
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4. Work conducted and the development path 

Aim 1 - 2  
A concept generation workshop was held on 15th Aug 2018, hosted by the AMRC design and 

prototyping group to:  

 Generate location and alignment methods optimised for large cylindrical components. 

 Create an approach for presenting the components to the welding process and interface 

with control systems; producing a synchronised manipulation of the component part for 

welding.  

From the workshop the two leading ideas emerged:  

 The build-upwards method  

 The Silo-build concept  

“The build-upwards method” which proposed the use of scaffold that moves upwards as the 

assembly is constructed.   

“The Silo-build concept” which uses a lift and trolley that is lowered into a silo (Figure 2, Figure 3). 

Of the two concepts, the silo method was chosen for reasons including; better shielding for radiation, 

and potential for in situ heat treatment which is outside of MetLase experience, and the higher level 

of tolerance control that can be achieved through this method. 

It was proposed that building the vessel in the vertical orientation optimises the process forces 

involved. The location mandrel acts like a machine chuck, lifting and lowering the component into 

place, while ensuring the location and alignment for the large cylindrical components. The seam line 

for the two components are then presented to the local vacuum EBW via the lift and turntable 

mechanisms of the fixture.  
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Figure 2 – The InFORM Vertical Silo-Build Concept - Diagram 

 

The basis of the concept is to vertically build the pressure vessel from ring segments within a silo 

(pit) (Figure 3). Briefly, the build process has been defined as follows: 

1. A trolley loaded with a hemispherical end-cap rolls over a trapdoor that covers a vertical 

pit. 

2. The trolley engages with a series of vertical linear rails 

3. The trapdoor opens and the trolley (with component) slide-downs the rails into the pit  

4. The trolley lowers until the top face of the cap is in-line with the top of the pit. 

5. The next section of the pressure vessel slides on top of the hemisphere 

6. A fixed mandrel lowers down from the above the pit, while hydraulic rams activate from 

the sides of the pit aligning the two parts of the assembly 

7. The assembly and mandrel lower into the pit until the joint between the two parts are 

aligned with the local vacuum EBW gun that is embedded in the side of the pit.  

8. The mandrel contains a beam-stopper and acts as vacuum cap for the top of the assembly 

9. The vessel is pumped-down to create a vacuum  

10. The assembly is welded, while being rotated using a turntable built into the trolley. 

11. The vacuum is vented and the mandrel withdrawn 

12. The assembly is raised so the top edge of the assembly is flush with the top of the pit 
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13. The next part slides into place 

14. Steps 6 to 13 are repeated until all segments are welded 

15. Once the assembly is complete the pit trapdoor is closed and the assembly is heat-treated 

inside the pit 

16. Once heat treatment has finished the trapdoor opens and the assembly is raised from the 

pit using the rails 

17. The pit and trolley are ready for the next assembly  

 

 

Figure 3 – The InFORM Vertical Silo-Build Concept – Process 

Aim 3 
The aim of this research was to examine in “broad-strokes” the feasibility of using the MetLase 

fixturing methods during the construction of Small Modular Reactors (SMR) pressure vessels. 

Furthermore, this body of work aimed to use Finite Element Analysis (FEA) to test the viability of 

building these large, high-load structures with the MetLase System. 

The FEA simulation investigation at this stage was a broad-strokes feasibility study because of the 

low TRL of using MetLase technology at this scale and the relatively new introduction of FEA 

software into MetLase.  

Therefore, MetLase approached the finite element feasibility study for the InFORM project by:  

 Identifying the Core Constructional Elements and loading scenarios presented within the 

InFORM tooling concept.  

 Examining various structural morphologies for building these Core Constructional Elements 

using the MetLase laser-cut technology.  

 Finally, appraising and refining MetLase’s current approach to simulating its structures. 
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Core Constructional Elements and loading scenarios 
In order to run the FEA simulation on the identified core structural elements the boundary conditions 

and loadings must be understood. However, as the proposed concept is still very much a sketch 

concept this task can only be rudimentary in its approach. Looking at the 3D sketch model (Figure 4) 

the most substantial loading conditions within the fixturing system are the weight of the SMR 

pressure vessel assembly (estimated at circa. 20,000 kg) and the self-weight of the tooling itself. 

As Figure 4 shows, in the proposed design two core constructional element types have been 

identified; Beams and Plates. Figure 4 also shows, in the proposed design three main load-cases have 

been identified. Firstly, distal torsional loading, where the base of the beam is fixed and a twist is 

applied to the far-end of the beam. Cantilever loading, with a fixed base and distal loading of the 

beam. Finally, bending beam loading, seen primarily in the plates, where the load is applied to a 

structure that is supported on a plurality of fixed points. 

 

Figure 4 – Core Elements and Loading Scenarios for the Proposed InFORM Fixture 

 

Having identified the core constructional elements of the InFORM fixturing concept, the next step is 

to suggest and model in FEA the structural morphologies needed to manufacture the 

aforementioned constructional elements. 

Traditional civil engineering structures are manufactured via low accuracy continual processes (e.g. 

extrusion or rolling), which are restricted to a constant cross-section. Using the MetLase laser cutting 

approach to manufacture beams allows for more complex beam structural morphologies. This design 

flexibility allows material to be placed intelligently where it is needed, optimising structural strength 

and weight. 

For the comparative study 16 beams types were modelled (Figure 5) – each 100x100x1000 mm with 

2mm wall, unless otherwise stated. Each section was tested for torsion and cantilever – with one 

end fixed and a 20,000 Kg equivalent load applied at the distal end.  
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Plates were modelled 2000x2000x100 mm with a 20 tonne load applied from the centre of the top 

plate (Figure 5). 

 

 

 

Figure 5 – Proposed Beam and Plate Structural Morphologies 

 

The results of the Beam Morphologies were plotted as torsion deflection against cantilever 

deflection with the results indexed to a solid bar, expressed as a multiplication. As Figure 6 shows, 

two groups of results emerged: I-beam and box sections – with the box sections performing better 

than I-beam in all measures. An improvement in cantilever deflection was seen by thickening the 

flanges (i.e. those faces perpendicular to the applied force).  
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Figure 6 – Comparison Study of Beam Structural Morphologies 

The results of the comparison study of plate structural morphologies displacement under load were 

plotted and compared to a solid plate. The results (Figure 7) were unsurprising, as adding more 

material to the test structure resulted in a stiffer structure. As a result, the solid structure was stiffest, 

followed by the double thickness quantised egg-box, the quantised egg-box and finally, the weakest 

structure was the straight egg-box. 

However, the insights gained from the core element morphology studies converged a diverse range 

of potential structural elements. Furthermore, this body of work has added to the MetLase library 

of structures for future use.  
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Figure 7 – Comparison Study of Plate Structural Morphologies 

 

FE simulation of MetLase structures 
MetLase have previously placed substantial research effort into modelling their integrated 

mechanical fasteners as both single joint features and multi joint, or assembly jointing, features.  

The single joint features, shown in Figure 8 simulate the resulting interlocking of two plates after 

deformation. However, these models are far too computationally intense on an InFORM scale 

fixture, as thousands of features would be needed. 

 

 

Figure 8 – Fully Simulated ML Fastener 

 

MetLase have also developed methods for modelling their mechanical jointing features as 

assemblies (Figure 9).  By approximating the mechanical strength of a single joint and adjusting the 

cross-sectional area connecting the two plates to match that strength, this simplification allows 

assemblies with multiple joints to be modelled in an acceptable amount of computation time.  
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The key to these modelling techniques is their use in simplified representations of the joint feature. 

This simplification is essential for the FEA modelling process as even a simple MetLase fixture can 

contain many hundreds of mechanical joining features.  

 

Figure 9 – Fused Method 

 

 

However, MetLase have historic mechanical test data for individual jointing features, as shown in 

Figure 10.  

A new approach was developed during the InFORM project to model the jointing feature using this 

data.  A special “macro material” and intermediary “chewing gum elements feature” is then used 

to connect the plate geometries together, as outlined in Figure 10. 

 

Figure 10 – Left: Tensile Test Results, Right: Chewing Gun Method 

 

The MetLase fastener works by plastically deforming a localised region in the metalwork to create 

a permanent joint. This plastic deformation changes the material properties at that localised joint 

primarily through work hardening. Therefore, when modelling the MetLase Joint in FEA the altered 

localised material properties have to be taken into account. 

The “macro material” was developed by creating a new material in the FEA library and assigning 

the mechanical properties of physically tested MetLase jointer features, as shown in Figure 10. By 
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generating lines of best fit of Loads vs Displacements and using that data to create a material, it 

was possible to recreate the localised material properties of a MetLase jointing feature.  

The next step was to integrate that data into a MetLase structure. The “chewing gum elements 

feature” achieves this by assigning the “macro material” to a third body (the “chewing gum 

elements feature”). That body is then woven between the plates 1 and 2, see Figure 10. The nodes 

of the “chewing gum elements feature” are fused with the aligned nodes of the separate plates, 

which then connects them via the “chewing gum elements feature”. 

Figure 11 shows from the initial FEA testing, the chewing gum approach generates a closer fit to 

reality for the individual jointing feature as compared to the physical test.  

Refinement is needed as the method tested is a simplified proof of concept – but results look 

promising in comparison to the “fused node” method. 

 

 

Figure 11 – FEA Tensile Comparison Study for ML Fastener – Grey: Physical Test,  

Orange: Chewing Gun Method, Blue: Fused Method  

 

5. Present the concept as a desktop demonstrator 

Aim 4 
To showcase the InFORM concept, MetLase produced a 1:30 scale architectural style micro-

demonstrator, which was using sheet metal constructed from the MetLase jointing features and 3D 

printed components. This micro-demonstrator was used at the Nuclear Innovations UK Conference 

2nd-3rd July 2019 and remains at Nuclear AMRC.  



© University of Sheffield 2019  E-15 
 

 

 

Figure 12: Desktop1:30 Scale Demonstrator Produced by MetLase 
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6. End TRL 

The journey has begun to make the MetLase system ready for “Heavy Engineering”.  

Due to MetLase’s membership of InFORM, MetLase has gained advanced capabilities through FEA 

software and knowhow. Directing these capabilities towards InFORM has allowed MetLase to 

develop its FE approach, through the “chewing gum” method, and brought MetLase’s Large Scale 

Structures to TRL 3 as the Proof-of-Concept has been experimentally demonstrate through FE 

simulation. The justification for these values is shown in Appendix 1.   

7. Potential Industrial Impact 

Traditional heavy engineering fixturing is costly and time consuming to manufacture, making it slow 

in delivery. Moreover, traditional welded heavy engineering fixturing requires expensive (and often 

specialist) manufacturing machines (e.g. milling machines, lathes) to correct the welding distortion. 

Consequently, as the MetLase time-critical fixturing ethos can be adapted within UK heavy 

engineering the primary impact would be a substantial cost saving. That is to say that, the MetLase 

approach would: remove the costs of post-weld machining; reduce working-hour labour costs via 

reduce project durations; substantially reduce shipping, handling and installation costs due to its 

relatively low weight; and reduce material cost, as no extra machining allowance material is needed 

in the design. 

Furthermore, through the research opportunity offered by InFORM has enabled MetLase to refine 

their FEA approaches. This opportunity will give MetLase a more accurate tool for the prediction of 

the structural response of their fixtures (of any size) to in-use loads. This will enable future designs 

to be pre-verified with a higher degree of confidence in the results, allowing MetLase to push the 

boundaries of their technology in a safe virtual environment. This will save countless physical 

experimental iterations in more extreme use cases, reducing; lead-times, material and 

manufacturing costs, labour cost and the expense of testing.  
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8. Future Work

MetLase do not intend to let the research from InFORM languish and have a range of follow-on 

programmes of work planned namely: 

Further refinement of the FEA methods developed as part of InFORM: Although, the methods 

developed are an improvement on the pre-existing FEA methodology used to simulate MetLase 

fixturing, there is still room for refinement. Areas for further refinement would be: modelling other 

jointing methods (the InFORM approach only examines one of the five MetLase integrated jointing 

features), look at the jointing feature at different scales and in different materials; finally, look at the 

modelling of dynamic loading with MetLase fixtures. 

The physical testing of big structures to validate FEA developed approaches: In order to validate the 

FEA modelling approaches developed as part of InFORM, a succession of physical validation tests are 

needed. 

Further refinement of the large structures identified: A number of structures have been identified as 

part of the InFORM research. These structures have only been understood and modelled at a 

rudimentary level. Further work would see more structures and in greater depth. 

Create methodologies for joining core structural features: The InFORM research undertaken by 

MetLase has concentrated on the core beam and plate structures of fixtures for high-load 

applications. However, the research has not scrutinised non-welded joining approaches for the 

beams and plates, so that fixtures can be created. This work would be conducted as part of any 

future research activities. 

9. Route to industrial adoption

The research would be adopted for industrial use through MetLase’s usual fixture consultancy 

business. This consultancy spans a number of industries namely the: automotive, aerospace, 

medical, military and construction sectors, where the MetLase technology is already applied.  

The pay-off for UK heavy industries being the ready access to the speed and cost savings offered by 

laser-cut fixturing and the MetLase design ethos. 
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Executive summary 

The objectives of this work package were to:  

 Design and manufacture local vacuum electron beam (EB) equipment to meet the demands of the InFORM 

demonstrator. 

 Demonstrate the local vacuum EB equipment as a viable vacuum vessel. 

 Demonstrate the local vacuum EB equipment as a viable vacuum vessel for EB welding.  

Work Undertaken 

 A local vacuum EB welding end-effector was designed to meet the demands of a pressure vessel shell 

demonstrator defined by Nuclear AMRC. The design took into account shortcomings of earlier local vacuum 

systems deployed by TWI in terms of set-up challenges, quality assurance and versatility.  

 The design was reviewed with the InFORM consortium and a third-party vacuum engineering specialist 

(SpecNow Ltd) before being manufactured and assembled.  

 Basic static and dynamic vacuum tests were undertaken at TWI North East to identify and correct any system 

issues.  

 The local vacuum EB end effector was moved to CVE near Cambridge and commissioned on an EBFlow EB 

welding machine. 

 Full penetration melt-runs (1m in length, plus slope-in/out length), were made in an 80mm wall thickness, 

1800mm diameter C-Mn steel mock pressure vessel shell.  

 The key innovative features of the system were shown to be feasible, although in some cases optimisation is 

required.  

Novel attributes of the system were:  

1. A welding station with:  

 Low cost interchangeable seal carrier to allow a change in vessel diameter to be welded.  

 Good down-beam optical viewing path to allow joint finding and weld process viewing.  

 Travelling cooled fronting bar, able to prevent loss of weld metal and form weld cap profile. 

2. A quality assurance station with:  

 The ability to condition the welding gun over a cooled heat sink (or beam dump).  

 The ability to integrate a probe sub-system to quantify the beam power and profile.  

3. The ability to translate the EB gun between the two stations while maintaining vacuum, in a short time:   

 The system is unique amongst travelling seals, in that it has a second sliding seal incorporated.  

 The motion to translate between stations was provided by the host welding machine.  

4. A vacuum link to the backing vacuum (at the weld root-side) to assure a balanced vacuum level at cap and root: 

 Avoiding weld metal displacement by pressure differential, and resulting excess bead/underfill. 
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5. The local vacuum EB equipment was shown to be a viable vacuum vessel during static and dynamic vacuum 

tests; 

6. The local vacuum EB equipment was shown to be a viable vacuum vessel for EB melt run.  

7. The novel attributes of the system were showed to function and are viable.  

8. Electron beam melt runs were made in 80mm thick C-Mn steel.  

9. The melt runs were shown to be of adequate integrity, noting that no development welding was undertaken.  

Recommendations 

It is recommended that further work is carried out to better understand and build confidence with the local vacuum EB 

welding system. This will require further development on joint fit up and equipment for thick section welding. 

The seals must be replaced after every use to avoid premature failure. The design of the seal carrier should be revisited 

to allow easy replacement of the seals. Moreover, a more robust silicon compound could be considered to improve the 

life span of the seal.  

Issues such as residual magnetism and joint fit-up/alignment will need to be addressed before proceeding to weld a 

joint. 
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1 Background 

The Nuclear Advanced Manufacturing Research Centre (Nuclear AMRC) won Department for Business, Energy and 

Industrial Strategy (BEIS) funding via the Innovate UK small business research initiative (SBRI) mechanism ‘Nuclear 

Research and Development Programme – Competition for R&D on Advanced Manufacturing and Materials’. The 

successful Nuclear AMRC proposal answered Theme 3 of the competition, ‘Large scale nuclear component 

manufacturing and assembly’ and was entitled ‘Intelligent fixtures for optimised and radical manufacture’ with the 

acronym ‘InFORM’. 

TWI supported the development work on local vacuum electron beam (EB) welding in two work packages:  

 Local vacuum EB equipment development (InFORM WP2.4). 

 Welding feasibility trials (InFORM WP2.5). 

This final report draws together the full scope of the work completed and presents new activities and results related to 

commissioning of the end effector and welding trials at Cambridge Vacuum Engineering Limited (CVE) under TWI 

direction. The report also includes comment on key topics, such as technology readiness.  

2 Objectives  

The objectives of the project were to:  

 Design and manufacture local vacuum EB equipment to meet the demands of the InFORM demonstrator. 

 Demonstrate the local vacuum EB equipment as a viable vacuum vessel. 

 Demonstrate the local vacuum EB equipment as a viable vacuum vessel for EB welding. 

The objectives of the technical work specifically reported in this document were to:  

 Setup and test the end effector at CVE. 

 Demonstrate a fully penetrating melt-run of 1m, excluding slope-in/out, while testing the key features of the 

end effector. 

 Document the results obtained, highlight outstanding challenges and any lessons learnt. 

3 Project Drivers and Challenges  

3.1 Project drivers 

There is a large and growing market opportunity for high productivity, cost-effective welding of thick-section metallic 

structures for nuclear fission power plant. Single pass EB welding provides an attractive alternative method to traditional 

multi-pass arc welding.  

For example, in a high integrity application, up to 120 days can be required to weld an 80mm thick, 2m diameter 

pressure vessel, with narrow gap tungsten inert gas (TIG) welding. In addition to the use of welding consumables such 
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as wire and shielding gas, pre-heat, interpass temperature control, cleaning and interpass inspection (with statutory 

laydown periods) are required throughout the welding process which adds significant time.  

In contrast, the same vessel could be welded using EB in under one day. As it is an automated single-pass autogenous 

welding process, only one inspection is needed. The vacuum environment and lack of filler remove the need for pre-

heat. A repeat run of the automated welding program is usually sufficient to resolve most weld defects, without the 

need to remove any welded metal from the joint. 

Further reduction of overall cost can be achieved using local vacuum EB welding, as it overcomes the need to apply the 

EB welding process inside a large vacuum chamber; instead, a ‘local vacuum head’ (end effector) is applied to traverse 

around a large structure, such as typical power plant components.  

Past experience of local vacuum EB welding has shown that the initial set-up of the system can take several hours (or 

even days/weeks for first use). However, once initial set up is complete, it is estimated the entire welding process, 

including inspections could be completed within one to two days. It is believed that this EB welding technology could 

significantly reduce both time and resources required for future nuclear programmes.  

3.2 Challenges 

Learning from TWI’s previous experience, a number of key technical developments and challenges need to be overcome 

to enable economical and effective use of a local vacuum EB welding system; these include:  

3.2.1 High tooling/equipment costs 

The typical cost of a bespoke local vacuum sealing head to seal the interface between the workpiece and the welding 

machine can range from £25,000 to £250,000 depending on the approach taken. As each local vacuum sealing head is 

specific to the weldment diameter, a specially designed local vacuum head is often required for every component design 

to be welded.  

3.2.2 Quality assurance 

To reduce the risk of EB gun arcing during the welding process, it is necessary to condition the cathode by emitting a 

low power beam into a beam dump (under vacuum) for a period of time immediately before welding. Current set up 

and joint alignment processes used for local vacuum deployment require the vacuum to be vented, and can take over 

an hour to complete. More importantly, the conditioned (heated) cathode will be cooled during this time and therefore 

the conditioning process is invalidated.  

Similarly, to ensure repeatability and traceability of the welding process, it is beneficial to qualify the quality of the 

focused beam (via beam probing) at welding power, immediately before and/or after welding. Beam probing has been 

exclusively used with in-chamber EB welding until now.  
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3.2.3 Drip catching  

Molten metal generated from unsupported joints in thick section EB welds may drip from the weld cap and damage the 

local vacuum seal, or the integrity of the weld itself. A weld bead support, sometimes referred to as a fronting bar, or 

dam may be used in conventional EB welding to prevent this, but it is not straightforward to implement in local vacuum 

deployment.  

4 Design 

4.1 First principles and design evolution  

The first principles and details of the evolution of the InFORM local vacuum end effector can be found in Appendices F-

A to F-C.  

4.2 Starting technology readiness level 

According to the ‘Nuclear AMRC de-risking strategy for delivering innovative technology and manufacturing solutions 

SIMPLE and InFORM’ document (Nuclear AMRC, 2018), the pre-project technology readiness level (TRL) and 

manufacturing readiness level (MRL) for local vacuum EB welding approach was TRL2 and/or MRL2. The justification for 

these values is shown in Appendix 1. 

4.3 Design concept 

Incorporating the key technical developments highlighted in Figure 1, an end effector was designed to address the 

problems listed in Section 3. These key developments included:  

 An exchangeable seal carrier (welding station) to act as a sealing interface to enable the welding of various 

sizes of structure, using the same basic local vacuum head.  

 Integration of a quality assurance (QA) station, consisting of a beam probe and a beam dump/heat sink, in the 

end effector. Translation between the welding and QA stations was via a secondary sliding seal system. This 

enabled rapid translation between stations under operating vacuum, and significantly reduced the switch over 

time from over an hour to less than one minute.  

 A water-cooled drip catcher to catch and form molten drips, allowing them to solidify without loss of weld 

integrity or damage to the vacuum seals. This technology was mostly of interest for welding thickness above 

80mm.  

 A vacuum link between the end effector at the weld cap-side and the vacuum seal on the inside (weld root-

side) ensuring a balanced pressure either side of the pressure vessel shell to be welded.  

 



 

Document Revision Page 

NI1066-REP05 01 F-11 

© 2019 University of Sheffield NAMRC.REP-03 Rev 7 

 

Figure 1 Key technical developments of the end effector. 

 

5 Manufacturing and Assembly  

The details of the manufacture and assembly of end effector, at TWI North East, can be found in Appendix F-D.  

6 Commissioning of the End Effector 

6.1 Overview 

The commissioning of the system at CVE was carried out in a number of stages: 

 Assembly of the end effector and integration with CVE’s EBFlow local vacuum EB welding machine. 

 Vacuum testing:  

o Static vacuum tests. 

o Dynamic vacuum tests. 

 Low power melt-run on mock pressure vessel shell canister.  

6.2 EBFlow system 

The melt run was carried out using a 150kV accelerating potential EB welding system (EBFlow) which was built by CVE. 

The system, as shown in Figure 2, has a large radiation shielding room (lead lined) and X/Y direction gantry on which the 

EB gun is mounted.  

Reduced pressure EB (RPEB) is the enabling technology for local vacuum EB welding. The EBFlow machine is specifically 

designed to operate at coarse vacuums for RPEB welding. The electron gun column is differentially pumped and thus a 

Exchangeable local dual 
seal assembly 

(Welding station) 

Integrated beam probe & beam 
dump assembly 

(QA station) 

Sliding seal Water cooled drip catcher 

1m 

Linked front 
and back 
vacuum 
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vacuum of ~10-6mbar can be maintained in the gun envelope whilst allowing welding to be carried out at a range of 

pressures from 10-5 to 1mbar.  

A number of modifications were required to integrate the end effector with the EBFlow system, as it was not set up for 

2G circumferential local vacuum EB welding. These modifications included the manufacturing of a set of mounting 

brackets and the installation of a rotary turntable. 

 

 
EBFlow (courtesy of CVE) 

Figure 2 Pre-modified configuration of the EBFlow system at CVE, showing a steel canister shell with 2G linear weld.  

6.3 Integration  

The end effector was assembled and integrated with the EBFlow local vacuum EB welding system at CVE. Figure 3 shows 

the fully integrated end effector, rotary turntable and mock pressure vessel shell.  
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Figure 3 InFORM equipment integrated with CVE’s EBFlow system. 

 

6.4 Vacuum testing 

6.4.1 Overview 

Testing of the system, following initial assembly, was carried out in a number of stages: 

 Static vacuum tests.  

 Dynamic vacuum tests: 

o Linear movement of gun between welding and QA stations. 

o Rotation of mock pressure vessel relative to the end effector.  

6.4.2 Static vacuum tests 

The end effector unit was subjected to a number of static vacuum tests during the assembly phase. The purpose of the 

tests were to check for leaks in the sub-system before it was fully commissioned.  

During the tests, various plates and rubber stoppers, Figure 4, were used to blank off any unused ports, whilst a vacuum 

was drawn through the welding station, the result of the final static vacuum tests are documented in Table 1. 

End effector Mock pressure vessel 

Rotary table EBFlow system 



 

Document Revision Page 

NI1066-REP05 01 F-14 

© 2019 University of Sheffield NAMRC.REP-03 Rev 7 

 

 
 

Figure 4 Set up of static vacuum test, showing how a plate and a rubber stopper were used to blank off the welding 

station and the QA station. 

 

Table 1 Result of static vacuum tests 

Position Pressure (mbar) 

Welding Station ~3x10-2 

QA Station ~3x10-2 

 

6.4.3 Dynamic vacuum tests 

Movement between the stations 

The purpose of this test was to verify that the sliding seal plate could maintain an operating vacuum while switching 

between the QA station and the welding station. The test was carried out a number of times during the commissioning 

process.  

The mock pressure vessel was positioned on top of a rotary turntable, but was kept stationary throughout the test. The 

vacuum was drawn while the EB gun was at the welding station (between ~3x10-2 and ~7x10-2mbar) before switching 

over to the QA station. The movement of the sliding seal plate was controlled using the EBFlow machine’s driven axes. 

The pressure of the system was monitored during the switchover. Figure 5 and Figure 6 show the end effector in the 

welding position and QA position respectively.  
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Figure 5 End effector operating in welding position during dynamic vacuum tests. 

 

 
 

Figure 6 End effector operating in QA position during dynamic vacuum tests. 

The test confirmed that the system maintained an operating vacuum between ~3x10-2mbar to ~7x10-2mbar during the 

switchover; this being an appropriate pressure range for RPEB welding.  

Rotary testing  

The main purpose of this test was to verify that the mock pressure vessel could rotate whilst maintaining a sufficient 

vacuum for RPEB welding. The test was carried out a number of times during the commissioning process.  

The mock pressure vessel was sealed with blanking plates (upper and lower), and centred on top of a rotary turntable, 

as shown in Figure 3. The linked vacuum, to provide balanced vacuum pressure inside and out, was not required for this 

test.  

Vacuum was drawn, to an operating pressure (between ~3x10-2 and ~7x10-2mbar) with the EB gun at the welding station. 

It is noteworthy that typical pump down time was approximately two minutes. Once the vacuum was reached, the 

vessel was set to rotate at 150mm/min external surface speed. This speed was chosen as it was appropriate for welding 

the 80mm thick carbon steel, but it should be noted that the turntable in question was also limited to this maximum 

speed.  
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The vacuum level was monitored throughout the test and this did not drop below ~7x10-2mbar around the entire 

circumference of the mock pressure vessel. Hence it was shown that the setup was suitable for local vacuum RPEB 

welding.  

To test the effectiveness of the blanking plates (at the ends of the mock vessel shell), a vacuum was drawn and 

maintained at operating pressure inside of the mock pressure vessel during the rotary test. The vacuum did not drop 

below ~7x10-2mbar, therefore the plates were considered suitable for local vacuum RPEB welding.  

It was noticed the full rotation of the mock pressure vessel was prevented under vacuum, due to the mechanical 

restrictions brought about by the way in which the end effector and turntable were mounted on the EBFlow machine 

in this proof of concept exercise. As a result of the lack of compliance in the mechanical system, the rotary table would 

seize at certain positions when under vacuum load. To overcome this issue, free running sections were identified for 

the melt-runs trials. Additionally, the inner seal from the dual seal carrier was removed to further reduce the 

drag/loading on the rotary turntable.  

It can be concluded from the dynamic vacuum tests that both the end effector unit and the auxiliary systems can 

maintain a sufficient vacuum for RPEB welding. 

6.5 Weld testing  

A low power beam (150kV, 5mA) was drawn several times, and impinged on the mock pressure vessel surface, during 

the commissioning phase to test the system. Subsequently a low power melt-run, effectively a bead on plate weld 

(150kV, 30mA) was made to test the overall functionality of the system. The partial penetration melt run of ~600mm 

length was made; the vacuum did not drop below ~7x10-2mbar. The system was considered suitably stable for further 

local vacuum RPEB welding trials.  

It is noteworthy that joint finding should not be a problem in the real application due to the good visual optics built into 

the EBFlow machine, which remain effective through the InFORM end effector, Figure 7.  

 

 

Figure 7 Operator’s view through the beam impingement camera, mounted on the column of the EB gun. 
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Suitable machine parameters (seen in Table 2) were identified based on TWI experience of thick section EB welding of 

C-Mn steel. It is noteworthy that the optimisation of the welding parameters was outside the scope of this project. 

Table 2 Machine parameters used for full penetration melt-runs 

Beam 

parameters 

Work 

distance 

Q2 

Focus 

Travel 

speed 
Beam deflection Frequency 

kV mA mm mA mm/min X, mA Y, mA Pattern Hz 

150 200 250 707 150 20 20 

Anti-

clockwise 

circle 

70 

 

Both the end effector and the inside of the mock pressure vessel were evacuated to an approximate pressure of 4x10-2 

mbar, via the linked vacuum system. While pumping, the high voltage and cathode current were set and allowed to 

condition for approximately 10 minutes with the gun at the QA station.  

The melt-run (W1) was made from left to right (mock pressure vessel rotating clockwise) and the beam was deflected 

in an anti-clockwise circular motion. Approximately 1.1m of steady state melt-run was produced. The weld was started 

and stopped over an additional ~0.6m length by sloping in/out beam current.  

An additional fully penetrated melt run, W2, was made using the same set up as W1, during the demonstration event 

at CVE on 01/05/2019.  

The seal on the welding station was compromised near the end of the intended melt run, causing the vacuum to drop 

below ~3x10-1mbar. It is suspected that the seal compromised due to extended use (see section 7.3.2  for details). A 

manual slope-out (steady reduction of beam current) was introduced to bring the melt run to a controlled stop. 

Approximately 0.85m of steady state melt run was produced. It is noteworthy that a controlled slope-out is preferred 

where possible, to minimise the risk of significant weld imperfections.  

6.6 Beam probing 

Immediately after the low power melt run, the end effector was translated to the QA station, at operating pressure, to 

probe the beam at various powers (10mA, 30mA and 50mA) at 150kV. TWI’s BeamAssureTM QA tool was used for this 

purpose. The BeamAssureTM probe head being mounted inside the end effector at the QA station and the cable passing 

out to the operator console through vacuum and radiation feed-throughs.  

The pressure was maintained at operating vacuum and no issues were found during the tests.  

6.7 Testing of travelling drip catcher 

Based on TWI experience, molten metal from welds in steel work pieces of 80mm thickness is unlikely to drip in the 2G 

welding orientation, therefore in order to evaluate the performance of the travelling drip catcher, melt-run W3 was 



 

Document Revision Page 

NI1066-REP05 01 F-18 

© 2019 University of Sheffield NAMRC.REP-03 Rev 7 

made using off-normal parameters which were expected to cause excessive melt volume and hence dripping. These 

parameters are shown in Table 3.  

Table 3 Machine parameters used to cause intentional dripping 

Beam 

parameters 

Work 

distance 

Q2 

Focus 

Travel 

speed 
Beam deflection Frequency 

kV mA mm mA mm/min X, mA Y, mA Pattern Hz 

150 200 250 707 90 20 20 

Anti-

clockwise 

circle 

70 

 

The weld metal was caused to drip, and the basic functionality of the drip catcher demonstrated.  

7 Results 

7.1 Melt-run quality 

The appearance of the cap bead and root bead are shown in Figure 8 and Figure 9. 

With the exception of under-fill at slope-out, visual inspection and ultrasonic inspection showed no reportable flaws in 

the steady state regions of melt runs W1 and W2. Acceptance criteria were as per BS EN ISO 13919-1:1997 level B 

(Stringent).  

It is worth noting that the melt-runs were produced with machine parameters which had not been optimised.  

 

Figure 8 Appearance of the cap bead of W1. 
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Figure 9 Appearance of the root bead of W1. 

Vaporised metal oxide dust is a typical by-product of RPEB welding. In this case, the travelling drip catcher, mounted 

over the cap bead, contained the dust; but it was not contained in the inside of the mock pressure vessel (root bead), 

and therefore was freely deposited inside.  

Melt run W2 was subjected to metallographic sectioning in the slope-up, steady state and slope-down regions.  

 Figure 10 shows the transverse cross section of the slope -up area, and Figure 11 shows the steady state area. 

No volumetric weld flaws or cracks were observed in the melt run or the heat affected zone/parent material.  

 Figure 12 shows the slope out area, with significant under fill observed at the cap bead where the seal was 

compromised, and manual intervention was required to bring the melt-run to a controlled stop.  

 

 

 

Figure 10  Macro photograph of section taken from the slope-up area of W2. 
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Figure 11 Macro photograph of section taken from the steady state area of W2. 

 

 

Figure 12 Macro photograph of section taken from the slope-out area of W2, with significant under-fill at the cap of 

the bead highlighted in red. 

7.2 Vacuum during melt run 

The vacuum pressures of the end effector/mock vessel during the production of W1 and W2 are shown in Figure 13. No 

significant loss of vacuum was experienced during the production of W1. At worst, the vacuum pressure deteriorated 

to ~7x10-2mbar. 

The seal compromised at around 430 seconds during the production of W2, causing a significant loss of vacuum. Manual 

slope down began at 540 seconds to bring the melt run to a controlled stop. The pressure peaked at ~4.9x10-1mbar 

during the slope-down and resulted in the significant under-fill as shown in Figure 12.  
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Figure 13 Pressure in the end effector/mock vessel during the production of W1 and W2. 

7.3 Welding station modifications and observations 

7.3.1 Weld spatter management 

Inspection after the low power melt-run revealed weld spatter had caused a scratch on the sliding seal plate, causing 

leaks in the system.  

The scratch was filled with epoxy resin, and a set of improved spatter guards, with a reduced iris, as shown in  

Figure 14, were designed and installed to prevent weld spatter entering the sliding seal (between welding and QA 

station).  
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Figure 14 Welding station with improved spatter guard and plumbing arrangement. 

7.3.2 Seal condition 

The condition of the seal immediately after melt run W1 is shown in Figure 15. No visible damage was observed. To 

allow the cap bead to pass through the seal more easily, a lead-in was cut on the inner seal edge. In addition, a piece of 

shim was added to reduce flexing of the seal.  

It was noticed during seal insertion that the groves for the seals to seat in were very tight, and it was very difficult to 

install them properly. The seal was not replaced after melt run W1 as it was visually undamaged.  

The condition of the seal immediately after melt run W2 is shown in Figure 16. The seal compromised at around ~1m 

into the melt-run, causing an irregular cap bead geometry which further damaged the seal.  

As the end effector system was subjected to extended rotary testing under vacuum between melt runs W1 and W2. It 

is suspected these tests had weakened the seal.  
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Figure 15 Condition of the seal immediately after W1, showing no visual damage, with the lead in and the shim 

highlighted in white. 
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Figure 16 Condition of the seal immediately after W2, showing significant damage on the trailing side  

 

7.3.3 Water-cooled travelling drip catcher 

It was discovered during assembling that the copper pipping used in the water-cooled travelling drip catcher was 

restricting the spring action, which was to maintain contact between the end effector and mock pressure vessel.  

Alternative plumbing arrangements were made to replace the copper piping with rubber hoses,  

Figure 14 shows the revised plumping arrangement.  

The functionality of the travelling drip catcher was evaluated with melt-run W3, using the same seal as W2. It is 

noteworthy that the seal still provided a workable vacuum to sustain the beam. Figure 17 shows the bead cap of W3. 

The area highlighted in white indicates that the drip catcher has caught, formed and solidified the molten drips. To 

demonstrate the importance of weld cap support, Figure 18 shows the results of thick section welding without support 

(earlier TWI work outside this project).  

Figure 19 shows the seal was severely damaged by the ragged bead. It should be noted that the weld bead produced 

was not formed in an ideal way by the drip catcher. 
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Figure 17 Bead cap of W3, showing the drip catcher had caught, formed and solidified the molten drips, preventing 

their progression. 

 

 
  

Figure 18 Cap of a defective weld made in 160mm thick C-Mn steel without support and with gross loss of weld 

metal. 

 

 

Figure 19 Condition of the seal immediately after W3, showing extensive damage caused by the ragged bead. 
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7.3.4 Beam characteristics 

The beam was characterised using a Mk3.1 BeamAssureTM system installed in the QA station. The welding machine’s 

own deflection capability was employed to pass the beam over the sensors.  

Probing was not performed at welding power (200mA) due to limitations on the deflection control and the probe signal 

was partly masked by the noise (backscattering) in the confined area. These issues were not related to the end effector 

and could be readily resolved. Example full width half maximum (FWHM) beam caustics are shown in the X and Y axes 

in Figure 20 and 21.  

 

Figure 20 Lens current vs FWHM X. 
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Figure 21 Lens current vs FWHM Y. 

 

8 Lessons Learned  

Observations and recommendations made during the commissioning process can be found in Table 4. 

 

Table 4 Observations and recommendations 

No. Observations Recommendations 

1 No mechanical lifting inside x-ray shield. Access for mobile lifting equipment to be 

considered.  

2 Minor incompatibility of auxiliary items. 

Minor modification required. 

Thorough compatibility check on the 

design of auxiliary items.  

3 Pressure vessel mock-up rotation 

prevented due to 2mm eccentricity of 

rotary table. 

Rotary fixture design to be revisited.  

4 Weld spatter caused a scratch on the 

sliding seal plate, causing leak. 

Better spatter guard used. 
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No. Observations Recommendations 

5 Copper pipes behind the drip catcher were 

too stiff, preventing the spring from 

operating. 

Use more flexible rubber hoses. 

6 Seals difficult to replace as too tight. Seals with lead-in on the edges to aid 

installation. 

Revisit design of seal carrier. 

7 Seal degraded during the demo melt run, 

causing a leak and poor cap bead 

geometry. 

Replace the seals after every weld. 

Use both seals instead of only the outer 

one.  

Use more robust silicone rubber 

compound.  

8 Insufficient seal compression onto the test 

canister, causing a leak on crossing the cap 

bead. 

End effector should have some compliance 

and be able to actively float towards the 

canister. 

9 Minor rotary seal leak under uneven 

compression. 

Rotary seal design to be revisited. 

9 Technology Readiness Level at End of Project  

It was considered by the InFORM peer review panel on 23/05/2019 that both the MRL and TRL of the system/approach 

tested was TRL4/MRL4 at the end of the work. The justification for these values is shown in Appendix 1. 

10 Route to Industrial Adoption 

It would be beneficial to the wider Nuclear Innovation Programme if the design output of this project could be used in 

the future stages.  

As the TRL/MRL of the technology is low, it is suggested the initial route to adoption would be through the InFORM 

project partners, notably Sheffield Forgemasters.  

Partnering with equipment manufacturers such as CVE and Fullagar Technologies (TWI/Lloyds Register joint venture 

marketing BeamAssureTM) to further develop the technology, could encourage it to be adopted by other industry 

sectors, such as aerospace and defence.  

It is important to ensure applicable codes & standards are kept up to date with the development of local vacuum EB 

technology to ensure its acceptance by the industry. 
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11 Discussions  

As a single pass autogenous welding process, local vacuum EB welding eliminates the need for pre-heat, wire, gas or 

flux, statutory laydown periods and inter-pass inspections. The total process times and consumable costs of local 

vacuum EB welding are greatly reduced, when compared with traditional arc welding processes, such as submerged arc 

or narrow gap TIG welding. Also, when compared to conventional in-chamber EB welding, the capital cost (vacuum 

chamber and pumps) and operational cost (vacuum pumping energy/time) benefits are very clear.  

This feasibility study has demonstrated that the end effector is capable of reducing the set up and welding time by a 

factor of ten or more, compared to traditional arc welding. More importantly, it has enabled quality checks on the beam 

(beam diagnostics) just before and after welding, which will greatly reduce the risk of operator errors and 

cathode/system failure during a weld.  

The process has been shown to make high integrity melt runs, as assessed by ultrasonic inspection and metallography.  

12 Conclusions 

The following conclusions can be drawn:  

 Local vacuum EB equipment was designed and manufactured to meet the demands of the InFORM 

demonstrator. The various novel attributes of the system were: 

o A welding station with:  

 Low cost interchangeable seal carrier to allow a change in vessel diameter to be welded.  

 Good down-beam optical viewing path to allow joint finding and weld process viewing.  

 Travelling cooled fronting bar, able to prevent loss of weld metal and form weld cap profile.  

 A quality assurance station with:  

o The ability to condition the welding gun over a cooled heat sink (or beam dump).  

o The ability to integrate a probe sub-system to quantify the beam power and profile.  

o The ability to translate the EB gun between the two stations while maintaining vacuum, in a short 

time:   

o The system is unique amongst travelling seals, in that it has a second sliding seal incorporated.  

o The motion to translate between stations was provided by the host welding machine.  

o A vacuum link to the backing vacuum (at the weld root-side) to assure a balanced vacuum level at cap 

and root: 

 Avoiding weld metal displacement by pressure differential, and resulting excess 

bead/underfill. 

o The local vacuum EB equipment was shown to be a viable vacuum vessel during static and dynamic 

vacuum tests. 
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 The local vacuum EB equipment was shown to be a viable vacuum vessel for EB welding: 

o The novel attributes of the system were showed to function and are viable.  

o Electron beam melt runs were made in 80mm thick C-Mn steel.  

o The melt runs were shown to be of adequate integrity, noting that no development welding was 

undertaken.  

13 Recommendations  

It is recommended that further work is carried out to better understand and build confidence in the local vacuum EB 

welding system. This will require further development on joint fit up and equipment for thick section welding. 

The seals must be replaced after every use to avoid premature failure. The design of the seal carrier should be revisited 

to allow easy replacement of the seals. Moreover, a more robust silicon compound could be considered to improve the 

life span of the seal.  

Issues such as residual magnetism and joint fit-up/alignment will need to be addressed before proceeding to welding a 

joint. 

It is important that the industry continues to develop suitable standards to keep up with the development of local 

vacuum EB welding technology.   
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Appendix F-A - Introduction to local vacuum electron beam 

welding equipment design concepts  

Introduction  

This brief deliverable report introduces the prospective approaches to equipment concept design for local vacuum 

electron beam (EB) welding. The document, issued in the first two weeks of contract coverage is intended as an overview 

for comment and to inspire feedback prior to down selection of a final approach and detailed design generation.  

Objectives  

The objective of this report is to illustrate the possible approaches to local vacuum EB welding equipment formats for 

the InFORM project demonstrator.  

Demonstrator detail  

The proposed pressure vessel demonstrator design constraints are detailed in NAMRC presentation ‘NI1066 InFORM 

Demonstrator Design DRAFT Proposal 01, 19.03.2018’ circulated by Benjamin Cook (email 19 March 2018, 15:21). Key 

observations which impact EB welding include:  

 It is understood that ~700mm either side of the weld location will be a plain, parallel side cylinder and free 

from any obstructions (nozzles, dome end curvature, etc). 

 Since initial proposal input was provided by TWI in summer 2017 the demonstrator vessel diameter (now 

2000mm) and wall thickness (now 100mm) have grown significantly for this phase of work.  

 The flanges (2200mm diameter) at either end of the assembly will make it impossible to remove a near-fitting 

vacuum vessel from the demonstrator after welding. 

 The demonstrator parts are drawn with a square-butt preparation at the weld location; as the welding 

approach is developed TWI may wish to propose a change to this geometry, which may involve removal or 

addition of material in or adjacent to the weld location.  

 Demonstrator-like parts procured/fabricated by TWI for vacuum/welding tests in work packages 2.4/2.5 will 

not be fully compliant with the NAMRC design, but will be adequate for their purpose.  

 NAMRC should specify a favoured assembly/welding orientation and clarify what means of rotating the 

demonstrator will be in place. 

 NAMRC should specify any instrumentation which it is envisaged will be integrated with the welding 

equipment.  
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Approaches to local vacuum sealing  

Overview  

Figures 1 to 4 show example concepts (from CVE Limited literature) of the primary equipment formats for reduced 

pressure EB welding. Variations of these can be considered also, specially the use of blanking plates at the end of the 

vessel rather than the use of an internal box seal within the vessel.  

 

Figure 1 Local vacuum sliding head mounted on gun column and internal box seal containing beam stopper. Shown 

here welding in the 3G orientation, with the gun static and the vessel rotating.  

 

Figure 2 Local vacuum sliding head mounted on gun column and internal box seal containing beam stopper. Shown 

here welding in the 2G orientation, with the gun static and the vessel rotating.  
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Figure 3 Local vacuum vessel with static seal mating with pressure vessel and engineered sliding seals. Internal box 

seal containing beam stopper. Shown here welding in the 3G orientation, with the gun static and the vessel 

rotating.  

 

Figure 4 Local vacuum vessel with static seals mating with pressure vessel and engineered sliding seals. Internal box 

seal containing beam stopper. Shown here welding in the 2G orientation, with the gun static and the vessel 

rotating.  

Relative merits of different approaches  

The benefits and drawbacks of using a local vacuum sliding head are:  

 Relatively quick and easy to install and remove.  

 Adjustment to find the joint line is easy.  

 Challenging to maintain vacuum whilst travelling across irregular surfaces.  

 Need to seal full weld length prior to welding to assure vacuum.  

 Seal is more susceptible to degradation during use and should be considered a consumable.  

 Changes in weldment vessel design may be accommodated by small changes in sliding head end-effector only. 
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The benefits and drawbacks of a local vacuum vessel are:  

 Good vacuum pressures may be attained and maintained more readily.  

 Setup can be challenging and time consuming.  

 Alignment with weld line is challenging.  

 Many components leading to complexity.  

 Minor changes in weldment vessel design may lead to major redesign and engineering of vacuum vessel.  

 Cannot be readily removed from vessel with obstructions such as flanges.  

Planned approach  

Concept design work will begin on a local vacuum sliding head system to meet the requirements of the demonstrator 

pressure vessel. The merits of this approach outweigh those of the other approach in TWI’s view.  

TWI will undertake to build on the learning from past core research and collaborative work to assure the system 

designed is an improvement on past deployments. Cambridge Vacuum Engineering will be engaged in a design 

consultancy role at this stage.  

A further report will present the concept design prior to preparation of manufacturing drawings.  

NAMRC should note and act on the bullet points given in Section 3 above.  
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Appendix F-B - Supplementary Statement of Local Vacuum 

Welding Process and Equipment Factors which may affect 

the Welding and/or other Processes/Tooling 

Overview  

This document has been prepared to summarise, for MetLase and NAMRC, the restrictions around the local vacuum 

electron beam (EB) welding process and associated tooling which must be taken into account during related pre and 

post-processing.  

Points to Note  

The following points (given in no particular order) must be noted to avoid detrimental impact on the welding process 

and/or further processing after welding.  

Magnetism; the weldment should not be magnetised. The weld tooling should not be magnetised. Residual/incidental 

magnetism can be significant enough to affect EB welding.  

Welding position; the 2G welding orientation (beam horizontal, vessel vertical (either beam or vessel rotating)) is 

favoured. The 3G (beam horizontal, vessel horizontal rotating), 1G orientation (beam vertical-down, vessel horizontal 

rotating), and 5G (beam all-positional, vessel horizontal static) orientations each respectively limit weld penetration 

depth to a greater extent.  

Temperature; the weldment and tooling temperature in the region of the local vacuum sealing system, ~150mm 

perpendicular from the weld line may rise to ~150oC during or soon after welding. Tooling materials used must not 

degrade due to thermal cycle.  

Radiation; The EB welding process generates incidental x-ray radiation. The local vacuum welding head and weldment 

will provide some radiation protection, although use of a high potential EB system will require additional x-ray 

protection (normally in the form of lead, steel or concrete shielding). Tooling materials used must not degrade due to 

radiation.  

Preparation of vessel; all weldment and tooling surfaces/joints should be free from debris (swarf, etc) and fluids (cutting 

fluids, oils, etc) when presented for welding. Surface finish of approximately 3.2μm Ra is generally acceptable. The wall 

of the vessel should be clean and free from debris, corrosion and fluids. A reasonable mill-finish is acceptable although 

a machined surface is ideal.  

Joint fit-up; ideally the faying surfaces of the vessel halves should come into intimate contact, with no high-low miss 

match. Gaps/miss-match may result in issues with vacuum attainment, excess post weld distortion and unexpected 

welding performance.  
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EB weld debris; the EB process deployed in this form leads to the generation of dust, spatter and metal vapour 

deposition which is contained within the equipment/weldment and may adhere to, or lay on, the components.  

Beam-stopper; for full penetration welds a semi-sacrificial beam-stopper must be placed inside the vessel to absorb 

excess beam energy and prevent it hitting the opposite vessel wall.  

External restrictions; it must be possible to close-couple the EB gun to the vessel without undue physical restrictions 

which will extend the gun-to-work distance.  

Vacuum; any vacuum seals exposed during tooling changes must be protected from mechanical damage. Tooling 

exposed to vacuum must have no trapped volumes which may outgas over time. Materials used must not significantly 

outgas.  

Vacuum load; the vessel, end blanking and local vacuum welding head may see an internal pressure down to 5x10 -3 

mbar. This will cause deflections of the mechanical elements.  

Weld distortion; the welding process will cause a minor change in vessel shape as a result of solidification/residual 

stresses.  

Rotation of weldment; rotation position and speed of the vessel or of the gun, relative to one another, must be 

controllable (ideally via the welding machine CNC).  

Further Sharing of Information  

TWI would welcome the sharing of any information, from NAMRC or contractors in the InFORM project, which may help 

to inform the EB welding equipment design, manufacture and deployment.  
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Appendix F-C - Local Vacuum Welding Concept Design of 

End Effector/Backing Vacuum Sub-systems 

Introduction  

This report presents the concept design of the InFORM local vacuum welding end effector and method of achieving a 

backing vacuum for the demonstrator vessel design.  

Objectives  

 To illustrate the concept and initial detail of the design produced 

 To highlight the interface requirements and illustrate the novel aspects of the design.  

 To detail the plan for the next stage of work. 

 To seek comment and approval to proceed.  

Concept design  

The following images illustrate the concept proposed by TWI for this application and description of the detail is given 

alongside.  

 

Figure 1 Overview of concept assembly with gun positioned for pre-weld conditioning.  

Figure 1 shows the assembly of the vessel demonstrator half shells, with end blanking plates (background), and the local 

vacuum end effector mounted between the vessel and the electron beam (EB) gun column (foreground). The proposed 



 

Document Revision Page 

NI1066-REP05 01 F-38 

© 2019 University of Sheffield NAMRC.REP-03 Rev 7 

concept is relatively novel in having two sets of seals, one which act against and travel across the vessel wall and one 

which allows movement of the EB gun relative to the vessel. Here the gun is shown to the left, off the joint line 

positioned over a beam dump.  

The design intent is that the EB gun may be aligned with the weld joint, or may be translated to the side to allow gun 

conditioning and quality assurance activities while still under vacuum and assuring minimal time between these 

activities and welding.  

 

Blanking plates are shown to effect an internal vacuum, and include some centralising features. The scope of MetLase 

and NAMRC design work needs to be considered with regard to responsibility for the detailed design of these 

plates/associated items.  

Figure 2 shows the gun reposition on the weld line in the right-hand position.  

 

Figure 2 Alternative view of assembly with gun positioned for welding.  

Figure 3 shows a wireframe diagram of the system. Notably the need for an internal beam dump or beam stopper, to 

capture the excess weld energy. The proposition is that this will be suspended from the upper blanking plate. The 

vacuum pumping ports are also shown, along with the need for chilled water service to support a water cooled beam 

dump for beam conditioning. The conditioning beam dump will be detachable to allow servicing and easy replacement.  
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Figure 3 Annotated wire-frame diagram of the system indicating key elements.  
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Figure 4 Local vacuum end effector diagram, included to provide overview of scale (in mm) when gun seal is in the 

conditioning position.  

Figure 4 shows the overall dimensions of the end effector, and it should be noted that the 2,300mm plate moves relative 

to the local vacuum chamber and hence the total length changes depending on its position.  

 

Figure 5 Concept of interchangeable end effector-vessel seal section. 
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Figure 5 shows an overview of the seal section which will form the vacuum isolation between the vessel and the end 

effector carrying the EB gun. This component can be seen in the centre of Figures 1 and 2. The body of the component 

may be designed/machined to fit a range of vessel curvatures. The upper/lower and left/right seals within the body 

have different functions to perform and may be of different profiles/have different modes of operation.  

It is proposed to design/manufacture and test a novel travelling fronting bar arrangement, Figure 6, which will be 

mounted inside the end effector and act against the vessel wall local to the beam impingement. This is an approach 

taken by TWI in earlier programmes of work and is thought worthy of further investigation as it may yield a positive 

improvement in deployment of the process for InForm.  

 

Figure 6 Travelling fronting bar concept.  

 

Next stages  

Following approval to proceed the near term activities will following this sequence:  

 A draft detailed design will be completed and reviewed in-house by TWI.  

 A failure mode and effect analysis (FMEA) session will be run (NAMRC is welcome to attend) which is expected 

to include CVE and possibly other component suppliers under sub- contract/NDA.  

 Detail design work (possibly by CVE under sub-contract).  

 Final FMEA and sign-off for manufacture.  

 Manufacture, in-house or via sub-contract to CVE and others.  

 Procurement of representative test ring or panel by TWI, to mimic demonstrator vessel shells, for test of system 

at TWI.  

NAMRC is asked to approve the concept or notify TWI with any questions or concerns by 13 June 2018.  
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NAMRC is asked to clarify whether any sensors/transducers are to be integrated with the local vacuum EB element of 

the InFORM hardware and to clarify at what point the detail of these will be shared with TWI.   
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Appendix F-D – Manufacture of Local Vacuum Head 

Objectives  

 To document the manufacturing process of the end effector.  

 To highlight challenges and lessons learnt during the manufacturing process.  

 To detail the plan for the next stage of work.  

Pre-manufacture  

End effector  

The final design of the end effector, Figure 1, was approved by Nuclear AMRC to proceed to manufacture at the design 

review meeting held at TWI Technology Centre (Yorkshire), on 7 September 2018.  

Figure 1 The final design of the end effector unit with description of the primary elements.  

Auxiliary items  

A number of auxiliary items, Figure 2, have been designed and manufactured (or modified, alongside the end effector 

unit, these items include:  

 One off steel canister (or can) for use as weldment in the weld development trials/demonstration.  

 Blanking plates to hold the vacuum inside the test can.  

 One off rotating seal coupling to connect the test can with the end effector unit whilst rotating.  
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Figure 2 Auxiliary items to support the operation of end effector  

The welding trials and demonstration of the technology will take place at Cambridge Vacuum Engineering (CVE), using 

their ‘EBFlow’ commercial local vacuum electron beam (EB) welding system. Fixtures and adapting plates to integrate 

the end effector unit into the EBFlow system have been designed and manufactured.  

Manufacture  

The end effector  

Delays were experienced in obtaining quotations for manufacturing, and subsequently the production of the end 

effector. Manufacture was subsequently prioritised, to allow key components to be made first for static vacuum tests 

during January 2019.  

The majority of the components were manufactured by TWI Group subsidiary company, The Test House (Cambridge) 

Limited (TTH). Parts wider than 1.5m were subcontracted to Pegasus Profiles Limited.  

The end effector was assembled at TWI Technology Centre North East. Figure 3 to Figure 6 shows photographs of the 

assembled end effector with key components fitted for the static vacuum test.  
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Figure 3 Front view of the static seal plate (front), sliding seal plate (back). Shown without sliding seal, fronting bar 

and beam dump in place.  

 

Figure 4 Rear view of the sliding seal plate, showing gun port blanked.  
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Figure 5 Static seal plate with the local dual seal unit, without the travelling fronting bar or beam dump in place, 

and showing temporary pumping pipe.  

 

Figure 6 Test canister (left), with the end effector (right). 

A drawing showing the schematic of the end effector unit, accompanies by a parts list can be found in Appendix B.  

Lessons learnt  

During receipt inspection and initial assembly trials, it was established that the rail register on the sliding seal plate, 

Figure 7, was 2mm too tall for the guide rail selected. Therefore 2mm had to be machined off. Investigation showed 

that this was due to a human error at the design and drawing checking stages, where the rail selected for procurement 

differed from those originally used in concept design.  TWI undertook the machining in-house.  
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Figure 7 End view of the sliding seal plate, showing the guide rails and the rail registers.  

Further preparations  

TWI contracted Cambridge Vacuum Engineering (CVE), for the use of their EBFlow commercial local vacuum electron 

beam (EB) welding system (EBFlow), for weld developments and the demonstration day.  

The design, manufacturing and/or supply of the auxiliary items involved a number of subcontractors:  

 Fixtures and adapting plates to integrate with EBFlow machine– CVE and TTH.  

 Rotating seal coupling - Specnow Limited. 

 Test canister – Deepdale Engineering Co Limited. 

 Modifications to blanking plates - S M Thompson Limited.  

In addition to the above, for the purposes of test welding and demonstration, TWI will use existing vacuum pumps, 

chiller unit and rotary table.  

Modifications are required to integrate the end effector with the EBFlow system at CVE. Figure 8 shows the current 

setup of EBFlow (canister horizontal), and the modification required to integrate the end effector with EBFlow (canister 

vertical).  

TWI has worked with CVE to design the fixtures and adapting plates required to mount the InFORM hardware on the 

system.  

Figure 8 Current set up of EBFlow at CVE (left), and reformatting required to integrate the end effector with EBFlow 

(right) 
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Appendix F-E – Schematic/Drawing of local vacuum head 
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G. Metrology 
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1 Metrology 

A consistent thread through the InFORM project was metrology and its impact on the various work packages. 

Consequently the Nuclear AMRC Metrology Team produced a detailed report which can be found in Appendix 5. 

The report reviews a range of metrology technologies to determine suitable measurement systems for various aspects 

of the InFORM project, specifically forging, machining, assembly and welding. 

In forging, the need for a high data capture rate, large measurement volume, automation and non-contact 

measurements led to the recommendation of a laser scanner referenced by an optical or laser tracker as the most 

appropriate technology. If the measurement volume is less than 4.5 m and automation is not necessary, then laser 

scanning with a measurement arm is also suitable. 

For machining operations, a combined system of a laser scanner referenced by a laser tracker was recommended 

alongside on-machine probing. The laser scanner achieves the objective of digitising the part surface to allow 

optimisation of part setup and toolpath. This also allows large measurement volumes to be achieved and is non-contact. 

On-machine probing can provide in-process verification while the laser tracker can support on-machine probing by 

providing additional measurements to verify machining axes. 

For assembly operations, laser trackers remain the most appropriate technology, however, this represents a significant 

investment in equipment if multiple trackers are used. Photogrammetry systems are also quite capable although with 

less capability for automation. Both these systems normally require some degree of contact with the part for large 

components; however, this may no longer be the case for the very latest developments in laser tracker technology. A 

Nikon Laser Radar system would not require contact but is a less mature technology. Divergent beam frequency 

scanning interferometry is a technology which shows promise but needs considerable development. 

Welding operations in InFORM require a robust system suitable for the welding environment as well as non-contact 

inspection and a large measurement volume. Laser scanning with a tracker, or with a measurement arm at reduced 

measurement volume, meets these requirements. The high accuracy requirements for pre-welding inspections to 

support electron beam welding mean this system would need careful validation to ensure it is accurate enough for the 

application. If placing reference markers on the part is permitted, photogrammetry may also be an appropriate 

technique to support welding. 
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H. 4IR Technology Demonstrator
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Executive summary 

The key aim of InFORM work package 2.7B was to develop a 4th Industrial Revolution (4IR) technology demonstrator of 
an intelligent fixture for the nuclear industry. 

The concept of an intelligent fixture that is continuously monitoring and reporting the status of both the fixture and its 
located component is not currently adopted in the nuclear industry. 

At the start of the project, concepts were developed based upon this key requirement that an intelligent fixture 
should provide through-life continuous process monitoring. The identified monitoring requirements of an intelligent 
fixture included location tracking, monitoring of movement and alignment of the located component relative to the 
fixture. 

A system was developed that successfully demonstrated this continuous monitoring capability enabled by the use of 
low power Internet of Things (IoT) sensors mounted on the InFORM fixture. 

The delivered demonstration system highlights to the nuclear industry how the application of 4IR technology to 
fixtures has the potential to improve efficiency and ultimately reduce the cost of manufacturing through reduced 
setup time and maintenance. 
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1 Technical Challenges 

1.1 Problem  

The key aim of InFORM work package 2.7B was to develop a 4th Industrial Revolution (4IR) technology demonstrator of 
an intelligent fixture for the nuclear industry. 

The work package focus was to highlight to the nuclear industry how the application of 4IR technology could improve 
efficiency and ultimately reduce the cost of manufacturing through reduced setup time and maintenance of fixtures. 

The project defined that an intelligent smart fixture should have the following requirements: 

 Provide through-life continuous process monitoring with the use of Internet of Things (IoT) sensors mounted 
on the InFORM fixture. 

o Asset tracking. 

o Predictive maintenance. 

o Monitoring of the fixture and part alignment. 

 Analyse IoT data to generate process Key Performance Indicators (KPI). 

 Present data in an intuitive and context-driven dashboard interface. 

Further objectives of the project specified that the technology adopted should be: 

 Low cost. 

 Low maintenance. 

 Suitable for retrofitting to existing facilities. 

To understand the challenges from an industrial perspective that the InFORM system should address, the team 
developed a number of potential industrial user questions for the system to demonstrate solutions:  

 How do we monitor the location of the InFORM fixtures around a potentially large and complex site? 

 How do we monitor the health of the fixture and identify one of the following unexpected events: 

o Movement during storage. 

o Unexpected part movement on the fixture. 

o Temperature changes. 

 How do we monitor the utilisation of the fixture (i.e. active use)? 

 How can we query the temperature of the fixture for the past month? 

 Can we predict problems with the fixture and repair them without affecting production? 

 How do we know if the part is correctly aligned on the fixture prior to placing it into a production process? 

During the problem definition phase, a constraint was identified. This constraint prevented the mounting of 
electronics directly to the component located in the fixture due to high temperatures experienced during the 
manufacturing process.  
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1.2 Current state of the art 

Currently, fixtures used within the nuclear industry have minimal technology incorporated within them. The 
technology that is typically used consists of basic actuators to adjust the fixture to suit a particular operation. The 
concept of an intelligent fixture that is continuously monitoring both the fixture and its located component is not 
currently adopted in the nuclear sector. 

The fast pace of technological development within the consumer mobile phone market and in recent years the 
significant research associated with autonomous vehicles and drone technology has delivered innovations in relation 
to low cost, low power sensors that could potentially be easily transferred to different applications and sectors. 

The intention of this research was, therefore, to look at the potential for cross-sector horizontal innovation 
opportunities, enabled by looking at these other sectors.  

To address the problem of low installation costs and low maintenance, it was determined that the use of energy 
harvesting provides a method of addressing these problems. This is enabled by the use of low power sensors, 
processors and communications technology that minimises the overall power requirements of the sensor system. 

2 Starting MRL / TRL 

The decision was taken early in the project to identify commercially available technology that while high TRL and MRL 
in its current sector, were not currently adopted within the nuclear industry.  

This transfer of technology from one sector to another has the impact of significantly reducing the TRL and MRL levels 
as there are significant new challenges and testing requirements to ensure the technology is suitable for exploitation 
within the nuclear sector. 

For these reasons the decision was that the TRL and MRL levels at the start of the project were as follows: 

TRL 2 (Critical Stage-Gate) 

 Speculative applications have been identified. 

 Exploration into key principles is ongoing. 

 Application specific simulations or experiments have been undertaken. 

 Performance predictions have been refined. 

MRL 1 

 Basic manufacturing implications have been identified. 

 Materials for manufacturing have been characterised and assessed. 

  

The justification for these values is shown in Appendix 1. 
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3 Overview of the technical challenges for industry “WHY?” 

3.1 Technical Challenges 

The following technical challenges associated with applying 4IR technology to the InFORM fixture where identified:  

● Low maintenance: The chosen technology should not require regular maintenance and ideally be ‘Fit and Forget’. If 
maintenance was required, this should be kept to an absolute minimum and typically no more frequent than on an 
annual basis. 

● Powering IoT Devices: Meeting the low maintenance requirements necessitated consideration of methods to 
continuously power the IoT device during its lifetime. The challenge is to power the IoT technology with minimal 
installation, setup time and maintenance. Energy harvesting is a method of providing power to IoT sensors with the 
potential for extremely low installation, setup and maintenance costs. Solar power was identified as an option for 
energy harvesting; however, the use of this within workshop environments presents technical challenges due to the 
available energy from the light levels in these environments. 

● Connectivity: Communications is the foundation of IoT technology. The challenge here was to identify a technology 
that was low power, provided IoT connectivity over large industrial geographical areas and required minimal 
investment in infrastructure. 

● Non-contact low power sensors:  The continuous monitoring of the component located on the fixture presents 
challenges with respect to the requirement for a non-contact solution due to the previously identified constraints. 
Identifying low power non-contact sensors capable of continuously monitoring the alignment of the component on 
the fixture was particularly challenging. Fixed high-cost metrology is a well established field; however, low cost, low 
power sensors for continuous monitoring remains a technical challenge. 

● Asset tracking over large complex sites: The requirement to monitor the location of fixtures over what could 
potentially be large industrial areas has many challenges associated with providing tracking coverage over the entire 
site. Assumptions were made that the system would be used during the life of the fixture and that during its life a 
fixture would be transported around the site for various manufacturing operations.  

3.1.1 Problem definition with Use Cases 

A useful approach to further understanding of the problems and challenges that require a solution is Use Case 
analysis. A number of Use Cases were developed that provided context to the system from the perspective of 
potential end-user scenarios. 

3.1.1.1 Use Case 1: Alarm/Event notification  

The user notices an unexpected movement alarm on the main dashboard.  

• The user clicks the alarm and the sensor is highlighted on the map/device list. 

• The alarm history for the selected device is shown on the dashboard. 

• The user looks at the alarm history for the device. 

• The user notices that there has been unexpected movement of the fixture during storage. 

• The user checks the component alignment and finds that the component has moved relative to the fixture. 

• A maintenance request is generated to ensure the problem is resolved prior to the component being required for 
further production use. 
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3.1.1.2 Use Case 2: Device data query 

The user wants to query the stored information for a specific device following a notification.  

• The user clicks the device (Map/List). 

• The device is highlighted and the device-specific information is shown on the dashboard. 

• The user wants to know how the temperature has varied over the last week. 

• The user creates a query to show this information in the trend graph. 

3.1.1.3 Use Case 3: Device Utilisation KPI 

The user wants to check that the KPI of 50% utilisation is being achieved.  

• The user clicks the KPI section of the dashboard. 

• The utilisation is shown as a % of storage versus active use. 

• The user can then drill into this to see how specific fixtures are being utilised. 

3.1.1.4 Use Case 4: Location Query 

The user wants to know how many InFORM fixtures are in active use within Factory A. 

• The user selects a location to perform the query e.g. Factory A. 

• From the selected location the user then selects the query from a list e.g. fixtures, not in storage or active fixtures. 

• The number of fixtures is shown and the locations highlighted on the map. 

3.2 Work conducted and development path 

3.2.1 Development Approach 

Following the understanding of the problems to be addressed, the design approach adopted was to develop a 
specification and solution based upon a Minimum Viable Product (MVP). This approach allowed a working minimum 
solution to be quickly developed with subsequent iterations of the design providing opportunities for further 
refinement. 

The adopted development approach, therefore, consisted of the following steps: 

1. Requirements Elicitation: Define an MVP based upon the defined industry needs and Use Cases. 

2. Concept Generation: Idea generation workshops used to develop solutions. 

3. Technology Research: The project objective of building a working technology demonstrator led to a decision 
to focus on commercially available technology. 

4. Build & Test: Build a working scaled model of technology. 

5. Dissemination: Contribute to the InFORM industry dissemination package. 
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3.2.2 MVP Requirements 

 

MVP Requirement Requirement Description 

MVP_REQ001 Low-Cost IoT solution (<£200 per sensor module) 

MVP_REQ002 Low maintenance (annually) 

MVP_REQ003 Self powered – Energy harvesting 

MVP_REQ004 IoT sensor measures vibration 

MVP_REQ005 IoT sensor measures orientation 

MVP_REQ006 IoT sensor measures temperature (ambient) 

MVP_REQ007 IoT sensor measures humidity 

MVP_REQ008 IoT sensor measures acceleration 

MVP_REQ009 Location tracking of the InFORM fixture 

MVP_REQ010 Non-contact measurement of the component’s position 
within the fixture 

MVP_REQ011 Non-contact measurement of the component’s 
temperature within the fixture 

MVP_REQ012 Software: Cloud data storage for offline monitoring. 

MVP_REQ013 Software: Live data dashboard 

MVP_REQ014 Software: Alarm and event notification 

MVP_REQ015 Software: Historical data query interface 
Table 1: MVP Requirements 

3.2.3 Concept Generation 

The concept generation stage of the project was facilitated by holding creative thinking workshops. These consisted of 
brainstorming sessions where a problem was presented, and through a process of idea generation and evaluation, 
ideas were down-selected to what was considered a feasible solution. 

The presented problems were derived from the previously identified requirements from the MVP. The following 
concepts were developed to fulfill the requirements of each aspect of the InFORM technology demonstrator. 

3.2.3.1 System Concept: Fixture Monitoring 

Figure 1 shows the concept that was developed to provide continuous monitoring requirements to the fixture. 

The concept was to develop solar-powered sensor modules that include multiple low-cost sensors to provide the 
required measurement data, which continuously monitor the fixture. 

Each sensor module would consist of the following: 
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 Accelerometer used to measure vibration and acceleration. 

 Gyroscope and magnetometer used to determine the orientation of the fixture. 

 Air pressure sensor. 

 Ambient temperature sensor. 

 Humidity sensor. 

 Low power microcontroller. 

These sensor modules would communicate wirelessly over long-range to a central gateway device with access to 
cloud storage and analysis system.  

  

  

Figure 1: InFORM technology demonstrator initial concept 

To address the challenge related to monitoring the part located in the fixture, the idea was proposed to use a non-
contact measurement of both distance and temperature. Time of Flight (ToF) sensors and infra-red (IR) temperature 
sensors provide the sensor technology required to perform these non-contact measurements. These simple sensors 
provide the possibility of determining the following data related to the part: 

 Alignment of parts relative to the fixture. 

 Movement of the part relative to the fixture. 

 The temperature of the part. 

ToF sensors are capable of accurately measuring the distance to an object by determining the time taken to emit and 
receive a photon of light. One example of this is the FlightSense range of ToF sensors developed by ST 
Microelectronics. (1) These sensor modules contain a laser emitter and Single Photon Avalanche Diode (SPAD) light 
receiver with accurate timing circuits to determine the distance to a target.  
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Figure 2 shows the use of ToF sensors to determine the relative position of the component to the fixture. By deploying 
multiple ToF sensors around a component it becomes possible to measure the relative position of a component to the 
fixed locations on the fixture. This can provide information relating to accurate component alignment.  

 

   

 

Figure 2: InFORM component alignment concept 

3.2.3.2 System Concept: Asset tracking  

The next stage of concept generation considered the requirement to monitor assets, in this case, the fixture and part. 
The asset tracking required uniquely identified parts and fixtures, ensuring compliance with the constraint that 
technology could not be placed upon the component itself. 

The use of laser marking to permanently create a unique identifier on a part is used extensively in both the 
automotive and aerospace sectors. This allows items to be tracked throughout their life and provides a mechanism to 
associate data to a particular asset. 

The concept that was developed to demonstrate asset tracking was the combination of laser marking to place a 
unique 2D QR code on the asset, optical reading of the QR code and combining this with location-tracking technology 
to be able to identify and track assets within the nuclear manufacturing operations. 

Figure 3 shows the concept that was generated including a mock-up of the assets placed on a map of a manufacturing 
site. 
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Figure 3: System Concept: Asset Tracking 

 

3.2.4 Technology Research  

The key project deliverable of building a working technology demonstrator led to a decision to focus on commercially 
available technology.  

The key areas to identify suitable technology included: 

● Investigate long-range low power IoT communications. 

● Sensor research for non-contact continuous monitoring. 

● Asset tracking technology. 

Note that as the primary focus of the project was to develop a working demonstration of technology the decision was 
made to quickly identify suitable technology rather than perform a comprehensive study of all available technology. 
This detailed study of suitable technology would form the basis of potential further research. 

3.2.4.1 Low power IoT communications 

To identify suitable IoT communications technology the following selection criteria were used for comparison and 
down-selection: 

• Low power: Suitable for implementation in systems utilising solar power for energy harvesting. 

• Long-range: To ensure compliance with the need to monitor assets across potentially large sites and the need to 
reduce the amount of network infrastructure required to support the sensor technology it was decided that a range in 
excess of 1 km was desirable. 

• Secure: To comply with nuclear sector security requirements relating to data security, the need for secure 
communications with encryption was determined as a key requirement. 

• Location tracking: Utilise the communications network to provide location tracking functionality.  
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MVP Requirements  Bluetooth  LoRaWAN 

Low Power 

 

Bluetooth supports a low power mode, 

with a possible battery life in excess of 1 

year. 

Greater than 1-year battery life in 

typical use. 

Long Range 

>1km. 

Maximum supported range 100 m. 10-15 km open space. 

2-3 km urban environment. 

Security Bluetooth relies upon trusted devices to 

exchange data. Data encryption is not 

implemented as standard but can be 

applied in the devices.  

AES 128bit encryption as standard. 

Position Tracking Bluetooth does not directly support 

location tracking. However external 

Bluetooth beacons can be used to 

implement some of this functionality on 

a local region, for example within a 

building. 

LoRaWAN natively supports location 

tracking over large areas through 

triangulation methods from multiple 

antennae. The accuracy of this system 

is however limited to 20 m-200 m. 

Table 2: IoT communications comparison 

 

Table 2 highlights that LoRaWAN offers significant benefits over Bluetooth in relation to transmission range, intrinsic 
security features and the ability to locate LoRaWAN devices within the network.  
 

LoRaWAN is the most deployed low power wide area network with coverage in over 100 countries worldwide.  (2) 

LoRaWAN has been deployed in a wide range of vertical markets including: 

 Asset Tracking  Utilities 

 Smart Cities  Building Automation 

 Agriculture  Industrial IoT 

 Supply Chain  Home & Consumer 

 

The benefits that have been seen by adopting LoRaWAN in these markets could also be transferred to the nuclear 
sector, providing a low power communications network for secure sensor data. 

There is a potential disadvantage of LoRaWAN associated with low data rates. LoRaWAN has a maximum packet size 
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of 255 bytes with a retransmission time of approximately 2 minutes. For continuous asset monitoring, these data rates 
do not represent a problem as it is the intention that the data from the fixture will be long term data captured 
throughout the life of the fixture.  It is possible to acquire all the necessary data from the low power sensor modules 
within the data rate constraint. 

3.2.4.2 Alignment ToF measurement 

To perform the alignment measurements the concept chosen was to utilise ToF sensors. These sensors can be used to 
obtain an accurate measurement regardless of the surface characteristics. 

In recent years there have been significant developments in these sensors as they have applications in sectors utilising 
autonomous vehicles and drones. This provides an opportunity to adopt this low cost and low power technology 
within manufacturing applications. 

Figure 4 shows one such device that is a self-contained ToF sensor which includes the necessary processing required 
to convert the ToF timing algorithms into an accurate distance measurement. 

 

 

Figure 4: ST VL531L1X Laser ToF low power module 

Table 3 summarises the features of the ToF ST VL531L1X device (3). 
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MVP Requirement  ToF ST VL531L1X sensor  

Simple integration to a microcontroller  

 

Supports a standard I2C serial interface supported by 

most low power microcontrollers. 

Accuracy minimum +-10mm +-5 mm 

Target distance range 

200 to 2000mm. 

40 to 4000 mm 

Low power mode 16mA active and 5uA in standby. 

Cost <£10 ~£5. 

Table 3: ToF sensor summary 

3.2.4.3 Non-Contact temperature measurement 

Performing non-contact temperature measurement required the identification of an IR sensor that had suitable 
interfaces to low power microcontrollers, was low power and had the required accuracy. 

The requirements for the temperature measurement were based upon simple integration, accuracy of better than 1C 
with a range from 0 to 300C. These requirements were based upon assumptions regarding the intended end use of 
intelligent fixtures. A variety of IR sensors are available that cover a wide range of temperatures if this particular 
sensor was found to not be suitable for the end application. The intention was to demonstrate a possible use of an IR 
sensor in a typical lab environment. 

The IR sensor that was identified as suitable was the MLX90614ESF-BCC-000-SP IR thermometer by Melexis (4). The 
device shown in Figure 5 is a dual-zone temperature measurement that provides accurate measurement of the sensor 
itself and also the target temperature. The sensor is an integrated device that provides a serial output for simple 
integration with low power microcontrollers.  

 

Figure 5: MLX90614ESF-BCC-000-SP IR thermometer 
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MVP   IR Temperature Sensor MLX90614ESF-BCC-000-SP 

Simple integration to a microcontroller  

 

Supports a simple PWM serial interface. 

Accuracy  0.5 C 

Measured Temperature Range 
-40 to 125 C Ambient 

-70 to 380 C Target temperature 

Low power  2 mA active and 2.5 uA in standby. 

Cost ~£11. 

Table 4: IR Thermometer summary 

3.2.4.4 Low Power Microcontroller 

The development of low power microcontrollers has been partly driven by the mobile phone market and by the drive 
for connected low power IoT sector devices.  Typical IoT devices are battery powered and require wireless 
communications. 

For the intelligent fixture’s processor, we were looking to identify a processor module to aid our rapid concept 
development rather than discrete processor components. We required a processor module that ideally included the 
following features: 

 Low Power ARM M0 (or equivalent ) processor. 

 LoRaWAN wireless controller. 

 Real-time Clock for data timestamps. 

 Sleep function. 

 With a target cost below £100. 

During our research, we identified a processor module shown in Figure 6, developed by Tiera Corp called the Long 
Cricket (5) that integrated all these features along with a GPS function and the ability to wake from a sleep low power 
mode when the on-board accelerometer detected movement. This made the device an ideal choice for asset 
monitoring applications. 

 

Figure 6: Tiera Corp Long Cricket LoRaWAN processor module 
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MVP Requirement Tiera Corp Long Cricket Processor Module 

Low power microcontroller ARM M0 

(or equivalent) 

 

Cortex M0  + processor, Arduino compatible. 

LoRaWAN support  Integrated LoRaWAN interface and antenna with 

support for external antennas. 

Real-Time Clock (RTC)  Integrated RTC 

Low power  <5 µA in standby. 

Cost ~£62. 

Table 5: Low power microcontroller summary 

3.2.5 Develop MVP  

3.2.5.1 MVP System 

Development of the MVP was started by creating a system diagram, defining the major functional components of the 
system and how they interacted. Figure 7, shows the initial system diagram developed based upon the MVP 
requirements. 
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Figure 7: MVP system concept 

The system consists of a sensor network that communicates over long-range using LoRaWAN to a central gateway 
device.  This device has a connection to the internet which enables cloud services to be used for storage, analysis, and 
visualisation of data. The sensor network on LoRaWAN updates every two minutes with a set of data from all sensors 
on each sensor node. 

In addition to this is a fixed network system that provides the QR code reading and asset identification functionality to 
the system. The fixed system uses a simple TCP/IP protocol to interface to the QR code reader and allow the reader to 
be triggered to initiate a read and then subsequently providing the data from a successful read of the laser marked QR 
code. 

3.2.5.2 Position tracking and Geo-fencing  

Geo-fencing is a method of defining virtual perimeters that align with real-world geographical locations. These geo-
fences can be associated with real-time location data such as Global Positioning System (GPS) or Radio-frequency 
identification (RFID) location tracking and allows an object to be tracked as it enters and leaves the virtual perimeters. 
Mapping the geo-fences to buildings located on a manufacturing site allows contextual information to be obtained 
about how the object is being moved and utilised around a location. This information can lead to insights regarding 
utilisation and operational statistics relating to the operational use of the asset. One example of this is utilisation 
metrics associated with time in a live production environment compared to the non-productive time when the asset is 
located in storage or maintenance. 

The InFORM intelligent fixture demonstrates this functionality by taking data from the GPS located within each sensor 
node and comparing this with a table of defined geo-fenced locations. This enables the sensor module to go into a 
sleep low power mode if the sensor module is located in a storage or maintenance location.  

Figure 8 is a screenshot taken from the user interface that was developed to demonstrate the concept for geo-fencing 
and the tracking of assets around an industrial manufacturing site. 
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Figure 8: InFORM Geo-fencing asset tracking system 

3.2.5.3 InFORM Fixture Demonstrator 

Figure 9 and Figure 10 show the scaled physical demonstrator that was developed to demonstrate intelligent fixture 
design. 

 

Figure 9: InFORM fixture demonstrator 
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Figure 10: InFORM demonstrator system 

The fixture demonstrator consisted of four sensor modules mounted to a frame representing the fixture. In the centre 
of the fixture was a rotating platform with a 3D printed scaled model of a part. 

The sensor modules are standalone devices that contain the inform sensor technology and communicate to a central 
LoRaWAN industrial gateway. Each sensor module is capable of being powered by solar power in a typical workshop 
environment. 

Figure 10 the system functioning with the live intelligent fixture dashboard displayed on a laptop. 

3.2.5.4 MVP software interface 

The user interface design was based upon a simple dashboard concept that presents information to the user in an 
intuitive and context-driven approach. 

The dashboard interface provided the first stages of a digital twin of the fixture and provides a digital representation 
of the physical asset itself. 

The dashboard consists of a number of pages that are accessed from the main menu. Each page provided discrete 
information regarding one particular aspect of the system concept. 
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Figure 11: InFORM Sensor Module Page 

The sensor module page shown in Figure 11 provides the information for one device or sensor module. The user can 
select each device on the system with the following data from each sensor module displayed: 

 Sensor module temperature (ambient) data trend graph. 

 3 axis accelerometer data trend graph. 

 Current humidity. 

 Current sensor module battery voltage. 

 Current part temperature. 

 Distance to component/target. 

The sensor module page also shows the current component identifier and information obtained from the QR code 
reader that is related to the sensor module fixture. 

 

 

Figure 12: InFORM Component Overview Page 

Four sensor modules are used in the demonstration fixture to monitor the component. The Component Overview 
Page shown in Figure 12 provides a simple digital twin representation of the fixture showing the component and the 
associated sensor modules. For each sensor module, the recorded component temperature and distance of the part is 
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indicated. This allows information such as temperature differences across the part to be determined and understand if 
there have been any changes to the alignment of the component on the fixture. 

 

 

Figure 13: InFORM Location Tracking Page 

The location tracking page shown in Figure 13 provides information regarding the current location of the fixtures placed 

on a geographical map.  Each device present in the system is represented. Geo-fencing is used to identify the specific 

location of the fixture in the context of a specific site. In the example shown it can be seen that fixtures are in the 

following locations: 

 Production. 

 Storage. 

 Transit. 

The location tracking page also indicates the path taken by the fixture around a facility. 

 

Figure 14: InFORM KPI Dashboard Page 

The ability to continuously monitor the location of fixtures within a manufacturing environment provides data that can 

be transformed into operationally important information such as utilisation statistics. Figure 14 shows a concept for one 
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such operational dashboard that indicates the proportion of time a fixture is located within each geo-fenced location 

such as storage and production. These simple statistics demonstrate how it is possible to take basic location data and 

convert this into useful insights into the manufacturing process. 

 

Figure 15: InFORM Error Log Page 

The InFORM demonstration system has the capability to analyse the system data and report errors and warnings 
based upon predefined example rules and thresholds. 

The InFORM Error Log Page shown in Figure 15 provides a table displaying the current errors and warnings reported 
from the system: 

Events that will be reported here include: 

 Unexpected movement. 

 Part out of alignment. 

 High component temperature. 

 High/Low ambient humidity/temperature. 

 Sensor module battery low. 

Each entry in the table includes the following information: 

 Unique Error/Event code. 

 Type sensor reporting the error/warning. 

 Description of the error/warning. 

 Identifier of the device reporting the error. 
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 The component that the device is associated with. 

 The timestamp of when the event occurred. 

 

Figure 16: InFORM Part Identification Page 

The requirement to associate physical assets with the system data is fulfilled with the use of QR codes laser marked 
onto the component and fixtures. The control of the configuration of the component identification system is provided 
by the Part Identification Page shown in Figure 16. This page controls the QR code reader hardware and allows the 
user to read a QR code and associate the ID with a specific fixture and number of sensor nodes located on the fixture. 
This configuration is used to enable queries to be performed on the stored data based upon component identification. 

3.2.6 Testing MVP 

3.2.6.1 ToF distance measurement testing. 

Materials:  

1. VL53L1X Time of Flight sensor (ToF). 

2. Tiera Corp Long Cricket microcontroller. 

3. 1m diameter blank white wall. 

4. Bosch PLR 15 digital laser measure. 

5. TENMARS TM-201 Lux/ Fc light meter. 

6. Tripod. 

Method: 

1. Mount ToF and microcontroller to the tripod.  

2. Using the PLR 15, measure and place the ToF 2000 mm away from the wall. 

3. Measure and record the level of light. 

4. Power microcontroller which has the ToF take 1000 measurements, 1 measurement every 125 ms. 

5. Record x ̄and σ from that set of measurements.  

6. Reduce light level. 
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7. Repeat steps 3 through 5. 

8. Move tripod so ToF sensor is 250 mm closer to the wall.  

9. Repeat steps 3 through 8 measurements are taken at 250 mm from the wall. 

10. Upload code to take measurements using short-distance mode.  

11. Record data for short-distance mode with normal light levels at 250 mm to 1000 mm in 250 mm intervals. 

 

 

Figure 17: Measured ToF distance errors with varying ambient light levels. 
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Figure 18: Measured ToF distance errors comparing different sensor modes. 

Results: 

Figure 17: Measured ToF distance errors with varying ambient light levels. 

The largest recorded error is ~18 mm at 1750 mm. The smallest error is ~1 mm at 1250 mm. The errors are similar for 
both light levels up until 1750 mm and 2000 mm where the difference in the two errors becomes much larger. At 1750 
mm, the readings at a lower light level give the larger error but at 2000 mm the larger error is when the readings were 
taken at the higher light level. More testing at greater distances needs to be undertaken to see if this is a trend but 
this was not possible within the timescale of the project. The distribution of readings is greater at the upper and lower 
ends of the scale, with the smallest spread being at 750 mm, 1000 mm and 2000 mm. 

Figure 18: Measured ToF distance errors comparing different sensor modes. 

The largest error is ~7 mm at 750 mm. The smallest error is ~0.3 mm at 500 mm. In all measurements, the ToF in short 
distance mode had smaller errors in its mean measurement. 

3.2.6.2 Infra-red temperature - MLX90614: 

Materials: 

1. Type K thermocouple. 

2. Data logger. 

3. Feather M0 microcontroller. 

4. MLX90614 infrared temperature sensor. 

5. Stopwatch. 

6. Heat gun. 
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7. A plate of stainless steel. 

8. Masking tape. 

 

Method: 

1. Point the MLX sensor at the plate, making sure only the plate is within the field of view of the sensor. 

2. Place the thermocouple on the same side of the plate as the sensor.  

3. Start the data logger and the microcontroller to take readings every minute.  

4. Heat the opposite side of the plate to the measured side for 5 minutes. 

5. Allow the plate to cool for 5 minutes. 

6. Log the results. 

7. Allow the plate to cool back to room temperature. 

8. Place masking tape over the surface being measured. 

9. Repeat steps 3 through 6. 

 

 

Figure 19 : IR Temperature measurement variation by target surface 
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Results: 

Figure 19 shows the effect of variations in the target surface upon the IR temperature measurement. The shiny 
metallic surface IR measurement is significantly different from the thermocouple contact measurement. The same 
measurements taken using a matte metal surface as a target are closer to the thermocouple measurements. 

This variation can be explained by differences in the material radiated IR caused by different emissivity values for each 
material. It is possible to take this variation into account within the IR sensor to essentially calibrate the sensor for 
different materials.  

4 End MRL/TRL level “How?” 

A peer review assessment of the TRL and MRL attained by innovations in each InFORM work package was carried out 
by industrial academics and consultants on 23rd May 2019. It was determined that innovations in this work package 
have achieved MRL and TRL values of 3. The justification for these values is shown in Appendix 1.  

4.1 industrial impact 

The use of intelligent fixtures within the nuclear industry has the potential to reduce manufacturing costs by delivering 
improved efficiency. The ability to accurately track the use of fixtures within the manufacturing environment provides 
opportunities for operational improvements. The addition of sensors providing constant monitoring of fixtures 
provides the information required to implement predictive maintenance. The ability to predict failures or problems 
with fixtures before they have a negative impact on the operation of the manufacturing process delivers cost savings 
and can also improve the quality of the product.  

Finally, in addition to cost and quality savings, there is also a potential improvement to safety as the prevention of 
failures associated with fixtures could prevent accidents occurring in critical manufacturing processes.  
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5 Conclusions and recommendation 

5.1 Route to industrial adoption 

The path to industrial adoption requires the following: 

 Detailed understanding of the fixture process lifecycle. 

 Design for industrial environments. 

 Testing within a relevant industrial environment throughout the fixture lifecycle. 

 Develop sensor platform to TRL6 – 7. 

 Partner with an OEM manufacturer to take the concept sensor design to market. 

5.2 Further Research and Development 

Understanding the challenges associated with harvesting energy in industrial environments is a key enabler for the 
possibility of ‘fit and forget’ IoT sensor technology. A study of the feasibility of energy harvesting technologies within 
the nuclear industry manufacturing environment would be beneficial. 

The potential benefits of using low power LoRaWAN within industrial environments are understood. However, the 
creation of a long term industrial test site would highlight any potential challenges with applying LoRaWAN to 
manufacturing environments. In particular consideration of interference from manufacturing equipment and also any 
existing networks would be a recommended starting point for research. 

The location tracking limitations of GPS requires a fusion of technologies to provide total tracking coverage inside and 
outside buildings. There are many different technologies available typically including RFID systems (6) that implement 
location tracking in manufacturing environments. Research is required to understand how these could be applied to 
the nuclear sector effectively with the requirement for a low power solution. 

5.3 Conclusions 

Fixtures used in the nuclear industry, typically represent a significant investment financially, but also in terms of 
maintenance and storage of these manufacturing assets. Correct storage of these high-value fixtures increases the size 
of factory space required and as moves are made towards serial production of reactors in a factory environment, 
optimising the factory layout becomes a priority. 
The ability to track the fixture location and usage provides information to ensure minimum investment is made to 
achieve optimal usage and factory throughput. Additional understanding of the environmental conditions and loading 
to which they have been subjected allows these manufacturing assets to be maintained in such a way that their working 
life can be extended and performance preserved while minimising breakdown and failure. 
Investment in intelligent fixtures will enable the industry to achieve these optimisations and minimise the capital 
expenditure required to start up their manufacturing processes. 
The data generated by the intelligent fixture during manufacture will provide additional benefits once the reactors are 
in operation as detailed manufacturing records combined within service data will increase the fidelity of digital twins 
adding strength to safety cases and life extensions. 

The development of a 4IR technology demonstrator for InFORM has highlighted that there are opportunities for 
innovation by utilising technology from different sectors. The rapid development of 4IR technology has the potential 
to disrupt many of the processes within the nuclear sector and provide new insights into efficiency improvements and 
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ultimately cost savings. 

The project has shown it is feasible to develop ‘Fit and Forget’ sensors that require minimal infrastructure to deploy 
and can provide valuable operational information to enable opportunities such as predictive maintenance and 
possibility of a digital thread associated with the life of a fixture. 
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Appendix 1 

 

 WP 2.7B – TRl / MRL Evaluation Matix 
% of 

completion  

Capability level  Guideline descriptors  25  50  75  100  

TRL 1  

1. Basic principles - observed and reported.  
2. Scientific research undertaken.  
3. Scientific research is beginning to be translated into applied research 

and development.  
4. Paper studies and scientific experiments have taken place.  
5. Performance has been predicted.  

    

MRL 1  
1. Basic manufacturing implications have been identified. 
2. Materials for manufacturing have been characterised and assessed.  

S 

S 

 

 

  

TRL2 (Critical 

stage gate)  

1. Speculative applications have been identified.  
2. Exploration into key principles is ongoing.  
3. Application-specific simulations or experiments have been 

undertaken.  
4. Performance predictions have been refined.  

S 

 

S 

 

S 

  
 

S 

 

MRL2 (Critical 

stage gate)  

1. Manufacturing concepts and feasibility have been determined and 
processes have been identified.  

2. Production assessments via simulation or experiment are underway 
and include advanced design for manufacturing considerations.  

    

TRL3  

1. Analytical and experimental assessments have identified critical 
functionality and/or characteristics.  

2. Analytical, simulation or laboratory studies have validated predictions 
of separate elements of the technology or components that are not 
yet integrated or representative.  

3. Performance investigation using analytical experimentation and/or 
simulations is underway.  

4. Modelling or simulation systems have been suitably proven to 
support the programme.  

   
F 

 

F 

 

 

F 
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5. Specifications have been identified for the relevant component/sub-
system.  

F 

 

F 

MRL3 

1. A manufacturing proof-of-concept has been developed and identified 
as a need within industry.  

2. Analytical, simulated or laboratory experiments validate paper 
studies.  

3. Experimental hardware or processes have been created, but are not 
yet integrated or representative.  

4. Materials and/or processes have been characterised for 
manufacturability and availability.  

5. Initial manufacturing cost projections have been made.  
6. Supply-chain requirements have been determined. 
7. Specifications have been identified and scoped within project. 

 

 

 

 

 

 

F 

  

F 

 

 

 

F 

 

F 

 

 

F 

F 

 

 

F 
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1 Dissemination 

Stage two of the InFORM project ran between February 2018 and August 2019. Over this period the InFORM consortium 

completed various direct and indirect dissemination activities both domestically and internationally. 

1.1 Consortium networking 

Five consortium meetings were held during the project, four of which were hosted by the Nuclear AMRC in Rotherham 

and one by TWI in Cambridge. At these meetings, the progress of each work package was shared between the delivery 

teams, the project funders the Department for Business, Energy and Industrial Strategy (BEIS) and their technical 

advisors the Nuclear Innovation and Research Office (NIRO). The primary function of these meetings was to ensure 

consistent and successful delivery of the programme and to provide an opportunity for each delivery partner to share 

knowledge on their wider capabilities. 

Table 1-1: Consortium meetings 

Consortium Meeting Date  Host 

Kickoff meeting 06 Feb 2018 Nuclear AMRC (Rotherham) 

Quarterly review meeting 1 11 Jul 2018 Nuclear AMRC (Rotherham) 

Quarterly review meeting 2 25 Oct 2018 Nuclear AMRC (Rotherham) 

Quarterly review meeting 3 31 Jan 2019 TWI Ltd (Cambridge) 

Quarterly review meeting 4 25 Apr 2019 Nuclear AMRC (Rotherham) 

Quarterly review meeting 5 23 Jul 2019 Nuclear AMRC (Rotherham) 

 

The fifth quarterly review included a joint close out meeting with the SIMPLE team to discuss how output from the 

SIMPLE and InFORM projects could be carried forward in future research projects. 

1.2 Conferences, seminars and other events 

The output of the research conducted has been presented and discussed at a number of industrial and academic 

conferences and seminars, both domestically and internationally. A list of events attended is shown in Table 1-2. 
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Table 1-2: Dissemination events attended for the InFORM project 

Events Organising 

body 

Date  Research area Presenting 

organisation 

BEIS Nuclear Innovation 

Programme – Suppliers 

Day Event 

Birmingham, UK 

14 January 2019 

BEIS 14 January 

2019 

Overall project Nuclear AMRC 

NNUMAN seminar NNUMAN 

Community 

16 January 

2019 

Overall project Nuclear AMRC 

The 27th International 

Conference On Nuclear 

Engineering (ICONE27)  

Tsukuba, Japan 

19-24 May 2019 

ASME 21 May 

2019 

Overall project 

 

Nuclear AMRC 

Nuclear Innovations UK 

Conference 

Sheffield, UK 

2-3 July 2019 

Nuclear 

AMRC 

2-3 July 

2019 

Overall project Nuclear AMRC 

The 72nd IIW Annual 

Assembly And 

International Conference 

Bratislava, Slovakia 

7-12 July 2019 

International 

Institute of 

Welding 

(IIW) 

 

7-12 July 

2019 

Local Vacuum EBW Technology and 

Application 

 

TWI 

Pressure Vessels and 

Piping Conference (PVP) 

2019 

San Antonio, Texas, USA 

14-19 July 2019 

ASME 14-19 July 

2019 

Overall project Nuclear AMRC 
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1.3 BEIS Suppliers Day Event 

The BEIS Nuclear Innovation Programme Suppliers Day Event held in Birmingham on the 14th January 2019 aimed to 

disseminate findings from the initial phases of the £180m BEIS investment through the Nuclear Innovation Programme 

(NIP) and promote opportunities for the next phases of work. At the event, Phase 1 participants for the Advanced 

Reactor Design – Digital and Advanced Manufacturing and Materials programmes – disseminated findings from their 

work through presentations and Q&A sessions. This enabled knowledge to be shared with the wider industry, helping 

to promote fairness and transparency for potential suppliers and collaborators that wish to bid into future phases of 

work. Participating stakeholders were invited to engage in a brokering and networking event to stimulate discussions 

about potential collaborations for the next phases of work (2). Additionally the details of the next phase of the Advanced 

Manufacture and Materials funding call were given. This was to provide up to £20 million of government funding to 

demonstrate how advanced manufacturing and construction can increase UK competitiveness. 

1.4 NUMAN seminar 

NNUMAN (New Nuclear MANufacturing) was an £8 million EPSRC (Engineering and Physical Sciences Research Council) 

research programme which ran from 2012 to 2017, and covered a broad spectrum of nuclear-relevant manufacturing 

research, including joining technologies, powder metallurgy, advanced machining and surface engineering. Through the 

dissemination activities of the programme, a community of over 80 interested parties was formed. After the funding 

period ended, the community decided to continue building up the network by meeting formally on a biannual basis to 

discuss relevant research activities. NNUMAN is chaired by the Dalton Institute of the University of Manchester with 

strong involvement of the Nuclear AMRC. 

The NNUMAN seminar provided an academically focused event which engaged with the NNUMAN community on the 

Advanced Manufacturing and Materials (AM&M) strand of the NIP. The seminar was held on the 16th January 2019 at 

the AMRC’s Knowledge Transfer Centre in Rotherham, and was attended by over 75 members of the nuclear R&D 

community with delegates from industry and academia. Projects from each of the AM&M themes, including InFORM 

from theme 3, were presented at the event. 

1.5 ICONE27 

An overview of the InFORM project, including a summary of each work package, was presented at the 27th International 

Conference on Nuclear Engineering (ICONE) in Tsukuba, Japan in May 2019. ICONE brings together academics and 

professionals from across the nuclear industry to share knowledge and ideas on nuclear reactor technology. It includes 

industry forums, technical, keynote, plenary and poster sessions, plus workshops where industry leaders, Government 

and academia gather to present and explore cutting edge technical issues and solutions for the challenges in the nuclear 

industry (3). It is sponsored by ASME (The American Society of Mechanical Engineers) and the Japan Society of 

Mechanical Engineers s (JSME). 



 

 

Document Revision Page 

NI1066-REP-01 01 I-5 

© 2019 University of Sheffield NAMRC.REP Version 7.0 

1.6 Nuclear Innovations UK Conference (NIC) 

The Nuclear AMRC in partnership with the National Nuclear Laboratory hosted a major two day industry-focused 

conference on the 2nd and 3rd of July 2019 at Sheffield’s historic Cutlers’ Hall. The conference brought around 275 

delegates from industry, Government and academia together to discuss key industrial challenges and to showcase the 

latest research taking place on the Nuclear Innovation Programme. The conference included detailed talks and technical 

presentations of the InFORM project. 

 

Figure 1: Nuclear Innovations UK Conference, 2-3rd July 2019, Sheffield 

Delegates were also able to visit the Nuclear AMRC workshop facilities and see the InFORM exhibition spaces. The 

InFORM demonstration area featured a two-thirds scale segment of a thick-walled pressure vessel, around which 

innovations from each InFORM work package were displayed. The local vacuum end effector developed by TWI was re-

assembled and mounted statically next to the vessel component and beside melt run samples completed at Cambridge 

Vacuum Engineering (CVE). Sheffield Forgemasters, MetLase and AMRC showcased the output of their research 

alongside Nuclear AMRC’s work on advanced rough machining and scCO2 coolants. 



 

 

Document Revision Page 

NI1066-REP-01 01 I-6 

© 2019 University of Sheffield NAMRC.REP Version 7.0 

 

Figure 2: NIUK conference tours of Nuclear AMRC 

1.7 PVP 2019 

The InFORM project was presented at the 2019 ASME Pressure Vessels and Piping (PVP) Conference in San Antonio, 

Texas, USA in July 2019. PVP is an international technical forum for delegates from industry and academia to share 

knowledge, opinions and ideas on a variety of topics related to pressure vessel and piping technologies for the power 

and process industries (4). The PVP forum is recognized in over 40 countries in Europe, Africa, the Middle East, Asia, the 

Americas, and the Oceania islands. 

1.8 Technical publications 

The research carried out on supercritical carbon dioxide (scCO2) coolants has been included in a paper published in the 

scientific journal Wear (4). The paper highlights the impact of scCO2 cooling with Minimum Quantity Lubrication on tool 

wear and surface integrity in the milling of AISI 304L stainless steel. The research shows that machining with scCO2 can 

increase tool life by up to 324% in comparison to traditional flood cooling methods. 

Where research from any work package resulted in the publication of academic papers, relevant abstracts can be found 

in Appendix 4. 
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1.9 Nuclear AMRC research board 

One of the ways that the Nuclear AMRC ensures it remains industrially relevant is by way of its membership. There are 

two grades of membership, Tier 1 members contribute £200K p.a. in cash or kind and have one seat on the Research 

Board. Tier 2 members contribute £30K p.a. in cash or kind and all Tier 2 members nominate one person to sit on the 

Research Board to represent their interests. The Research Board represents over 40 companies from across the nuclear 

supply chain – including reactor vendors – and meets quarterly. The Research Board reviews the research that Nuclear 

AMRC are undertaking on their behalf and also receive presentations about other publicly funded research we are 

undertaking. Consequently progress updates on the InFORM project were given at each quarter’s meeting throughout 

the life of the project. 

1.10 MANTRA 

MANTRA, the MANufacturing (technology) TRAnsporter, is a specially customised 14 metre HGV trailer which is 

operated by the University of Sheffield AMRC. It is packed with the latest machinery and simulators designed to give 

aspiring young engineers a hands-on experience with real cutting-edge technologies (5). The MANTRA lorry regularly 

tours schools and colleges to give students a taste of modern manufacturing, advanced modelling and assembly line 

technology to help inspire young people to take up careers in engineering. It also attends industrial events where it 

showcases the latest developments in advanced manufacturing technology to the wider business community and 

commercial audiences. 

Videos highlighting the results of the InFORM project have been installed into MANTRA and will be displayed at future 

exhibitions and in schools and colleges to demonstrate the impact the innovations will have on improving UK 

manufacturing competitiveness. 
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Appendix 1. TRL / MRL Assessments 

This appendix summarises the Technology Readiness Level (TRL) Manufacturing Readiness Level (MRL) assessments that 

were made for each Work Package at the start and finish of the project, and at the peer review assessment which took 

place on the 23rd May 2019.  Appendix 2 details the guidance that was given to each Work Package Technical Lead and 

the members of the Peer Review panel in order that they could make their assessments.  

Peer review assessment 

The peer review assessment of each work package was carried out on the 23rd May 2019 at the Nuclear AMRC. The 

panel members are detailed in Appendix 3. 

Key to references 

Each work package is deemed to have reached a particular capability level when the technologies and/or innovations it 

contains are judged collectively by the assessment panel to have satisfied several criteria or ‘guideline descriptors’ that 

define specific readiness levels. The extent to which each criterion has been met by a particular work package is also 

assessed, and denoted in terms of ‘percentage complete’. 

Each Work Package Technical Lead, in conjunction with the Nuclear ARMC CTO agreed on starting and finishing TRL/MRL 

– indicated by S and F respectively in the below assessment tables. The assessments of the Peer Review panel are 

indicated by X in the below assessment tables – the Peer Review having taken place some 3 months before the finish of 

the project. 

The column in which each letter is placed denotes the extent to which each technology/innovation is deemed to have 

met the criterion. The letters assigned denote the following: 

S – Readiness level assessment at the start of the project 

X – Readiness level assessment at the peer review consultation with expert independent panel 

F – Readiness level assessment at the finish of the project 

Graphical matrices 

The graphs below illustrate the increases in TRL and MRL for each work package as validated by the Principal Investigator 

(PI). 
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Figure 1: Start and finish TRL  
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Figure 2: Start and finish MRL 
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TRL / MRL assessment tables 

Key to notations: 

* denotes adjustment by PI. 

**no work on gap alignment. 

 

Capability 
level  

Guideline descriptors  

Forging 
Optimisation 

Machining 
Optimisation 

(Adv'd Roughing) 

Machining 
Optimisation 

(scCO2) 

Intelligent 
Fixtures 

Local Vacuum 
Electron 

Beam Welding 

4IR Technology 
Demonstrator 

% of completion % of completion % of completion % of completion % of completion % of completion 

25 50 75 100 25 50 75 100 25 50 75 100 25 50 75 100 25 50 75 100 25 50 75 100 

TRL 1 

1. Basic principles - observed and reported.                               S                 

2. Scientific research undertaken.                               S                 

3. Scientific research is beginning to be translated into applied research and development.                               S                 

4. Paper studies and scientific experiments have taken place.                                                 

5. Performance has been predicted.                                                 

MRL 1 
1. Basic Manufacturing Implications have been identified.                               S         S       

2. Materials for manufacturing have been characterised and assessed.                               S         S       

TRL 2 
(Critical  
Stage  
Gate) 

1. Speculative applications have been identified.                               X F       S S       

2. Exploration into key principles is ongoing.                               X F       S       S 

3. Application-specific simulations or experiments have been undertaken.                               X F       S S       

4. Performance predictions have been refined.                               X F       S S       

MRL 2 
(Critical  
Stage  
Gate) 

1. Manufacturing concepts and feasibility have been determined and processes have been identified.                               X F       S         

2. Production assessments via simulation or experiment are underway and include advanced design for 
manufacturing considerations.                               X F       S         

TRL 3 

1. Analytical and experimental assessments have identified critical functionality and / or characteristics.                       S F             F X       F X 

2. Analytical, simulation or laboratory studies have validated predictions of separate elements of the technology or 
components that are not yet integrated or representative.                       S               F X       F X 

3. Performance investigation using analytical experimentation and / or simulations is underway.                     S                 F X       F X 

4. Modelling or simulation systems have been suitably proven to support the programme.                 S                   F* F       F X 

5. Specifications have been identified for the relevant component / sub-system.                 S                     F X       F X 

MRL 3 

1. A manufacturing proof-of-concept has been developed and identified as a need within industry.           S   X F       S               F X       F X 

2. Analytical, simulated or laboratory experiments validate paper studies.               S X F       S               F X     F X 

3. Experimental hardware or processes have been created, but are not yet integrated or representative.               S X F       S               F X       F X 

4. Materials and / or processes have been characterised for manufacturability and availability.               S X F     S                 F X       F X 

5. Initial manufacturing cost projections have been made.           S F X   S                 F X       F X 

6. Supply-chain requirements have been determined.           S   X F S                 F*   F X F     X 

7. Specifications have been identified and scoped within project.               S X F   S                   F X       F X 

TRL 4 
(Critical 
Stage 
Gate) 

1. The technology / component / basic sub-system have been validated in the laboratory, test house or research 
institute environment. 

            S X F         F X           F*   X         

2. The basic concept has been observed in other industry sectors (e.g. oil & gas, aerospace).           S X F         F X               F X         

3. Requirements and interactions with relevant component systems have been determined.               S X F       F X           F*   X         

4. Systems architecture and integration now demonstrated and soak tested against known factors of interference.             S X F         F X               F X         

5. Proposed technology has been tested against specific codes, standards and specifications and presented to 
industrial sponsors and / or regulatory bodies.           

S F 
N/A 

X       F X               F X           

6. Technology has been proven using ‘true’ or agreed systems / structures / materials / components and not 
surrogate substitutions. 

        S X F           F X           F*   X         

7. Output from presentation to regulatory bodies (ONR, EA, ASME, RCC-M etc.) has been completed and identified 
as a direct application with or without the need for a code-case or equivalent acceptability. 

              N/A   F X                   N/A         

MRL 4 
(Critical 

1. Capability exists to use the technology in a laboratory or prototypic environment.                       F X               F X         

2. Series production requirements, such as manufacturing technology development have been identified.                       F X               F X         
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Capability 
level  

Guideline descriptors  

Forging 
Optimisation 

Machining 
Optimisation 

(Adv'd Roughing) 

Machining 
Optimisation 

(scCO2) 

Intelligent 
Fixtures 

Local Vacuum 
Electron 

Beam Welding 

4IR Technology 
Demonstrator 

% of completion % of completion % of completion % of completion % of completion % of completion 

25 50 75 100 25 50 75 100 25 50 75 100 25 50 75 100 25 50 75 100 25 50 75 100 

Stage 
Gate) 

3. Process rate, capability and stability has been agreed with client / customer.                   X F             F*   F X         

4. KPVs and strategy for control has been agreed with customer / client.                   X F             F*   F X         

5. Manufacturing risks have been identified for prototype / mock-up build.                       F X               F X         

6. Cost drivers have been confirmed with customer / client.                     F             F*   F X         

7. Design concepts have been accepted for production.                 F X                     F X         

8. Initial processing outputs have been successfully tested and demonstrated compliance with defined codes, 
standards and / or specifications.                 F X                     

N/A 
** 

        

TRL 5 

1. The technology component and / or basic subsystem have been validated in a relevant environment, potentially 
through using a component or system ‘mock-up’ of an agreed prototypic part.                                                 

2. Basic technological components are integrated with reasonable and realistic supporting elements so that the 
technology can be tested with equipment that can simulate and validate all component specifications within a 
laboratory, test house or research institute with integrated components. 

                                                

3. Design rules have been established in conjunction with codes & standards.                                                 

4. Performance results demonstrate the viability of the technology and confidence to consider and select for new 
fabrication or equipment qualification programmes.                                                 

MRL 5 

1. Capability (equipment, skills, consumables) exists to produce prototype components in a production relevant 
environment.                                                 

2. Critical technologies and components have been identified and discussed with customer / client.                                                 

3. Prototype tooling and test equipment, as well as personnel skills have been demonstrated on production 
equipment and / or in a production relevant environment.                                                 

4. Component drawing requirements have been met for a first-off inspection or First Of A Kind (FOAK) system.                                                 

5. Capability and stability (CpK, Ns or other agreed with customer / client) and ‘bounds’ of process potential has 
been demonstrated on mock-up / prototype systems / components. 

                                                

6. KPV control sensitivity understanding and control strategy demonstrated.                                                 

7. FMEA / PFMEA and DFMEA have been initiated.                                                 

TRL 6 
(Critical 
Stage 
Gate) 

1. A model or prototype of the technology system or sub-system has been demonstrated as part of a fabrication / 
functional system that can simulate and validate all system / fabrication / equipment specifications within test 
house or research institute or similar operational environment. 

                                                

2. Performance results validate the technology’s viability for a specific fabrication class and / or function.                                                 

3. Technology acceptable to regulators for embedding into relevant environment.                                                 

MRL 6 
(Critical 
Stage 
Gate) 

1. Capability exists to produce an integrated system or sub-system in a production relevant environment and has 
been validated using Low-Rate Into Production (LRIP) runs. 

                                                

2. The majority of manufacturing processes have been defined and characterized.                                                 

3. Preliminary design of critical components / parts has been completed.                                                 

4. Prototype materials, tooling and test equipment, as well as personnel skills have been demonstrated on sub-
systems / systems in a production environment.                                                 

5. Detailed cost analyses have been completed.                                                 

6. Cost targets have been identified and are allocated and approved by customer / client.                                                 

7. Long-lead-times and key supply-chain elements have been identified.                                                 

TRL 7 

1. Multiple prototypic formats have been demonstrated in an operational, or soak-test environment.                                                 

2. The technology performs as required.                                                 

3. Limit testing and ultimate performance characteristics are now determined.                                                 

4. The technology is suitable to be incorporated into specific fabrication platforms / development programmes.                                                 

MRL 7 

1. Capability exists to produce systems, sub-systems, components or parts in a production ready environment.                                                 

2. Material specifications have been approved in accordance with customer / client, and properties satisfy defined 
fabrication codes and quality acceptance standards. 

                                                

3. Materials are available to meet planned pilot line build schedule.                                                 

4. Pilot line capability has been demonstrated including (LRIP) runs.                                                 

5. Unit costs reduction efforts are underway.                                                 

6. Procurement plans are in place for long lead-time items.                                                 

7. Production tooling and test equipment design & development has been initiated.                                                 



Document Revision Page 

NI1066-REP-01 01 Appendix 1-6 

© 2019 University of Sheffield NAMRC.REP Version 7.0 

Capability 
level 

Guideline descriptors 

Forging 
Optimisation 

Machining 
Optimisation 

(Adv'd Roughing) 

Machining 
Optimisation 

(scCO2) 

Intelligent 
Fixtures 

Local Vacuum 
Electron 

Beam Welding 

4IR Technology 
Demonstrator 

% of completion % of completion % of completion % of completion % of completion % of completion 

25 50 75 100 25 50 75 100 25 50 75 100 25 50 75 100 25 50 75 100 25 50 75 100 

8. FMEA / PFMEA and DFMEA have been completed.

TRL 8 

1. Test and demonstration phases have been completed to customer’s satisfaction.

2. The technology has been proven to work in its final form and under expected conditions.

3. Performance has been validated to nuclear regulatory requirements.

MRL 8 

1. Initial production is underway.

2. Manufacturing and quality processes and procedures have been proven in a production environment.

3. An early supply-chain has been established and stable.

4. Manufacturing processes have been validated.

TRL 9 

1. The actual technology system has been qualified through operational experience.

2. The technology has been applied in its final form and within real environments / conditions.

3. The component or products have been launched into the market place.

MRL 9 

1. Full volume rate production capability has been demonstrated.

2. Major systems design features are stable and proven in test and evaluation.

3. Materials are available to meet planned rate production schedules.

4. Manufacturing processes and procedures are established and controlled to a minimum of 3s or quality level
agreed with the client to meet design characteristic tolerances.

5. Manufacturing control processes are validated.

6. Actual cost model has been developed for full rate production.
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Appendix 2. TRL / MRL Assessment Guidance Criteria 



 

Document Revision Page 

TRL/MRL Assessment Criteria Guidance Version V.1.0 Appendix 2-0 

© 2019 University of Sheffield NAMRC.REP Version 7.0 

  

 

 

Technology and Manufacturing Capability assessment 

criteria guidance  

SIMPLE and InFORM programmes 

 

Themes 2 and 3 

Of Phase-1 of the 

Nuclear Innovation Programme 

 

 

 

 

 

Version: V.1.0 

Date 20th February 2019 

Author: Nuclear AMRC 

 

 

 

  



 

Document Revision Page 

TRL/MRL Assessment Criteria Guidance Version V.1.0 Appendix 2-1 

© 2019 University of Sheffield NAMRC.REP Version 7.0 

 

Revision Sheet 
 

Version Date Detail 

V.1.0 20-02-19 Officially issued to all partners 

   

   

   

   

   

   

   

   
 

  



 

Document Revision Page 

TRL/MRL Assessment Criteria Guidance Version V.1.0 Appendix 2-2 

© 2019 University of Sheffield NAMRC.REP Version 7.0 

Table of Contents 

           Page 

Number 

 

Executive Summary          3 

1.0 Background          4 

2.0 Responsibility          4 

3.0 Objectives and Evaluation criteria       5 

3.1  Objectives          5 

3.2 Evaluation criteria         5 

3.3 Goal cascade guidance        6 

 

 

Table 1           12 

Table 2           13 

Table 3           14 

Table 4           15 

Table 5           16 

Table 6           17 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Document Revision Page 

TRL/MRL Assessment Criteria Guidance Version V.1.0 Appendix 2-3 

© 2019 University of Sheffield NAMRC.REP Version 7.0 

Executive summary 

The Nuclear AMRC, part of the University of Sheffield’s AMRC group and one of the seven Centres 

under the banner of the High-Value Manufacturing Catapult is an unbiased and technology/vendor 

neutral organisation and therefore well positioned to undertake and provide honest & impartial 

resource into the nuclear sector.    

The mission of the Nuclear Advanced Manufacturing Research Centre is to help UK companies win 

work in the nuclear and other high-value manufacturing sectors, with the purpose to support industry, 

not compete with it.   

 

The nuclear innovation programme (NIP) phase 1 stage 2 comprised of 5-themes with the aim 

developing competitive technologies into the nuclear sector.  These themes are: 

1. Materials and modelling 

2. Nuclear Component Manufacture 

3. Large-scale manufacturing and Assembly 

4. Modules and Modularisation 

5. Codes and Standards 

The Nuclear AMRC have been leading on two of these themes, themes 2 and 3, but have been 

supporting all other themes as a partner too.  Themes 2 and 3, known as Single Platform 

Manufacturing Environment (SIMPLE) and Intelligent Fixtures for Optimised and Radical Manufacture 

(InFORM) respectively, have focused on developing manufacturing concepts that increase tool-to-part 

point of service to reduce movement of large parts through adopting multi-faceted technologies. 

The SIMPLE concept reduces the need to move large components between work areas, and helps 

ensure accuracy and quality control throughout the manufacturing process.  By doing more operations 

on a single platform, and automating common tasks such as machining, welding and inspection of 

pressure vessels, large valve casings and decommissioning waste containers reduction in risk of 

manufacturing error, costs and lead-time can be realised.  Exploitation of such technology is not only 

limited to nuclear manufacturing practices but also other sectors such as energy, oil and gas, marine 

and aerospace.  Developing a wider selection of machining, cladding and inspection heads that could 

be deployed on a single large manufacturing platform, and using Industry 4.0 techniques to analyse 

and act on large amounts of real-time data, could feasibly achieve cost and time savings of at least 50 

per cent for a range of large complex fabrications. 

The inform project aims to develop a range of advanced techniques, which could halve the cost and 

lead-time of manufacturing large complex nuclear components.  The proposed technology focuses at 

holding large components and facilitate movement between platforms and machines to undergo a 

range of manufacturing operations.  With sensors linked to actuators and manipulators, fixtures will 

automatically adjust its location force to minimize distortion during movement during manufacture. 

For more information concerning the SIMPLE and InFORM projects, please go to the following 

websites http://namrc.co.uk/services/crd/simple/ 

http://namrc.co.uk/services/crd/inform/   

http://namrc.co.uk/services/crd/simple/
http://namrc.co.uk/services/crd/inform/
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1. Background 
 
Capability Acquisition (CA) is the process used by many blue-chip companies to manage development 
and implementation of new manufacturing competencies across domestic facilities and the supply 
chain.   
The intention of this guidance document is to identify, at the earliest possible stage, the maturity 
status of a project via the use of a ‘goal cascade’ and process specification.  It is highly probable that 
mature technologies used in the Nuclear Innovation Programme (NIP) (i.e. technologies > TRL7) have 
been implemented and continuously matured above MRL 7 on large-scale manufacturing programmes 
in other industrial sectors.  However, developing, integrating and maturing such technologies and 
procedures against new manufacturing scenarios can result in reduced levels of baseline capability 
being proven alongside specific business sector level governance. 
 
This document and its specified methodology aims to ensure that individual project leaders have, and 
provide, clarity of purpose via a mechanism for understanding and resolving any gaps within their 
project plans and end-user functionality.  
 
The designed supporting framework is to ensure compliance with the three underlying process 
principles of 
 

1. Delivering the programme of work that addresses relevant stage-gate levels of risk for  
business, commercial and technical strands; 

2. Developing fundamental process understanding via a systematic experimental approach; 
3. Demonstrating basic capability through the definition of key process variables. 

 

 

2. Responsibility 

 

The Principal Investigator from the prime contractor, in this case the Nuclear AMRC, is responsible for 

determining and agreeing the level of baseline capability with each work-package owner via the 

project leader.  Prior to this engagement, the individual work package owners / technical leads should 

have defined their own stabilised level of capability via a ‘goal cascade’ assessment prior to defining 

the output measure of success scoped within the overall theme submission.  This defined goal cascade 

is within section 3.2, and has been produced to establish the initial work baseline. 
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3. Objectives and Evaluation criteria 

 

3.1. Objectives 

The focus of SIMPLE and InFORM is to address the Nuclear Sector Deal’s objectives, with its emphasis 

in reducing costs of new nuclear build by 30%, through increasing modularisation and advanced 

manufacturing systems.  The three critical outputs that underpin the key objectives from the Nuclear 

Sector Deal and initial submission concepts that these programmes are targeted to deliver against are: 

  

1. Commercialisation by 2025 is a key output objective of all research within the SIMPLE and 

InFORM programmes (Themes 2 and 3) 

Question1: What approach have we as individual teams and part of the consortium taken to 

realise this? 

 

2. The Materials and Manufacturing theme. This has gained a significant profile through its 

recognition within the Nuclear Sector Deal and HMG are investing in this as part of their 

flagship innovation programme.   

Question 2a: How have the projects raised the innovation profile within the nuclear and other 

high-value manufacturing sectors, and how do we intend to demonstrate the impact from 

both an individual and consortium standpoint?  

Question 2b. In what areas will we need to continue to invest to accelerate capability into the 

supply-chain? 

 

3. Demonstrating a 50% cost saving? 

Question 3a. Is there sufficient evidence from the project(s) to prove this can be realised?    

 

3.2. Evaluation criteria  

Supporting the evaluation of these individual work programmes and the overall theme, a suite of high-

level assessment criteria has been determined that considers the following. 

 Are those work-packages suitably broad enough and significantly detailed to address the range 
of requirements applicable to future modulated manufacturing platforms and smart tooling 
systems in delivering a 50% cost reduction? 

 Have those technologies been suitably condensed via the goal cascade to justify their initial 
status, and has this initial status been proven to validate the acceptance to move through the 
next stage gate?  In addition, is there a consensus that the proposed technology and 
manufacturing status is suitably focused to deliver the overall coherent programme objective? 

 Is there evidence that this current technology could be practically applied to a wider industrial 
sector and does the pre-screening evidence support the present and any future investment to 
achieve the above three criteria?  

 Has the work been suitably focused and of due diligence to be measurable and discriminative 
among those technology alternatives?  

 Has the relevant technology been seen as forward-looking and flexible to meet the 
commercialisation of such capability within the specified timeframe?   Have those precise and 
quantitative metrics been assigned and considered? 
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3.3 Goal cascade guidance 

Guidance for developing the goal-cascade and lowest level of capability based on at least a 75% 

positive response to those questions raised. 

 

Technology Goal cascade starts here - 
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Manufacturing Capability Goal Cascade starts here - 
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When scoring each answer within the panel’s assessment programme, the key facet here is to assess 

as to what extent the current plan is good enough, or whether it needs modification. 

A RAG analysis protocol aligned to the following criteria to aid this is given below.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 

 

It is important to define the perceived measure of success expected of the individual work package 

and its impact on the overall programme during this phase of the NIP.  Please quantify the level of 

maturity associated with the defined measure of success within this research phase in terms of the 

25, 50, 75 or 100%.  Tables 1 to 6 provide a synergy between the TRL/MRL criteria and 19 assessment 

points for commercial success: 

 
i. What is the perceived importance of the individual work-package developed to deliver the 

specific and wholesale value of meeting the critical objectives?  In your professional opinion, 
should government or private investment continue based on the data presented? 

ii. Has the work been presented in a manner that clearly identifies the challenges faced and how 
these were overcome? 

iii. Has a suitable level of detail been provided identifying competitive technologies?  
iv. How critical is this technology to achieve the overall objective - what is the competitive intensity 

and barriers to entry?  The ease of adoption that might affect successful market entry? 
v. Have you seen suitable evidence that there exists a clear link between the milestones and 

deliverables to achieve the expected outcomes of the individual and overall project? 
vi. Does this individual technology have a route to market based on the evidence provided and is 

there sufficient evidence from the project output to achieve a market success? 

RED 

 

 

AMBER 

 

 

GREEN 

 

 No committed plan and limited evidence of capability to 

support further investment / no recovery action plan 

identified < 50% objectives achieved with evidence, several 

objectives considered critical to the success of the 

programme to achieve the 3 key outputs 

 

 Recovery plan – some problems identified and supported 

by evidence that may affect programme delivery / plan to 

address them is being worked.  Level of effort is not 

insurmountable to achieve desired outputs > 50% but 

≤75% of objectives achieved.  Some remaining objectives 

considered critical to the success of the programme to 

achieve the 3 key outputs 

 

 No hazard – tasks fully planned, resources committed and 

> 75% objectives achieved.  Remaining objectives not seen 

as critical to move to overall success of programme.    
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vii. Did the work provide enough evidence that there is a sustainable competitive advantage, such 
as intellectual property and higher barrier to market entry? 

viii. What is the perceived knowledge gap associated with skills and competencies to deploy such 
technologies and manufacturing capability? 

ix. Is there sufficient evidence that the route to market and ability to penetrate the existing nuclear 
market is in place? 

x. Have other industrial sectors been identified as suitable users of this technology?  If so, what is 
the perceived level of maturity based on this goal cascade?  

xi. Based on the evidence available, what spectrum of opportunities associated with short, 
medium and long-term could be realised?  Note short-term relates to large gigawatt reactors – 
2025 to 2030 deployment, LW-SMR reactors – 2030 to 2035 and long-term Advanced Modular 
and Fusion Reactors – 2040+, which encompass molten salts, high-temperature gas and liquid 
metal cooled reactors. 

xii. Has sufficient due diligence been enforced associated with managing risks (technical, 
commercial, and developmental) throughout the project? 

xiii. Did the sensitivity of the data presented provide you with a confidence in capability, i.e. did the 
work contain a reputable quality metric system on which to base your judgment on making a 
positive decision? 

xiv. What is your professional view of these activities being a technical success within the 
timeframes specified in item xi? 

xv. The technical risk of the product/service or process being developed should be assessed. 
xvi. Strategic commercial partnerships are an important factor. Have these been considered 

appropriately? 
xvii. Is there sufficient evidence that regulatory hurdles could be managed within this timeframe of 

reactor activity?  
xviii. Was there evidence that the technology and manufacturing principles worked on required a 

significant effort in meeting existing codes and standards, or whether new codes and standards 
will be required?  

xix. What is your professional view of the project team's drive and determination and an 
entrepreneurial mind-set to lead these developments to an agreed level of maturity?  
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 Table 1 % of completion 

Capability level Guideline descriptors 25 50 75 100 

TRL 1 1. Basic principles - observed and reported. 
2. Scientific research undertaken 
3. Scientific research is beginning to be translated into applied research and 

development 

4. Paper studies and scientific experiments have taken place 
5. Performance has been predicted 

 

    

MRL 1 1. Basic Manufacturing Implications have been identified 
2. Materials for manufacturing have been characterised and assessed 

 

    

TRL2 (Critical 
stage gate) 

1. Speculative applications have been identified 
2. Exploration into key principles is ongoing 
3. Application-specific simulations or experiments have been undertaken 
4. Performance predictions have been refined 

 

    

MRL2 (Critical 
stage gate) 

1. Manufacturing concepts and feasibility have been determined and processes 
have been identified  

2. Production assessments via simulation or experiment are underway and 
include advanced design for manufacturing considerations 

 

    

TRL3 1. Analytical and experimental assessments have identified critical functionality 
and/or characteristics 

2. Analytical, simulation or laboratory studies have validated predictions of 
separate elements of the technology or components that are not yet 
integrated or representative 

3. Performance investigation using analytical experimentation and/or 
simulations is underway 

4. Modelling or simulation systems have been suitably proven to support the 
programme.  
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5. Codes, standards and specifications have been identified for the relevant 
component/sub-system 

 Table 2 % of completion 

Capability level Guideline descriptors 25 50 75 100 

MRL3 1. A manufacturing proof-of-concept has been developed and identified as a 
need within industry  

2. Analytical, simulated or laboratory experiments validate paper studies 
3. Experimental hardware or processes have been created, but are not yet 

integrated or representative 
4. Materials and/or processes have been characterised for manufacturability 

and availability 
5. Initial manufacturing cost projections have been made 
6. Supply-chain requirements have been determined 
7. Codes, standards and specifications have been identified and scoped within 

project 
 

    

TRL4 (Critical 
stage gate) 

1. The technology /component / basic sub-system have been validated in the 
laboratory, test house or research institute environment 

2. The basic concept has been observed in other industry sectors (e.g. oil & gas, 
aerospace) 

3. Requirements and interactions with relevant component systems have been 
determined 

4. Systems architecture and integration now demonstrated and soak tested 
against known factors of interference  

5. Proposed technology has been tested against specific codes, standards and 
specifications and presented to industrial sponsors and /or regulatory bodies 

6. Technology has been proven using ‘true’ or agreed 
systems/structures/materials/components and not surrogate substitutions 

7. Output from presentation to regulatory bodies (ONR, EA, ASME, RCC-M etc.) 
has been completed and identified as a direct application with or without the 
need for a code-case or equivalent acceptability. 

 

    



 

Document Revision Page 

TRL/MRL Assessment Criteria Guidance Version V.1.0 Appendix 2-14 

© 2019 University of Sheffield NAMRC.REP Version 7.0 

 Table 3 % of completion 

Capability level Guideline descriptors 25 50 75 100 

MRL4 (Critical 
stage gate) 

1. Capability exists to use the technology in a laboratory or prototypic 
environment  

2. Series production requirements, such as manufacturing technology 
development have been identified 

3. Process rate, capability and stability has been agreed with client/customer 
4. KPVs and strategy for control has been agreed with customer/client 
5. Manufacturing risks have been identified for prototype/mock-up build 
6. Cost drivers have been confirmed with customer/client 
7. Design concepts have been accepted for production 
8. Initial processing outputs have been successfully tested and demonstrated 

compliance with defined codes, standards and/or specifications  
 
 
 

    

TRL5 1. The technology component and/or basic subsystem have been validated in a 
relevant environment, potentially through using a component or system 
‘mock-up’ of an agreed prototypic part 

2. Basic technological components are integrated with reasonable and realistic 
supporting elements so that the technology can be tested with equipment 
that can simulate and validate all component specifications within a 
laboratory, test house or research institute with integrated components 

3. Design rules have been established in conjunction with codes & standards 
4. Performance results demonstrate the viability of the technology and 

confidence to consider and select for new fabrication or equipment 
qualification programmes 
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 Table 4 % of completion 

Capability level Guideline descriptors 25 50 75 100 

MRL 5 1. Capability (equipment, skills, consumables) exists to produce prototype 
components in a production relevant environment 

2. Critical technologies and components have been identified and discussed with 
customer/client  

3. Prototype tooling and test equipment, as well as personnel skills have been 
demonstrated on production equipment and/or in a production relevant 
environment 

4. Component drawing requirements have been met for a first-off inspection or 
First Of A Kind (FOAK) system 

5. Capability and stability (CpK, N or other agreed with customer/client) and 
‘bounds’ of process potential has been demonstrated on mock-up/prototype 
systems/components 

6. KPV control sensitivity understanding and control strategy demonstrated 
7. FMEA/PFMEA and DFMEA have been initiated 

 

    

TRL 6 (Critical 
stage gate) 

1. A model or prototype of the technology system or sub-system has been 
demonstrated as part of a fabrication/functional system that can simulate and 
validate all system/fabrication/equipment specifications within test house or 
research institute or similar operational environment 

2. Performance results validate the technology’s viability for a specific 
fabrication class and/or function 

3. Technology acceptable to regulators for embedding into relevant 
environment 

 

    

MRL 6 (Critical 
stage gate) 
7 items 
contained 
within this 
section 

1. Capability exists to produce an integrated system or sub-system in a 
production relevant environment and has been validated using Low-Rate Into 
Production (LRIP) runs 

2. The majority of manufacturing processes have been defined and 
characterized  

3. Preliminary design of critical components/parts has been completed 
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4. Prototype materials, tooling and test equipment, as well as personnel skills 
have been demonstrated on sub-systems/systems in a production 
environment  

5. Detailed cost analyses have been completed 
6. Cost targets have been identified and are allocated and approved by 

customer/client 
7. Long-lead-times and key supply-chain elements have been identified 

 

 Table 5 % of completion 

Capability level Guideline descriptors 25 50 75 100 

TRL 7 1. Multiple prototypic formats have been demonstrated in an operational, or 
soak-test environment 

2. The technology performs as required 
3. Limit testing and ultimate performance characteristics are now determined 
4. The technology is suitable to be incorporated into specific fabrication 

platforms/development programmes 
 

    

MRL 7 1. Capability exists to produce systems, sub-systems, components or parts in a 
production ready environment 

2. Material specifications have been approved in accordance with 
customer/client, and properties satisfy defined fabrication codes and quality 
acceptance standards 

3. Materials are available to meet planned pilot line build schedule 
4. Pilot line capability has been demonstrated including (LRIP) runs 
5. Unit costs reduction efforts are underway 
6. Procurement plans are in place for long lead-time items 
7. Production tooling and test equipment design & development has been 

initiated  
8. FMEA/PFMEA and DFMEA have been completed 
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 Table 6 % of completion 

Capability level Guideline descriptors 25 50 75 100 

TRL 8 1. Test and demonstration phases have been completed to customer’s 
satisfaction 

2. The technology has been proven to work in its final form and under expected 
conditions  

3. Performance has been validated to nuclear regulatory requirements 
 

    

  % of completion 

Capability level Guideline descriptors 25 50 75 100 

MRL 8 1. Initial production is underway 
2. Manufacturing and quality processes and procedures have been proven in a 

production environment 
3. An early supply-chain has been established and stable 
4. Manufacturing processes have been validated 

 

    

  % of completion 

Capability level Guideline descriptors 25 50 75 100 

TRL 9 1. The actual technology system has been qualified through operational 
experience  

2. The technology has been applied in its final form and within real 
environments/conditions 

3. The component or products have been launched into the market place 
 

    

MRL 9 1. Full volume rate production capability has been demonstrated 
2. Major systems design features are stable and proven in test and evaluation 
3. Materials are available to meet planned rate production schedules 
4. Manufacturing processes and procedures are established and controlled to a 

minimum of 3 or quality level agreed with the client to meet design 
characteristic tolerances 

5. Manufacturing control processes are validated 
6. Actual cost model has been developed for full rate production 
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1 Introduction 

The following report details potential optimisation of current UK large scale open die forging of nuclear grade alloys for civil 
power generation applications. It has been carried out under the Department for Business, Energy and Industrial Strategy 
(BEIS) nuclear innovation programme (NIP), within the Advanced Manufacturing and Material stream. NIP aims to reduce 
the cost of nuclear power generation whilst ensuring a future low carbon economy. The following report reviews the 
current reactor vendors currently involved in the Advanced Modular Reactor (AMR) feasibility and development project, as 
well as current SMR vendors designs. The different types of reactors and their materials and operational requirements are 
considered to assess the potential manufacturing challenges. Additionally, the most complex and safety critical nuclear 
island components are reviewed. Although only forging is within scope of this report, upstream processing in 
primary/secondary steel making can have a significant influence in the forge and thus steel making practices are reviewed 
and improvements suggested. Potential future AMR material grades are considered and additional considerations to 
forging practices, metrology, heat treatment and costing are made. 

2 Advanced and Small Modular Reactor Review 

The AMRs differ from conventional reactors in that they do not use pressurised or boiling water for primary cooling. Eight 
companies have been awarded contracts to produce feasibility studies as part of phase 1 of the AMR F&D project [1]. 
Seven the reactors are different Gen IV fast fission reactors and one organisation is developing a Gen III+ fusion reactor. 
Below are details of the five, in total, different reactor technologies, comprising the technologies types, approximate sizes, 
materials and operating conditions. 

2.1 Lead-cooled Fast Reactor  

A Lead-cooled Fast Reactor (LFR) uses molten lead as a primary coolant (Figure 1). Lead is high density, low neutron 
absorption, non-explosive, it can circulate by natural circulation, has a high boiling point and offers protection against 
gamma rays. However, it is highly corrosive to the containment vessels. 

Two companies are involved in the development of LFR: Westinghouse Electric Company and LeadCold. The former is 
considering using uranium oxide as fuel while the latter is considering the use of uranium nitride. The Westinghouse LFR is 
designed to be a versatile plant, with baseload electricity production and load levelling as the primary design focus, but 
with the capability to fulfil a range of non-electricity applications such as process heat, desalination, and hydrogen 
production needs according to market demand [2]. LeadCold is aiming at producing multiple very small LFRs to power 
isolated regions where the cost of conventional power is too high. A single ‘SEALER-UK’ unit could produce up to 40MW of 
electricity in a vessel that could be transported to any location in the UK using railroad. The company has also developed 
alumina forming steel potentially capable of extending the reactor’s life expectancy to 30 years, including a mid-term core 
replacement. 

As the coolant operating at atmospheric pressure, the loss of coolant accident (LOCA) can be virtually eliminated by use of 
an appropriately designed guard vessel. A typical thickness of the guard vessel is around 50.8 mm [3], while SEALER’s unit 
guard vessel dimensions are reported to be 6m in height and 2.748m in diameter [2]. 
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Figure 1: Schematic of the lead-cooled fast reactor [4] 

 

2.2 Sodium-cooled fast Reactor  

The sodium-cooled fast reactor (SFR) uses liquid metallic sodium as the sole coolant, carrying heat from the core. Sodium 
melts at 371K and vaporises at 1156K, allowing the absorption of significant heat Figure 2. The use of sodium instead of 
water as the heat transfer allows the reactor to operate at ambient pressure and does not corrode steel reactor parts. 

 

Figure 2: Schematic of the sodium-cooled fast reactor [5] 

 

However, sodium explodes when it comes in contact with water and it burns when in contact with air. 
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Advanced Reactor Concepts-(ARC) is proposing the ARC-100 design (Figure 3) capable of producing 100MW of electrical 
power. The modular design of the ARC-100 reactor allows its factory-fabricated components to be shipped and installed at 
the reactor site using standard, commercially available equipment. The external containment vessel is not pressurised, 
therefore it does not have to be thick. Some technical specifications related to the guard vessel are given to Table 1. 

Height 15.24m 
Inner Diameter 7.32m 
Thickness 25.4mm 
Material  Austenitic Stainless Steel 

 

Table 1: Technical specifications of the guard vessel of ARC-100 

 

 

Figure 3: The ARC 100 Reactor 

 

2.3 Stable Salt Reactor 

The stable salt reactor (SSR) (Figure 4) is a nuclear reactor design proposed by Moltex Energy which is a version of the 
molten salt reactor with improved characteristics and economics. SSRs do not need expensive containment structures and 
components to keep them in stable condition. The tank’s dimensions are 5, 6 and 5m in height, length and width, 
respectively [2]. 

The SSR is chemically stable, high efficient and still can operate at atmospheric pressure eliminating the risk of a high 
pressure explosion or the need for costly pressure domes.  

The coolant salt in the reactor contains also 1 mol% zirconium metal to make it virtually non-corrosive to standard steels. 

Solid fuel in fuel rods is replaced by molten salt fuel (Figure 5) in assemblies that are very similar to current light water 
reactor technology.  
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The rectangular in shape core of the reactor is composed of modules, to allow simpler movement of fuel assemblies and 
extension of the core as required simply by adding additional modules. The modules (without fuel assemblies) are planned 
to be delivered to the construction site pre-assembled and pre-tested as single road-transportable components. A 1200 
MWe reactor is possible in a tank that can fit on the back of a truck. The design life will be 60 years. 

 

 

Figure 4: The stable salt reactor core, with support structures in grey 

 

 

Figure 5: Replacement of pellets (left) with liquid molten salt which contains the nuclear fuel (right) [6] 

 

2.4 Very High Temperature Reactor  

The Very High Temperature Reactor (VHTR), depicted in Figure 6, uses a graphite-moderated nuclear reactor. It may have 
an outlet temperature of 1000-1400 °C. There are different designs and sizes but the VHTR could be double the size of the 
conventional PWRs (Figure 8). The reactor core can either be a “prismatic block” or a “pebble-bed” core. The high 
temperatures enable the production of heat and hydrogen. The fuel used in HTGRs is coated fuel particles, such as “TRISO” 
fuel particles. The TRISO particles are either dispersed in a pebble for the pebble bed design (Figure 7) or moulded into 
compacts/rods that are then inserted into the hexagonal graphite blocks.  

Table salt 

239Pu or 235U 
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Helium is the coolant used in most VHTR concepts. It is an inert gas, does not react with any other material and neutron 
radiation does not make it radioactive. 

The high temperature of the coolant exiting the reactor core enables high thermal efficiency for electricity generation, and 
can serve as process heat for hydrogen production. However, temperature and irradiation –intensive conditions create 
material challenges in terms of creep and corrosion resistance. Nickel based superalloy development may be necessary for 
critical components of the VHTR. 

Three companies are involved in the development of the VHTR: U-Battery, Ultra Safe Nuclear Corporation (USNC) and DBD 
Limited.  

U-battery is a micro-modular reactor (MMR) concept which has been in development since 2008. The feasibility study 
performed for this type of reactor has revealed that the 20MWth U-Battery can achieve a full lifetime of 10 Effective Full 
Power Years (EFPY).  

The RPV design is such that a single main inlet/outlet is situated towards the bottom of the reactor to prevent the 
“chimney effect” in case of a main inlet/outlet duct failure. The RPV is provided with a removable (bolted) lid that can be 
removed for refuelling. The lid has feedthroughs for the control rod mechanisms. All bolted joints are to be “helium tight”. 

 

Figure 6: The Very High Temperature Reactor (VHTR) [7] 
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Figure 7: Pebble Bed Reactor scheme [8] 

 

Figure 8: The pressure vessel construction envisioned for the VHTR as opposed to current typical pressurised water 

reactors (shown inside the VHTR vessel) [9] 

 

The original U-Battery concept envisaged the core being replaced as a single “battery” unit which would be transported as 
a single module in a standard ISO freight container package, however, this is subjected to national regulations. According 
to the developers, the cost for the fabrication of the RPV is roughly estimated at 30€ per kilogram of SA-508 steel. 
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UNSC has developed a 15MWth VHT Micro-Modular Reactor, able to operate for 20 years without refuelling. It uses 
proprietary Full Ceramic Microencapsulated (FCM) fuel, which allows for the design of reactors with extremely low release 
of fission products during normal operations and accidents. The company seeks to identify a specific design that is best 
suited for application in the UK. 

DBD Limited will be studying a High Temperature Gas-Cooled Reactor. DBD intend to use this project to test the feasibility 
of HTGRs being applied and to build on the existing China/UK ties to develop a role for the UK in the HTGR programme [1]. 

2.5 Spherical Tokamak 

The only Gen III+ fusion reactor in the competition is being developed by Tokamak Energy. The goal is to combine two 
emerging technologies; the spherical tokamak (ST) and magnets made from high temperature superconductors. The 
reactors will be compact with modest power (100s MW range), factory fabricated and mass produced. 

Tokamak reactors consist of a toroidal vacuum tube surrounded by a series of magnets. A traditional tokamak has a 
toroidal confinement area that gives it an overall shape similar to a donut, complete with a large hole in the middle. The 
spherical tokamak reduces the size of the hole as much as possible, resulting in a plasma shape that is almost spherical, 
often compared with a cored apple. Spherical Tokamaks have potentially higher efficiency than traditional ‘doughnut’ 
shape tokamaks. 

The outer vacuum chamber has an internal vacuum that provides thermal insulation for the liquid nitrogen-cooled copper 
based field coils. It also has a vital role to play in supporting the toroidal and poloidal field coils against strong magnetic 
forces.  

The tokamak needs to withstand huge forces and torque loads. The temperature at the very centre of the plasma will be 
hundreds of millions degrees C, being even hotter than the sun itself. However, the temperature will reduce moving 
outwards towards the vacuum wall. The walls will experience a temperature of several thousand degrees centigrade. The 
vessel integrity will be protection by appropriate heat shielding made of tungsten/tungsten carbide. 

                                           

Figure 9: The ST40 spherical tokamak [10] 

  

Poloidal field coils, used to 
control the shape and 
position of the hot plasma 

Internal vacuum 
chamber 

Outer vacuum chamber 
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Table 2: Overview of nuclear reactors under the scope 
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3 Nuclear Reactor Components 

Pressurised light water reactor vessels experience service at 250-320 °C and receive significant levels of fast neutron 
fluence, ranging from about 5 x 1022 to about 3 x 1024 n/m2, depending on the plant design [11]. The European Nuclear 
Society cites that the standard dimensions for 14 RPVs within nuclear plants are 5m in diameter, 12m in height with a 
weight of approximately 530 tonnes (Figure 10). The vessel itself experiences service conditions of 17.5MPa of pressure 
and 350 °C [12]. 

 

Figure 10: Drawing of the EPRs pressure vessel [13] 

3.1 Shells 

The shells are typically cylindrical shaped and are welded to other components of the reactor pressure vessels (Figure 11a). 
Sizes, thicknesses, shapes and specific features all depend on the type of reactor. In the case of the European Pressure 
Reactor (EPR) the nozzle shell includes eight penetrations for connecting to the 4 loops of reactor coolant system loop 
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pipework (Figure 11b). The shell is manufactured with a heavy wall section to facilitate the nozzle features to be machined 
into the shell. At its lower end, the thickness of the nozzle shell is reduced to that of the core shell to allow the nozzle shell  
to core shell weld to be carried out within a region of uniform wall thickness. The nozzles can be separate forged items, 
welded to the vessel by a “set-on” process. Sketches of typical set-on and set-in nozzles used in reactor pressure vessels 
are shown in Figure 12.  Machining of thick wall shells and welded fabricated nozzles both have the compromises of having 
poor material yield or introduce in-service inspection requirements respectively. 

Most Generation IV reactors have thin containment vessels, instead of thick pressurised ones, to guard against the unlikely 
event of a nuclear accident. In the case of the lead-cooled reactor (Figure 13, Figure 14) the typical thickness of the 
containment vessel is approximately 50mm and the height is approximately 10m. In the case of the ARC-100 sodium 
cooled fast reactor (Figure 3) the thickness is ~25mm and the height of the containment vessel is 15.24m (Table 1).   

The VHTR differs from fast reactors in that the external vessel is pressurised up to 4 MPa, therefore the wall thickness is 
increased. It is designed for a maximum transient temperature approximately 50 °C higher than the limiting temperature of 
395°C during several hours. A typical thickness could be up to 100mm, while U-battery RPV is between 40 and 60mm thick. 
The height of the vessel is around 9m long. A typical drawing of the RPV of the VHTR is presented in Figure 15. 

The main core shell of the inner vacuum chamber of the ST40 spherical tokamak is shown in Figure 16. The thickness of the 
vessel is 10mm and for plasma operations it will be pumped down to ~10-8mbar pressure. The vacuum within the outer 
vessel though will be substantially lower, around 10-4mbar [14]. Different sizes for various light water small modular 
reactors are included in Table 3. 

 

 

Figure 11: The core region shell (a) and the nozzle shell with integrated flange (b)  

of a European Pressure Reactor (EPR) [15] 
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Figure 12: Sketches of typical set-on and set-in nozzles used in reactor pressure vessel [11] 

 

 

Figure 13: Advanced Lead-cooled Fast Reactor European Demonstrator (ALFRED) Reactor block vertical sections (01) Fuel 

assembly; 02) Inner vessel; 03) Core lower grid; 04) core upper grid; 05) Reactor vessel; 06) Reactor cover; 07) Steam 

Generator; 08) Vessel support; 09) Primary pump; 10) Reactor FAs cover [16] 
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Figure 14: Reactor block top view [16] 

 

 

 

Figure 15: Reactor Pressure Vessel and Core Internals of a VHTR [17] 
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Figure 16: The core shell of the ST40 spherical tokamak’s vacuum vessel [18] 

  

Light water Small Modular Reactor 

 NuScale W-SMR(Westinghouse) IRIS SMART(KAERI) 
mPower 

(Babcock) 

Vessel diameter (m) ~2.7 3.5 6.21 5.99 3.924 

Vessel height (m) ~14 ~27 22 ~16.1 25.2984 
Electricity power 

(MWe) 
45 225 335 100 155/180 

 

Table 3: Comparison of different light water small modular nuclear reactor sizes [19] 

 

3.2 Top and Bottom RPV Heads 

RPV bottom heads can be manufactured from forged plate/stock. An example of structural formed bottom head is shown 
in Figure 17. The top and bottom head sections are fabricated to additional rings and flange forgings to make up the top 
and bottom RPV assemblies. RPV heads typically take the form of ellipsoidal, torisopherical or hemispheric shapes which 
have a constant wall thickness. Bottom heads typically have minimal or no features, where top closure heads often contain 
feedthroughs (e.g. for control rod mechanisms). RPV closure heads with integral flanges can be manufactured in the form 
of mono-blocks or via net shape forging (Figure 18).  Integral flange designs negate fabrication, in-service weld inspection 
and can reduce overall manufacturing costs.  Tooling for head forming is a significant cost; a modular design methodology 
and hollow fabricated tool sets can drastically reduce the cost of tooling manufacture, and such methods have been 
demonstrated at SFIL during the manufacture of a NuScale RPV head in the Innovate UK support programme “Innovate 
forging and fabrication solutions for the nuclear industry”.  Alignment of the preform and tooling is critical for the 
successful head forming.  As a result pokey yoke design of the process and accurate and robust metrology of the setup is 
required to ensure forming is consistent, symmetrical and plastic deformation occurs in the correct regions. 
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Figure 17: Drawing and pressed piece for the bottom of the reactor vessel [11] 

 

 

Figure 18: The closure head with integrated flange of a European Pressure Reactor 

 

3.3 Tubesheets 

Tubesheets are large metallic circular components of the PWR’s steam generator. Heat exchanger tubes are welded to 
them to allow the movement of a given medium (gas/fluid) through the shell chamber stopping it mixing with a second 
fluid medium that lies outside these tubes (Figure 19). As long as there is a temperature difference between these, in 
effect, the two flow past one another exchanging heat without ever mixing. 

Tubesheets contain many holes drilled into them, for the insertion of tubes. The number of holes can range from a few to 
thousands depending on reactor type. The pattern or “pitch” holes are relative to each other tubesheet within the shell. 
This pitch changes tube distance, angle and flow direction. These parameters have been varied to maximize the heat 
transfer effectiveness [20]. 

There is a variety of candidate materials used for the manufacturing with 2.25Cr-1Mo and modified 9Cr-1Mo being the 
most important [21]. Both materials are discussed further in section 3.3. 

Tubesheets undergo significant upsetting and spreading during forging which results in barrelling out at the centre line.  
This barrelling effect adds significant excess material to the forging that increases ingot weight requirements and 
machining time in removing it.  A combination of suitable press size, manipulator safe working loads and efficient/quick 
turning equipment would facilitate forging radially after spreading operations to square up the forging and remove the 
barrelled material thus negating the material to added to the ingot weight or have it machined off.  Additionally, forging 
hotter and upgrading the heavy press pumping capabilities would facilitate upsetting in fewer forging operations.  This 
would result in a reduction of approximately three forge fire heats and remove approximately the same number of days 
from the manufacturing schedule. 
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Figure 19: Tubesheets-tubes assembly 

 

3.4 Hot legs 

Hot legs are used to transfer hot water from the reactor’s pressure vessel to the steam generator. The inside diameter of 
the main coolant lines is approximately 780mm and the thickness ranges between 75-97mm. The piping material is 
austenitic stainless steel and the temperature can reach up to 330 °C [22]. Some known technical challenges related to the 
forging of these pipes include the following [23]: 

 
� Manufacture of pieces with fully forged integrated nozzles (without welding). 
� Manufacture of pieces in solid stainless steel, a difficult to forge material. 
� Guarantee by full control of internal integrity and mechanical properties of pieces. 
� Starting ingots of 170T for resulting hot legs of 6T. 

 
 

 

Figure 20: The hot leg (right) and the PWR Primary Circuit (left) 

 

The high aspect ratio of the hot legs presents challenges in maintaining the straightens of the product during forging and as 
a result a metrology system such as SFIL’s current on press laser scanner is required to assess the straightness and correct 
if necessary. The solid product would require bending after boring and this process would require extensive simulation and 
process development to design fixtures, tooling and internal supporting materials. The setup under the forging press would 
also require accurate metrology methods to align the workpiece and tooling.  
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4 Steelmaking  

4.1 Vacuum Stream Degassing  

Vacuum stream degassing (VSD) processes, in the broadest sense, refer to the exposure of molten steel to a low-pressure 
environment to remove gases (mainly hydrogen and oxygen) from the steel. The effectiveness of any vacuum degassing 
operation depends upon the surface area of liquid steel that is exposed to low pressure. Vacuum degassing is practiced for 
several purposes [24]. They are: 

a) To remove hydrogen 
b) To improve cleanliness by removing part of the oxygen 
c) To produce steels to close chemical composition ranges (including deoxidisers) 
d) To control pouring temperatures for continuous casting operations 

 
In stream degassing, liquid steel is poured from the secondary steel making ladle into a vacuum vessel. Sudden exposure of 
liquid stream in vacuum leads to very rapid degassing due to the increased surface area created by break-up of stream into 
droplets. This process helps the H2 dissolved in steel, to be evacuated by a vacuum pump. The major amount of degassing 
occurs during the fall of liquid stream. The height of the pouring stream is an important design parameter [25]. Preheated 
ingot mould with hot top is placed in a vacuum chamber like that depicted in Figure 22.  
 

 

Figure 21: Laser scan of a vacuum chamber and closure head used for vacuum stream degassing at SFIL 

 

The main air seal is made between the vacuum closure head and the top of the vacuum vessel. Figure 21 shows a laser 
scan of the two vacuum vessel components and demonstrates how metrology equipment could be used to assess and 
monitor the condition of these component and the critical mating surfaces that form the vacuum seal can be digitally 
assembled and assessed.  Improvement in this seal will result is reduce air leakage, improved vacuum levels and reduced 
pump down times. This will all contribute to process efficiency and form the basis to increase the amount of hydrogen 
removed from the steel (Figure 25). Challenges still exist in deploying metrology equipment with sufficient measurement 
accuracy over the large component sizes to resolve any changes in the condition of the vacuum components.  E.g. large 
scale laser scanners can only measure ~+/-2mm, where suitable systems should be capable of measuring < 0.25mm.   
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Figure 22: Schematics of ladle to mould degassing. The addition of the tundish is usually not necessary 

During ladle pouring, an operator usually stands in close proximity and below the hot ladle. To increase safety of 
operations an IR camera could be used to view the ladle pouring process from a safer spot, to automatically detect slag and 
monitor the temperature (Figure 23). Apart from the apparent health and safety improvements the amount of information 
obtained by thermal measurements may be used jointly with simulation results towards a more comprehensive procedure 
with a positive impact on the quality of the final product. In Figure 24 an IR camera was used for temperature 
measurement during ladle pouring. However, for safety reasons, shots were taken from a relatively long distance; 
therefore the resolution of the IR image was drastically reduced. A thermally-shielded high resolution camera able to 
provide accurate live information during ladle pouring would prove to be a valuable production monitoring tool. 

 

Figure 23: CAD model of a possible field of view (green volume) using an IR camera during VSD 
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Figure 24: IR camera image used for temperature measurement during ladle pouring 

 

In certain liquid metals, hydrogen is present in atomic form, not as molecular hydrogen (H2). In order to be removed, 
hydrogen atoms must combine to form hydrogen gas molecules, although this is a very difficult mechanism [26]. To solve 
the problem of gas bubbles formation inside the liquid, hydrogen-free bubbles of inert gases (usually argon) are introduced 
under pressure in the melt, using a diffuser head coupled to a rotary shaft, or by inserting hexachloroethane (C2Cl6) tablets 
in the melt. Hydrogen atoms can then diffuse into such bubbles, where the reaction H+H→H2 can easily proceed to form 
hydrogen gas that is expelled into the atmosphere when the bubbles rise to the melt surface [27].  
 
An example of simulated hydrogen removal from liquid in shown in Figure 25, where a lower vacuum will result in  a great 
hydrogen removal. Hydrogen removal ratio increases with increasing argon flowrate and decreasing vacuum pressure 
(Figure 25). The molten steel flow field and distribution of hydrogen after 20 minutes of vacuum degassing is presented in 
Figure 26 [28] with and without a slag layer. A combination of efficient design and implementation of both the vacuum 
hardware and argon bubbling setup is crucial for efficient and high levels of hydrogen removal.  Successful implementation 
of this involves further development of simulation capabilities in mechanical, CFD and liquid/solid phase hydrogen diffusion 
modelling. 
 

 

Figure 25: Variation of hydrogen removal ratio (RR) with argon flowrate and vacuum pressure  
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Figure 26: Molten steel flow field and hydrogen distribution across side profile plane after 20 minutes of vacuum 

degassing for (a) slagless and (b) slag-containing melt. Volume fraction of slag eye viewed from top profile after 20s of 

argon stirring for argon flowrates of (a) 170, (b) 237 and (c) 305NLmin
-1 

 

4.2 Vacuum pumping equipment 

The large volumes of dissolved metallurgical gases arising from these processes, and the generation of large amounts of 
metallic fines and oxide dust, require high-capacity vacuum pumping equipment. Large root style mechanical vacuum 
booster pumps, designed for high dust tolerance, are the major component of such "dry" vacuum degassing systems, and 
when backed by rugged, dry, mechanical vacuum pumps form today's advanced dry pump systems. These systems are 
superior to previously used steam ejector systems particularly in that they enable better dust handling, increased pumping 
speed in the crucial processing pressure zones, and significantly reduced environmental impact [29].  

The steam jet ejector (Figure 27) has been the mainstay for industrial vacuum pumping systems designed for operation at 
pressures above 0.67mbar / 0.5torr. The low initial cost and apparent maintenance free operation of this type of pump is 
well known. Compression ratios as high as 30–40 can be obtained in a single-stage ejector, but efficiency at these high 
compression ratios is poor; therefore single ejector stages are generally limited to a compression ratio of around 10. 
Typically, multiple stages of ejectors must be used for practical degassing systems, and a 4-stage system would be typical 
of the steel degassing installations where final vacuum levels of 0.67mbar / 0.5torr are required. In particular, the steam 
ejector system installed needs to have sufficient excess capacity to handle the process loads, steam pressure variations and 
the inevitable loss in performance due to nozzle wear and especially diffuser contamination from the large amounts of dust 
arising. This contamination has the unfortunate characteristic of forming a hard aggregate inside the ejector, which must 
be mechanically removed on a routine basis.  
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Steam ejectors have served the steel industry well over the years however the issues that are increasingly making users 
consider dry alternatives can be summarised as:  

x Cost of the energy required 
x Cost of maintenance 
x Cost of waste water disposal 
x Environmental impact 

 

The modern, large mechanical booster is a highly cost-effective way of providing large pumping capacity at low pressures 
and this technology is especially suited to VSD processes. The root mechanism when mounted for vertical gas flow is 
inherently very effective at sweeping larger entrained particulates straight through, while finer dust accumulation can be 
minimised using appropriate design features. These include adequate shaft seals which avoid any lubricating oil seepage 
from the gears and drive (since any oil in the swept volume would certainly cause dust accumulation), pressure balancing 
of the gearbox and drive ends to avoid excessive pressure differential across the seals, and low flow purging to prevent 
dust penetration through the pressure balancing lines. The use of frequency converters (variable speed drive) units to 
control booster motor speeds and power delivery gives flexibility for starting at higher pressures to provide faster pump 
down times, and reliability of starting. 

The mechanical vacuum booster is not a true compressor, and always needs a final primary vacuum pump (backing stage) 
with true compression to vent to atmosphere. For a typical VD system two or three stages of mechanical boosters might be 
used, backed by a suitable primary pump. 

Advantages of using dry mechanical pumps include the following [30]: 

x Significant savings in running costs (low energy consumption) 
x Improved control and automation of the different degassing processes 
x Low maintenance 
x Reduced environmental impact (no contaminated water effluent; clean exhaust gas) 

 
 

 

Figure 27: A typical steam jet injector 
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Figure 28: Dry Mechanical Vacuum Pumps with their efficiency and safe control, enable improved processing of heavy 

metallurgical reactions [30] 

 

5 Future Reactor Materials 

The design characteristics for the Gen-IV structural materials differ from those of conventional GEN-III fission reactors.  
Desired requirements of these Gen-IV materials include the following:  

1) Excellent dimensional stability against thermal and irradiation creep and void swelling. 

2) Favourable mechanical properties such as strength, ductility, creep rupture, fatigue, creep-fatigue. 

3) Acceptable resistance to radiation damage (irradiation hardening and embrittlement) under high neutron doses (10–
150dpa or displacements per atom) and helium embrittlement. 

4) High degree of chemical compatibility between the structural materials and the coolant as well as with the fuel [31]. 

Due to the combined harsh conditions, the reactor pressure vessel (RPV) cylinder shell is often the lifetime-limiting 
component for a nuclear reactor. Understanding the effects radiation has on the microstructure in addition to the physical 
and mechanical properties will allow scientists to design alloys more resistant to radiation damage. RPV material should 
have homogeneity, no harmful internal defects, good inspectability, low aging embrittlement susceptibility, good fracture 
toughness and weldability. 

5.1.1 Lead-cooled Fast Reactor 

It is well known that liquid lead is corrosive to steels at elevated temperatures, thus limiting the operation temperature of 
the LFR. The use of alumina-forming alloys has been proposed to mitigate oxidation and corrosion issues. Alumina has high 
chemical resistance, and the oxide layer becomes thin due to the low diffusivity of oxygen. Most often the ferritic FeCrAl 
alloys are considered for high-temperature applications, however, lately also austenitic FeNiCrAl alloys have gained a lot of 
interest in the scientific literature [32]. 

FeCrAl alloy was developed in the 1920’s. It was found that by adding Cr to a FeAl alloy, it was possible to produce an alloy 
with excellent oxidation properties and workability. The reason of the new alloy’s superiority is that the addition of Cr 
reduced the critical Al-content needed for a protective alumina-layer to form. In FeAl alloys, the Al-limit was said to be 
16wt. % for manufacturability reasons. By adding Cr, the critical Al-content was significantly decreased. At these Al-
concentrations, the final product is considerably easier to produce. The Cr-concentrations of conventional FeCrAl alloys 
make them prone to a-a’ phase separation, and thus embrittlement at temperatures up to 5000C ( [33], [34], [35]). FeCrAl 
alloys with lower Cr-content have to be used for temperatures below 5000C. A-a’ phase separation resistant FeCrAl alloys 
have been proposed as successors to the conventional Zircaloy cladding tube material currently used ( [36], [37], [38]). 
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Alloy’s composition plays an important role in the weldability of FeCrAl. For example, significant additions of Cr and Al lead 
to cracking in weld overlays of FeCrAl alloys applied using either GTAW or GMAW techniques (Figure 29). According to 
Dupont et al [39] FeCrAl alloys can be highly susceptible to hydrogen induced cracking, and hence all fusion-based welding 
techniques should be completed in an inert cover gas or under vacuum. Nevertheless, TiC and Nb-based additions have 
proven to increase the weldability of FeCrAl alloys [40]. 

 

Figure 29: Cracking susceptibility map for weld overlays in FeCrAl alloys. Reproduced from [41] 

The tensile properties of wrought, ferritic FeCrAl alloys show strong dependencies on test temperature, alloy composition, 
and microstructure. The largest variability in tensile properties is observed below ~400°C for wrought FeCrAl alloys. The 
variability can be attributed to several different compositional or microstructural variations within the alloy [42]. 

Microhardness has been found to mirror tensile properties for wrought FeCrAl alloys. Presented in Figure 31 are room 
temperatures hardness values for model FeCrAl alloys. 

 

Figure 30: Yield strength and total elongation properties for select FeCrAl alloys as a function of temperature 
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Figure 31: Room temperature hardness values for model FeCrAl alloys. a) Cr and Al effect on microhardness and b) 

simple property-property correlation between ultimate tensile strength and microhardness for unirradiated FeCrAl 

alloys [42] 

In terms of fracture toughness there is only a limited amount of studies regarding the fracture properties of FeCrAl alloys. 
Most data have been obtained using ASTM or sub-size Charpy V-notch specimens to determine the impact properties and 
the ductile-to-brittle transition temperature (DBTT) of select alloys. Figure 32 shows the effect of Al on the transition 
temperature in high Cr content FeCrAl alloys [43]. The detrimental impact of Al on the ductile behaviour of FeCrAl alloys 
could be a driving factor for the reduced weldability of higher Al content FeCrAl alloys. 

 

Figure 32: DBTT as a function of Al content in 23-25% wt. % Cr FeCrAl alloys [43] 

 

In terms of the elastic properties, the Poisson’s ratio was found to have minor temperature dependence, while the elastic 
modulus depicts a clear tendency to decrease modestly with temperature following empirical relation below [44]: 

𝐸 = −5.46 × 10−5𝑇2 − 3.85 × 10−2𝑇 + 199              (1) 

With regard to creep properties, according to [42] the published data vary greatly depending on the alloy, temperature and 
stress. In general, all data follow the general power-law creep equation: 

𝜀�̇� = 𝐴0𝜎𝑛𝑒𝑥𝑝 (−𝑄
𝑅𝑇⁄ )              (2) 
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where 𝜀�̇� is the strain rate (s-1), A0 is a constant (MPa-ns-1), σ is the stress (MPa), n is the creep exponent, Q is the activation 
energy (J/mol), R=8.314 J/K∙mol, and T is the temperature. Figure 33 summarises creep parameters provided by different 
studies. 

 

Figure 33: Estimated creep parameters for varying FeCrAl alloys based on equation 2 [42] 

In general, FeCrAl alloys are known to exhibit excellent oxidation resistance which can be attributed to the formation of α-
Al2O3 (alumina) on the exposed surfaces due to the preferential oxidation of Al with the alloy. The addition of Cr has been 
shown to be beneficial towards the alumina scale formation, an effect referred to as the “third” element effect [45]. 

More recently, austenitic FeNiCrAl alloys were presented in the scientific literature. These alloys are also known as 
alumina-forming austenitic stainless steels and often denoted AFA. The austenitic crystal structure, face-centred cubic 
(FCC) provides the alloy higher mechanical strength compared with the ferrite that has a body-centred cubic (BCC) 
structure [46]. In 2007 it was found that it is possible to produce an AFA alloy with only 2.5% % Al that was able to form 
protective alumina on its surfaces when exposed to an oxidizing environment at high temperatures.  Forging and heat 
treatment of FeCrAl alloys will be more challenging due to the precipitation mechanisms and increased hot strength over 
convention low alloy steels. 

5.1.2 Sodium-cooled Fast Reactor 

According to [47], the material of every component and piping is stainless steel 316L, and only the cover gas lines are 
stainless steel 304. 316L stainless steel is similar to but with a lower carbon content in than 316. Cost is very similar, and 
both are durable, corrosion-resistant, and a good choice for high-stress situations. Below is the composition of both 316 
and 316L. 

C Mn P S Si Cr Ni Mo N Fe 
0.08max 

/0.03max (L) 2max 0.045max 0.03max 0.75max 16-18 10-14 2-3 0.10max balance 

Table 4: Chemical composition of 316/316L [48] 

316L, however is a better choice for a project that requires a lot of welding as 316 is more liable than 316L to weld decay 
through sensitisation. 316L is a suitable grade for high-temperature, high-corrosion uses, which is why it's so extensively 
used in demanding environments, such as the sodium-cooled fast reactor. 

The nitrogen-enhanced version of 316L, designated as 316L(N), provides some solid solution hardening, raising its 
minimum specified yield strength compared to 316 stainless steel. Some typical mechanical properties are included in 
Table 5 [49]. 
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The most important challenges with regard to the structural materials of the SFR are the thermomechanical fatigue (TMF) 
and the creep. The excellent heat transfer characteristics of liquid sodium and the poor thermal conductivity of austenitic 
stainless steels result in significant temperature gradients across the wall thickness of components of SFRs during power 
transients and start up/shut down operations. This results in a thermal stress in the material. The fatigue life of the 
material under these conditions is studied typically by carrying out low cycle fatigue tests at the peak temperature of 
cycling. The two basic TMF cycle types that are often used to assess fatigue life under TMF conditions are in-phase (IP) TMF 
(peak tensile strain and peak temperature coinciding) and out-of-phase (OP) TMF (peak tensile strain and the minimum 
temperature coinciding). Presented in Figure 34 is the influence of dynamic strain aging on accumulation of deformation 
behaviour (ratcheting) of 316L(N) austenitic stainless steel. 

 

Figure 34: Influence of dynamic strain aging on ratcheting behaviour of 316L(N) austenitic stainless steel [50]. Elastic 

“shakedown” stands for elastic deformation 

The use of liquid sodium as the heat transfer medium in SFRs necessitates the assessment of creep properties of structural 
materials in controlled reactor grade sodium environment. Displayed in Figure 35 is the creep behaviour of 316L(N), in 
both sodium and air environments, expressed with a stress versus rupture life diagram. It is obvious that creep behaviour 
of 316L(N) in sodium environment is improved than in air, therefore results obtained from less-complex tests in air can 
considered to be conservative. 

Forging and heat treatment of 316 grades is common place and pose no technical barriers as long as reactor component 
sizes are acceptable for the press and heat treatment facilities.  However, chemistry control in large ingots can be 
challenging to meet the stringent low carbon and nitrogen requirements.  

Property ASTM A 240 
Yield Strength, 0.2% offset 205 MPa 
Ultimate Tensile Strength 515 MPa 
Elongation in 51mm 40% 
Hardness 217 Brinell 

95HRB 

Table 5: typical room temperatures properties for 316L (N) 
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Figure 35: Enhanced creep rupture of 316L(N) SS in sodium environment [51] 

 

5.1.3 Stable Salt Reactor 

The material challenges for Molten Salt Reactors (MSR) generally fall into categories of irradiation effects, corrosion, and 
elevated temperature strength. Given that there are at least two classes of MSRs that are under consideration, liquid-
fuelled and liquid-cooled, and at least two families of salt under consideration (fluoride and chloride), a single alloy is not 
likely to meet all of the requirements for potential designs [52]. The stable salt reactor is a special version of the MSR 
which uses fluoride salt cooling. 

It has been shown through testing in different salt environments that alloys high in iron and chromium, such us Inconel 106 
and type 316 stainless steels corrode quickly and lose significant amounts of mass within a few thousand hours [53]. Cr 
forms stable fluorides and is preferentially removed by circulating salts, however, some Cr is necessary for oxidation 
resistance [53] , [54]. Alloys with high nickel and molybdenum content tend to last much longer with only a few mils of 
material loss per year. 

Soon as it became obvious that nickel-based alloys were corrosion-resistant a series of INOR alloys were investigated. The 
need for 5-7% Cr to maintain oxidation resistance in a Flibe salt environment (LiF - BeF2 - ZrF4 - 

235UF4) is shown in Figure 36. 

 

Figure 36: Oxidation rate of Ni alloys as a function of the Cr content for several temperatures [53] 
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An alloy with composition very close to INOR-8 was commercialised as Hastelloy N. The nominal composition of Hastelloy 
N is presented in Table 6. 

Nickel:  71 Balance  
Chromium:  7  
Molybdenum:  16  
Iron:  4 max.  
Silicon:  1 max.  
Manganese:  0.8 max.  
Vanadium:  0.5 max.  
Carbon:  0.06  
Cobalt:  0.2 max.  
Copper:  0.35 max.  
Tungsten:  0.5 max.  
Aluminium + Titanium  0.5 max  

Table 6: Nominal composition of Hastelloy N, compositions in weight% 

Tests within the Molten Salt Reactor Experiment (MSRE) revealed that even though the performance of INOR 8 was judged 
to be adequate during operation of the MSRE, upon examination of some components after decommissioning of the 
reactor it was found that there was significant surface cracking [55]. It was eventually determined that the cracking was 
associated with grain boundary embrittlement by the fission product tellurium [56]. A series of new alloy compositions 
based on INOR-8 with additions of niobium and titanium were examined using laboratory corrosion tests to mitigate 
cracking. It was found that Ti additions did not mitigate Te embrittlement and additions of Ti along with Nb would negate 
the beneficial effects of niobium. Based on these results there was a focus on Nb additions for mitigation of Te 
embrittlement. The influence of Nb content specifically is shown in Figure 37. Additionally, the embrittlement by formation 
of grain-boundary he bubbles, resulting from transmutation of Ni, was also recognised as a significant issue. The attributes 
(positive and negative) and potential limiting factors for the most important candidate materials for MSR applications are 
summarised in Table 7. 

 

Figure 37: The influence of Nb content on cracking frequency in modified Hastelloy N 
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Alloy Advantages Disadvantages Limiting factor (s) 
Type 316 stainless 

steel  
 

Fully qualified in 
ASME Code Section 

III, Division 5; limited 
He embrittlement 

Restricted to 
temperature on order 

of 700°C and only 
with good redox 

control  

Corrosion resistance 
at higher 

temperatures. Low 
allowable stresses for 

long time service  
Hastelloy N  

 
Demonstrated in 

MSRE; commercial 
experience with 
production and 

fabrication. Extensive 
database of rupture 

properties  

Limited to 
temperature of about 

700°C by strength.  
Susceptibility to Te 

embrittlement. Poor 
oxidation resistance  

He embrittlement; Te 
embrittlement if 

redox chemistry is not 
well controlled 

Modified Hastelloy N 
composition  

 

Ti modification 
showed reduced He 

embrittlement 
compared to N. Nb 

additions reduce 
embrittlement from 

Te  

Limited experience 
with fabrication and 

scale-up.  
Little rupture data. 

Strength only 
marginally better 
compared to N at 
high temperature  

He embrittlement for 
some variants; low 
high temperature 

strength  
 

Table 7: Summary of attributes (positive and negative) and potential limiting factors for most of the alloys that have 

been suggested for MSR applications 

While the alloy received ASTM standardization in several produced forms, it has not been qualified for nuclear construction 
in the ASME code, yet. The performance of Hastelloy was judged to be adequate but new nickel alloys that contain a fine, 
stable dispersion of intermetallic parts to trap helium should be developed. Until that happens, type 316 stainless steel 
may be used for relatively short-time operation of MSRs at 6500C. This alloy is fully ASME code qualified for nuclear 
construction [52]. 

Development of large open die forged components in nickel super alloys will be expensive due to the high cost of nickel 
and may not be successful with current large scale forge, furnace crane and manipulator equipment as these are optimised 
to heavy lifting and not speed. Nickel’s high temperature strength will dictate short forging times and the precipitation 
hardening mechanism will require short transfer times for quench. Thus, significant plant investments are likely required to 
successfully develop large scale nickel alloy forging capability in the UK. 

 

5.1.4 Very High Temperature Reactor-Small light water reactor 

Four are the candidate materials for the pressure vessel of these types of reactors: 304H, SA-508 (UNS K12042), 2.25Cr-
1Mo-0.25V (UNS K31835) and modified 9Cr/1Mo (UNS K90901) [57]. Grade 304 is an austenitic steel with excellent welding 
and forming characteristics. The key elements in 304 are chromium and nickel which give it excellent resistance to 
corrosion, good malleability, ductility and weldability. “H” denotes higher content in carbon which gives greater strength at 
high temperatures as well as good corrosion resistance, but does make it more vulnerable to carbide precipitation when 
welding. Below in Table 8 and Table 9 are the chemical composition and mechanical properties of 304H, respectively: 

 

C Mn Si P S Cr Ni 
0.01-0.1 0-2 0-0.75 0-0.045 0-0.030 18-20 8-10.5 

Table 8: Chemical composition of 304H 
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The elemental composition of the other three alloys is given in Table 10 [58]. 

Element 
SA-508 Grade 3,  

Class 1 &2 
2.25Cr-1Mo-0.25V 

(UNS K31835) 
Modified 9Cr-1Mo 

C 0.25 max 0.11-0.15 0.08-0.12 
Ni 0.4-1.0 0.25 0.4 max 
Cr 0.25 max 2.0-2.5 8.0-9.5 

Mn 1.2-1.5 0.3-0.6 0.3–0.6 
Mo 0.45-0.6 0.9-1.1 0.85-1.05 
V 0.05 max 0.25-0.35 0.18-0.25 
P 0.025 max 0.015 0.020 max 
S 0.025 max 0.01 max 0.01 max 
Si 0.15-0.4 0.1 max 0.2-0.5 

Nb - 0.07 max 0.06-0.1 

Others - 

B: 0.002 max; Ca: 
0.015 max; Cu: 0.20 
max; Ti: 0.030 max; 
Rare Earth metals: 

0.02max 

Al: 0.02 max; N: 0.030-0.070 

Heat treatment 
Quench; temper at 

621-6350C (min) 

Normalize at 8990C 
(min.); temper at 

6770C 

Normalize at 1038-11490C, air 
cool; temper at 7320C (min.) 

Table 10: Chemical composition (in wt%) of candidate RPV forging materials [58] 

 

SA-508 steel is approved under Section III of the ASME Boiler & Pressure Vessel (B&PV) code for use in nuclear components 
and it is a prime candidate for VHTR reactor pressure vessels operating at temperatures below the creep regime. As per the 
Code, there is no time limit for the operation of components made of SA-508 as long as the operating temperatures are 
maintained <371°C, the temperature below which creep deformation is negligible (Figure 38) [58]. 

Several studies have evaluated the effects of long-term thermal aging on mechanical properties of SA-508 steel ( [59] [60] 
[61]) characterised the Charpy impact, tensile, and J-fracture toughness of SA-508 grade 3 class 2 material after thermal 
exposure at 2820C up to 103000 h while [62] evaluated the thermal aging effect of the same material at longer aging times, 
up to 209,000 h. (tables) show the tensile, impact, and fracture toughness properties respectively after aging at different 
times. 

Hardness Vickers 129 

Tensile Strength, Yield 215 MPa 

Tensile Strength, Ultimate 505 MPa 

Elongation at Break 70% 

Modulus of Elasticity 193-200 GPa 

Table 9: Mechanical properties of 304H 
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There is an extensive database on the mechanical properties of SA508 grade 3 steel up to about 3000C. For consideration 
of this material for the reactor pressure vessel, where the wall temperature could exceed 3710C depending on RPV design, 
creep and creep-fatigue response and thermal stability become important factors, in addition to elevated temperature 
tensile properties [57]. 

A military grade nuclear pressure vessel steel SA508 Grade 4N has been highlighted as a potential new candidate for fourth 
generation reactor pressure vessels since new requirements are for a tougher variant. The main difference between the 
Grade 3 material currently used and the new Grade 4N material is the higher Ni and Cr contents and reduced Mn content 
in the latter. With the increased nickel content a significant increase in yield strength of 25% is observed with the fracture 
toughness also being improved substantially through the optimisation of the chemical composition [63]. The range of 
chemical compositions of the SA508 steels is outlined in Table 11 along with the mechanical properties in Table 12 [64], 
[65]. 

However, there is a lack of experimental data in relation to Grade 4N steel in service, particularly regarding irradiation 
embrittlement and welding properties over long term operation. With the short time frame available until Generation IV 
RPVs commence construction; this creates difficulty with regard to its assessment for service. A potential concern 
regarding the application of Grade 4N is that it may have increased susceptibility to irradiation embrittlement. This is due 
to the fact that Ni has increased elemental sensitivity to irradiation with increasing. Despite this, Grade 4 is the only viable 
material currently available to extend the lifetime of nuclear power plants to 60+ years [12]. 

 

 

 

 

 

 

 

Table 11: Range of maximum chemical compositions of SA508 steels in wt. %  

 

 Tensile strength 
(MPa) 

Yield strength 
(MPa) Elongation (%) 

SA508 Grade 1 345 515 16 
SA508 Grade 2 611 448 18 
SA508 Grade 3 611 468 29 

SA508 Grade 4N 725 585 18 
 

Table 12: Mechanical Properties for varying alloy composition for SA508 grades 

 

 

 Grade 1 Grade 2 Grade 3 Grade 4N 
C 0.35 0.27 0.25 0.23 
Mn 0.40-1.05 0.50-1.00 1.20-1.50 0.20-0.40 
Ni 0.40 0.50-1.00 0.4-1.00 2.8-3.9 
Cr 0.25 0.25-0.45 0.25 1.2-2.00 
Mo 0.10 0.55-0.70 0.45-0.60 0.40-0.60 
Si 0.15-0.35 0.15-0.35 0.15-0.35 0.15 
S 0.025 0.025 0.025 0.025 
P 0.025 0.025 0.025 0.025 
V 0.025 0.025 0.025 0.025 
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Figure 38: Creep response of SA-508 in the range 371-593
0
C [66] 

 

 

Test temperature 
(0C) 

0.2% Yield 
Strength (MPa) 

Ultimate Tensile 
Strength (MPa) 

Total Elongation 
(%) 

Reduction in Area 
(%) 

21 405 581 24 70 
121 388 551 23 69 
304 379 582 27 67 

Table 13: Tensile test results of SA-508 Class 2 forging after 209,000 h thermal aging [62] 

 

Material Condition 41J Transition Temperature, 0C 
Unaged -37 

Aged 103,000 h -32 
Aged 209,000 h -23 

Table 14: Charpy V-notch impact test results of SA-508 forged material as a function of thermal aging time [62], [60] 

 

Test Temperature (0C) Material Condition JIC or JQ, 
(kJ/m2) 

121 

Unaged 132 
Unaged 159 

Aged 103,000 h 221 
Aged 103,000 h 224 
Aged 209,000 h 482 

288 

Unaged 191 
Unaged 234 

Aged 103,000 h 221 
Aged 103,000 h 182 
Aged 209,000 h 296 

Table 15: Fracture toughness response of SA-508 steel after thermal aging [62], [60] 
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UNS K31835 steel, having a nominal composition of Fe-2.25Cr-1Mo-0.25V, is permitted for structural use under ASME 
specification SA-336 in the ASME B&PV Code [58]. Addition of vanadium offers increased tensile and creep rupture 
strengths, and increases hardenability when compared to conventional 2.25Cr-1Mo steel [67]. For long life service, creep 
strength is offered by the presence of various fine carbides of chromium, vanadium, molybdenum, etc. The yield and 
tensile ratio, defined as the ratio of strength at a given temperature to those at room temperature, as a function of the 
temperature is given in Figure 39 [68]. In the same work, the creep rupture behaviour of Fe-2.25Cr-1Mo-0.25V steel was 
found at different temperatures (Figure 40).  

 

Figure 39: Ratio trend curves of YS and UTS ratio as a function of temperature (a) YS and (b) UTS 

 

Figure 40: Creep rupture behaviour of 2.25Cr-1Mo-0.25V steel at different temperatures [68] 

UNS K90901 is ferritic steel having a nominal composition of Fe-9Cr-1Mo-V (also called modified 9Cr-1Mo steel). Forgings 
of this steel are allowed for use in pressure vessel components under ASME specifications SA-336 and SA-182, of which SA-
336 is the standard for construction of large pressure vessels. 

The 9Cr-1Mo-V steel is a modified alloy of conventional 9Cr-1Mo ferritic steel developed at Oak Ridge National Laboratory 
[69]. It shows a remarkable increase in stress rupture strength, achieved by addition of small amounts of vanadium, 
niobium, and nitrogen. This alloy is much more resistant to thermal fatigue than austenitic stainless steels because of its 
lower thermal expansion coefficient (at least 30% lower) and higher thermal conductivity. This alloy provides good 
mechanical properties at elevated temperature when produced and heat treated to form the proper microstructure. 
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The creep rupture behaviour of modified 9Cr-1Mo steel is displayed in Figure 41. The effect of strain rate, dynamic strain 
aging and test temperature on low cycle fatigue, and hold-time effect on creep-fatigue behaviour of modified 9Cr-1Mo 
steel has also been assessed in the relative references [70], [71], [72]. 

 

Figure 41: Creep rupture behaviour of modified 9Cr-1Mo steel normalized at 925 and 1050
0
C [69]. 

 

 

Figure 42: Low cycle fatigue life of modified 9Cr-1Mo steel in air at various test temperatures [72] 

 

Figure 43: Effect of strain rate on the low cycle fatigue behaviour of modified 9Cr-1Mo steel in air [72] 
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Figure 44: Effect of hold time on the fatigue life modified 9Cr-1Mo steel in air at 600
0
C [72] 

 

Forging and heat treatment of SA508 grades is mature and well understood for multiple component sizes and section 
thicknesses.   

 

5.1.5 Fusion Reactors 

The candidate materials for fusion reactors are reduced activation ferritic martensitic steels (RAFMS), P91-grade steel 
(modified 9Cr-1Mo), SS-316LN-IG, SS-316L, SS304 and tungsten. RAFMS is derived from P91-grade steel by introducing W 
and Ta instead of Nb and Mo in the fabrication process. SS-316 LN-IG is a cobalt controlled SS-316LN. Tungsten is used in 
plasma facing components of ITER fusion reactor, currently the largest fusion reactor under construction [73]. 

Pure tungsten is excellent for armour material due to its high melting point, high sputtering resistance, vacuum 
compatibility and reasonable resistance to irradiation damage. However, tungsten's inherent brittleness has thus far, 
however, excluded it from consideration as a structural material, particularly as the ductile to brittle temperature of 
traditionally manufactured bulk material is raised above 8000C under neutron irradiation [74]. 

In order to realise the potential safety and environmental advantages of fusion, low activation materials are being 
developed within a large international collaboration. The materials choice in this case is based not only on adequate 
mechanical properties, behaviour under irradiation, and compatibility with other materials and cooling media, but also on 
their radiological properties [75]. Two types of radiation effects are produced in the materials: (i) Inelastic interactions with 
nuclei which yield transmutation products and lead to the production of He, H and other impurities in the bulk of the 
material. (ii) The neutrons themselves plus the recoils resulting from the above nuclear reactions transfer energy to lattice 
atoms through elastic collisions and displace them from their normal sites. Through an iterative process, a displacement 
cascade is formed. About 10% of the vacancies and interstitial defects originally formed survive the evolution of the 
cascade and lead to the formation of a defect microstructure that hardens the material, to the formation of voids, to the 
redistribution of elements in the alloy inducing segregation and possibly to phase transformations. In this frame, titanium 
alloys, vanadium alloys and fibre reinforces SiC-SiC ceramic composites are being considered for use as structural materials 
for fusion reactors. 

Titanium alloys have a number of properties that make them attractive structural material candidates for fusion reactors. 
High strength-to-weight ratio, intermediate strength values, good fatigue and creep rupture properties, small modulus of 
elasticity, high electrical resistivity, heat capacity, low coefficient of thermal expansion, low long-term (< 10 years after 
shutdown) residual radioactivity (after V and Cr, Ti has the fastest decay rate), a high corrosion resistance together with 
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good compatibility with coolants such as lithium, helium and water, high workability and good weldability and commercial 
availability with established mine and mill capacity are some of the favourable properties.  

Vanadium alloys have low thermal expansion, coupled to a low elastic modulus, leading to low thermal stresses and a high 
heat flux capability.  

Fibre reinforced SiC-SiC ceramic composites have gained strong interest in the fusion materials community due to their 
good low activation and decay heat properties at short and intermediate decay times, coupled to high mechanical strength 
for temperatures up to 1273 K. Their microstructure consists of SiC embedded in a SiC matrix through a fiber-matrix 
interphase and are typically synthesized by the chemical vapour infiltration (CVI) process. They have a good compatibility 
with He, which makes them primary candidates for a high temperature, He cooled blanket. 

Although P91 is a common steam pipe grade high temperature steel, limited heats of derived RAFMS have been 
manufactured worldwide.  As a result no fusion grade materials have been produced in the UK outside of lab size batches.  
Castability and forgeability of P91 is poor and as a result it is typically only produced in small ingots, and thus considerable 
development would be required to increase capabilities to facilitate casting of large ingots, and to increase the operation 
speeds within the forge to address similar issues as described for nickel based alloys. 

6 Component Design for Manufacture  

The following section discusses design for manufacture of some major RPV components and highlights where and how 
process improvements could be implemented. Advances in RPV forgings have been supported by developments in 
manufacturing technology, specifically finite element simulations and validations of one offs. Figure 45 shows the typical 
manufacturing process route for a nuclear forging [15]. 

 

 

 

Figure 45: Typical manufacturing sequence of an RPV component (shell). UT, ultrasonic test; DT, dimensional test; MT, 

magnetic particle test; VT, visual test; PT, liquid penetration test; NDE, non-destructive examination; PWHT, post-weld 

heat treatment [15] 
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6.1 Forging Routes 

In the early age of nuclear power generation, pressure vessels were manufactured with many welded components and 
rolled plates. Figure 46 shows a comparison between the layout of the plate construction type RPV and the advanced 
design RPV which was integrated-type forging components. Traditional manufacturing procedures involve the use of 
transition shells which provide the transition in thickness between the core shell and the lower head dome. They are 
welded to the lower shell of the core in an area of uniform cylindrical geometry, and to the lower head dome in an area of 
uniform thickness [76]. The advantage of this procedure consists in lower requirements to mass of forging ingots. This 
procedure is simpler from the viewpoint of handling the semi-product.  However, the elimination of welds from both the 
manufacturing route and in service inspection is highly desirable.  Larger, more complex forgings allow RPVs to use 
integrated designs with a reduced component count. This leads to a decrease in the number of weld seams which improves 
reliability and reduces both the construction time and the in-service inspection period. Another advantage of an integrated 
solution is the higher quality and better applicability on world markets. Predominant part of manufacturers of pressure 
vessels for nuclear reactors requires this type of products. An even more efficient approach would be to electro-beam weld 
early in the manufacturing process followed by quality heat treatment to restore ductility in the fusion and heat-affected 
zone, leading to the creation of massive, but fewer in number, integrated parts. This technique has already been 
demonstrated in Sheffield Forgemasters but remains a research subject and has not become an industrial practice yet.  
Consolidation of porosity formed in the ingot during solidification and refinement of the solidified microstructure is the 
major aim of the initial stage of forging. After that, the material is forged to form the shape of the desired products. Figure 
47 shows an example of the forging process of a nuclear RPV component using an older design [15], while Figure 48 gives 
an idea of the extra allowances needed for forging. Figure 48 is an example where three components can be integrated 
into a single monolithic forging through the exploitation of customised tooling and extensive process simulation.  Similar 
component integration can be realised on heat exchanger and steam plenums which contain nozzle features. Again, 
process simulation can be employed to develop piercing and forming operations for nozzle extrusion. 

 

Figure 46: Layout of conventional and advanced type reactor pressure vessel [15] 
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(a) Ingot (b) Discards (c) Upsetting (d) Punching 

  
 

 

(e) Enlarging (d) Mandrel forging (e) Enlarging  

   

 

Figure 47: Example of the forging process of nuclear shell 

 

 

Figure 48: Forged piece of the bottom with flange (left); Size of extra allowances for machining showing forging 

allowance material (right) 

 

6.2 Hollow ingot technology 

The development of hollow ingot casting technology was developed for the first time probably at Sheffield Forgemasters 
International Ltd, UK in the 1950s subsequently followed by other companies [77]. 

Sheffield Forgemasters developed the use of hollow ingots over 60 years ago using a simple and robust methodology to 
create bores with a wide range of ingot sizes. The method of bore creation meant that a variety of ingot mould outer 
diameters (OD) were available. Hollow ingots production was carried out between 1950 and 1976 and was seen to offer a 
number of benefits in the production of certain cylindrical forgings. Hollow ingots take less time to raise to forging 
temperature, by virtue of their smaller effective cross section and they require fewer forging operations, because the 
upsetting and punching steps become redundant. 

This is shown schematically in Figure 49 [78]. More specifically, by using hollow ingot instead of classic, conventional 
forging ingot for forging large shells it is possible to achieve the following savings [77]: 

x Forging yield: up to 35 % reduction of weight. 
x Manufacturing time: up to 3 times fewer forging heats when considering large shells produced from heavy ingots 

requiring efficient blooming to consolidate properties. 
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x Environmental and energy costs: significant cut in CO2 gas emission (up to 50 %) due to the shortening of the 
forging program and the reduction in weight. 

x Reduced lead  time; important as AMR/SMR be required in volume 
 

Whether to make the hollow ingot a standard practice depends on the favourable balance of efficiencies between the 
potential cost savings in the forge and the extra cost incurred at the melting stage. Energy costs have now risen to the 
point where hollow ingots give again a favourable balance of efficiencies. But past casting practices, such as those 
employed in the 1950s are not applicable anymore since new requirements imposed by the high integrity cylinder 
applications made the use of mechanical, microstructural and analytical procedures necessary.  

In this frame, Sheffield Forgemasters International Ltd has invested in research and development of new hollow ingots and 
produced the first prototype in 2010 (Figure 50). New procedures involved the use of rapid but controlled cooling of the 
bore to displace the “metallurgical centre” towards the mid-wall position. Modern simulations of the 1950’s and today’s 
hollow ingot methods clearly demonstrate the difference in cooling rate between the inner and outer diameters that acted 
to shift the metallurgical centre of the ingot (Figure 51). Figure 52 shows the carbon content through wall in a hollow ingot, 
highlighting the vastly improved chemical homogeneity resulting from reduced segregation due to the higher cooling rates.  
These results in large improvements in fracture toughness and can enable longer service life of pressure vessel shells. New 
design approaches will be required to manufacture hollow ingots for the smaller new generation nuclear reactors. 

 

Figure 49: The conventional cylindrical forging route compared to that of the hollow ingot 
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Figure 50: Ingot striping of 160-metric ton casting prototype was the result of more than a year of investment and 

development at Sheffield Forgemasters.  

           

Figure 51: Predicted porosity pattern of the 1950’s hollow ingot method (left) and today’s method (right) 

     

Figure 52: Plot of transverse carbon segregation pattern [78] 
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6.3 On press metrology 

High integrity forgings, characterized by large size, single-piece production, and high manufacturing cost, are usually made 
by open die forging on hydraulic presses typically rated at 100MN or larger. These factors together make the control of 
forging dimensions rather difficult. At present, many forging plants measure the forging dimensions with the hand-held 
calipers or the mechanical gauge which place personnel in close proximity to hot metal at ~1200 °C. Only the single point 
and low accuracy data is collected in this way. In order to avoid a reject of the whole forging because of insufficient 
machining allowance, the operators typically to enlarge forged ingot dimensions which results in high amount of scrap and 
subsequent machining. Scrap material account for more than 50% of total materials used in many forging plants. This 
process wastes enormous energy, time, and money. The high scrap rate is exaggerated by the inability to measure forged 
workpieces while they are hot [79]. 

 

Figure 53: Mechanical gauge for diameter measurements 

Contact-based mechanical measurement equipment is not flexible and not suitable for diverse shapes of workpiece at high 
temperatures. Unfortunately, modern measurement technique is scarcely applied into the practical production of forging 
industry due to high temperature, radiation of forgings, large size, and heavy weight. The high temperature during the 
forging process (850–1250 °C) damages sensors and measurement reference points placed on or near the workpiece. The 
red-hot ingots radiate incandescent light which disturbs the optical sensors with the radiation of shorter wavelength at 
higher temperature. Large shafts up to circa 20 m in length and shell rings up to circa 6 m in diameter need a flexible 
measurement tool with a wide field of view. In addition, online measurement is convenient for process control and this can 
reduce the reheating times in the furnace and increase the productivity. Accordingly, the measurement system for large 
hot forging manufacturing should meet the following requirements: (1) noncontact measurement at a long range and 
distance; (2) large and flexible measuring volume; and (3) online/instantaneous measurement [79]. 

The current press laser scanner at SFIL involves the use of 3D scanners which usually take approximately 5 minutes to 
complete, obtaining vast amounts of geometrical data (Figure 54). On certain occasions, time needed to scan and 
interrogate the system may reach 10 minutes which will inevitably cause the hot forging to cool substantially, especially if 
multiple scans must be performed. For simple geometries and quick gauge checks, full 3D volumetric assessment is 
unnecessary and simpler measurements are required. Operators have requested a near instantaneous measurement 
system capable of assessing diameter and lengths to replace calipers and lats inn assessing if the workpiece is conforming 
to the forge procedure. 

A promising measurement system, consisting mainly of a pulsed time-of-flight (TOF) laser radar, a scanning device of two 
degree of freedom spherical parallel mechanism (SPM) is proposed in the work performed by Zhisong Tian et al [79]. Figure 
55 shows a schematic diagram of the measurement system. It is a 3D laser scanning system based on spherical coordinates, 
which mainly comprises an eye-safe laser range finder for hot objects (LRFHO) and a scanning device. LRFHO is a pulsed 
TOF laser range finder which can get the distance from itself to the hot object (maximal temperature 1,600°C) at a long 
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rang of 20 m. So, it removes the influence of high temperature and radiation light. The scanning device can be regarded as 
a theodolite in another style. 

 

 

Figure 54: 3d scanning during forging operations 

 

 

Figure 55: Scheme diagram of the measurement system 

 

In this case, the dimensions such as diameter and length can be obtained in only a few measurement cycles (Figure 56). 
The 2-dof SPM was successfully employed as a scanning device with many advantages. The special data-processing method 
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showed that rapid measurement of the dimensions such as diameter and length is achievable and has the potential to 
reduce the amount of scrap material in the forging industry. 

 

 

Figure 56: Profile of a crankshaft 

Although this technique has been proven to be technically feasible, it has not been industrially implemented yet. A number 
of UK-based metrology agents/companies were contacted and on-site demonstrations were arranged but all attempts to 
find a suitable system failed mainly due to the size to the components to be measured and the high temperatures.  
MERMEC in Italy have been contacted as they claim to have a laser profiling method capable of taking diameter 
measurements on hot forging (Figure 58), however they have failed to respond to requests for information. 

An additional requirement during forging processes is to be able to quickly project laser markings at desired locations to 
mark knifing and burning operations to split forgings and to remove excess material (Figure 57). Not being able to do this 
accuracy results in either large amounts of excess material being left on the forging which must then be sub sequentially 
heat treated and machined off, or if undercut, can scrap the forging.  Only one vendor was possibly capable to assist in this 
specific requirement. Based on CAD data the FARO Tracer SI system is able to project green laser markings on distinctive 
geometrical details (edges, holes, excavations, etc.) and has sufficient standoff distance to protect the equipment from 
heat damage.  However, the system requires “calibrating” with reference features (e.g. holes, points) to align the CAD data 
to the workpiece for projection.  As no features like this exist and can’t be maintained on a hot plastically deformed forging 
the laser to unable to project onto the workpiece (Figure 59). 

 

Figure 57: Projection of green laser on a hot forging 
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Figure 58: CAD model of a hypothetical laser profile technique 

 

 

Figure 59: FARO Tracer SI is able to project green laser markings on a large component, based on the CAD 

 

6.4 Heat Treatment Options  

Heat treatment is fundamental in the manufacturing route with two principal aims, firstly to gain the desired properties of 
the material and secondly, to refine the microstructure. This phase is performed in two heat treatment stages: “primary” 
and “quality” [80], [81]. 

The first heat treatment stage (Figure 60) is carried out after forging in order to relax the induced strain that was caused by 
the hot working of the component; allowing the refining of the microstructure. Air cooling of the component with a hold at 
500°C allows for completion of the austenite to ferrite phase transformation followed by a second hold at 250°C in order to 
avoid the probability of hydrogen cracking due to catastrophic through thickness failure. The component is held at 600°C 
allowing for the diffusion of hydrogen to occur the time for this to occur is dependent on the thickness of the component. 
Homogenisation then occurs at 900°C, allowing for the dissolution of the second phase, followed by air cooling and finally a 
tempering stage between 600°C - 650°C to soften the forging ready for machining. The hydrogen degassing time is dictated 
by the component effective diameter and hydrogen content of the steel, but thus can take several hundred hours.  Thus, it 
is key to deliver as low a hydrogen content from the steel making process as possible. 

Following primary heat treatment the forging is machined to a shape close to its final geometry for UT inspection and then 
undergoing a final quality heat treatment to obtain the desired mechanical properties (Figure 61). The forging is then 
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inspected ultrasonically again, to confirm it has the desired structural integrity before being machined to final dimensions 
[81]. 

 

Figure 60: Primary heat treatment 

 

Variance in heating rate, cooling rate, through-thickness and hold time must all be considered prior to selecting the 
appropriate heat treatment process [82].  If sufficient dimensional control can be achieved during forging, it is possible to 
quench in the black.  I.e. machining after primary heat treatment and an austenisation/water quench can be eliminated.  
Again this would have lead time and cost reduction for the forging, but pushes the risk of detecting any potential 
indications future down the process route and thus increasing the cost implications if an indication scraps the forging.   

 

Figure 61: Quality heat treatment 

 

6.5 Manufacture challenges 

 

The increased requirements of fourth generation nuclear reactors for tougher materials, able to withstand higher 
temperatures have given rise to the use of various alloys based on elements like nickel, vanadium, titanium, niobium, 
chromium, molybdenum, etc.  

For instance, two or three times as much energy is required to forge 300 series stainless steels (candidate material for the 
VHTRs RPV) as is required for carbon and alloy steels. Type 304 is forged between 1260/9300C, depending on the level of 
the desired reductions required, and air cooled. In terms of heat treatment, type 300 series austenitic stainless steels 
cannot be hardened by heat treatment; in fact the only heat treat operation that is performed on them is that of 
annealing. If these grades are slow cooled from forging, particularly through the temperature range 815/4800C then grain-
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boundary chromium carbide precipitation will occur with a resulting very significant loss of corrosion resistance. As such 
annealing at around 10650C followed by a water quench is a necessary part of the production process for type 304 forgings 
[83]. 

The use of excessive pressure combined with heat may result in tool damage, therefore new specifications for more 
endurable tools are needed which could lead to significant increase in tooling costs. To keep tooling cost in control, 
modular tools could offer flexibility as they could be used for forgings with different outer diameters (Figure 62). Such a 
design also sets the diameters on any cylindrical forging, achieving better net shape over conventional becking tools.  
Improvement of tool design is also required as certain geometric features promote the initiation and propagation of cracks, 
leading to total tool failure (Figure 63). 

 

Figure 62: Example of a modular tool design  

 

As mentioned before, most of the new generation nuclear reactor vessels are not pressurised and therefore do not have 
thick walls. In many cases, such us the case of the manufacture of the ITER fusion reactor’s vacuum vessel, forging 
operations are replaced by forming of thin vessel parts which require large lightweight sandwich-type tools like those 
shown in Figure 64. Forging operations could also be processed by other techniques, such as ring rolling or rotary forging. 

Ring rolling is a hot forming process that produces seamless rings varying in size from a few inches in diameter, and 
weighing less than one pound, to over 25 feet in diameter and face heights approaching 10 feet. The process and 
equipment are similar in principle to rolling mills used for plate. In both processes, the metal is rolled between two rolls, 
which move toward each other to form a continuously reducing gap (Figure 65). In ring rolling, the rolls are of different 
diameters. Ring results in optimum mechanical properties and predictable / efficient machinability. Tooling cost is low, set-
up time is fast and rolled sections require little machining [84]. 

 

DIA 1 

DIA 2 
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Figure 63: Damage on forging tools due to heavy loading and the existence of stress concentrations which promote the 

initiation and propagation of cracks 

 

 

 

Figure 64: Hot forming of the ITER fusion reactor vacuum vessel using lightweight sandwich-type tools made of 316L (N) 
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Figure 65: The process of ring rolling 

 

Rotary forging is an incremental manufacturing process characterised by its combination of two actions, rotational and an 
axial compression movement, for precise component forming that can be carried out cold or hot. This technology enables 
greater use to be made of materials, minimizing (in some cases eliminating) machining and welding operations. Rotary 
forging requires less force, between 5% to 20% of conventional forming presses, due to reduction in contact and friction; 
resulting in smaller presses and simpler tools [85].  Development of large scale rotary forging equipment is still required to 
manufacture the sizes and shapes of nuclear island components for AMR/SMR applications. 

 

Figure 66: The rotary forging process 

 

6.6 Manufacturing cost optimisation 

A high number of different processes are required to produce large forgings. Presented in Figure 67 is the percentage of 
cost of each manufacturing process for different forgings in Sheffield Forgemasters. In order to reduce the cost of 
manufacturing it is essential to isolate those factors which have the most important influence. Driven by the assumption 
that 20% of causes determine 80% of problems, the pareto analysis may be employed to separate important causes from 
trivial ones by drawing a vertical line at the intersection between the 80% line and the curve. The pareto analysis 
performed for each forging performed (Figure 68-Figure 70) reveals that three are the most costly factors: Material, testing 
and primary heat treatment. 

Material costs are closely related to the weight of the starting ingot. By using a hollow ingot it may be possible to decrease 
the ingot’s weight by approximately 35% which could prove really cost-effective. With regard to testing, it is not easy to 
decrease the cost as tests are regulated by codes which dictate that every single nuclear component should be tested prior 
to use. The cost of primary heat treatment could be reduced mainly by reducing H2 early in the steelmaking process and 
quenching in the black for quality heat treatment. 
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Figure 67: Percentage of cost of each manufacturing process for different forgings in Sheffield Forgemasters 

 

  

Figure 68: Pareto diagram for forging A 
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Figure 69: Pareto diagram for forging B 

 

 

 

Figure 70: Pareto diagram for forging C 
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7 Summary 

x The current AMR/SMR designs being considered for future civil nuclear power generation many use new 
materials for the nuclear industry. This will result in extensive testing and qualification requirements, as well as 
extensive development within the supply chain to develop efficient and robust process routes for the challenging 
material grades.   

x Qualification of specific nuclear island materials and components will be required to ensure geometries and 
mechanical properties can be achieved to suitable standards. 

x The reactor designs are largely manufacturable within the UK, with the exception of the large thin walled vessels 
which do not fit open die presses. Additional manufacturing capability such as large ring/shell rolling would be 
needed. 

x It has been shown that component integration can be successfully achieved on many RPV assemblies. In order to 
facilitate this, early reactor vendor engagement with the supply chain is necessary to design for manufacture. 

x Steel making can have a strong effect on the quality of steel being delivered to the forge and the efficiently/time 
spent in heat treatment for hydrogen degas. Efficient management and control of the vacuum degassing during 
secondary steel making is key to delivering low hydrogen levels in forge ingots. Modern vacuum pumps systems 
can offer a significant cost and environmental benefit to the older generation steam injector vacuum pumps. 

x The material required for many AMR will present many issues during ingot casting, forging, heat treatment and 
machining. The high hot strength will require high press loads and fast operations as well as more capable tools 
to process them. The heat treatment is made more complicated due to the precipitation of multiple phases, 
which has not yet been developed on heavy sections which experience significant cooling rate gradients and thus 
possible mechanical property variations. 

x Modular and fabricated tooling conspectus can help reduce overall cost of forging and forming tools, as well can 
provide a method to achieve more near net shaping of forgings make in mid to high volume manufacture. 

x Hollow ingots are a significantly more efficient forging route to manufacture shell components and result more 
homogenous chemistry and mechanical properties. They are also quicker to process over traditional solid ingots 
and so yield significant lead time savings when required in volume. 

x On press metrology and the expansion of its uses will yield reduce quality issues, remove health and safety 
concerns and feed data back to production for machining stock assessment. Historic data will also inform how 
the forging allowances could be refined and reduce the excess material on a forging, if the metrology tool can 
provide live feedback to the forgemen.   

x The large sizes and thin walls of the many low pressure AMR vessels will lend themselves to alternative forms of 
manufacture such as rotary forging, sheet forming and ring rolling. Additional challenges will be encountered 
during heat treatment of these components and structures as they will not possess sufficient hot strength (due 
to their thin wall section) to resist movement during quenching and subsequent stress relief. 

x Heat treatment of forging can be optimised by ensuring hydrogen levels in the steel are as low as possible from 
the steel making. By achieving net shape forgings consistently the option of quenching in the black can eliminate 
significant furnace costs, time and machining requirements. 

x Materials and testing represent the two main costs of a nuclear forging and thus targeting reductions in these 
should be priority to reducing the cost of nuclear island manufacturing. Material costs can be reduced by 
developing stable, consistent casting and forging processes that can be measured and quantified by suitable 
metrology methods. ASME testing requirements are not too extensive and it is often the reactor vendor who 
stipulates extensive and expensive mechanical testing. 
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Executive summary 

This report reviews a range of metrology technologies to determine suitable measurement systems for various aspects 

of the InFORM project, specifically forging, machining, assembly and welding.  

In forging, the need for a high data capture rate, large measurement volume, automation and non-contact 

measurements led to the recommendation of optically or laser tracked laser scanning as the most appropriate 

technology. If the measurement volume is less than 4.5 m and automation is not necessary, then laser scanning with a 

measurement arm is also suitable. 

For machining operations, a combined system of a laser tracker with a laser scanner was recommended alongside on-

machine probing. The laser scanner achieves the objective of digitising the part surface to allow optimisation of part 

setup and toolpath. This also allows large measurement volumes to be achieved and is non-contact. On-machine 

probing can provide in-process verification while the laser tracker can support on-machine probing by providing 

additional measurements to verify machining axes. 

For assembly operations, laser trackers remain the most appropriate technology, however, this represents a significant 

investment in equipment if multiple trackers are used. Photogrammetry systems are also quite capable although with 

less capability for automation. These systems both normally require some degree of contact with the part for large 

components; however, this may no longer be the case for the very latest developments in laser tracker technology. A 

laser radar system would not require contact but is a less mature technology. Divergent beam frequency scanning 

interferometry is a technology which shows promise but needs considerable development. 

Welding operations in InFORM require a robust system suitable for the welding environment as well as non-contact 

inspection and a large measurement volume. Laser scanning with a tracker, or with a measurement arm at reduced 

measurement volume, meets these requirements. The high accuracy requirements for pre-welding inspections to 

support electron beam welding mean this system would need careful validation to ensure it is accurate enough for the 

application. If placing reference markers on the part is permitted, photogrammetry may also be an appropriate 

technique to support welding. 
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1 Introduction 

Metrology is a key part of any manufacturing process and will be essential to support the manufacturing of large scale 

components, for example, large reactor components or pressure vessels. The InFORM project (intelligent fixtures for 

optimised and radical manufacture) is investigating the major stages of large scale manufacturing as shown in Figure 

1-1. This report will present a number of advanced metrology technologies that have the potential to optimise the 

manufacturing process. 

 

Figure 1-1 – InFORM manufacturing stages 

Section 1 of the report introduces the fundamentals of metrology. Section 2 introduces the metrology technologies 

considered in this report. Sections 3, 4, 5 and 6 describe how these metrology technologies can be applied to the Forging, 

Machining, Assembly and Welding stages of the manufacturing process respectively. Section 7 evaluates available non-

destructive evaluation techniques.  

Forging Machining
Intelligent 
fixture & 
Assembly

Local vacuum 
electron beam 

welding
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1.1 Fundamentals of Measurement 

During manufacturing operations, it is essential that we employ good measurement practice with repeatable and 

controlled processes. This ensures that parts conform to dimensional and tolerance specifications and meet the design 

intent. Metrology enables the manufacturer to monitor process capability and variation over time. Traditionally, 

Coordinate Measuring Machines (CMM) has been considered the gold standard in metrology for many industries. While 

these technologies are extremely accurate they are also labour intensive and relatively slow, especially when capturing 

free form surfaces. Recent developments in measurement technologies present a wide range of possible 

methodologies. In general, they will reside in one of two groups, In-process and Post-process; these can then be 

subdivided further into contact and non-contact. Contact methods provide more confidence in measurement as a 

physical interaction occurs during the measurement process. Contact methods are also more readily traceable to the SI 

unit (metre) by means of physical artefacts often referred to as transfer standards. With non-contact scanning methods, 

the traceability of measurements is complicated by the potential for surface texture or reflectivity to affect the recorded 

value. 

 

In-process inspection technologies: 

Advantages: 

 Improved process capability 

 Errors detected earlier in the manufacturing process, reducing scrappage 

 Allows process monitoring, increasing conformance confidence 

 Does not require the transfer of large components to a dedicated inspection facility 

Disadvantages: 

 Lack of control of environmental factors which can influence the result of the inspection 

 Inspection systems must either be portable or integrated into the manufacturing process 

 Depending on the system used, may not be an independent validation of the component conformity 

 

Post-process inspection technologies  

Advantages: 

 Inspection system does not have to be portable 

 Control of environmental factors is possible 

 Independent validation of component conformity 

Disadvantages: 

 Cost of transfer of components to a dedicated inspection facility 

 Errors are detected after manufacture of the part has completed 

 Re-working of components requires setting and re-establishing of datum 

 Significant capital cost of setting up a dedicated inspection facility 
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When considering a measurement technology and its application we should first consider its accuracy. Accuracy is how 

well the recorded value of an instrument agrees with the true value of the measurand. The precision of the instrument 

should not be confused with accuracy; precision is the variance in the recorded values of repeated measurements.  

It is possible to have an instrument with high precision and poor accuracy. This would result in repeated measurement 

showing good correlation. However, the recorded value would not represent the true value. This is referred to as a 

systematic error, and in many cases, the instrument can be calibrated to compensate for this.  

With common engineering measurement instruments such as micrometres and callipers, accuracy can be checked 

against transfer standards such as gauge blocks.  

Transfer standards provide an unbroken traceable path to the SI unit held by the National Physical Laboratory which is 

the UK’s National Measurement Institute. When working with large volume dimensions, establishing measurement 

performance becomes difficult due to the lack of transfer standards at lengths greater than a metre as well as the 

expense of such large standards.  

A common error is to try to infer the accuracy of an instrument from the number of decimal places that the instrument 

can display or divisions on the scale that can be read, i.e. the ‘resolution’. It is important not to confuse ‘resolution’ with 

‘accuracy’. Many digital instruments will display values in millimetres down to the third decimal place (micron) however 

the accuracy of many of these instruments resides at the second decimal place. 

With many measurement technologies, as the length of measurement increases so does the uncertainty of 

measurement. Figure 1-2 provides a depiction of key measurement technologies, their typical working range and how 

measurement uncertainty increases with the increase in length.  

Measurement uncertainty as defined by the GUM (Guide to the expression of Uncertainty in Measurement) is 

commonly stated as a ± value or a range of values in which the true value is estimated to lie. Uncertainty is, therefore, 

the doubt that exists about the measurement. Understanding measurement uncertainty is critical to the selection of 

technology and methodology. 

As a guide, the uncertainty should be < 10% of the dimensional tolerance required. Although in many demanding 

applications 20% is often considered acceptable. (1)  

Uncertainty should be kept in mind when reporting measurement values close to the tolerance limits; as an example, a 

dimension of 20mm±0.1 mm is measured and the value recorded is 19.91mm. If the measurement instrument has a 

stated uncertainty of ±0.1mm at a confidence level of 95%, this is 2 standard deviations often referred to as K=2 

expanded coverage factor (this is how calibration certificates commonly state uncertainty, this also means that 5% of 

recorded values will be distributed outside this uncertainty tolerance). Taking account of the instrument uncertainty 

and combining with the displayed value, the true measurement lies in the range of 19.81mm to 20.01mm and therefore 

potentially out of tolerance. Whenever the displayed value nears tolerance limits the uncertainty of the instrument 

should be considered and stated on the measurement report. 
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Figure 1-2 - Depicts how uncertainty increases in relation to the measured value (the scales are not linear in this 

depiction). 

Establishing the true measurement uncertainty is achieved by performing an uncertainty budget where the error 

contributions are evaluated to produce an estimate of the true uncertainty.  

The precision of an inspection methodology can be investigated using what is commonly referred to as a ‘gauge R&R 

study’ which determines repeatability and reproducibility. Repeatability is variation attributable to the measurement 

system, and reproducibility is variation attributable to changes in operator. Analysis of the results indicates where the 

origins of variance originate and provide an insight into the source and nature of the variance, whether it is systematic 

or random.   
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2 Technology overview 

This section presents an overview of metrology technologies that could present an opportunity to optimise the 

manufacturing process for large components. Table 2-1 lists these technologies and indicates to which manufacturing 

challenges in the InFORM project they can be applied. 

Table 2-1 Metrology technologies applicable for each InFORM work package 

Test Forging Machining Assembly Welding 

Laser tracker     

Laser radar     

Optical tracking     

Structured light     

Laser line scanning     

Measurement arm     

Photogrammetry     

On machine probing     

Frequency scanning 
interferometry 

    

Data visualisation     

 

Throughout this section, the following attributes are reviewed for each technology: 

 Large component manufacturing relevance 

 Technology readiness level (TRL) 

 Cost 

 Working range/volume 

 Typical measurement uncertainty 

 Environmental considerations 

 Access and interface with features being measured 

 Automation potential 

Technology readiness level has been determined based on the guidelines from the nuclear AMRC guidance document: 

“Technology and Manufacturing Capability assessment criteria guidance SIMPLE and InFORM programmes” (2). The 

technology is assessed in the context of the measurement tasks and challenging environment associated with the 

InFORM project. 
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2.1 Laser tracking 

A laser tracker is a laser measurement based, portable CMM capable of static and dynamic measurements in large 

volume applications. Laser trackers are typically used to determine the location of a retroreflector target in 3D 

coordinates. Distance is determined by interferometry or by Absolute Distance Measurement (ADM) and angle is 

determined by angular encoders.  

Interferometry determines displacement by counting interference fringes between a measurement beam and a 

reference beam while the target retro-reflector is moved. This method allows for very accurate, inherently traceable 

measurements but is relatively slow and is sensitive to beam interruption. ADM measures distance directly rather than 

by displacement and so is quicker and less sensitive to interruption. However, the traceability route of ADM is not as 

direct as interferometry. ADM systems acquire traceability by calibration against an interferometer. New systems seek 

to combine the practicality of ADM with the traceability of interferometry.  

The distance component of a laser tracker’s measurement is the most accurate while the angular measurement is less 

accurate and dependant on the tracker’s angular encoders. Laser trackers are also more accurate if used in a network 

than when used alone. This means the accuracy of tracker measurements can vary significantly depending on the 

measurement strategy. 

A typical laser tracker has a range of up to 120 m with a typical quoted accuracy of 15 μm plus 5 μm per meter (3).  

Trackers require line of sight for measurements however a laser tracker can be moved to a new vantage point by 

measuring fixed reflector nests before and after it has been relocated, allowing measurement around a part. 

Older laser tracker models required two operators, one to operate the tracker and another to move the retro-reflector. 

However, modern trackers may be used by a single operator with a remote control. (1) It is important to specify that 

while the laser tracker itself does not physically touch the part, for most models the retro-reflector does require physical 

contact.  

Physical contact with the measured component using a retro-reflector is not required with the latest Leica ATS600 laser 

tracker from Hexagon which allows true, non-contact measurements and can digitise a surface from a range of up to 60 

m (4) 
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(a) (b) 

Figure 2-1 – Spherically mounted reflector (a), Laser tracker co-ordinate system (b) (5) 

The capabilities of laser trackers may be augmented by other technologies. Leica have enhanced the capability of the 

basic laser tracker with the addition of their T-Cam and several T-products that allow 6 degrees of freedom tracking and 

additional ways to gather 3D coordinates.  The T-products available are the wireless T-Probe; a ‘walk-around’ contact 

probe, the T-Scan; a non-contact high-speed laser scanner, and the wireless T-Mac; a tracking device and tool interface 

for a robot. The T-Cam uses videogrammetry to determine the orientation of the T-Products by monitoring a set of 

embedded light-emitting diodes (LEDs) (see section 2.3 on optical tracking). This, along with the positional tracking of 

the laser tracker, completes the 6 degrees of freedom system and ensures all measurements taken by any T-product 

are contained within one coordinate system. 

Specialist software is available to manage laser tracker measurements. For example, Spatial Analyzer by New River 

Kinematics is a leading software package which is able to interface with a range of different laser trackers as well as 

providing a number of features which would be valuable in the manufacturing processes outlined for this report. 

Key attributes considered against the measurement requirements of InFORM: 

 Large component manufacturing relevance: Intelligent fixture alignment, large component assembly, weld 

head tracking 

 Technology readiness level (TRL): 7-8. This technology is commercially available and proven in workshop and 

manufacturing environments. The non-contact measurement capability of the Leica ATS 600 may need more 

testing on different surface types and in different environments to verify its performance and limitations. 

 Cost: £150-250K 

 Working range/volume: Radial volume up to 160 m. 

 Typical measurement uncertainty: 15 µm + 6 µm/m 

 Environmental considerations: Generally used over large volume uncontrolled environments; however 

temperature should be monitored to allow compensation to be applied.  

 Access and interface with features being measured: Line of sight required, most models require reflectors 

applied to features being measured. 
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 Automation potential: Automation common for inspection applications with wireless probe or scanner 

accessories. 

2.2 Laser radar 

Laser radar is a non-contact portable measurement system designed for large volume metrology applications.  The laser 

radar works on the same principle as conventional radar, but with infrared laser light instead of radio waves being 

transmitted to the surface being measured. The laser beam can be focussed to measure surface points or can scan 

features requiring inspection.  Nikon Metrology is currently the only supplier of a mature laser radar measurement 

system.  The maximum range of laser radar can be 30-50 m radially depending on the system with measurements having 

an approximate accuracy of 10 µm plus 2.5 µm per meter.  It has a maximum sampling rate of 4,000 points per second. 

(6) 

 

Figure 2-2 - Nikon Laser Radar, coordinate system 

Frequency modulated coherent laser radar works by directing a focussed laser beam to a point on the component being 

measured and recapturing a portion of the reflected light.  The laser light is divided into 2 beams, one beam travels to 

and from the target point, the other travels through a reference path of calibrated optical fibre in an environmentally 

controlled module. The returned signal is mixed coherently with the reference signal and the difference in frequency 

between the 2 signals is used to calculate the absolute range to the target point.  A radial distance and two angles are 

measured to determine a point on a surface in space (7).  

The laser radar can be automated once a measurement plan has been defined, an operator is required for setup but the 

system can then run autonomously.  Unlike a laser tracker, a laser radar does not require spherically mounted 

retroreflectors to be placed on the object being measured.  This is particularly useful in situations where it may be 

difficult for an operator to gain access to attach these to the object.  The laser radar is a line of sight technology, requiring 

a direct optical path to the object being measured.  However, a mirror can be used to measure hidden objects as long 

as a tooling ball can be viewed from the laser radar both directly and through the mirror.  Tooling balls can also be used 

to join separate scans if the instrument needs to be relocated during measurements.  The system can work in any lighting 
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conditions including pitch black or bright sunlight. It is able to scan reflective materials as well as hot, cold, delicate or 

hazardous surfaces. 

Key attributes considered against the measurement requirements of InFORM: 

 Large component manufacturing relevance: forging scanning, intelligent fixture alignment, large component 

assembly, weld inspection. 

 Technology readiness level (TRL): 6. The technology is yet to see widespread adoption and has not seen the 

same level of verification in relevant manufacturing environments use as the other technologies covered in this 

report. 

 Cost: £250K 

 Working range/volume: Radial volume up to 50 m. 

 Typical measurement uncertainty: 10 µm/m 

 Environmental considerations: Generally used over large volume uncontrolled environments; however 

temperature should be monitored to allow compensation to be applied.  

 Access and interface with features being measured: Line of sight required, can measure surface directly (non-

contact) or for more precision, tooling balls can be measured. 

 Automation potential: Can be programmed to run measurement routines, either for surface or tooling ball 

measurement. 

2.3 Optical tracking 

An optical tracker consists of twin cameras mounted a fixed distance apart which can track reference markers (either 

emitters or reflectors) on a workpiece or portable devices such as a probe or scanner. The positions of the markers are 

determined and so the position and orientation of the object are obtained. 

Tracking cameras scan the volume and detect the light from the markers. The images captured by the cameras are 

processed and the positions of the markers calculated. The positions of the markers are then used to determine the 

exact location of the probe tip/ scanner. This data is used to generate six degrees of freedom position information of 

the multiple markers mounted on the handheld device and thus, the probe tip or scanner location. The camera system 

must have a line of sight to the markers on the probe [7]. 

Optically tracked probing or scanning requires no markers on the part and only a few on the scanner or probe. 
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Figure 2-3 - Illustration of an optical tracking system 

An example of an optical tracking system is the Creaform C-track system. This is a twin camera system which actively 

tracks a remote probe or a laser scanner. This is shown in Figure 2-4 with the Creaform HandyProbe.  

 

 

Figure 2-4 - Creaform C-track and HandyProbe [8] 

Creaform also provides an optically tracked laser scanner; the MetraSCAN 3D. This system has the capability to capture 

images at 60 frames per second and 480,000 points per second, meaning it has a very high resolution and it is able to 

capture data at a high rate. The quoted measurement uncertainty of this system is 64μm for the most accurate models. 

(8) Laser scanning systems are covered in more detail in section 2.5. 

Some laser tracker systems also incorporate optical tracking to determine the orientation of a probe or laser line 

scanner.  An example of this is Hexagon Manufacturing Intelligence’s Leica T-Probe or T-Scan products. (9) 

Key attributes considered against the measurement requirements of InFORM: 

 Large component manufacturing relevance: Forging scanning, welded component inspection. 

 Technology readiness level (TRL): 6. The system is widely used in a range of applications but its measurement 

performance has not seen extensive validation and testing in relevant environments. 

 Cost: £30-45K 

 Working range/volume: Range from cameras up to 10 m. 

 Typical measurement uncertainty: 64 µm (volumetric accuracy) (8) (10). 

 Environmental considerations: Generally used over small workshop environments. 

Cameras 

Marker 

Probe tip 

Probe  

Camera 

system 
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 Access and interface with features being measured: Line of sight required from cameras required, probe 

(contact) or scanner (non-contact) used to measure features of interest. 

 Automation potential: Limited automation potential; the Metrascan 3DR can be mounted on robot but probes 

require an operator. 

 

2.4 Structured light scanner 

Structured light scanning works by illuminating an object with a structured fringe pattern. The geometry of the part 

distorts the pattern.  A camera records the fringe pattern on the surface of the part and the distortion is used to 

determine the part geometry by triangulation. Reference markers placed on the part are then used to stitch together 

multiple scans to create a full scan of the part. 

  

 

Figure 2-5 - The relationship of fringe pattern projection and camera image capture 

Structured light scanning has a high data capture speed. Such systems typically capture in the range of 200 000 points 

per second, which is much higher than CMM or laser scanning systems (1). However, it should be noted that structured 

light scanners gather points as a collection of snapshots, between snapshots the scanner must be re-positioned and 

allowed to stabilise. This means in practice, the systems can be much slower to gather data than laser strip scanners.  

The accuracy of such systems is typically in the region of 0.01 mm at a volume of 100 mm in x, y and z, however, at a 

larger volume, the accuracy of the technique is reduced. At 400 mm in x, y and z the accuracy are reduced to 

approximately 0.03 mm. (1) Despite quoted accuracies, (like other 3D scanning and photogrammetry methods) 

structured light scanning is not covered by any existing ISO standard. This means the technique is not traceable to 

national standards. A lack of traceability does not prevent the technique being used but tests against traceable artefacts 

or comparative checks against other measurement systems should be used to provide evidence of the system’s 

accuracy. 

Ambient light conditions can affect the scanning accuracy, though newer systems are being developed to automatically 
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calibrate against this. 

While the scanning process is non-contact, reference markers must be used in order to combine individual scans. 

Applying the reference markers to the object has a further impact on overall measurement time. The process is also 

sensitive to surface reflections, and it is often necessary to treat reflective components to produce a matt finish. 

These scanning systems are portable and available from a number of suppliers. Examples include the Steinbichler Comet 

(11) and GOM ATOS (12) scanner (Figure 2-6).   

 

 

Figure 2-6 – Structured light digitisers: ATOS 

Key attributes considered against the measurement requirements of InFORM: 

 Large component manufacturing relevance: Inspection following forging, machining or welding. 

 Technology readiness level (TRL): 6. The system is commonly and reliably used in controlled environments but 

not in more hostile workshop environments which are the focus of this project. 

 Cost: £200K 

 Working range/volume: Range from cameras up to 1 m. 

 Typical measurement uncertainty: approximately 50 µm for a 1m volume 

 Environmental considerations: Advisable to use only within controlled laboratory environments  

 Access and interface with features being measured: Line of sight from cameras required, direct non-contact 

measurement of surface features.  Reference markers need to be applied to component or fixture. 

 Automation potential: Commonly robot-mounted in automotive industry application 

2.5 Laser line scanning  

Laser line or strip scanning works by projecting a line of laser points onto a surface; the points are reflected and detected 

by a camera which allows the surface to be triangulated. Laser strip scanning typically has high data capture rates of 

between 20 000 and 100 000 points per second (1).  

While laser strip scanners can be mounted on a manually operated measurement arm, they are more versatile and allow 

measurement of larger volumes when referenced by a laser tracker or optical tracker. The Leica T-scan system works 

with the Leica AT960 laser tracker. The position of the scanner is determined using laser tracking and the orientation is 
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determined by optical tracking. The system does not have to be manually operated and can be mounted on a robotic 

arm. This approach does not require reference markers making it a non-contact measurement system.  

Purely optically tracked scanning systems provide the target-free scanning capability of an optically tracked laser 

scanner, without the extra cost associated with a laser tracker. An example of such a system is Creaform’s MetraSCAN 

3D. This system does require some reference markers on the part if the position of the optical tracker needs to be 

moved to maintain the line of sight during scanning unless a second tracker is available. 

While scanning systems such as this do not have traceability to international standards, they can be tested to industry 

standards or against specially designed artefacts which can also be inspected on a CMM or by the laser tracker. 

The quoted measurement uncertainty of these systems ranges from 0.05 mm to 0.1 mm. (1)  They are manufactured 

by a wide range of companies including Hexagon (9), Creaform (8), Nikon (13) and Faro (14). Creaform quotes volumetric 

accuracy of 0.064 mm for the MetraSCAN 3D. The system is able to measure volumes up to 16.6 m3 but has a 

recommended maximum part size of 6 m. (8) 

Maximum measurement volume with the Leica T-scan 5 varies from 10 m to 60 m depending on the model of the 

tracker. (15) 

 

Figure 2-7 - Laser source and receiver are 

mounted at a distance and angle so the path 

can be triangulated 

 Figure 2-8 - Single laser beam passing 

through a rotating polygon mirror. 

Recent developments employ a flying dot approach to replace the laser strip.  This reduces the surface variation and 

reflectivity problems found with some scanners and avoids the need to treat the component to provide a matt surface.  

Measurements are performed by using the same basic system as shown in Figure 2-7, but forming a laser line by 

sweeping the laser spot over an angle using a rotating polygon mirror (Figure 2-8).  This has the advantage of allowing 

surface contrast to be assessed before measurement by sampling the returning laser strength and adjusting the intensity 

of the output.  This gives the scanner the ability to measure composite materials in a single scanning session and allows 

the system to be adjusted to light and dark contrast areas, which assists with processing reflective surfaces. 
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Key attributes considered against the measurement requirements of InFORM: 

 Large component manufacturing relevance: Inspection following forging, machining or welding. 

 Technology readiness level (TRL): 7. The system is widely applied in manufacturing environments, under the 

required conditions but measurements lack traceability. 

 Cost: £70K 

 Working range/volume: Max reach 4.5 m with an arm, max recommended part size of 6 m to 60 m with laser/ 

optical tracking depending on model. (15) (8) 

 Typical measurement uncertainty: 0.05 mm to 0.1 mm (1) 

 Environmental considerations: Suitable for workshop environments 

 Access and interface with features being measured: Requires either line of sight from a tracker or access with 

an arm 

 Automation potential: Can be mounted on a robotic arm 

2.6 Measurement arms 

To reference the recorded points, laser scanners or touch probes are often attached to an articulated measurement 

arm which provides a datum, as shown in Figure 2-9. 

 
 

Figure 2-9 - Laser scanner measurement arm (16). 

Typically the arms have five or six axes of movement. The typical quoted volumetric accuracy is around ±0.02 mm with 

an arm length of 1.2 m and 0.07 mm for longer arms at 4.5 m. Measurement arms are limited to a measurement radius 

of about 4.5 m due to their physical size. However they can achieve greater measurement volume if positioned on 
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referenced bases, enabling them to be used to measure large structures. For a single arm this involves relocating the 

arm to a new base when required. 

 

Figure 2-10 – Measurement arm network 

To eliminate the need for repeated relocation of a single measurement arm which causes accumulation of error, 

multiple arms can work in collaboration from known fixed referenced bases. This will complete the inspection process 

in a greatly reduced time. Using this configuration also enables larger volume inspection. 

However, measurement arms are still limited to what they can physically access. Where access is restricted, for example 

in deep bores, care is required to enable access of the probe tip without collision of the arm body with the part. 

Measurement arms have an accumulative uncertainty based on the individual arm specification and the ability to 

accurately determine the position of the arms relative to each other. 

Measurement arms have been widely adopted by industry due to their ease of use and are manufactured by a wide 

range of companies, such as Faro (14), Cimcore (17), Hexagon (9) and Nikon (13) plus many more. The arms are portable 

and the time required for operator training is relatively short. 

Key attributes considered against the measurement requirements of InFORM: 

 Large component manufacturing relevance: Feature inspection following forging, machining or welding. 

 Technology readiness level (TRL): 8-9. The technology is frequently employed in workshop and manufacturing 

environments. 

 Cost: £80k (with laser scanner) 

 Working range/volume: Radial range up to 4.5 m depending on the size of the measurement arm. 

 Typical measurement uncertainty: approximately 0.02 to 0.07 mm for measurement arm with a contact probe 

 Environmental considerations: suitable for workshop environments  

 Access and interface with features being measured: Contact/non-contact measurement for an arm with 

probe/laser scanner. ‘Leap-frogging’ of arm required to reach features outside of the range. 

 Automation potential: Manually operated - automation not possible. 
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2.7 Photogrammetry 

Photogrammetry uses fixed focus digital cameras to take images of a part from different vantage points. Where the 

images contain common points on the part, the camera positions and the location of the points on the part surface 

relative to these can be determined by triangulation. 

  

Figure 2-11 – Illustration of how multiple locations of camera image can be combined and point positions 

calculated. 

Photogrammetric measurements are dimensionless so a scale bar is often used to provide a known size in the 

measurement volume. On some systems such as Hexagon’s WLS, the distance and angle between the cameras are fixed, 

and a scale bar is not needed. The WLS also uses a projected speckle pattern working on a similar principle to structured 

light scanning to digitise the part surface.  

Like white light scanning, photogrammetry requires a unique pattern of reference markers to be placed on the part in 

order to determine the relationship between images. This increases the work needed and means physical access to the 

part is required before scanning. Target projector systems such as the Pro-Spot by Geodetic Inc (22) have been 

developed to remove the need for large numbers of physical markers, although some coded markers are still needed 

for large parts that require multiple projector setups. 

Photogrammetry techniques have typical uncertainties in the region of ≈100 μm per metre, which is relatively high 

when compared to other measurement technologies. However, Geodetic Inc quote uncertainties for their V/STARS 

system ranging from 0.004 mm + 0.004 mm per metre to 0.014 mm + 0.014 mm per metre (23). As with white light 

scanning, photogrammetry is not covered by an ISO standard and the measurement is not directly traceable to SI units. 

This means comparisons with other traceable measurement systems or measurements of traceable artefacts should be 

used to provide evidence for the accuracy of the technique. 

Being an optical method, photogrammetry is fast and able to provide real-time data. It is possible to scan 100,000 

points/second and cover a large area with each complete scan. Combined with the portable nature and relative 

independence from vibration, photogrammetry is often considered a more flexible solution for on-site measurements.  

Manufactures include GOM (18), Cognitens (19) and Solutionix (20).   
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Figure 2-12 shows an example of a 3-camera system designed for reliable operation in industrial settings, aided by the 

use of retro-reflective targets designed to minimise the influence of external lighting.  

  

(a) (b) 

Figure 2-12 – Photogrammetry technology: (a) Cognitens WLS400M; (b) Photogrammetry targets applied to a 

body panel in preparation for scanning. 

Key attributes considered against the measurement requirements of InFORM: 

 Large component manufacturing relevance: Inspection for forging, machining, assembly or welding. 

 Technology readiness level (TRL): 8. The technology is commercially available and used in a variety of 

manufacturing environments however measurements lack traceability and the performance of associated 

systems such as target projectors has not been widely tested in industry. 

 Cost: £100-200K depending on the working volume of the system. 

 Working range/volume: Range from cameras 0.5 m for 3D scanner systems and up to 10 m for digital SLR 

based large volume systems. 

 Typical measurement uncertainty: approximately 0.100 mm for a 1 m volume however more accurate systems 

exist. 

 Environmental considerations: Typically used within workshop environments, with temperature monitoring 

to ensure a stable environment. 

 Access and interface with features being measured: Line of sight from cameras required, direct non-contact 

measurement of surface features.  Reference markers need to be applied to component or fixture. 

 Automation potential: Commonly robot-mounted in automotive industry applications. 
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2.8 On machine probing, inspection and verification 

On-machine probing involves the use of machine tool probes to take measurements on parts within the working volume 

of a Computer Numerical Controlled (CNC) machine. The probes can be touch-trigger probes or strain gauge probes 

which are less susceptible to directional variation when probing. Analogue scanning probes are also available which 

allow continuous scanning of a surface e.g. Renishaw’s Sprint probe. On-machine probing can be used for on-machine 

verification and on-machine inspection. 

On-machine verification involves using the machine tool probe to take measurements of the part during the 

manufacturing stage. These measurements may be used to compensate for the cutting path, for process monitoring or 

datum setting. (1) While on-machine verification may reduce scrap and rework, a separate traceable inspection may be 

required to determine whether the part meets its defined tolerances. 

On-machine inspection involves the use of on-machine probing to conduct the inspection of a part in-situ on a CNC 

machine. This approach would reduce costs associated with transporting machined parts to a dedicated CMM room for 

inspection. The capital costs of a dedicated inspection facility would also be avoided.  

For very large components such as large pressure vessels or reactor components, CMM inspection might not be possible. 

In this situation, an on-machine approach may be used instead of bringing large volume metrology equipment to the 

part. 

On-machine inspection would require some level of traceability to national standards which are not typically available 

on a machine tool. The challenges and available solutions associated with on-machine inspection are outlined below. 

 Software 

CNC machines often have limited probing capability as standard, relying on a small number of cycles to measure simple 

features and update work offsets etc. The measurement strategies available often use a limited number of points and 

do not take account of important considerations such as cosine error when probing. (1) The complexity of the 

dimensions which can be measured is also often limited. 

Dedicated metrology software for on-machine probing such as PC DMIS-NC from Hexagon or Productivity+ from 

Renishaw allow the measurement of a wider range of features than standard probing cycles. PC DMIS-NC and PC DMIS-

NCi allow the use of almost all the features and measurement strategies available in PC DMIS CMM inspection software. 

These dedicated software packages can be installed on a wide range of machine tools. 

 Independence of measurement and machine error mapping 

A limitation of on-machine probing is that the machine used to inspect the part is normally the same as the machine 

used for cutting. Therefore static and dynamic errors in the machine structure which influence the machining stage will 

be replicated in the inspection. This can hide deviation in the part geometry. The measurement system is, therefore not 

performing an independent check. 
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One solution to this problem is to quantify the static and kinematic errors of a CNC machine and test its accuracy across 

the measurement volume. Traceable interferometry systems such as the Etalon Multiline (21) or the Etalon LaserTracer 

(22) with trac-check software can verify the length measurement performance of a CNC machine. Additional tests such 

as probing tests and measurements of shorter physical length standards can also be performed. Together, these tests 

allow an independent check of the measurement performance of the machine. 

The Etalon Multiline or LaserTracer can also be used with trac-cal software to develop an error map of the machine 

volume. This can then be used to compensate the CNC machines positional accuracy. 

InSphere (23)  have developed the BASELINE system to check and update machine error maps using laser tracker 

technology. Testing of the system was undertaken at the Nuclear AMRC using the Soraluce FX12000 machine tool. The 

programme of testing was funded through the National Aerospace Technology Exploitation Programme. (24) 

Error mapping and verification techniques apply to the machine’s static and kinematic errors in general and not just to 

on-machine probing. However, they do not completely remove the need for on-machine probing to inspect or verify 

features on the part. This is because part geometry may be affected by programming errors, tool wear, part setup or 

dynamic errors due to cutting forces, vibration or heat generated while machining. Deviation caused by these factors 

may be detected by probing routines. 

 Temperature variation 

On-machine inspection takes place in the workshop/ factory floor and not in a dedicated, controlled inspection 

environment. Significant temperature variation is therefore almost certain and this leads to changes in the part 

geometry.  

Linear thermal expansion is determined by the formula: 

∆𝐿 = 𝐿0𝛼𝐿∆𝑇  Eq. 1 

Were ∆𝐿 is the change in length in m, 𝐿0 is the initial length in m, 𝛼𝐿 is the linear coefficient of thermal expansion in 

𝐾−1 and ∆𝑇 is the change in temperature in K or ˚C. 

A typical linear coefficient of thermal expansion for Austenitic (304) steel is 17.3 × 10−6 𝐾−1 (25). This means for 

every ˚C change in temperature, for each meter length, the length will change by 17.3μm. 

On large parts that are several metres in length and in shop floor environments that could be 3-4 ˚C away from the 

standard reference temperature of 20˚C, the distortion due to temperature variation can reach significant fractions of 

a millimetre. 

This is complicated where different materials are used in combination and expand and contract at different rates. This 

also affects fixturing and the design of the InFORM smart fixture will need to take this into account. A fixture 

expanding at a different rate to the part will lead to errors between the datum features and related features as well as 

distortion caused by forces exerted with the interaction of the part and fixture. 
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Many CNC machines have a temperature compensation system were internal machine temperatures are monitored and 

used to correct for thermal expansion and contraction of the machine axes. Temperature sensors can also be attached 

to the surface of the part being inspected and the thermal distortion can be calculated. Thermal influences on large CNC 

machines can be complex and further work is ongoing at Nuclear AMRC and other centres to understand and mitigate 

these effects. 

 Cleanliness 

Another consequence of being in a less strictly controlled environment is a greater risk of contamination by dirt, swarf 

or coolant, which interfere physically with probed points and can contaminate the probe tip. 

Careful cleaning of parts and probes before inspection routines will reduce errors associated with contamination. If it is 

impractical to achieve the same level of cleanliness or detail of visual inspection as in a dedicated metrology room, this 

can be taken into account when calculating the uncertainty. This would involve increasing the error contribution due to 

possible contamination in the uncertainty budget calculations. However, estimated contributions must realistically 

reflect the influence of contamination and ideally should be backed up by experimentation. The work being conducted 

by Nuclear AMRC to develop advanced coolants resulting in a clean machining environment will be an important enabler 

for in-process inspection   

 Probe and controller interaction 

The interaction between a machine tool controller and a probe may not always be suitable for taking accurate 

measurements. There can sometimes be a refresh rate delay of a few milliseconds before a signal from a probe is 

registered by the controller. There can also be a delay in the transmission time from a probe to the controller. The 

combined effect of these factors can introduce a delay between the point at which the probe is triggered and the point 

at which the machine records its position leading to an error due to the distance the machine has moved during this 

delay. (26) 

This is not a significant problem in all CNC machine types. Repeatability tests involving probing physical artefacts, such 

as sphere probing tests can quantify the probing error. This includes the errors due to delays between the probe and 

the controller if these exist in the machine being used. While these errors can’t be compensated for due to their random 

nature, a two-point probing strategy can reduce their effects. (27) 

 Acceptance and standards 

An internationally accepted standard for the verification and reverification of CNC machines for on-machine inspection 

does not currently exist. CMM machines are verified and re-verified according to ISO10360, which provides a link to 

traceable national standards but CNC machines are not covered by this standard. 
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However replicating tests found in the ISO10360 standard for CMM reverification, providing evidence of accurate 

temperature compensation and conducting uncertainty budgets to factor in sources of error can build evidence of the 

performance of an on-machine probing system.  

 Summary 

Key attributes considered against the measurement requirements of InFORM: 

 Large component manufacturing relevance: in-process monitoring and inspection of machining 

 Technology readiness level (TRL): 6. Constituent parts of the technology are commercially available but there 

are challenges remaining for integration and validation of on-machine inspection. 

 Cost: circa £50k 

 Working range/volume: Probe based systems can be used over the full machine tool working volume 

 Typical measurement uncertainty: Determined by machine tool errors and temperature management 

 Environmental considerations: Temperature monitoring necessary to allow compensation  

 Access and interface with features being measured: Tactile probing of features to be inspected within machine 

tool working volume. 

 Automation potential: Inspection probing cycles can be pre-programmed and automated when needed. 

 

2.9 Frequency scanning interferometry (FSI) 

Frequency Scanning Interferometry (FSI) uses the principle of interferometry, where light from a laser is returned from 

a reflector and superposed over a reference beam to determine the reflector’s displacement. While interferometry 

normally involves counting interference fringes in order to determine displacement as the reflector is moved, FSI 

employs frequency scanning to vary fringe interference and provide the more useful absolute distance measurement.  

FSI can return an absolute distance with interferometric accuracy, traceable to the SI unit (28). More complex systems 

can compensate for environmental vibrations using a second frequency scanning laser and real-time processing of 

repeated measurement beams. 

To overcome the limitation of measuring in 1D, divergent beam FSI disperses the laser into a cone, providing a larger 

field of view for multiple targets to be considered. By utilising multiple sensors, divergent beam FSI can determine 

coordinates for each target. This offers a more useful 3D mapping tool than conventional FSI with the aim to achieve a 

coordinate uncertainty of 10 μm for a volume of 10 m × 10 m × 5 m.  

The system uses a minimum of four laser emitting sensors to construct a multilateration system (Figure 2-13) and at 

least three omnidirectional retro-reflecting (spherical glass) targets placed on the component. This gives a line of sight 

access, ensures six degrees of freedom (3D coordinates and three rotations), and allows for tracking of moving 

components in real time. (28) 

Systems utilising conventional FSI for absolute distance measurement are available for machine monitoring and 
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reverification, for example, the Etalon Multiline. (21) However, these systems lack coordinate determination and the 

flexibility of divergent beam FSI for component measurement. Although the FSI system for absolute distance 

measurement is well researched, divergent beam FSI is relatively immature and is still being trialled outside of the 

laboratory environment (TRL ~4). 

 

 

Figure 2-13: A multilateration system composed of 4 sensors in (a) 3D and (b) aerial views. 

Key attributes considered against the measurement requirements of InFORM: 

 Large component  manufacturing relevance: Intelligent fixture alignment, large component assembly 

 Technology readiness level (TRL): 4. This technology is still undergoing development and laboratory testing. 

 Cost: £150-250k 

 Working range/volume: Distributed system scalable depending on the number of sensors. Prototype has a 

range of up to 10 m. 

 Typical measurement uncertainty: 10 µm for working volume of 10 m × 10 m × 5 m. 

 Environmental considerations: Intended to be used over large volume workshop environments; however, 

temperature should be monitored to allow compensation to be applied.  

 Access and interface with features being measured: FSI system measures glass reflectors that are applied to 

features of interest. Line of sight is required to each reflector from a number of sensors. 

 Automation potential: Many reflectors can be measured simultaneously and continuously as long as the line 

of sight maintained. 

 

 

(a) (b) 
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2.10 Data visualisation 

Ordinarily, analysis and visualisation of measurement data collected by the above inspection tools are carried out away 

from the workpiece and the machine shop. However, there are systems available that allow the data to be more 

effectively visualized for use in the machine shop environment.  

Augmented reality makes use of metrology inspection software and a specialised projector to project the real-time 

inspection results onto the workpiece. Colour maps and labels indicating the presence, magnitude and location of 

deviation and the location of planned features can be projected onto the part. This allows clearer identification and 

rework of defective areas.  

Spotlight AR++ (29) from 3D Infotech makes use of this data by taking the colour-maps generated by PolyWorks 

metrology software and projecting them directly onto the part. This software is able to work with a range of different 

projector types.  

 

Figure 2-14: Illustration of how colour map data is displayed on a part by projection. 
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3 Forging 

3.1 Introduction 

This section assesses the metrology methods involved in the measurement of parts to support the forging process in a 

workshop environment. While true in-process inspection is unlikely to be practical due to the hostile and hazardous 

conditions during the forging process, the inspection may still take place in a workshop environment. A further study 

into the possibility of true in-process inspection in forging has been undertaken by Sheffield Forgemasters International 

Ltd.  

Here, technologies which may be capable of in-process inspection have been identified for possible further research. 

Section 3.2 of this report establishes the requirements for metrology processes for forging in the context of InFORM. 

Section 3.3 reviews of the technologies, comparing them against the criteria established in section 3.2. Finally, in section 

3.4, the methods are assessed to determine which presents the most promising technology for forging metrology. 

3.2 Establishing criteria 

A consultation with Sheffield Forgemasters International Limited led to the following criteria for metrological equipment 

used in the forging process in InFORM: 

• Must be able to produce accurate measurement data for final inspection 

• The metrology method must provide data at a fast rate to facilitate rapid implementation of changes 

• The equipment must be suitable for non-controlled environments (no temperature control, vibrations, dust, 

etc.) 

• The process should have opportunities for applying ‘Industry 4.0‘ principles for better utilisation of data in 

downstream applications 

• Health and safety considerations (limiting human physical interaction with parts) 
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3.3 Technology review 

This section presents a review of metrology technologies against the identified criteria to assess their suitability for 

forging metrology. Table 2-1 identifies five technologies that are suitable for forging metrology. These are: 

• Photogrammetry 

• Structured light 

• Laser line scanning 

• Measurement arms 

• Data visualisation 

 Photogrammetry 

Most photogrammetry systems require reference markers to be attached to the part to triangulate the surface. This has 

health and safety implications due to human interaction with parts and increases the measurement time. This also 

makes these systems unsuitable for consideration for in-process inspection.  

A target projection system, the Geodetic PRO-SPOT provides a unique pattern of simulated targets, which gives the 

cameras reference points without physical contact with the part. This system may be of interest for in-process 

measurement research (30) but only for small measurement volumes which can be covered by the projector. If the 

projector needs to be moved, some reference markers are needed. 

The high data capture rate of photogrammetry would allow large forged parts to be digitised quickly but the need to 

add reference markers would result in slower measurement times. 

For final inspection, like other 3D scanning techniques the data produced has no traceability to SI units. This could mean 

the system is less suitable for final inspection however, comparative measurements of artefacts with other, traceable 

measurement systems may provide confidence in the results. A wide range of uncertainties are quoted for 

photogrammetry systems however their accuracy is likely to be suitable for forging applications where fine machining 

is yet to take place. 

Photogrammetry is suitable for use in a workshop environment as there is very little effect from environmental 

fluctuations, although environmental temperature should be monitored and appropriately accounted for. 

Data can be gathered in real time so there is potential for integrating some Industry 4.0 principles such as live data 

analysis for the measurement of the part. 

 Structured light scanning 

While the data capture process of structured light scanning is non-contact, this method requires reference markers on 

the workpiece. This approach has health and safety implications, increases measurement time and is not practical for 
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in-process metrology in forging as it requires contact with the workpiece. 

Due to the nature of the measurement process, the data is highly susceptible to environmental fluctuations. Therefore 

it would not be suited to the measurement of parts in a forging workshop. Specifically, temperature fluctuations and 

vibration may affect the quality of the image received by the scanner and lead to a distortion of the data. 

Structured light scanning is suitable for final inspection in a controlled environment as the dull surface finish of forged 

parts has less impact on the uncertainty of the measurement than highly reflective surfaces. Structured light scanners 

also have a working volume of 10 metres and a typically quoted measurement uncertainty of 0.05 mm, which would 

make the technology suitable for measurements of large, forged parts. (12) 

The quoted data capture rate of structured light scanning systems is very high however in practice it can take longer to 

digitise parts than with other scanning methods as the scanner has to stabilise each time it is moved. This reduces the 

potential for real time modelling and analysis. 

 Laser line scanning with tracker 

Laser line scanners have a high data capture rate, providing an accurate, three dimensional model of the scanned part 

in a very short time.  

A laser line scanner is suitable for large volume metrology when used with a laser or optical tracker. This allows 

measurement of large, forged components.  

Measurements require line of sight but where line of sight is restricted the tracker may be repositioned or multiple 

trackers may be used. 

The Creaform MetraSCAN has a quoted working volume of 16.6 m3 and a maximum recommended part size of 6 m (8) 

which should be suitable for large forgings. The Leica T-scan 5 is capable of scanning at even greater ranges up to 60 m 

in diameter from the tracker (15).  However a line of sight from the tracker to the measuring instrument is required, 

either a second tracker or a number of reference markers on the part may be needed to inspect a part from all sides. 

Laser line scanning with a tracker is suitable for a workshop environment although adjustments should be made to allow 

for temperature changes. Laser line scanning would not be suitable for in-process metrology because the environment 

would be too hostile for the equipment to be brought close to the component. 

Laser scanners referenced by laser or optical tracking can be mounted on a robotic arm allowing measurement without 

human access to the part. The Metrascan 3D-R and Leica T-scan have this capability. 

The most accurate models of the Metrascan 3D have quoted uncertainties of 64 μm which is appropriate for most 

forging applications. (8) Like other 3D scanning techniques, laser scanning is not traceable to national standards. 

Comparisons of measurements with traceable systems or tests to industry standards can help build evidence to support 

the accuracy of the measurement system. 

The technology is compatible with the principles of the Fourth Industrial Revolution (4IR). The ability to quickly digitise 
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a part allows the data to be utilised at multiple stages of manufacture over interconnected computer systems through 

suitable measurement, CAD and CAM software.  

The non-contact digitisation capability available on the Leica ATS600 tracker which uses the scanner to directly digitise 

the surface of a component could be of interest for measurement of hot forgings. This is because the measurement 

standoff distances are much larger than for traditional scanning techniques. This would have a slower data capture time 

than laser scanning using a laser line scanner and would have to be tested to determine whether measurements of hot 

parts can be made accurately, safely and reliably. 

 Laser Line scanning with measurement arm 

An alternative to using a laser or optical tracker to reference a laser line scanner is to use a measurement arm. This 

approach has the same high data capture rate as laser line scanning referenced by a tracker. However the measurement 

range is limited by the reach of the arm rather than by line of sight from the tracker. 

Laser line scanning with a measurement arm would be suitable for parts within the 4.5 m radial range limit of large 

measurement arms. For larger parts, the range can be extended by repositioning the tracker by ‘leap frogging’ using 

referenced bases. However, this should only be done once to twice due to the accumulation of error each time this is 

done. Alternatively, additional arms and referenced bases may be used although this involves the additional cost of 

purchasing extra systems. 

Laser line scanners with measurement arms are a robust technology suitable for use in the workshop. The nature of 

laser scanning means there is little interference from vibrations, dust or ambient light.  

This technology would not be suitable for in-process inspection in forging as the equipment would need to be too close 

to the hot components in order to take measurements. 

 Data visualisation 

Within the context of forging, data visualisation using augmented reality projectors would help demonstrate where 

there is too much or too little material, allowing for it to be removed by grinding. Real-time feedback can show how the 

part is changing to ensure corrective work does not lead to over compensation. 

An example of how this can be used to demonstrate real-time change in a physical system is the Augmented Reality 

Sandbox project. This is a science education tool that has been developed to support freshwater lake and watershed 

science development by the UC Davis’ W.M Keck Center for Active Visualization in the Earth Sciences (keckCAVES) 

together with the UC Davis Taho Environmental Research Centre. 

The project combines 3D visualization applications with a hands-on sandbox exhibit to teach earth science concepts. 

The augmented reality (AR) sandbox allows users to create topography models by shaping real sand, which is then 

augmented in real time by an elevation colour map, topographic contour lines, and simulated water. (31) 

The way this sandbox uses an elevation colour map which responds to the topography of the sand that has been shaped, 
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mirrors the way that the contour colour map would work for a forged part, changing as the user alters the shape of the 

forged part. 

3.4 Review and down selection 

To review and down select which metrology techniques would be most suitable for forging metrology the performance 

for each technology must be compared against the criteria outlined in section 3.2. 

To evaluate the effectiveness of the metrology technologies against these specifications the technologies are scored 

using a datum based Pugh matrix. With optical tracking acting as the datum the other technologies are then evaluated 

as: far less suitable forging metrology (--), less suitable for forging metrology (-), on a par with optical tracking for forging 

metrology (0), more suitable for forging metrology (+) and far more suitable for forging metrology (++). Collecting a total 

of the positive and negative scores indicates whether a method is more or less suitable for use in forging metrology. 

Table 3-1: Matrix comparing metrology methodologies for use in forging 

Test Final 
inspection 

Data 
production 

rate 

Suitable for 
non-controlled 
environments 

Industry 
4.0 

H&S Net 
total 

Photogrammetry 0 0 0 0 0 0 

Structured light + - - 0 0 -1 

Laser line scanner 
with tracker 

0 + 
++ 

+ + 5 

Laser line scanner 
with measurement 

arm 
0 + 

+ 
+ 0 3 

 

From the matrix it can be seen that laser line scanning referenced by tracker represents the most suitable technology. 

The laser line scanner would allow fast data capture of cold parts in a workshop environment while the non-contact 

laser tracker technology of the Leica ATS600 may be of interest for research into in-process measurement of hot parts. 

Use of a manually operated measurement arm would also be a suitable approach for measuring cold components in a 

workshop environment, provided the measurements can be made within the limitations on measurement volume. 

The technology has the potential to make use of the augmented reality projection technology, which would aid in the 

use of the data collected.  
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4 Machining 

4.1 Introduction 

This section covers the metrology methods applicable to the machining process in the context of InFORM. Section 4.2 

establishes the requirements. Section 4.3 reviews the technologies, comparing them against the requirements 

established in section 4.2. Finally, in section 4.4 the methods are scored and the reasoning behind the scores is 

explained. 

4.2 Establishing criteria 

The following are identified as metrology requirements and challenges for InFORM in the context of machining.  

• Optimization of part setup and tool path 

• In-process verification 

• Final inspection of the component 

• Integration with industry 4.0 

Optimization of part setup utilises scan data at the start of the machining process. Autodesk’s PowerInspect is an 

example of software which has capabilities supporting this. A best fit datum can be created from the scan data which 

allows the part to be machined accurately from the available material. This is most useful where parts are in a rough or 

forged state. Points probed on the part using a machine tool probe are used to locate the part in the machine volume 

by best fitting these to the scan. (32) Optimization of part setup may also involve the use of data visualisation techniques 

combined with real time measurements to adjust and optimize the orientation of components within a machine volume. 

Similarly, tool path optimisation involves importing scan data into a CAM system and using this to reduce unnecessary 

cuts and also make sure there is enough material present to machine the finished component.  

In process verification involves checking that the features being machined are being created as expected. This aims to 

reduce waste by detecting problems early in the machining process. Machining parameters and offsets can be adjusted 

based on the measurements. As this is in-process validation of the manufacturing process, the requirements for 

traceability are less than for final inspection but an appropriate level of confidence in the measurements is still required. 

Final inspection involves checking whether the finished part meets its design specification and tolerances. Confidence 

in the measurements and traceability are very important at this stage. 

4IR is the concept of the ‘fourth industrial revolution’ involving the optimisation of manufacturing processes using 

interconnected digital systems and widespread automation. Manufacturing, inspection and simulation systems should 

be networked and data gathered from measurements and process monitoring should be shareable and utilised across 

the manufacturing process. 
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4.3 Technology review 

The main technologies determined to be of interest for machining metrology in InFORM in Table 2-1 are: 

• Structured light scanning 

• Photogrammetry 

• On machine probing 

• Laser Tracking 

• Laser strip scanning with tracker 

• Data visualisation 

These technologies will be reviewed further to examine their suitability to meet the requirements identified in section 

4.2. Data visualisation is not scored against the other systems because its purpose is to complement other technologies. 

 Structured light scanning 

Structured light scanning has a high data capture rate and is able to digitise the surface of a part in the form of a polygon 

mesh. This makes the technology suitable for optimisation of part setup and toolpath and lends itself to 4IR where 

inspection data is shared and utilised at multiple stages of manufacture. 

Structured light scanning does not involve contact with the part however reference markers must be placed on the 

surface of the workpiece in order to link frames of the scan together.  Consequently, physical access to the workpiece 

is required. While this is not impossible in a machining environment it means this method is not ideal for in-process 

inspection as it would require additional human access to the machining area. It would be reasonable to place targets 

when scanning to optimise the setup of the workpiece, tool path optimisation or final inspection however, the 

placement of targets is still labour intensive. 

Surface reflections can interfere with the data capture process so it is advisable to coat the part to produce a matt finish. 

This is problematic because machined parts tend to be highly reflective and the parts considered in this project are too 

large to realistically have coatings applied. 

Problems due to reflection would not affect forged parts at the start of the machining process due to their less reflective 

surface. This makes structured light scanning more appropriate for data capture for tool path optimisation and 

optimising workpiece setup.  

As with other 3D scanning techniques, structured light scanning measurements are not traceable via national standards. 

Therefore tests against industry standards or comparison measurements of artefacts using other traceable systems may 

be necessary to build confidence in the measurements. 
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 Photogrammetry 

Photogrammetry is able to rapidly digitize the surface of a part and would, therefore, be useful for providing data 

needed to optimise the part setup. This also makes it appropriate for 4IR as the data could be accessed and utilised at 

different stages of manufacturing. 

On-machine verification using photogrammetry has its limitations as it requires access to the machine for the placement 

of markers and subsequent data capture. A projector system such as the Geodetic ProSpot (33) could partially reduce 

this requirement but some markers would still be required for large workpieces which are the focus of the InFORM 

project. 

Photogrammetry techniques are usually less sensitive to interference from reflections than structured light scanning. 

This makes the system more appropriate for measuring machined parts which are usually reflective as they do not 

require the application of a coating.  

When considering the final inspection of parts, the lack of traceability of photogrammetry systems limits their suitability. 

However systems can be tested to specific industry standards and comparative measurements can be made with other 

systems or calibrated artefacts, for example, measurements of a scale bar. 

 On-machine probing 

Modern machine tools can be equipped with touch trigger, strain gauge or analogue scanning probes that can be used 

for on-machine dimensional measurement of a component. By equipping a machine tool with a probe it effectively 

allows a CNC machine to operate as a CMM. This has the advantage of utilising the existing machine infrastructure while 

not requiring removal of the part from the machine or additional human access to the machining area. 

However, there are limitations to on-machine probing detailed in section 2.8. The most significant of these is that the 

same axis of motion used to machine a part will be used to record the measured value. Therefore any error in the axis 

of motion will not be identifiable in the measurement. This means independent checks of the machine axes against 

traceable measurement systems or artefacts are very important.  

As with scanning and photogrammetry, on-machine probing is not covered by ISO standards and therefore does not 

have traceability to national standards. This means evidence of the performance of the system should be gathered in 

the form of comparative measurements of traceable artefacts. Comparisons with laser interferometry systems may be 

required where the machine volume is too large to be covered by conventional artefacts such as calibrated step gauges. 

Interferometry systems capable of performing an independent check of machine tool systems are available from Etalon 

(LaserTracer and Multiline) (22) (21), InSphere using laser tracker systems (23) and Renishaw (XM60) (34). 

The factors listed above make on-machine probing less attractive for the final inspection. For in-process verification 

within a manufacturing process, traceability is less important than for final inspection but some checks against known 

artefacts should be performed in order to have confidence in the system. 
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Figure 4-1: RMP600 Strain gauge probe (26) 

A challenge associated with on-machine probing is that standard machine probing cycles are normally limited to a small 

range of simple features. Metrology specialists and CMM manufacturers have developed software enabling much of the 

capability of CMM software to be utilised on machine tools. Examples of such software include Renishaw’s Productivity 

Plus (35), Hexagon’s PC-DMIS NC (36) and Autodesk PowerInspect (32). 

The data capture rate of on-machine probing is relatively slow. Strain gauge or kinematic probes may only gather single 

points at a time. Analogue scanning probes like Renishaw’s SPRINT system can capture points in the region of 1000 

points/second (35) but this is still far short of non-contact methods like photogrammetry or structured light scanning. 

This is offset by the fact that, for repeated inspections, on-machine probing is less labour intensive as the programming 

is done in advance and it does not require targets or treatment of the part surface. 

On-machine probing is not suitable for digitising the surface of a rough part in order to optimise setup or tool paths 

because the probe cannot be driven manually to inspect points on an unknown surface. Inspection points must be 

programmed in advance. A probe may however be used to locate points on a datum created from best-fit scan data. 

On-machine probing is suitable for in-process verification because it can be performed on a machine platform without 

human access to the machining area. The relatively low data capture rate is not a problem because only a small number 

of points are required to verify the size and position of a feature. 

 Laser tracker 

Used alone for inspection of a part, laser tracking has obvious shortfalls when assessed against the criteria outlined in 

section 4.2. For example, the retro-reflector being tracked must be placed in contact with the part, requiring physical 

access which is not suitable for in-process inspection. The method also has a low data capture rate. In addition, if the 

reflector is placed in magnetic nests, this does not allow the geometry of the part to be measured directly. Some of 

these limitations may be overcome by the new Leica ATS600 tracker which is able to take non-contact measurements. 

Trackers can measure changes in a position very accurately. This is especially true if the tracker is operating in 

interferometry mode and the measurement is in a straight line from the tracker station or if multiple tracker positions 

are used to create a network. This can be useful for referencing other measurement systems as interferometry is a 
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traceable measurement technique. 

For on-machine probing, a reflector could be mounted in the machine tool spindle and the tracker could be used to 

provide an independent check of the machine’s measurement axes. InSphere have developed their Baseline software 

to perform quick verification tests on a machine tool using a laser tracker (37). If a smaller, physical artefact is also used 

to test the machine tool probe’s performance and the impact of temperature variation is monitored and understood, 

this provides a good evidence base for confidence in measurements from on-machine probing. 

A tracker could also be used to calibrate artefacts with reflector nests. These could then be used with matching tooling 

balls to check the performance of other systems such as scanning or photogrammetry systems. 

The additional technologies available as accessories to tracker systems could also be appropriate for metrology for 

machining in InFORM, particularly the laser line scanner. (See section 4.3.5) 

 Laser line scanner with tracker 

Laser scanning systems generate a point cloud so can be used for the optimisation of the part setup or tool path. This 

also lends itself to 4IR as the data can be gathered quickly, shared and used at different stages of manufacture.  

A laser tracked or optically tracked laser line scanner is more suitable for machining in InFORM than structured light 

scanning or photogrammetry because it does not need reference targets on the part. This method is also less sensitive 

to reflection and therefore does not require a coating to produce a matt finish. This is a significant advantage compared 

to other scanning systems for inspecting large, reflective, machined parts. 

A laser tracked or optically tracked laser line scanner could be mounted on a robotic arm within the machine volume. 

This would allow the system to be used for in process inspection. However it would not be able to inspect certain internal 

features such as bores very effectively due to access restrictions and the need for line of sight from the scanner to the 

part. 

Laser strip scanning measurements do not have traceability via national standards. However if a combined laser tracker/ 

laser strip scanner system is used, a laser tracker can be used as a reference against which the scanning system can be 

checked. This could be achieved though inspection of an artefact which can be measured by both the tracker and the 

scanner. 

 Data visualisation 

In machining, data visualisation has the potential to support the optimization of part setup and tool path. For a five axis 

machine, tool paths can be adjusted to account for misalignment of a rough component. For three axis machines the 

orientation of the component must be adjusted incrementally to ensure the part is optimally aligned with the machine. 

Real time data visualisation based on rapid measurements is necessary to allow this to be done efficiently and 

accurately. 

Nuclear AMRC will propose investigating the feasibility of a system to accomplish this as part of NIP Phase 2.  
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4.4 Review and down selection 

The technologies are scored positively or negatively relative to a datum technology in a Pugh matrix. Positive scores are 

assigned to systems which are more suitable for the application and negative scores assigned to systems which are less 

suitable. The datum technology is photogrammetry. Comparing the total value scored by each of the technologies will 

indicate which technologies fit the specification. The scores are shown in Table 4-1. 

Table 4-1: Scoring of technologies 

Technology Optimisation of 
part setup/ tool 
path 

In-process 
verification 

Final 
inspection 

Industry 4.0 
compatible 

Total 

Structured Light 
Scanning 0 - - 0 -2 

Photogrammetry 0 0 0 0 0 

On Machine 
Probing  - ++ - 0 0 

Laser tracker -- + 0 0 -1 

Laser scanning + + + 0 3 

It is not the goal of this report to select a single technology or product. In some cases technologies may support each 

other. For example, a laser tracker with laser strip scanner and appropriate software could be used to acquire scan data 

for part setup and tool path optimisation. The laser tracker could also be used to verify the performance of an on-

machine probing system used for in-process verification. 

Compatibility with 4IR principles depends more on how measurement systems are integrated and implemented than 

on the systems themselves. Sharing and using data throughout the manufacturing process requires systems to be 

interconnected and compatible with each other. For example Autodesk’s PowerInspect software supports 3D scanning, 

CAD to CAM operations and on-machine probing. 

Regardless of the measurement system used, an understanding of temperature variation and its impact on part 

dimensions and measurement system is crucial to having accurate measurements. 
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5 Assembly 

5.1 Introduction 

This section of the report will explore metrology methods that have been determined to have the potential for use 

within the assembly process for InFORM. The aim of metrology in assembly is to provide in-process measurement or 

“measurement assisted assembly” as well as produce accurate measurement data for final alignment validation. Section 

5.2 establishes the criteria against which the technologies are evaluated. Section 5.3 reviews the technologies against 

the established criteria. In section 5.4 the technologies are scored against the established criteria. 

5.2 Establishing criteria 

The metrology technologies are reviewed against the following criteria: 

 Measurement volume 

 Non-contact measurement  

 Automation  

 Suitability for workshop environment 

 Degrees of freedom (translational and rotational measurement) 

 Portability 

 Technology Readiness Level (TRL) 

For the assembly process, a large measurement volume of 2-20 m with a measurement distance of 2-5 m is required. 

Physical access will be restricted therefore non-contact methods will be necessary. Automation of the measurement 

system is also desirable in order to increase the speed of inspections, improve safety and reduce operator induced 

errors. 

The measurement process must be suitable for the uncontrolled workshop environment and must be able to cope with 

and compensate for some variability in ambient conditions. 

Systems should be able to provide real-time measurements in 6-degrees of freedom; quickly accounting for both 

translation and rotation of a part. This is to allow for fast positioning and orientation of parts in the assembly process. 

The measurement system must be portable so that it can be brought to the site of the assembly.  

The TRL of the system is also taken into account. The higher the score, the closer the technology is to being operationally 

ready. 
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5.3 Technology review 

This section presents a review of metrology technologies against the identified criteria to assess their suitability to 

support assembly processes. The five technologies identified as most suitable for assembly metrology in section 2 are: 

• Laser tracker 

• Laser radar 

• Photogrammetry 

• Frequency Scanning Interferometry 

 Laser tracker 

Laser trackers can support large assemblies such as those required in the scope of InFORM, particularly when used in 

networks and with appropriate software such as Spatial Analyzer. 

Transformational tracking and guiding, also known as Trans-Track, is a feature within Spatial Analyzer that allows the 

user to utilise multiple measurement devices simultaneously. This allows for real-time tracking of parts in 6 degrees of 

freedom (6DOF), which in turn can allow tracking of the orientation of two components relative to one another. The 

real-time analysis within TransTrack can be in one of two forms. The first, known as single tracker procedure does not 

yield real-time 6DOF measurements without the addition of a 6DOF probe. It can, however, yield real-time translational 

measurement and through the use of automated measurement, routines can deliver a 6DOF change in orientation. With 

the addition of two more laser trackers, real time 6DOF tracking can be achieved with the software although this 

represents a significant investment in equipment. 

 

Figure 5-1: Unified Spatial Metrology Network (USMN), a function within Spatial Analyser, accurately determines 

the position of common points relative to each other using measurements of those common points from different 

instrument stations 

Multiple instrument tracking relies on all trackers being able to align themselves to a set of control points which are 

fixed in space. In practise these are attached to walls, fixtures or the surrounding floor. Within the software this is known 

as a Unified Spatial Metrology Network (USMN).  
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The developers of Spatial Analyzer, New River Kinematics, have outlined a concept in which this system of real-time 

6DOF can be used. The production of aircraft often requires the bringing together of prefabricated components such as 

the fuselage and wing assemblies. Real-time analysis of the orientation of the wing relative to the fuselage would be of 

great use to operators.  

 

Figure 5-2: Spatial Analyser software showing six degrees of freedom tracking of a component using three laser 

trackers 

Spatial Analyzer has also seen use within BAE systems and the Astute submarine assembly process. Spatial Analyzer 

allowed BAE systems to bring all their different metrology systems under a single software package. The Astute class 

submarines utilise a modular build process similar to that which the InFORM project is looking to accomplish. The build 

teams found the software and the real-time reporting of component positions led to significant improvements in quality 

and a reduced need for re-work (38). 

Laser Tracking is suitable for large parts and lends itself to the InFORM build process. It provides full 6DOF tracking, is 

suitable for a flexible factory environment and uses portable equipment. Normally the requirement to attach 

retroreflectors to components means laser tracking is a contact measurement system with the exception of the Leica 

ATS600 which supports true non-contact measurements. 

Laser trackers have a high TRL of 7-8 for the applications relevant to InFORM, and are used in a wide range of industries. 

 Laser radar 

Laser radar is a true non-contact measurement system and does not require photogrammetry targets or spherically 

mounted retroreflectors to be placed on the object being measured.   The maximum range of the system is 30 to 50 m 

radially and quoted accuracy of 10 µm plus 2.5 µm per meter (6) is appropriate for assembly in InFORM. 
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The measurement process can be automated using a measurement plan once it has been initialised by an operator.   

The ability of laser radar to work in varied lighting conditions and cope with different part temperatures suggests it 

would be suitable for the workshop environment. 

Individual measurements do not account for all six degrees of freedom of a part but the combination of several 

measurements using an automated measurement plan can account for both translation and orientation of a part. 

While the measurement system is portable, it is bulkier than a laser tracker or many photogrammetry systems. 

Laser radar is a less mature technology than laser tracking or photogrammetry, with a TRL of 6. The system has not seen 

widespread use in industry. 

 Frequency scanning interferometry 

The system under consideration here is the diverging beam FSI under development by National Physical Laboratory 

(NPL) for metrology-assisted machining and assembly. While FSI is already in use by Etalon AG for machine monitoring, 

the Etalon Multiline system is not suitable for assembly because it relies on fixed laser lines along which measurements 

are taken.  

The divergent beam FSI system being investigated at NPL aims to be able to measure the absolute distance to multiple 

targets within cones of illumination from multiple interferometers. This would allow measurement of the 3D positions 

of the targets. (28) 

This system should be able to track the translation and rotation of parts, allowing measurements to six degrees of 

freedom which are useful for assembly. 

The system is expected to have a range of up to 10 m (39) which would be sufficient for assembly measurements in 

InFORM but significantly less than a laser tracker or laser radar. This means some care would be needed when 

positioning the part and FSI systems for measurement. 

The portability of the system, its ability to automate measurements and its suitability for a workshop environment are 

uncertain and will emerge as the system is developed. Existing FSI systems from Etalon rely on a fixed, non-portable 

base station but allow lasers to be transmitted long distances to where they are used for measurement. 

Divergent beam FSI has a low TRL of 4 with significant development still required but is promising for application to 

metrology for assembly in the future. 

 Photogrammetry 

Most photogrammetry systems require some degree of contact and interaction with the surface of a part. This is 

because it is necessary to attach physical reference points to the object being measured. New systems like Pro-Spot 

from Geodetic Inc are coming to the market which uses digital projection to overlay a grid of points onto the surface.  

This removes the need for reference markers on the part if only one projection location is needed. However the large 
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parts considered for assembly in the context of InFORM would require multiple projector locations. Some markers 

would therefore still be needed, although less than would be needed without a projected pattern.  

While photogrammetry systems are able to measure large parts, the range at which the cameras can measure is limited 

compared to the tracker or laser radar. This means that to inspect a large volume it is necessary to transport the camera 

around it. 

The V-STARS photogrammetry systems are relatively compact, consisting of equipment fitting in a camera case plus a 

laptop. (8) This is desirable as a more compact measurement system enables it to be used in more flexible manufacturing 

environments, a key goal in the InFORM project. In addition, the live data capability of the dual camera setup is 

compatible with 4IR. This is another goal of the InFORM project which hopes to encourage the fast transfer and usability 

of production data.    
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5.4 Review and down selection 

In order to evaluate the effectiveness and appropriateness of the metrology technologies, the technologies are 

compared to a datum within a Pugh matrix. The datum technology is laser tracking, and all other technologies are 

compared to the datum. Positive scores indicate the technology is better than the datum, the “0” indicates the 

technology is equal to the datum, and the negative scores indicate that the technology is worse than the datum for the 

selected requirement. The scores are collated and a net total is found, with the highest total indicating the most 

appropriate technology.  

Table 5-1 - Scoring 

 

The review indicates that laser tracker based measurement systems would be most appropriate for assembly in InFORM. 

Laser radar and photogrammetry have the advantage that they support non-contact measurement but 

photogrammetry would still require some markers to be placed on the part. The latest laser tracker from Hexagon, the 

Leica ATS600 also has the ability to take non-contact measurements without the need for targets. However non-contact 

measurement is not as crucial for assembly as it is for forging, machining and welding. 

FSI is a promising technology but is currently too immature to be a realistic consideration for InFORM. 

  

Technology Measurement 

Volume  

Non-

contact  

Automation Suitability for 

a workshop 

environment 

6DOF Portability TRL Net 

total 

Laser trackers 

(With 6DOF) 

0 0 0 0 0 0 0 0 

Laser RADAR 0 + 0 0 - - - -2 

Frequency 

Scanning 

Interferometry 

- 0 0 0 0 - -- -4 

Photogrammetry - 0 - 0 0 +  -1 
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6 Welding 

6.1 Introduction 

This section aims to determine the suitability of different metrology techniques to support welding operations. The 

operation in focus is localised Electron Beam Welding (EBW). 

True in-process metrology during the EBW process is beyond the scope of this report as the presence of the local vacuum 

and the harsh environment due to welding operations would prevent this. However, inspection of parts in-situ, without 

removing them from the manufacturing environment avoids the costs of building a dedicated inspection area and 

logistical costs associated with transporting the part for inspection.  There may also be some requirements to measure 

parts shortly after welding in order to make adjustments to further welding operations. 

Regardless of the measurement system used, an understanding of temperature variation and its impact on part 

dimensions and the measurement system is crucial to making accurate measurements. 

Section 6.2 establishes the criteria against which the technologies are evaluated. Section 6.3 reviews the technologies 

against the established criteria. In section 6.4 the technologies are scored against the established criteria. 

6.2 Establishing criteria 

In this section, the available technologies are compared to determine their suitability to support local vacuum EBW. The 

metrology requirements to consider in this process are explored below. 

Requirements for measurements conducted before welding: 

 Accurate measurements of part form (e.g. roundness, cylindricity and flatness of mating surfaces). EBW is more 

sensitive to poorly matched surfaces than arc-welding. Maximum permissible weld gap for a 60 mm thick 

workpiece is as low as 0.3 mm (40). Therefore the fitting surfaces need to be measured accurately. This requires 

high accuracy but also high data capture rates to be practical. 

 Measurement of part alignment, ensuring weld surfaces are correctly aligned e.g.no runout between mating 

cylinders. 

 Digitisation of parts to allow smart alignment using adaptive fixturing. This requires high data capture rates. 

Requirements for measurements conducted after welding: 

• Measurements of weld distortion in order to provide information for the machining stage and allow adjustment 

of further welding processes. This requires high accuracy of measurements. 

Challenges associated with measurements for portable electron beam welding in InFORM are listed below: 

• Reflective surfaces and welds can be problematic for some non-contact measurement systems. 



 
 
 
  

     

Document Revision Page 

NI1066-REP04 02 Appendix 5-47  

© 2019 University of Sheffield NAMRC.REP Rev 7 

• Markers or surface treatments required for data capture will not survive the welding process 

• If any verification measurements are needed immediately after the welding process has finished, the part will 

be hot which limits the use of contact techniques. 

• Measurement of large parts is required, specifically pressure vessels several metres in diameter and length. 

The requirements and challenges listed above lead to the following criteria against which the measurement 

technologies will be assessed: 

• Accuracy of measurements 

• Data capture rate 

• Measurement volume 

• System robustness 

• Non-contact inspection 

6.3 Technology review 

This section presents a review of metrology technologies against the identified criteria to assess their suitability for 

welding metrology. The technologies deemed most suitable for welding metrology are: 

• Laser line scanner with tracker 

• Laser line scanner with measurement arm 

• Structured light scanning 

• Photogrammetry 

• Laser displacement sensors 

 

 Laser line scanner with tracker 

Laser scanners referenced by either laser tracking or optical tracking perform well against the criteria outlined in section 

6.2. The systems are non-contact and the use of reference markers or surface treatments can be avoided. Compared to 

other available non-contact measurement systems, modern laser line scanners are relatively robust when measuring 

reflective welds or machined surfaces. The data capture rate is high allowing a surface to be digitised quickly and the 

systems have the capacity to measure very large parts  

Laser and optically tracked scanners can also be mounted on a robotic arm, reducing the need for human access to 

potentially hazardous environments. 

A disadvantage of the system is that the uncertainty is quite high compared to other technologies and may be close to 



 
 
 
  

     

Document Revision Page 

NI1066-REP04 02 Appendix 5-48  

© 2019 University of Sheffield NAMRC.REP Rev 7 

the limits of what is acceptable for some measurements for EBW. 

The MetraSCAN 3D by Creaform3D offers optically tracked laser scanning with high data capture rate and low sensitivity 

to reflection. (8) This is referenced by the C-track optical system and does not require reference markers as long as there 

is a line of sight from the tracker to the scanner. If another tracker position is needed either another tracker or some 

reference markers are needed. 

The Leica T-scan laser scanner is referenced by the Leica absolute tracker series (15). This also requires line of sight 

however the tracker can be moved to a new location by measuring and re-measuring fixed reflector nests. 

 Laser line scanner with measurement arm 

A laser line scanner can be mounted on an articulated measurement arm in order to reference the scanner’s 

measurements. The arm essentially performs the same role as the laser or optical tracker outlined in 6.3.1. 

 Since laser line scanning is a non-contact method, it can be considered suitable for welding metrology. However, using 

measurement arms instead of optical tracking means the system is less well suited to large measurement volumes as 

the range is limited by the reach of the arm to a maximum of about 4.5 m. Greater measurement volumes are possible 

if a network of arms on referenced bases are used. 

Measurements are also labour intensive as the arm must be used by a human operator. This means access to the part 

is required even though the method is non-contact. Alongside this, the uncertainty of laser scanning measurements is 

relatively high for this application. 

 Structured light scanning 

Structured light scanning is a non-contact method which is appropriate for metrology for welding when dealing with 

high-temperature surfaces. However, each scan only captures a small area and reference markers are needed to 

combine multiple scans. This requires contact with the component. 

The sensitivity of structured light scanning systems to reflection is a further barrier to true non-contact inspection as 

reflective parts must be treated to produce a matt finish. Reflections from welds and the surrounding machined material 

can make them difficult to measure with structured light scanning. These systems are also usually more sensitive to 

vibrations and temperature changes than other technologies making them less robust than photogrammetry or laser 

scanning systems. 

The data capture rate of structured light scanning is relatively high and the quoted accuracy of structured light scanners 

is usually better than other 3D digitisation technologies such as photogrammetry or laser scanning. This is beneficial for 

metrology for EBW where high accuracy is required for measurements made prior to welding.  

 Photogrammetry 

The requirement of reference markers for photogrammetry means some contact with the part is involved. While the 
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requirement for markers is reduced by projection systems like the Pro-Spot, for the large parts considered in the InFORM 

project, the projector would need to be moved to multiple vantage points and some coded markers would be required. 

Accuracy varies greatly between different systems. While some systems such as the Geodetic V/STARS may be accurate 

enough for the application, the less accurate systems are unsuitable. 

Photogrammetry systems such as the Hexagon WLS or V/STARS with Pro-Spot projector have a high data capture rate 

and can be used to digitise large surfaces quickly. These systems are also normally more robust at coping with vibrations 

and reflective parts than structured light scanners. 

6.4 Review and down selection 

To review and down-select the metrology techniques most suitable for welding metrology, the performance of each 

technology must be assessed against the criteria outlined in section 6.2. 

In order to evaluate the effectiveness and appropriateness of the metrology technologies for assembly in InFORM, they 

are compared to a datum within a Pugh matrix. The selected datum for Welding is photogrammetry.  Positive scores 

indicate the technology is more suitable than the datum, a score of “0” indicates the technology is equal to the datum, 

and negative scores indicate the technology is worse than the datum for the selected requirement. The scores are 

collated and the highest total score indicates the most appropriate technology. 
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Table 6-1: Matrix comparing metrology methodologies for use in EBW. 

 

 

 

 

 

 

 

 

 

 

 

 

 

This process identifies laser scanning with a tracker (either a laser tracker or an optical tracker) as the most appropriate 

technology for metrology for welding in InFORM. This result is mainly due to the requirements for large volume, non-

contact measurements. For smaller parts a measurement arm with a laser scanner would achieve the same results at 

lower cost. 

The only significant limitation of laser scanners in this context is that the quoted uncertainties of these systems are close 

to the limit of what is acceptable for welding in InFORM. With a maximum permissible weld gap of 0.3 mm, an 

uncertainty of 50 μm or the 64 μm quoted for the Metrascan 3D is quite high. Measurement of artefacts with known 

form and comparison with other measurement systems may help provide confidence in measurements. 

If the requirement for non-contact measurement is relaxed a high accuracy photogrammetry system such as the 

Geodetic V/STARS or the Hexagon WLS system may be appropriate as these are robust systems which can achieve a 

high data capture rate at suitable accuracy. These would be more suitable for pre-welding inspections where high 

accuracy is important and the importance of non-contact measurements is reduced compared to inspections shortly 

after welding processes. 

 

Test Measurement 

accuracy 

Measurement 

volume 

Data 

capture 

rate 

System 

robustness 

Non-

contact 

inspection 

Net 

total 

Laser trackers + + - - - - 1 

Optical trackers 0 + - - - -2 

laser scanner 
with tracker 

- + 0 + + +2 

Laser scanning 
with 

measurement arm 

- 0 0 0 + 0 

Structured light 
scanning 

+ 0 - - 0 -1 

Photogrammetry 0 0 0 0 0 0 
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7 Non-Destructive Evaluation (NDE) 

7.1 Introduction 

This section aims to determine the applicability of different NDE techniques to support main aspects of the InFORM 

project i.e. forging, machining, assembly and welding. There are numerous NDE techniques available in the industry. 

However, non-contact NDE techniques have gained interest due to the elimination of potential inconsistencies caused 

by the physical interaction between transducer/sensor and the surface of the test structure. Due to the elimination of 

physical interaction, non-contact NDE techniques can also expedite the data collection speed to accommodate the 

requirements of in-process inspection during manufacturing. 

The outline of this section is as follows: Section 7.2 establishes criteria for NDE in the context of InFORM. Section 7.3 

includes a brief description and summary of NDE techniques. Section 7.4 covers contact NDE techniques. Section 7.5 

covers non-contact NDE techniques. Section 7.6 focuses on laser ultrasound. Section 7.7  lists potential technology 

solutions for the InFORM project.  

7.2 Establishing criteria 

The following NDE criteria are set for the assessment of structural integrity during forging, welding, machining and 

assembly using the InFORM system. These are based on the NDE industrial direction towards automation to achieve 

rapid in-process NDE.  

• Must be able to provide in-process NDE measurements of components  

• Rapid data acquisition and real-time data processing in order to automate the technique. 

• Must be able to produce accurate measurement data for final inspection 

• Non-contact technique in order to avoid using any couplants  

• The method should be suitable for measuring hot parts i.e. during welding 

• The process should have opportunities for applying 4IR for better utilisation of data in downstream applications 

• Health and safety considerations for working near hot parts 

• Material thickness > 80 mm 
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7.3 Technology Review  

Non-destructive evaluation techniques are methods to evaluate material integrity for surface or internal flaws or 

metallurgical condition without interfering in any way with the component by the destruction of the material or its 

suitability for service. Numerous NDE methods are used in industry to evaluate materials and components to assess 

their state of health. NDE techniques provide a cost-effective means of testing a sample for individual investigation and 

examination or may be applied on the whole material for checking in a production quality control system. In many cases, 

detection of a defect requires more than the use of a single NDE method. It may require a combination of methods and 

also exploratory, invasive openings. The applications of NDE are widely spread across many industries such as the 

nuclear industry, manufacturing, pipe and tube manufacturing, storage tanks, aerospace, military and defence 

industries. NDE techniques have gained greater attention from the nuclear industry due to the hazardous environment 

raising concerns for health & safety and environmental contamination. NDE techniques have been adopted during the 

manufacture of reactor components as well as over the life-span of the nuclear facility. Damage to materials can arise 

during material processing or fabrication of the component or during service. Cracks, porosity and deposition of 

contaminants are the most common defects. It is therefore vital to assess the structural integrity of components at each 

stage.  Numerous techniques are used in the nuclear industry, including radiography, visual inspection, ultrasonic 

testing, thermography, acoustic emission, shearography, optical testing, liquid penetrant testing and magnetic particle 

testing. Accurate structural health assessment uses many sensors. This approach is commonly known as sensor fusion 

and provides the facility operators with a better understanding of the structural integrity. Table 7-1 summaries the most 

commonly used NDE techniques in the industry.    

 

Table 7-1: Most commonly used NDE techniques in the nuclear sector. 

Technique  Capability Limitation 

Visual Inspection  

 

Macroscopic surface flaws Small flaws are difficult to detect, no 

Subsurface flaws. 

Microscopy Small surface flaws Not applicable to larger structures; no 

subsurface flaws 

Radiography Subsurface flaws Smallest defect detectable is 2% of the 

thickness; radiation protection. No 

subsurface flaws not for porous materials 

Dye penetrate Surface flaws No subsurface flaws not for porous 

materials 
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NDE techniques then can be divided in to two main categories based on the physical principle of operation, namely; 

contact NDE and non-contact NDE. Table 7-2, lists contact vs non-contact NDE techniques available in the industry.  

 

Table 7-2: Contact vs non-contact NDE techniques. 

Contact methods Non-contact methods 

Traditional ultrasonic testing Non-contact ultrasonic testing 

Eddy current testing Radiography testing 

Magnetic particle testing Thermography 

Electromagnetic Infrared Testing 

Dye penetrant testing Magnetic testing 

Liquid penetrant Shearography 

 Visual inspection 

7.4 Contact NDE techniques  

Ultrasonic Testing (UT): Evaluation system consists of a transmitter and receiver circuit, transducer tool, and display 

devices. Characteristics of defects which can be measured by UT are crack location, flaw size, and orientation (41). 

Advantages of ultrasonic testing include speed of scan, good resolution and flaw detecting capabilities, and suitability 

for use in the field. Disadvantages include the difficulty of set up, required operator skill to scan a part accurately, and 

the need for a test sample to ensure accurate testing. This type of testing is excellent for use in an assembly line where 

the same part design must be tested repeatedly. There are two approaches to ultrasonic NDT generally used in different 

applications; pulse echo and through transmission approaches. Both of these approaches use high-frequency sound 

waves in the order of 1-50 MHz to detect internal flaws in a material (42). Pulse-echo ultrasonic method can readily 

locate defects in homogeneous materials.  

Ultrasonic Subsurface flaws Material must be good conductor of sound. 

Magnetic Particle Surface / near surface and 

layer flaws 

Limited subsurface capability, only for 

ferromagnetic materials. 

Eddy Current for 

metals 

Surface and near surface flaws Difficult to interpret in some applications; 

only for metals 

Acoustic emission Can analyse entire structure Difficult to interpret, expensive equipment 
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Eddy Current Testing (ECT): Eddy currents are created through a process called electromagnetic induction. When 

alternating current is applied to a conductor, for example copper wire, a magnetic field develops in and around the 

conductor. During the process this magnetic field expands as the alternating current rises to maximum and collapses as 

the current is reduced to zero. If a new or secondary electrical conductor is brought into close proximity to this changing 

magnetic field, current will be induced in this second conductor. These currents are influenced by the nature of the 

material such as voids, cracks, changes in grain size, as well as physical distance between coil and material. These 

currents form impedance on a second coil which is used to as a sensor. In practice the surface of the part is to be 

inspected or examined by placing a probe above the surface, and electronic equipment monitors the eddy current in 

the work piece through the same probe. ECT can be used in applications that include crack detection, material thickness 

measurements, coating thickness measurements, heat damage detection, case depth determination, conductivity 

measurements for material identification and heat treatment monitoring.  

Magnetic Particle Inspection (MPI): The MPI method uses magnetic fields and small magnetic particles, such as iron 

filings to detect component surface flaws. The only requirement from an inspectability standpoint is that the component 

being inspected must be made of a ferromagnetic material such iron, nickel, cobalt, or some of their alloys, since these 

materials can be magnetized to a level that will allow the inspection to be effective. In its simplest application, an 

electromagnet yoke is placed on the surface of the part to be examined, a kerosene-iron filing suspension is poured on 

the surface and the electromagnet is energized. If there is a discontinuity such as a crack or a flaw on the surface of the 

part, magnetic flux will be broken from that place and a new south and north pole will form at each edge of the 

discontinuity. Then the iron particles will be attracted at the edges of the crack which behave like poles of a magnet. 

This cluster of particles is much easier to see than the actual crack. This method is suitable for the detection of surface 

and near surface discontinuities in magnetic material, mainly ferrite steel and iron (43). 

Dye Penetrate Testing (DPT) and Liquid Penetrate Inspection (LPI) techniques are based on the ability of a liquid to be 

drawn into a "clean" surface breaking flaw by capillary action. Materials that are commonly inspected using DPT or LPI 

include metals (aluminium, steel, titanium, copper, etc.), glass, many ceramic materials, rubber and plastics. The 

penetrant which is used in dye penetrate testing may be applied to all non-ferrous materials and ferrous materials. For 

ferrous components magnetic-particle inspection is often used instead for its subsurface detection capability. DPT is 

used to detect surface defects in casting, forging and welding such as hairline cracks, surface porosity, leaks in new 

products, and fatigue cracks on in-service or in operating components. LPI is based upon capillary action whereby low 

surface tension fluid penetrates into clean and dry surface-breaking discontinuities. Penetrant may be applied to the 

test component or specimen by dipping, spraying, or brushing. After adequate penetration time has been allowed, the 

excess penetrant is removed and a developer is applied. The main advantage of using a developer in DPT is that it helps 

to draw penetrant out of the flaw so that an unseen or invisible indication becomes visible to the inspector (43).  

7.5 Non-contact NDE techniques 

Visual Inspection (VI) should be the most basic type of NDT in many instances because it can save both time and money 

by reducing the amount of other testing, or in some cases removing the need for other types of testing all together. The 
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most important advantage of visual inspection is that it is a quick process. The other advantage of visual inspection is 

the relative affordability of the process. Visual inspection needs no equipment but this method has intrinsic 

disadvantages in that it cannot detect microscopic or sub-surface defects. VI is particularly effective for detecting 

macroscopic flaws, such as poor welds. Many welding defects are macroscopic such as crater cracking, undercutting, 

slag inclusion and incomplete penetration welds. VI is also used to detect flaws in composite structures and piping of all 

types. VI can detect bad welds or joints, missing fasteners or components, poor fits, wrong dimensions, improper surface 

finish, large cracks, cavities, dents, inadequate size and wrong parts. 

Radiography has a benefit or advantages over some of the other NDT methods in that the radiography provides a 

permanent reference for the internal soundness of the object that is radiographed. The x-ray emitted from a source 

penetrates metals as a function of the accelerating voltage in the x-ray emitting tube. If any defect or irregularities such 

as voids are present in the object, more x-rays will pass in that area and the film under the part in turn will have more 

exposure or spot light than in the non-void areas. The sensitivity of x-rays is nominally 2% of the material thickness. 

Thus for a piece of steel having a thickness of 25 mm, the smallest void that could be detected from this x ray would be 

0.5 mm in dimension. For this reason, parts are often radiographed in different planes. A thin crack does not show up 

unless the x-rays ran parallel to the plane of the crack. This technique is appropriate for the detection of internal flaws 

or defects in ferrous and non-ferrous metals and other materials. X-rays, generated electrically, and Gamma rays 

emitted from radioactive isotopes, are penetrating radiation which is differentially absorbed by the material through 

which it passes; the greater the thickness, the greater the absorption (43).  

Thermography Testing, also called thermal imaging. The thermal conductivity of a material may be changed by the 

presence of defects. Thermography inspection is used for thin parts because when defects move deeper under the 

surface of a part, they tend to produce less heat fluctuation than defects seen closer to the surface of the part. As a 

general rule, defects that have a diameter smaller than their depth in the part, cannot be detected. A flaw, such as a 

delamination or impact damage causes a change in the thermal radiation of the area (44). There are many advantages 

and disadvantages to this type of inspection. One advantage is it can inspect a large surface of a part. This allows for the 

inspection of parts where only one side of the part is accessible to inspection. Disadvantages of this type of inspection 

include the need for sensitive and expensive instrumentation, the need for highly skilled inspectors to run the 

instruments, and the lack of clarity of defects if they fall too deeply under the surface of the part.  

Shearography Testing is a laser optical method. An advantage of shearography is that it is less susceptible to noise than 

many other types of non-destructive testing. This enables users to inspect and determine the condition of a part without 

extensive training. A major disadvantage of shearography is that characterization of defect types other than 

delamination is extremely difficult. Therefore it is sometimes paired with other types of NDE techniques that can help 

to identify certain defects.  

Non-contact Ultrasonic: The physics behind non-contact ultrasonic techniques is similar to conventional ultrasonic 

techniques. However this method keeps the transducer and receiver off the surface and at a fixed distance away from 

the sample. This is particularly advantageous when complex geometries do not allow for contact between a traditional 
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transducer and receiver and the surface of the part. Generation of non-contact ultrasonic has gained greater attention 

since 1990. Non-contact ultrasonic can be generated using an Electromagnetic Acoustic Transducer (EMAT) or using a 

laser. Due to having a focused low footprint on the test structure, laser ultrasonic has become a non-contact NDE 

technique with higher precision.  

7.6 Laser Ultrasound 

Ultrasound is an important NDE technique for higher precision measurements of anomalies within a structure due to 

its convenience, reliability, and its efficient propagation in metals. In the 1980s, considerable research was conducted 

into defect detection using laser ultrasound which has been summarised by Scruby and Drain in 1990 (45). There are 

two detection methods using laser ultrasonic, those based on Rayleigh wave interaction with a surface-breaking crack 

and those based on the time-of-flight diffraction (TOFD) technique. The latter is also used to detect subsurface defects 

by conventional ultrasound. Over the years, it has been conclusively proven that laser ultrasound inspection, using the 

TOFD technique, can reliably and accurately measure the depth of anomalies i.e. weld seam anomalies (46; 47; 48). In 

In 2015, the laser ultrasonic method was investigated for the in-line monitoring of the friction stir spot welding process 

(49). However it still needs to be improved to accommodate the automated manufacturing requirements of the nuclear 

industry. Schematics of the conventional TOFD technique are represented in Figure 7-1.   

 

 

Figure 7-1: Schematics of conventional TOFD technique 

During Phase II, different concepts of laser ultrasound which can be investigated for in-line NDE assessment during 

forging, welding, machining and assembly are as follows (see Figure 7-2).   
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Figure 7-2: Potential NDE development and automation during Phase II (a) TOFD using laser ultrasound (b) Hybrid 

Piezo-laser ultrasound (c) Dual laser ultrasound thickness measurements 

As illustrated in Figure 7-2, various laser ultrasound techniques can be investigated and higher focus will be given to 

hybrid piezo-laser ultrasound techniques due to the wide use of potential transductions i.e. phased array, angle beam, 

shear transducers.  
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7.7 Potential solutions for InFORM 

Hybrid Laser Ultrasonic – Total focusing method 

The University of Bristol is currently investigating a low-cost laser ultrasonic system for volumetric inspection. The main 

advantages of this technique are its safety, speed and directivity with no Rayleigh waves. However it suffers from poor 

Signal to Noise Ratio (SNR) and the transducer requires contact. Advanced signal processing techniques (i.e. total 

focusing method) can be used to improve the SNR.  

(50) 

Key attributes of hybrid laser ultrasonic against the requirements of InFORM: 

 Large component manufacturing relevance: Automated non-contact structural integrity assessment during 

welding. 

 Current technology readiness level (TRL): 3-5 

 Cost: £100K depending on working volume of system. 

 Working range/volume: Automated non-contact technique for rapid localised data acquisition (robotic arm 

with 5 DoF). 

 Typical measurement: Up to micro-scale resolution.s 

 Environmental considerations: Typically used within workshop environments, with temperature monitoring 

to ensure stable environment. 

 Access and interface with features being measured: Line of sight from cameras required. 

 Automation potential: Commonly robot-mounted in aerospace NDE applications. 

 Material Thickness: Can cover up to 80 mm due to the use of contact transducers   

(a) (b) 

Defects 

Figure 7-3: Hybrid laser ultrasonic developed by Bristol University (a) schematic diagram (b) improved signal 

processing to enhance sensitivity 
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Optech Ventures, LLC – Laser ultrasonic 

Laser ultrasonic testing (LUT) combines the sensitivity of ultrasonic inspection with the flexibility of optical systems to 

deal with complex inspection challenges. It has advantages for testing metals, composite materials, ceramics, and 

liquids. It can remotely and rapidly inspect curved surfaces on fixed or moving parts. Its accuracy and flexibility have 

made it an attractive new option in the non-destructive testing market. LUT is a non-contact, non-destructive technique 

for performing ultrasonic evaluation on components and structures in environments where conventional transducer-

based techniques are not an option. LUT can acquire data on parts at high temperature (1100°C) and moving at high 

speed (5 m/s). Its high bandwidth (100 MHz) gives it accurate measurement of depth and thickness (currently tested up 

to 15 mm).  

Laser ultrasonic has broad applications for in-line process monitoring, post-process evaluation, and in-service 

inspection. In-line monitoring early in the production process allows feedback control of the process. LUT system 

specifications are tabulated in Table 7-3.  

Table 7-3: Optech laser ultrasonic system 

Optech - AIR-532-TWM 

Surface Displacement Sensitivity  1 x 10-7 nm rms (W/Hz)1/2 

Detector Bandwidth  125 MHz (optional 1 GHz bandwidth) 

Measurement Type  Highest sensitivity for laboratory use 

External Probe Laser Requirement 1W DPSS laser at 532 nm 

FHY Fibre Measurement Head Aperture: 25 mm 

Focal Distance: 50-100 mm 

Spot Size: 100-200 µm 

Analog Output  50 Ohm source 

Electrical Requirements  100/220 V, 50/60 Hz 

Alignment Signal  Provided by internal piezo mirror 

Dimensions 325 x 250 x 100 (L x W x H, mm) 

Compatible with 19-inch rack mount cabinets 
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 (51) 

Key attributes of Optech Ventures, LLC – Laser ultrasonic against the requirements of InFORM: 

 Large component manufacturing relevance: Automated non-contact structural integrity assessment during 

welding. 

 Current technology readiness level (TRL): 6 

 Cost: £150K depending on working volume of system. 

 Working range/volume: Automated non-contact technique for rapid localised data acquisition (robotic arm 

with 5 DoF). 

 Typical measurement: Up to micro-scale resolution. 

 Environmental considerations: Typically used within workshop environments, with temperature monitoring 

to ensure stable environment. 

 Access and interface with features being measured: Line of sight from cameras required. 

 Automation potential: Commonly robot-mounted for composite inspection. 

 Material Thickness: Can’t achieve full penetration due to the available laser power.     

 

  

(a) 

(c) (b) 

Figure 7-4: Optech laser ultrasonic system (a) AIR-1550-TWM system (b) schematic drawing 

of agile measurement system (c) separation B-scan on a 6 mm steel sample 
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Innerspec temate ® IWW – EMAT 

The temate® IWW is designed to detect defects on multi-pass welds during the welding process. The system uses non-

contact EMAT sensors to detect both surface and sub-surface defects on every pass immediately after it has been 

deposited on the part. The proprietary technique permits inspection at high temperatures without couplants, thus 

providing a very effective process control during welding that can eliminate or highly reduce expensive repairs on 

finished welds. Features of temate ® IWW are as follow,  

 Non-contact EMAT technique. 

 Permits inspection on hot surfaces without cooling. 

 Volumetric inspection with guided waves, detecting both surface and internal defects at any orientation. 

 Manual and automated solutions. 

 High inspection speed (up to 1 m/s). 

 Successfully tested on Carbon Steel (cladded and non-cladded) and Stainless Steel. 

Table 7-4: Innerspec temate ® IWW system 

Innerspec temate BW-LT(ERW) 

Materials Inspected • Carbon Steel and stainless steel.  

• Thickness Range: 0.188” (5mm) to 0.623” (16mm).  

• Provides inspection of ID, OD at each pass. 

Defect Detection • Hook cracks, pinholes, mismatch, skelp burrs, poor scarfing (OD & ID) and point 
defects such as inclusions and penetrators not easily detected with conventional 
systems. 

• Meets all API Standards and the most stringent oil company requirements. 

Power & Environment 
Range 

• 240VAC (+/-10%), 60 Hz, minimum circuit capacity at 15 Amps. 

• 3-phase at 240VAC(+/- 10%), 60 Hz, minimum circuit capacity at 25 Amps. 

• Single supply of compressed air 80 to 120 PSI (5.51 to 8.27 bar) pressure. 

• Operating temperature 32ºF (0ºC) to 105ºF (40ºC). 

• Humidity, non-condensing, 5% to 95% RH. 

Data Acquisition 
Electronics 

•Industrial enclosure; NEMA 12 and IP 55 per EN 60 529/10.91 protection rating, 
located up to 165 cabling feet (50 m) from sensor. 

• Includes EMAT T/R electronics, magnet pulser, power supplies, computer, 
communication interfaces, monitor, keyboard and mouse. 
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(52) 

Key attributes of Innerspec temate ® IWW system against the requirements of InFORM: 

 Large component manufacturing relevance: Tube inspection during manufacturing. 

 Current technology readiness level (TRL): 9 

 Cost: £150-200K depending on working volume of system. 

 Working range/volume: Automated non-contact technique for rapid localised data acquisition (robotic arm 

with 5 DoF). 

 Typical measurement: Up to micro-scale resolution. 

 Environmental considerations: Typically used within workshop environments, with temperature monitoring 

to ensure stable environment. 

 Access and interface with features being measured: Line of sight from cameras required. 

 Automation potential: Commonly robot-mounted in manufacturing applications. 

 Material Thickness: Currently up to 25 mm but agreed to conduct trials to investigate the maximum 

penetration.      

  

Figure 7-5:  Innerspec temate ® IWW system for in-process inspection 
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Appendix 6. Conference and Publication Abstracts 

Impact of supercritical carbon dioxide cooling with Minimum Quantity Lubrication on 

tool wear and surface integrity in the milling of AISI 304L stainless steel 

In this study, the effect of supercritical carbon dioxide cooling with Minimum Quantity Lubrication (scCO2+MQL) on tool 

wear and surface integrity of AISI 304 L austenitic stainless steel in milling was investigated. A series of machining 

experiments based on a Design of Experiments (DoE) was carried out at various combinations of cutting parameters to 

investigate the effect of cutting speed and feed rate on tool wear, nearsurface residual stresses, surface roughness and 

microhardness. The results were compared with the experimental results obtained from milling with flood coolant. A 

significant improvement in tool life was observed in milling with the scCO2+MQL using multilayer coated tungsten 

carbide inserts. The tool life in terms of cutting time increased by ∼324%, in comparison to a baseline flood coolant. 

Further, a decrease in surface roughness value (Ra) by about 30%, from 1.09 μm for flood coolant to 0.78 μm after face 

milling with scCO2+MQL was seen. Additionally, the Ra value slightly increased after machining, for both cooling 

methods with the increase of cutting speed of ∼19%. The observed changes in Ra value were discussed in terms of a 

built-up-edge (BUE) formation. There were no apparent differences in surface microhardness between both cooling 

methods. 

However, the surface microhardness increased with feed rate after milling with both scCO2+MQL and flood coolant due 

to the increased strain hardening. Also, there was no significant difference in residual stresses after milling, neither with 

scCO2+MQL nor the flood coolant. The surface residual stress values obtained in the transverse and longitudinal 

directions were consistent with a predictive model with errors of around 3–8%. (1) 

 

Presentation of InFORM at ICONE27 

An overview (presentation only) of the InFORM project was presented to delegates at the 27th International Conference 

on Nuclear Engineering (ICONE27), 19-24th May 2019, in Tsukuba, Japan (2). The abstract submitted is as follows: 

InFORM (Intelligent Fixtures for Optimised and Radical Manufacture) is a £1 million collaborative research programme 

between the Nuclear AMRC, the AMRC, TWI Ltd, Sheffield Forgemasters International Ltd and MetLase. The objective 

of the project is to develop intelligent fixtures to reduce the cost and associated lead times of large-scale assembly and 

pressure vessel component manufacture for civil nuclear, oil and gas and similar sectors. 

Current best practice for the manufacture of pressure vessels and large assemblies relies on bespoke one-off fixtures 

designed for individual components. With the introduction of Small Modular Reactors (SMRs) into the sector, it is widely 

accepted that components will need to be mass-produced to make them financially viable. The core objective of this 
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stage of the InFORM project is to develop intelligent fixtures to optimise pressure vessel manufacture, focusing on four 

main processes; forging, machining, assembly and welding.  

Metrology techniques are being investigated to streamline the workflow between the forging and machining stages, re-

using point cloud data where appropriate. A virtual fixture is being developed using technology that is well established 

in other sectors for machining near-net shape components. This minimizes fresh air cutting and guarantees whether a 

part can be produced within the stock material before machining begins.  

A radical fixture is being developed by MetLase to revolutionise the assembly of large-scale assemblies and pressure 

vessels. MetLase are known for using laser cut sheet metal to rapid prototype bespoke fixtures for use in the automotive 

and aerospace industries. This work will look at transferring this technology to large component manufacture, focusing 

on vessel alignment and acting as an enabler for local vacuum electron beam technologies. 

 The electron beam welding process is viewed as a key enabler in the mass production of large-scale pressure vessels, 

as it potentially has several advantages over conventional arc welding processes, including time-savings and improved 

quality. However electron beam processes typically require a large volume enclosure to achieve a vacuum, which limits 

the size of the component. An intelligent local vacuum electron beam welding fixture is being developed and tested by 

TWI Ltd. 

This presentation would describe each of the intelligent fixture developments described above and highlight benefits 

to industry where appropriate. 

 

Presentation of InFORM at PVP 2019 

An overview (presentation only) of the InFORM project was presented to delegates at the 2019 Pressure Vessels and 

Piping Conference, 14-19th July 2019, in San Antonio, Texas (3). The abstract submitted is as follows: 

Intelligent fixtures to accelerate pressure vessel manufacture 

InFORM (Intelligent Fixtures for Optimised and Radical Manufacture) is an industrial collaborative research programme 

between the Nuclear AMRC, the AMRC, TWI Ltd, Sheffield Forgemasters International Ltd and MetLase. InFORM is 

developing intelligent fixtures to optimise pressure vessel manufacture, focusing on four processes; forging, machining, 

assembly and welding. The project is streamlining the workflow between the forging and machining stages, using point 

cloud data to accelerate the machining process. MetLase is designing a fixture to support the assembly of pressure 

vessels, focusing on vessel alignment, and enabling local vacuum (LV) electron beam technologies. E-beam welding is a 

key enabler in reducing lead-times of large-scale pressure vessel manufacture with advantages over arc processes. 

Conventional e-beam welding requires vacuum enclosures thus limiting component size. TWI Ltd is developing and 

testing a LV e-beam welding fixture. This presentation describes the intelligent fixture developments and highlights the 

benefits to industry where appropriate. 
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Executive	Summary		
‘Intelligent	 Fixtures	 for	 Optimised	 and	 Radical	 Manufacture’	 (InFORM)	 will	 reduce	 the	 costs	 involved	 in	 the	
manufacture	of	the	large,	complex,	safety	critical	components	required	by	the	power	generation	industry.	It	will	
be	carried	out	by	the	Nuclear	Advanced	Manufacturing	Research	Centre	(Nuclear	AMRC),	which	is	the	centre	of	
excellence	in	the	UK	for	nuclear	manufacturing,	with	subcontractors	TWI,	Cambridge	Vacuum	Engineering	(CVE),	
Sheffield	Forgemasters	International	Ltd	(SFIL),	MetLase,	and	the	National	Physical	Laboratory	(NPL).	This	report	
summarises	 the	 activities	 carried	out	 as	 part	 of	 Phase	 1,	 Stage	 1	 and	details	 the	 activities	 to	 be	 carried	out	 in	
Stage	2.	A	summary	of	proposed	activities	for	Phase	2	is	also	given.	

InFORM	 will	 develop	 and	 transfer	 expertise	 and	 new	 technologies	 for	 large,	 nuclear	 components.	 These	
technologies	 cover	 the	 whole	 manufacturing	 process	 from	 forging	 to	 machining,	 assembly,	 welding	 and	
inspection:	

• Forging:	 advanced,	metrology	 techniques	will	 be	 used	 to	measure	 and	monitor	 the	 forging	 process	 to	
deliver	improved	process	control	and	achieve	an	increase	in	geometrical	accuracy.	This	will	provide	data	
to	optimise	the	manufacturability	and	achieve	near-net	shape	forging.	A	data	driven	approach	will	also	be	
investigated	 in	the	application	and	design	of	manipulation	and	fixture	 interface	customisation	achieving	
an	 improvement	 in	 process	 efficiency,	 from	 steel	 manufacture	 through	 to	 the	 machined	 condition	 of	
supply.	

• Machining:	 near-net	 shape	 machining	 will	 be	 optimised	 by	 using	 data	 from	 the	 forging	 process,	 and	
innovative	algorithms	and	advanced	cooling	techniques	will	be	developed	to	reduce	the	time	needed	to	
achieve	the	desired	component	shape.	

• Intelligent	fixtures:	a	through-life	fixture	will	be	developed	to	facilitate	the	transfer	parts	between	forging,	
machining,	 welding	 and	 inspection.	 It	 will	 include	 sensors	 to	 provide	 feedback	 to	 actuators	 and	
manipulators	to	automatically	adjust	clamping	forces	to	minimise	distortion.	This	fixture	will	also	enable	
large-scale	nuclear	components	to	be	assembled	and	aligned	more	efficiently.	

• Local	vacuum	welding:	local	vacuum	technologies	will	be	developed.	Easy-to-deploy	power	beam	welding	
would	achieve	a	step	change	in	the	productivity	of	thick	section	welds.	

The	successful	development	and	transfer	of	these	technologies	during	InFORM	will	lead	to	time	and	cost	savings	
of	at	least	50%	during	the	manufacture	of	large,	complex,	integrated	nuclear	components.	This	project	will	help	
the	UK	to	compete	on	a	global	scale	to	win	major	manufacturing	contracts	across	all	nuclear	sectors	(new	build,	
small	modular	reactor	(SMR),	defence,	decommissioning,	fusion).	This	will	ensure	that	we	are	a	significant	partner	
in	the	global	deployment	of	Gen	III	+,	Gen	IV	and	SMR	technologies	as	set	out	in	the	vision	for	this	competition.	
However,	significant	benefit	of	the	InFORM	technologies	will	need	to	be	demonstrated	in	order	to	achieve	Gen	III	
+	designer	buy-in	to	enable	deployment	over	current	methods	of	manufacture.		

InFORM	will	put	the	UK	at	the	forefront	of	manufacturing	innovation	and	ensure	we	remain	a	top	table	nuclear	
nation	and	a	leader	for	global	nuclear	manufacturing.	It	will	allow	UK	manufacturers	to	significantly	increase	their	
global	 competitiveness,	win	major	 export	 contracts	 thus	 driving	 economic	 growth.	 The	 adoption	 of	 these	 new	
techniques	will	also	increase	the	capability	of	UK	manufacturers	in	other	heavy	engineering	sectors	such	as	wind	
energy,	oil	and	gas	and	ship	building,	build	confidence	in	the	supply	chain	and	help	industry	and	Government	to	
tackle	the	ongoing	skills	gap	in	UK	manufacturing	and	steel	production.	

1 Market	analysis	and	opportunity	
1.1 Global	Market	
Estimations	 of	 global	 nuclear	 trends	 vary	 as	 new	 builds	 are	 reliant	 on	 political	 decisions;	 the	 World	 Nuclear	
Performance	Report1	states	that	9	GWe	came	online	in	2016,	the	largest	increase	in	nuclear	power	generation	for	
over	 25	 years,	 with	 the	 majority	 of	 increased	 capacity	 in	 Asia.	 Energy	 share	 from	 Nuclear	 increased	 by	 1.3	
percentage	 points	 (12.3%	 to	 13.6%)	 in	 those	 countries	 with	 reactors	 and	 by	 the	 end	 of	 2016	 there	were	 448	

                                                
1 "World Nuclear Performance Report 2017", World Nuclear Association 



InFORM:	Stage	1	SBRI	Advanced	Manufacturing	and	Materials	(Area	3	Theme	3) 

Strictly Confidential   3 

reactors	 with	 a	 further	 61	 under	 construction.	 The	 World	 Nuclear	 Industry	 Status	 Report	 (WNISR)2	 shows	 a	
decline	 in	 reactors	under	construction	of	2-3	per	year,	but	 this	 is	partially	due	to	problems	with	manufacturing	
and	 partly	 to	 the	 completion	 of	 long-term	 projects.	 Balancing	 this,	 a	 number	 of	 lifetime	 extensions	 are	 being	
applied	 for	 and	 granted,	 giving	 an	 additional	 spur	 to	 the	development	of	 nuclear	manufacturing	 knowledge	 as	
power	companies	need	to	know	how	to	monitor,	repair	and	replace	critical	components.		

The	International	Atomic	Energy	Association	report3	highlights	the	difficulty	in	estimating	future	energy	needs	and	
the	 generation	mix,	 and	 provides	 low	 and	 high	 estimates	 for	 future	 nuclear	 power	 generation.	 Their	 forecasts	
include	operating	reactors,	license	renewal,	population	growth,	the	link	to	increased	energy	demand,	fluctuating	
prices,	technical	performance	and	economic	and	environmental	policies.	They	estimate	that	global	capacity	needs	
to	 increase	by	8-112	GWe	and	35-516	GWe	by	2030	and	2050	respectively.	This	equates	to	the	construction	of	
either	25	 'traditional'	reactors,	more	than	100	SMRs,	or	a	combination	of	the	two	in	the	next	30	years	at	a	 low	
estimate.	Taking	an	average	of	the	forecasts	would	require	ten	times	that	many	new	builds.		

Most	 analysts	 agree	 that	 nuclear	 power	 is	 needed	 to	 meet	 our	 low-carbon	 electricity	 commitments	 due	 to	
population	 growth,	 demand	 for	 electricity	 in	 the	 developing	world	 (where	most	 new	 reactors	 are	 being	 built),	
climate	change,	air-quality	concerns,	energy	security	and	price	volatility.	If	the	majority	of	global	new	builds	are	in	
China,	as	estimated,	then	it	 is	crucial	 for	UK	companies	to	 increase	their	manufacturing	and	design	expertise	to	
become	exporters	of	nuclear	technology.	The	least	optimistic	report	for	the	nuclear	industry,	WNSIR,	states	that	
the	nuclear	industry	will	be	under	increasing	economic	stress	due	to	competition	from	renewables	and	it	is	likely	
that	'unnecessary'	maintenance	and	monitoring	may	be	cut.	This	makes	it	even	more	important	that	components	
are	produced	to	the	strictest	standards	and	that	manufacturing	and	maintenance	IP	is	present	in	the	UK	so	that	
we	can	maintain	our	nuclear	fleet.		

It	is	worth	noting	that	back-up	capacity	will	also	be	needed	to	smooth	demand	and	supply	peak	time	energy.	This	
demand	is	currently	met	by	coal	but	could	be	met	by	SMRs.	These	will	provide	an	opportunity	for	significant	UK	
growth	 through	manufacturing	and	 reactor	design4.	Also	pertinent	 is	 the	 fact	 that	 current	electricity	prices	are	
low	because	of	decades	of	subsidies	to	coal	power	stations	whose	infrastructure	is	already	in	place	and	which	do	
not	 pay	 for	 the	 pollution	 they	 cause5.	Mike	 Tynan,	 formerly	 of	 the	 Nuclear	 AMRC	 points	 out	 that	 in	 order	 to	
compare	electricity	prices	between	technologies,	we	need	to	calculate	a	 levelised	cost	of	electricity	(LCOE).	The	
current	 wholesale	 price	 of	 electricity	 in	 the	 UK	 is	 ~£45/MWh,	 while	 the	 agreed	 price	 for	 electricity	 from	 the	
planned	 new	 plant	 at	 Hinkley	 Point	 C	 is	 £92.50/MWh.	 This	 price	 is	 driven,	 in	 large	 part,	 by	 the	 expense	 of	
financing	 the	 project	 and	 is	 in	 line	with	 the	 estimated	 full	 cost	 of	 new	 gas	 generation	 by	 2025;	 £85-95/MWh,	
according	to	the	UK’s	independent	Committee	on	Climate	Change.	The	LCOE	for	SMRs	is	expected	to	be	lower	(in	
the	region	of	£60-75/MWh)	due	to	reduced	capital	costs6,	making	them	a	very	attractive	option.	Nuclear	power	is	
therefore	expected	to	form	part	of	the	UK's	future	energy	mix,	providing	energy	security	and	low-carbon	power.	
There	are	plans	to	deliver	around	16	GWe	of	new	nuclear	by	2030,	equating	to	twelve	new	reactors	at	five	sites7.		

For	 a	 nuclear	 plant,	 the	 cost	 of	 pressure	 vessels	 (which	 includes	 components	 such	 as	 reactor	 pressure	 vessels	
(RPVs),	heat	exchangers,	steam	generators,	pressurisers	and	liquor	tanks)	ranges	from	£100k	to	£40M	(for	a	RPV),	
with	 typical	 vessel	 costs	 being	 £400k-£750k.	 Of	 this	 cost,	 40%	 is	 due	 to	 material	 and	 the	 remaining	 60%	 is	
manufacturing	cost.	It	takes	14-20	months	to	manufacture	such	mid-range	vessels	and	there	are	roughly	150	per	
plant.	We	estimate	that	it	will	be	necessary	to	produce	~50-80	of	such	vessels	annually	to	meet	demand	for	the	
forecast	 UK	 build	 programmes	 in	 the	 next	 10	 years.	 Extrapolating	 these	 figures	 globally,	 gives	 a	 conservative	
market	 for	mid-range	pressure	vessels	of	900	per	annum	with	a	 total	value	of	£360M-£675M.	 InFORM	has	 the	
potential	 to	 drastically	 reduce	 the	 costs	 of	 such	 vessels	 and	 therefore	 help	 UK	manufacturers	 that	 adopt	 the	
InFORM	technologies	win	work.	

The	 current	 manufacturing	 methods	 for	 large	 energy-generation	 components	 such	 as	 pressure	 vessels	 are	
manually	 intensive.	 Typically,	 a	 large	 amount	 of	 excess	 material	 is	 produced	 during	 forging	 due	 to	 a	 lack	 of	

                                                
2 The World Nuclear Industry Status Report 2016, Mycle Schneider Consulting 
3 "Energy, Electricity and Nuclear Power Estimates for the Period up to 2050", 2016, IAEA 
4 "UK Nuclear Innovation and Research Programme Recommendations", NIRAB-75-10, 2016 
5 IMF Working Paper WP/15/105 'How Large are Global Energy Subsidies?' 
6 http://namrc.co.uk/industry/smr-economics/, 2015, accessed 20/07/17 
7 "Nuclear Industrial Strategy - The UK's Nuclear Future", HM Government, 2013, BIS/13/627 
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process	 understanding	 and	 to	 ensure	 that	 there	 is	 sufficient	 stock	 for	 machining.	 Overbuild	 and	 uncertainty	
regarding	the	exact	final	dimensions	of	the	forging	lead	to	increased	machining	costs,	with	hours	wasted	moving	
the	tool	through	air.	This	is	further	exacerbated	by	difficulties	in	quickly	and	accurately	setting	parts	in	machines	
because	 of	 their	 size	 and	 weight;	 they	 are	 currently	 positioned	 using	 jacks	 and	 cranes.	 Thick	 section	 welds	
(>50mm)	 are	 carried	 out	 using	 traditional	 multi-pass	 arc-welding	 techniques	 with	 inter-stage	 non-destructive	
evaluation	(NDE).	Different	fixtures	are	used	at	each	station,	leading	to	long	set-up	times	and	introducing	stack-up	
of	positioning	errors.	

The	 InFORM	project	will	develop	hollow	 ingot	 forging	 techniques	which	will	 increase	confidence	 in	 the	process	
and	allow	forgings	to	achieve	near-net	shape	(NNS)	resulting	in	less	material	use.	Through-life	fixtures	will	also	be	
developed,	which	along	with	scan	data	of	the	forging,	will	allow	the	part	to	be	positioned	quickly	and	accurately	
on	 the	 machine	 tool.	 Innovative	 machining	 algorithms,	 already	 used	 in	 other	 sectors,	 can	 then	 be	 applied	
reducing	 the	 amount	 of	 time	 spent	 cutting	 in	 fresh	 air.	 Using	 CO2	 in	 place	 of	 conventional	 coolants	will	 allow	
cutting	speeds	to	be	increased.	

Through-life	 fixtures,	 as	 well	 as	 reducing	 the	 number	 of	 fixtures	 requiring	 storage,	 provide	 a	 platform	 for	 the	
adoption	of	 innovative	manufacturing	processes	due	to	the	 integration	of	sensors	and	automated	manipulation	
hardware,	 maximising	 their	 benefits.	 For	 example,	 forging	 scan	 data	 will	 not	 reduce	 machining	 time	 if	 time-
consuming	 but	 minor	 positional	 adjustments	 need	 to	 be	made	 using	 heavy	 lifting	 equipment	 rather	 than	 the	
automated	positioning	system	on	the	intelligent	fixture.	Nuclear	AMRC	market	data	suggests	that	the	application	
of	these	technologies	could	reduce	forging	and	roughing	operation	time	by	50%.		

Electron	beam	welding	(EBW)	is	twenty	times	faster	than	current	methods	of	 laying	down	thick	welds	and	does	
not	require	inter-stage	NDE	(because	it	is	autogenous	and	single	pass).	Although	it	is	widely	accepted	as	common	
practice	in	sectors	such	aerospace,	where	it	has	led	to	time	savings	of	up	to	80%,	the	size	of	nuclear	components	
makes	the	cost	of	a	nuclear	pressure	vessel	sized	vacuum	chamber	(in	excess	of	£3.5M)	prohibitively	expensive,	
as	well	as	taking	up	a	lot	of	space	on	the	shop	floor.	Local	vacuum	EBW	will	be	a	more	viable	investment	for	UK	
manufacturers,	 many	 of	 whom	 are	 small	 and	 medium	 enterprises	 (SMEs).	 In	 local	 EBW,	 a	 vacuum	 is	 only	
generated	 in	 the	 immediate	 vicinity	 of	 welding	 operations,	 freeing	 up	 floor	 space,	 reducing	 capital	 costs,	 and	
allowing	 more	 flexible	 manufacture.	 A	 development	 system	 is	 expected	 to	 cost	 around	 £3-5M,	 but	 after	
production	ramp-up,	the	price	would	be	nearer	to	£2-4M.		

1.2 Business	opportunities,	market	share,	commercialisation	and	route	to	market	
The	potential	impact	of	InFORM	is	significant.	By	reducing	the	baseline	cost	for	the	manufacture	of	large	nuclear	
components,	 industry	can	expect	multi-million-pound	cost	savings.	This	will	allow	UK	manufacturers	to	be	more	
globally	competitive	and	win	major	export	contracts,	driving	economic	growth.	The	technology	demonstrator	will	
consist	of	two	large	cylinders;	two	thirds	of	the	size	of	those	seen	in	a	mid-range	nuclear	pressure	vessel.	With	its	
simple	 geometry,	 it	 represents	 the	 majority	 of	 large,	 expensive	 components	 within	 a	 nuclear	 power	 plant	
including	 RPVs,	 heat	 exchangers,	 steam	 generators,	 pressurisers	 and	 liquor	 tanks.	 Furthermore,	 the	 lessons	
learned	on	this	geometry	can	be	applied	to	a	range	of	cross-sector,	high	value	components	such	as	wind	turbine	
masts	or	oil	and	gas	well	heads.		

The	 UK	 is	 the	 world's	 largest	 offshore	 wind	 market	 and	 accounts	 for	 almost	 36%	 of	 the	 14	 MW	 of	 offshore	
capacity	 installed	worldwide8.	Costs	 for	wind	power	are	continuing	to	drop,	making	 it	an	 increasingly	attractive	
way	to	add	renewables	capacity9.	A	typical	2	MW	turbine	costs	in	the	region	of	£2.5-3M,	of	which	10-25%	is	the	
cost	of	the	tower10,	whose	manufacture	requires	a	large	number	of	operations	where	InFORM	technologies	could	
be	applied.	The	exploitable	results	are	described	in	the	next	sections.	

1.2.1 EBFLOW	system	(CVE)	
CVE	will	develop	this	local	vacuum	system	for	nuclear	components.	In	the	field	of	general	EBW,	their	competitors	
include	 Sciaky,	 Pro-Beam,	 PTR	 Precision	 Technologies	 and	 Mitsubishi	 Electric,	 but	 they	 have	 no	 known	
competitors	 in	 local	 vacuum	 EBW.	 They	 currently	 have	 four	 patents	 relating	 to	 EBFLOW,	 three	 of	 which	 are	
concerned	with	the	seals	and	one	describes	the	modifications	made	to	the	TWI	gun	(see	below).	They	have	total	

                                                
8 "Global Wind Statistics 2016", GWEC 
9 "Global Wind Power Update", REvision2017, GWEC 
10 http://www.windustry.org/how_much_do_wind_turbines_cost - accessed August 2017 
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freedom	to	operate	through	the	use	of	their	IP	and	sole	license	of	the	TWI	EB	gun.	The	expected	cost	to	end	users	
is	in	the	region	of	£2-4M.		

The	 EBFLOW	 system	 is	 already	 commercially	 available,	 but	 to	 build	 a	 pressure-vessel-relevant	 system	 would	
require	 an	 additional	 nine	 months	 of	 research	 and	 development	 plus	 time	 needed	 to	 build	 evidence	 for	 a	
comprehensive	nuclear	code	case.		

Complete	 commercialisation	 of	 such	 a	 system	 would	 have	 a	 transformative	 effect	 on	 CVE's	 business	 with	 an	
estimated	 increase	 in	sales	of	2-4	systems	per	year.	 It	would	 lead	to	a	significant	 increase	 in	revenue	and	 jobs;	
specifically,	it	could	double	the	size	of	the	business	creating	30	new	jobs.	As	the	sole	supplier	in	the	world	for	local	
vacuum	EBW,	CVE	could	acquire	100%	of	the	market	share.	

TWI	own	 the	patent	 for	 the	 electron	beam	gun	 technology	which	underpins	 the	 application	of	 a	 local	 vacuum	
system	 in	 a	 ‘reduced	 pressure’	 environment.	 TWI	 have	 granted	 CVE	 a	 sole	 license	 to	 the	 technology	 for	 the	
purpose	of	machinery	supply,	allowing	TWI	to	operate	in	the	same	commercial	space.		

The	return	on	investment	(ROI)	for	end-users	will	vary	according	to	the	application.	In	offshore	wind	generation,	
standard	methods	of	producing	foundations	take	6200	hours	of	arc	welding	compared	with	200	hours	EBW	which	
gives	a	ROI	of	3-4	weeks.	

1.2.2 Through-life	intelligent	fixtures	(MetLase)	
MetLase	will	 develop	 the	 through-life	 intelligent	 fixtures	which	will	 be	 used	 throughout	 InFORM.	 Through	 the	
inherent	 accuracy	 and	 speed	 of	 their	 patented	manufacturing	 system,	 they	 can	 add	 value	 to	 jigs,	 fixtures	 and	
other	 tooling.	 Competitors	 in	 these	 fields	 use	 traditional	 technologies	which	 are	 slower,	 less	 accurate	 and	 less	
agile	than	the	MetLase	offering.	MetLase	hold	32	patents,	16	of	which	relate	to	the	mechanical	 joining	of	sheet	
metal	without	 the	 use	 of	welding,	 therefore	 retaining	 the	 accuracy	 of	 the	 laser	 cut	 edge.	 This	 allows	 them	 to	
provide	extremely	accurate	fixtures	to	customers.	A	patent	search	has	shown	that	they	have	freedom	to	operate	
in	 this	 area,	 and	 it	will	 be	 kept	 up-to-date	 throughout	 the	 project	 life.	 The	 addition	 of	 sensors	 to	 the	 fixtures,	
along	with	the	associated	controlling	software	will	provide	added	value	and	allow	them	to	increase	their	market	
share	in	high-value	manufacturing	sectors.	They	expect	to	be	able	to	take	more	than	50%	of	the	market	share	in	
high-value,	 through-life	 intelligent	 fixtures	due	 to	 their	 existing	advantage	 in	 the	agile	production	of	 extremely	
accurate	 fixturing.	 Depending	 on	 the	 number	 and	 type	 of	 sensors	 required	 and	 the	 size	 of	 the	 fixture,	 the	
intelligent	 fixtures	 could	 cost	 anywhere	 between	 £1K	 and	 £300K;	 the	 ROI	 for	 the	 customer	 is	 expected	 to	 be	
around	one	year.	As	a	 result	of	 InFORM,	MetLase	expect	 to	 increase	their	 turnover	by	around	£1M	per	annum	
and	employ	an	additional	five	skilled	engineers.		

1.2.3 Software	for	fixtures	(AMRC)	
The	software	will	be	protected	through	confidentiality.	It	will	be	used	in	consultancy	by	the	AMRC	and	licensed	to	
UK	 manufacturers	 where	 appropriate.	 One	 commercialisation	 route	 under	 consideration	 is	 to	 license	 it	 to	
MetLase	free	of	charge	to	be	bundled	and	sold	with	their	intelligent	fixtures.	This	resultant	intelligent	fixture	and	
associated	software	will	have	a	number	of	applications	beyond	the	nuclear	sector	including	uses	in	ship	building,	
aerospace	and	rail.	

1.2.4 Advanced	machining	strategies	(Nuclear	AMRC)	
These	include	machining	algorithms	and	the	use	of	advanced	coolants	such	as	CO2	to	improve	the	productivity	of	
machining	operations.	These	will	be	developed	by	the	Nuclear	AMRC	and	will	be	used	in	consultancy	and	licensed	
to	 Nuclear	 AMRC	 members	 and	 UK	 manufacturers	 where	 appropriate.	 This	 result	 will	 have	 a	 number	 of	
applications	 beyond	 the	 nuclear	 sector.	 The	 development	 of	 innovative	 manufacturing	 processes	 such	 as	
advanced	cooling	techniques	in	machining	will	increase	the	profile	of	the	centre	through	dissemination	in	journal	
articles	and	conferences.	Such	research	will	substantially	contribute	to	the	Nuclear	AMRC’s	reputation	as	a	centre	
for	manufacturing	excellence.	

Some	commercialisation	activities	will	be	carried	out	during	Phase	2	of	InFORM,	which	will	 include	manufacture	
of	a	two	thirds	scale	nuclear	pressure	vessel,	the	generation	of	code-case	data,	and	a	market	survey.	There	are	a	
number	of	barriers	 to	entry	 into	 the	nuclear	 component	market4	 including	 capital	 equipment	 investment	 costs	
and	extremely	high	production	and	quality	 assurance	 standards.	 The	 local	 EBW	 technology	being	developed	 in	
InFORM	 will	 reduce	 capital	 costs,	 and	 the	 through-life	 fixturing	 will	 improve	 quality.	 The	 Nuclear	 AMRC's	
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Fit4Nuclear	programme11	will	be	used	to	transfer	InFORM	technologies	into	the	supply	chain.	Subcontractors	will	
work	to	ensure	that	the	new	technologies	offer	advantages	in	both	price	and	operating	cost	to	maximise	the	ROI	
for	 end-users.	 The	 adoption	 of	 these	 new	 techniques	 will	 give	 UK	 manufacturers	 a	 competitive	 advantage,	
reducing	part	cost	and	lead	time	while	increasing	confidence	in	part	quality.	The	workforce	will	be	trained	in	the	
new	manufacturing	techniques,	generating	the	expertise	and	addressing	the	UK	nuclear	and	manufacturing	skills	
gap	caused	by	an	ageing	workforce	and	the	forecast	high	demand	across	all	aspects	of	the	nuclear	sector12.	These	
expertise	will	include	both	nuclear	skills	and	a	transferral	of	skills	from	other	sectors	(such	as	EBW);	over	80%	of	
the	 nuclear	workforce	 use	 skills	which	 are	 shared	with	 other	 industries.	 Extending	 training	 to	 include	 skills	 for	
different	nuclear	technologies	such	as	SMRs	would	increase	resilience	and	overall	efficiency	and	make	expertise	
available	for	international	export12.	This	will	build	confidence	in	the	UK	supply	chain,	allowing	companies	to	win	
orders	and	bring	business	back	to	the	UK.	It	will	increase	the	opportunities	for	local	supply	chains	where	the	local	
workforce	can	assemble	components	on-site	rather	than	importing	pre-fabricated	units	manufactured	elsewhere.	
Many	of	the	components	for	Hinkley	Point	C	will	be	manufactured	by	EDF's	existing	supply	chain,	the	majority	of	
whom	are	French13;	UK	contracts	will	 relate	mainly	 to	 items	outside	 the	 reactor	 island	and	so	are	 restricted	 to	
lower-value	 manufacturing	 and	 servicing	 of	 the	 site	 (e.g.	 provision	 of	 food,	 cleaning	 etc.).	 There	 is	 a	 major	
challenge	for	UK	suppliers	to	win	orders	for	future	new	build	projects	due	to	a	lack	of	competitiveness;	InFORM	
will	provide	companies	with	the	technologies	and	skills	to	break	into	established	supply	chains.		

InFORM	will	 act	 as	 a	unifying	 framework	 across	 a	number	of	 technical	 research	 areas,	 contributing	 to	ongoing	
research	 programmes	 and	 driving	 progress	 in	 the	 other	 competition	 themes,	 such	 as	 mechanisation	 and	
automation	 of	 nuclear	 component	 manufacture;	 pre-fabricated	 module	 development	 and	 verification;	 and	
nuclear	design	codes	and	standards.	The	Nuclear	AMRC	will	hold	meetings	every	six	months	with	all	theme	leads	
which	will	 act	 as	 a	 forum	 for	 cross	 theme	 discussions	 and	 possibly	 enable	 future	 collaborations.	 	 A	 schematic	
showing	how	these	research	programmes	could	align	and	communicate	is	shown	in	Appendix	3.	

Cost	 savings	 will	 be	 passed	 onto	 nuclear	 site	 contractors	 and	 end	 users,	 including	 UK	 consumers	 leading	 to	
cheaper	electricity	from	those	plants	where	the	wholesale	price	is	still	to	be	agreed.	InFORM	is	particularly	likely	
to	affect	the	manufacturing	costs	of	SMRs	and	perhaps	wind	turbines.	The	broader	UK	economy	will	benefit	from	
increased	growth	and	job	creation.	As	UK	manufacturers	take	up	the	new	technologies,	they	will	be	in	a	position	
to	supply	high	quality	components	at	a	very	competitive	price	and	hence	win	export	contracts,	generating	profits	
for	UK	organisations	and	bringing	work	back	to	the	UK.	This	will	have	a	positive	effect	on	the	UK	economy.		

2 Team	and	Resources		
2.1 Skills	and	experience	of	the	project	team	
The	lead	contractor	is	the	Nuclear	AMRC	and	the	subcontractors	are	CVE,	SFIL,	MetLase,	NPL	and	TWI.	There	will	
also	be	a	group	of	supporting	partners	consisting	of	BAE	Systems,	Cavendish	Nuclear,	EDF	Energy,	Frazer	Nash,	GE	
Hitachi	Nuclear	Energy,	Moltex	Energy,	NuScale,	Rolls-Royce,	Sellafield	and	Westinghouse	Electric	Company.	

2.1.1 Nuclear	AMRC	
The	Nuclear	AMRC	has	established	itself	as	the	centre	of	excellence	for	UK	nuclear	manufacturing	and	has	strong	
existing	working	 relationships	with	 the	majority	 of	 the	 named	 subcontractors	 and	 all	 supporting	 partners.	 The	
Nuclear	 AMRC	 brings	 together	 the	 experience	 and	 resources	 of	 industry	 leaders	 from	 across	 the	 civil	 nuclear	
manufacturing	 supply	 chain	 with	 the	 expertise	 and	 innovation	 of	 leading	 universities	 and	 has	 substantial	
experience	 in	 managing	 large,	 collaborative	 R&D	 projects.	 The	 Nuclear	 AMRC	 also	 brings	 valuable	 in-house	
technical	expertise	related	to	the	developments	 in	this	project,	 including	EBW,	advanced	machining,	knowledge	
of	 industrial	 fixturing	 and	 world	 leading	 metrology	 expertise.	 Personnel	 expertise	 within	 the	 Nuclear	 AMRC	
includes	 three	 fellows,	 eight	 chartered	 engineers	 and	 six	 engineering	 technicians.	 The	 Nuclear	 AMRC	will	 also	
have	access	to	the	wider	experience	and	skills	available	within	the	University	of	Sheffield	and	the	AMRC	Group.	

                                                
11 http://namrc.co.uk/services/f4n/ 
12 Nuclear Workforce Assessment 2017, a report from the Nuclear Skills Strategy Group 
13 The HPC supplier booklet, "Building our industrial future" published by EDF states that there are 'relatively few companies 
in the UK that already have the mechanisms in place to provide [the detailed verification and quality control] about their own 
manufacturing supply chain.' The aim is to create a legacy of UK firms being able to compete for other nuclear contracts. 
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The	Nuclear	AMRC,	as	the	main	subcontractor	will	manage	InFORM	and	are	responsible	for	delivering	the	project	
on-time	and	to	cost.	

David	Anson	Commercial	programme	manager,	MSc,	CEng,	MIET	will	manage	InFORM.	He	is	currently	responsible	
for	forming	integrated	project	teams	at	the	Nuclear	AMRC	and	driving	collaborative	projects	towards	a	successful	
conclusion.	 David	 is	 a	 Chartered	 Engineer,	 a	 Member	 of	 the	 Institute	 of	 Engineering	 and	 Technology,	 and	 a	
qualified	PRINCE2	practitioner.	He	has	extensive	industrial	experience,	including	product	management	at	a	start-
up	company	producing	electronic	sensors,	production	engineering	in	military	aerospace	for	the	Dowty	Group,	and	
implementing	process	control	and	machine	capability	for	Leyland	Oaf	trucks.	

Carl	Hitchens	Head	of	machining	and	metrology	MSc,	CEng,	 FIMechE	will	 be	 the	 technical	 lead	on	 the	project.	
Carl’s	extensive	metrology	knowledge	will	form	a	key	part	of	this	project.	Carl	is	a	Chartered	Engineer	and	Fellow	
of	 the	 Institution	 of	 Mechanical	 Engineers.	 He	 is	 chair	 of	 the	 High	 Value	 Manufacturing	 Catapult	 Metrology	
Forum,	BSI	committee	member	for	technical	product	realisation,	and	primary	point	of	contact	with	the	National	
Physical	Laboratory.	Before	joining	the	Nuclear	AMRC,	Carl	spent	10	years	at	Materialise	as	UK	software	business	
manager,	and	worked	for	14	years	 in	various	areas	of	high-value	manufacturing	 for	Vero	Software,	Doncasters,	
Symmetry	Medical	and	Firth	Rixson	Forgings.	

Dr	 Bernd	 Baufeld	Power	 beam	 technology	 lead,	MSc,	 Dipl	 Phys,	 PhD	 is	 responsible	 for	 leading	 electron	 beam	
welding	 and	 laser	manufacturing	 research	 and	 development.	 Bernd	 is	 a	member	 of	 the	 advisory	 board	 of	 the	
EPSRC-funded	 New	Nuclear	Manufacturing	 (NNUMAN)	 project,	 and	 of	 a	 large	 German	 additive	manufacturing	
programme.	 He	 has	 authored	 over	 100	 peer-reviewed	 research	 papers,	 and	 reviews	 project	 proposals	 for	 the	
European	Horizon	2020	programme.	As	power	beam	 lead,	 he	 and	his	 team	have	access	 to	 the	K2000	electron	
beam	welding	 chamber	 should	 trials	 be	 required	 as	 part	 of	 stage	 2.	 His	 knowledge	 will	 also	 be	 useful	 in	 the	
development	of	local	vacuum	EBW	and	parameter	selection.	

2.1.2 Cambridge	Vacuum	Engineering		
CVE	 have	 more	 than	 50	 years’	 experience	 manufacturing	 EB	 systems	 and	 vacuum	 furnaces.	 They	 have	 a	
commercially	available	local	vacuum	welding	system	named	EBFLOW,	own	IP	related	to	local	vacuum	equipment	
for	EBW	and	design	and	build	process	solutions	for	EB	systems.	CVE	will	work	as	sub-contractors	to	TWI	on	WP2.4	
Local	Vacuum	Development	providing	valuable	expertise	on	the	sealing	systems	required	to	enable	local	vacuum	
EBW	and	completing	factory	acceptance	testing	(FAT).	They	will	also	contribute	to	WP2.5	(Local	vacuum	trial)	and	
WP2.8	 (Dissemination	 activities).	 CVE,	 as	 one	 of	 the	 project’s	 SMEs,	 will	 be	 used	 as	 the	 pilot	 organisation	 to	
commercialise	 InFORM	outputs	 associated	with	 EBW	 through	marketing	 and	 sales	 of	 an	 adaptable	 SMR-ready	
welding	system.		

Bob	 Nicolson	 has	 been	 managing	 director	 of	 CVE	 since	 2001,	 and	 has	 led	 or	 been	 involved	 in	 many	 UK	 and	
European-funded	development	projects.	He	has	also	 led	the	development	of	a	number	of	new	EB	technologies	
with	significant	disruptive	potential.	

Paul	Plumb,	Engineering	director,	has	worked	for	CVE	since	1978,	and	been	engineering	director	since	1990.	He	
has	overseen	the	production	of	over	800	electron	beam	systems	for	aerospace,	automotive,	energy	and	nuclear	
sites,	and	led	the	work	packages	for	all	of	CVE's	previous	UK	and	European-funded	development	projects.		

They	 will	 provide	 valuable	 knowledge	 and	 will	 adapt	 an	 existing	 EB	 system	 to	 ensure	 suitability	 for	 nuclear	
pressure	vessel	manufacture.	This	will	 include	design	and	manufacture	of	hardware,	including	supply	of	vacuum	
pumps	 and	 FAT,	 involving	 demonstration	 of	 vacuum	 performance	 when	 in	 motion.	 CVE	 will	 design	 the	 end	
effector	 and	 backing	 vacuum	 sub-systems	 and	 will	 provide	 all	 necessary	 hardware	 for	 the	 modified	 EBFLOW	
system.		

2.1.3 Sheffield	Forgemasters	International	Ltd	
SFIL	 is	 a	 heavy	 engineering	 firm	 located	 in	 Sheffield	 and	 one	 of	 the	 world’s	 largest	 producers	 of	 forgings	 for	
nuclear	power	projects.	The	company	specialises	in	the	production	of	large	bespoke	steel	castings	and	forgings,	as	
well	as	standard	rolls,	ingots	and	bars.	SFIL	has	a	long	history	manufacturing	components	for	nuclear	applications	
and	spends	5	-	10%	of	its	annual	profits	on	research	and	development.	SFIL	will	build	on	existing	research	being	
carried	out	in	the	Innovate	UK	project	‘innovative	forgings	and	fabrications	for	the	energy	sector’.	Specifically,	it	
will	complete	a	manufacturing	process	review	of	nuclear	components	covering	an	overview	of	the	steel	making	
process,	and	component	design	for	manufacture,	heat	treatment,	material	properties	and	component	inspection.		
The	output	of	which	will	identify	areas	for	improvement	to	increase	geometric	control	of	the	final	forging	and	to	
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allow	 nearer	 net	 shape	 specifications	 to	 be	 applied,	 therefore	 reducing	material	 waste	 and	 reducing	 finishing	
operations	 to	 a	minimum.	 SFIL	will	 lead	WP2.1	 (Forging	 optimisation)	 and	 contribute	 to	WP2.8	 (Dissemination	
activities).		

Prof.	 Jesus	 Talamantes-Silva,	Group	 Design	 and	 Technology	 Director,	 is	 head	 of	 Sheffield	 Forgemasters'	 R&D	
subsidiary	RD26	Ltd,	and	its	oil	and	gas	subsidiary	Vulcan	SFM	Ltd.	He	is	responsible	for	delivering	metallurgical	
and	engineering	solutions	for	a	wide	variety	of	processes,	both	within	Forgemasters	and	for	external	customers.	
He	is	Visiting	Professor	of	Materials	Science	and	Engineering	at	the	University	of	Sheffield,	and	sits	on	the	Nuclear	
AMRC	research	board.	He	is	also	a	member	of	the	Bulk	Metal	Forming	Committee	of	the	Materials	Science	and	
Technology	Division	of	The	Institute	of	Materials	Minerals	and	Mining;	and	a	member	of	the	Sheffield	City	Region	
Science	and	Innovation	Board.	As	head	of	RD26	Ltd	he	has	access	to	leading	research	techniques	such	as	hollow	
ingot	forging,	and	provides	world	leading	expertise	and	forgings	for	demonstration	purposes.	

2.1.4 MetLase	
MetLase	is	a	joint	venture	between	Rolls-Royce	PLC	and	Unipart.	They	are	a	mechanical	engineering	consultancy	
whose	 technology-based	 approach	 and	 patented	 tooling	 techniques	 allow	 them	 to	 quickly	 design	 and	
manufacture	bespoke,	precision	engineering	 solutions.	By	using	 laser-cutting	and	press-brake	material	 forming,	
MetLase	 can	 design	 and	 produce	 simple	 and	 complex	 tooling,	 fixturing	 and	 components	 for	 a	 wide	 range	 of	
industries,	often	bringing	lead	times	of	months	down	to	just	days.		

Dr	Stewart	Lowth	joined	MetLase	in	January	2017	as	the	Lead	Engineer	for	research	and	development,	where	he	
oversees	 a	 number	 of	 internal	 and	 externally	 funded	 research	 projects.	 Dr	 Lowth	 is	 also	 a	 Unipart	 digital	
champion	 and	 oversees	 MetLase’s	 metrology	 capabilities.	 After	 completing	 his	 manufacturing	 PhD	 in	 2016,	
Stewart	 became	 Assistant	 Professor	 of	 Tooling	 and	 Fixturing	 at	 the	 University	 of	 Nottingham.	 Here	 Dr	 Lowth	
oversaw	a	number	of	research	projects	in	the	areas	of	specialist	robots	and	fixture	design;	developing	a	combined	
portfolio	of	£830K.	Dr	Lowth	is	the	author	of	four	peer	reviewed	journal	papers	(with	three	more	in	review)	and	
the	 named	 inventor	 on	 nine	 patents.	 Prior	 to	 his	 time	 in	 academia	 Stewart	 worked	 for	 11	 years	 as	 a	 design	
consultant	for	automotive	fixturing	and	special	purpose	machinery.		

In	 InFORM	MetLase	will	 lead	WP2.3	 (Intelligent	 fixture)	 and	develop	a	 through-life	process	 integrated	 fixturing	
system,	working	within	a	common	Cartesian	datum	system	encompassing	the	machining,	welding,	assembly	and	
inspection	 of	 the	 demonstrator	 manufacturing	 process.	 It	 will	 address	 the	 typical	 challenges	 involved	 in	 the	
manufacture	of	large	components	such	as	work-holding;	manipulation;	alignment;	datum	setting	and	translation;	
and	process	interactions.	

2.1.5 TWI	
TWI	 has	 expertise	 in	 materials	 joining	 and	 engineering	 processes	 as	 applied	 in	 industry.	 They	 specialise	 in	
innovation,	 knowledge	 transfer	 and	 in	 solving	 problems	 across	 all	 aspects	 of	 manufacturing,	 fabrication	 and	
whole-life	 integrity	management.	TWI	have	a	£150M	facility	 in	Cambridge,	 including	state	of	the	art	equipment	
dedicated	to	structural	integrity,	robotics,	welding	and	NDE.	They	have	extensive	knowledge	of	EBW	and	it	is	their	
EB	gun	that	is	used	under	license	on	the	EBFLOW	system,	with	whom	they	have	a	long-standing	relationship.	TWI	
have	 previously	 collaborated	with	 all	 of	 the	 subcontractors	 and	 have	 particular	 expertise	 in	welding	 and	weld	
testing/verification;	they	will	therefore	act	as	a	second	party	verifier.		

Chris	 Punshon,	Power	 Industry	 Sector	Manager	 BMet.	 (hons)	 C.Eng,	MIMMM,	 SenMWeldI,	 has	 over	 30	 years'	
experience	 at	 TWI	 in	 thick-section,	 high-productivity	welding	 process	 development.	 He	 has	 developed	 systems	
and	 applications	 for	 local	 vacuum	EBW	and	 laser	welding	 for	 the	 energy	 sector,	 taking	 the	 process	 from	early	
research	and	development	to	near-industrial	exploitation.	He	originally	trained	as	a	metallurgist	and	was	awarded	
an	 honours	 degree	 in	 Metallurgy	 BMet	 by	 the	 University	 of	 Sheffield	 and	 is	 a	 chartered	 engineer,	 a	 senior	
member	of	the	Welding	Institute	and	a	member	of	the	Institute	of	Mining	Metals	and	Materials.	He	 is	active	 in	
code	development	and	standards	in	ASME	and	EN	ISO	and	sits	on	the	UKAEA	technical	advisory	committee.		

Dr	Nick	Bagshaw	BEng.MSc,	PhD,	CEng,	is	TWI's	technical	lead	in	local	vacuum	deployment	of	reduced	pressure	
electron	 beam	 welding	 for	 large	 structures.	 After	 spending	 six	 months	 in	 Finland,	 working	 at	 Rautaruukki	
Corporation	 (Steelworks),	 Nick	 joined	 the	 Finite	 Element	 Analysis	 (FEA)	 section	 at	 TWI.	 He	 spent	 four	 years	
working	 on	many	 different	 types	 of	 engineering	 problems	 and	 became	 a	 specialist	 in	weld	 process	modelling,	
developing	 modelling	 procedures	 and	 optimising	 software	 codes	 in	 order	 to	 predict	 distortion	 and	 residual	
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stresses	in	large	and	complex	structures.	In	2005,	he	joined	the	EB	section	at	TWI	managing	large	EB	application	
projects	and	performing	EBW	modelling.		

TWI	will	lead	WP2.4	to	develop	a	local	vacuum	EBW	system	using	their	existing	EB	gun	technology	with	support	
from	CVE.	This	technology	is	currently	housed	at	SFIL	but	may	be	relocated.	TWI	will	 lead	WP2.5	(Local	vacuum	
trial),	and	will	also	support	WP2.7	(Technology	demonstrator)	and	WP2.8	(Dissemination	activities).		

2.1.6 National	Physical	Laboratory		
NPL	 is	 the	UK’s	National	Measurement	 Institute	 and	 is	 a	world-leading	 centre	 of	 excellence	 in	 developing	 and	
applying	 the	 most	 accurate	 measurement	 standards,	 science	 and	 technology	 available.	 NPL	 develops	 and	
maintains	 the	 nation’s	 primary	 measurement	 standards	 which	 underpin	 an	 infrastructure	 of	 traceability	
throughout	 the	UK	and	 the	world	 that	 ensures	 accuracy	 and	 consistency	of	measurement.	NPL	delivers	world-
leading	measurement	solutions	that	are	critical	to	commercial	research	and	development,	and	support	business	
success	across	the	UK	and	the	globe.		

Currently,	 NPL	 is	 developing	 Frequency	 Scanning	 Interferometer	 (FSI)	 systems	 which	 will	 be	 used	 as	 part	 of	
InFORM.	The	system	operates	similar	to	global	navigation	using	GPS;	a	number	of	sensors	surround	the	working	
volume	and	simultaneously	detect	multiple	points	of	interest.	

Prof.	 Ben	Hughes,	MInstP	 CPhys	 Principal	 Research	 Scientist	 at	NPL	 is	 an	 internationally	 recognised	metrology	
expert	 with	 a	 special	 interest	 in	 the	 development	 of	 new	 instruments	 and	 techniques	 for	 portable	 and	 large	
volume	coordinate	metrology	and	mechanical	testing	of	space	hardware.	Most	of	his	career	has	been	spent	as	a	
researcher	at	NPL	with	his	latest	work	including	leading	development	of	FSI.	
He	 is	 chair	 of	 the	 3D	 Metrology	 Conference	 (3DMC)	 organising	 committee	 and	 is	 visiting	 professor	 at	 the	
University	of	Bath.	He	also	works	with	several	other	universities	(e.g.	Oxford,	UCL,	South	Wales,	and	Cranfield)	to	
deliver	collaborative	research	in	the	development	and	application	of	dimensional	metrology	systems	particularly	
those	applicable	in	the	field	of	high-value	manufacturing.	

Previously	he	developed	a	number	of	state-of-the-art	 instruments	for	the	European	Space	Agency’s	Test	Centre	
and	their	partners	that	have	been	used	to	test	prototype	thrusters	for	past	missions.	

Dr	Michael	Campbell	is	a	Senior	Research	Scientist	in	the	Dimensional	Metrology	group	at	NPL.	Since	joining	NPL,	
Michael	has	been	undertaking	research	in	large	volume	metrology,	focusing	on	the	design	and	implementation	of	
FSI	to	measure	3D	coordinates.		
He	 has	 an	 MSci	 in	 Physics	 and	 Space	 technology	 and	 a	 PhD	 in	 Astrophysics	 and	 Instrumentation	 from	 the	
University	of	Edinburgh.	He	has	extensive	experience	in	developing	novel	technologies	for	cutting	edge	research.	
He	 is	 part	 of	 numerous	 collaborations	 with	 both	 industry	 and	 academia.	 His	 current	 role	 involves	 design	 and	
construction	of	large	volume	dimensional	metrology	systems	with	the	aim	of	reshoring	manufacturing	in	the	UK	
and	the	EU.	

In	 this	 project,	NPL	will	 support	MetLase	 in	WP2.3	 (Intelligent	 fixture)	 providing	 specialist	metrology	 expertise	
relating	to	alignment	during	assembly,	provide	their	FSI	equipment	for	use	with	the	technology	demonstrator	as	
well	as	working	with	MetLase	on	a	means	of	integrating	FSI	in	the	intelligent	fixture.	Their	input	includes	four	days	
of	 metrology	 based	 consultancy	 and	 up	 to	 10	 days	 of	 on-site	 support	 during	 development	 of	 the	 technology	
demonstrator	to	integrate	the	FSI	system	with	the	intelligent	fixture.	

2.1.7 Supporting	partners		
The	following	end	users	have	submitted	 letters	 in	support	of	 the	 InFORM	project	and	will	comprise	the	project	
supporting	 partners:	 BAE	 Systems,	 Cavendish	 Nuclear,	 EDF	 Energy,	 Frazer	 Nash,	 GE	 Hitachi	 Nuclear	 Energy,	
Moltex	 Energy,	 NuScale,	 Rolls-Royce,	 Sellafield	 and	 Westinghouse	 Electric	 Company	 (WEC).	 The	 Supporting	
partners	will	provide	industrial	advice	to	the	project	along	with	the	industrial	pull.	The	partners	have	confirmed	
how	InFORM	can	reduce	cost	and	time	in	their	core	manufacturing	businesses	and	have	been	involved	during	the	
initial	proposal	stage	and	Stage	1	to	guide	the	project.	The	members,	terms	of	reference	and	governance	of	the	
supporting	partners	will	be	reviewed	throughout	the	project	with	the	expectation	that	more	stakeholders	will	be	
identified	during	the	project	 lifecycle.	The	relevance	of	the	supporting	partner	members	 is	shown	through	their	
core	business	interests:		

• BAE	 Systems	 (Maritime)	 is	 a	world	 leading	 designer	 and	manufacturer	 of	 the	 full	 range	 of	 naval	 ships,	
including	nuclear	submarines,	which	necessitate	welding	large	components.		
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• Cavendish	 Nuclear	 are	 the	 UK’s	 leading	 supplier	 to	 the	 nuclear	 industry	 offering	 both	 experience	 and	
specialist	 knowledge	 across	 all	 aspects	 of	 the	nuclear	 energy	 life	 cycle,	 from	design	 and	build,	 through	
operations	and	maintenance,	to	decommissioning,	waste	management	and	remediation.	

• EDF	Energy	is	an	integrated	energy	company,	with	operations	spanning	electricity	generation	and	supply	
to	 homes	 and	 businesses	 throughout	 the	 UK.	 Within	 the	 nuclear	 industry,	 its	 activities	 involve	 site	
planning	and	construction,	operations	and	decommissioning.	

• Frazer-Nash	 is	 a	 multi-disciplinary	 engineering	 consultancy	 which	 solves	 complex	 challenges	 in	
engineering	using	knowledge	and	technical	expertise	gained	from	diverse	industries;	one	of	those	being	
nuclear.	

• GE	 Hitachi	 Energy	 alliance	 combines	 GE’s	 design	 expertise	 delivering	 reactors,	 fuels	 and	 services	 with	
Hitachi’s	 proven	 experience	 in	 advanced	 modular	 construction	 offering	 the	 technological	 leadership	
required	to	enhance	reactor	performance,	power	output	and	safety.	

• Moltex	is	a	developer	of	nuclear	reactors	specialising	in	molten	salt	reactor	technology,	with	the	potential	
to	make	nuclear	power	safer	and	cheaper.		

• NuScale	 Power	 is	 a	 developer	 of	 SMR	 technology,	 offering	 near-term	 deployable,	 cost	 competitive,	
scalable,	 flexible	 and	 low	 carbon	 power	 supply.	 NuScale	 is	 advancing	 its	 plans	 to	 build	 a	 UK-US	
partnership,	which	will	see	its	technology	built	in	British	factories.	

• Rolls-Royce	 are	 the	 UK’s	 leading	 manufacturer	 of	 high	 value	 components	 for	 nuclear	 new	 build	 and	
defence	and	are	developing	a	SMR	technology	for	the	UK	market.	

• Sellafield	 Ltd	 are	 responsible	 for	 the	 decommissioning	 of	 their	 site	 in	West	 Cumbria,	 on	 behalf	 of	 the	
Nuclear	Decommissioning	Authority.	Sellafield	is	Europe’s	most	complex	nuclear	site	with	up	to	100	years	
of	uniquely	challenging	projects	remaining.	One	area	in	which	SIMPLE	will	be	able	to	add	specific	value	is	
the	development	of	generic	3	m3containers	for	intermediate	level	wastes.		

• WEC	provides	a	wide	range	of	nuclear	power	plant	products	and	services	to	utilities	throughout	the	world	
and	are	developing	their	AP100	SMR	technology	for	UK	implementation.		

2.2 Changes	from	Stage	1	
The	main	 sub-contractor	 of	 the	 intelligent	 fixtures	 portion	 of	 the	 project	 was	 changed	 from	 the	 University	 of	
Nottingham	to	MetLase	due	to	the	movement	of	key	personnel	 from	University	of	Nottingham	to	MetLase	and	
the	 improved	 opportunity	 for	 exploitation	 offered	 by	 this	 SME.	 Moltex	 expressed	 an	 interest	 in	 the	 project	
outcomes	 and	 have	 been	 added	 as	 a	 supporting	 partner.	NPL	were	 also	 added	 as	 a	 subcontractor	 as	 their	 FSI	
equipment	was	identified	as	impactful	in	the	technology	down-selection	process	as	this	technology	could	provide	
a	step	change	in	large	scale	assembly.	

2.3 Relationships	developed	in	Stage	1	
Stage	 1	 allowed	 existing	 relationships	 between	 partners	 to	 be	 further	 strengthened	 and	 led	 to	 some	 new	
relationships	between	subcontractors.	Regular	 interaction	with	CVE	to	 formulate	a	clear	vision	 for	 the	EBFLOW	
development	work	 in	 stage	 2	 and	 beyond	meant	 that	 the	 Nuclear	 AMRC	 and	 CVE	 developed	 a	 good	working	
relationship	although	they	had	not	previously	collaborated.	Collaboration	with	a	second	SME,	MetLase,	involved	
regular	email	and	telephone	discussions	leading	to	another	strong	working	relationship	with	a	shared	view	of	this	
project	 and	 future	 potential	 collaborations	 around	 bespoke	 and	 intelligent	 fixtures.	 MetLase	 also	 value	 the	
opportunity	 presented	 by	 InFORM	 to	 tailor	 their	 products	 to	 very	 large	 components,	 beyond	 the	 sizes	 they	
normally	 consider.	 This	 will	 allow	 them	 to	 demonstrate	 capability	 for	 large-volume	 high-value	 manufacturing	
sectors	such	as	ship	building,	nuclear,	rail,	space,	and	aero-structures.	Furthermore,	InFORM	will	provide	a	test-
bench	 for	 the	 application	 and	 integration	 of	 large	 volume	metrology	 systems	within	MetLase's	 fixtures.	 It	 also	
offers	MetLase	the	opportunity	to	increase	their	R&D	efforts	since	participation	in	InForm	will	allow	them	to	build	
relationships	with	other	InFORM	consortium	members	and	seek	funding	for	further	collaborative	research.	There	
is	also	the	potential	for	InFORM	to	facilitate	a	new	relationship	between	NPL	and	MetLase	through	collaboration	
between	 the	 two	 on	 the	 intelligent	 fixture,	 with	 NPL	 providing	 FSI	 equipment	 and	 world	 leading	 metrology	
expertise.	 InFORM	also	helps	to	strengthen	existing	working	relationships	between	Nuclear	AMRC	and	previous	
collaborators	such	as	TWI	and	NPL.	

2.4 Resources	and	access	
The	 Nuclear	 AMRC	 have	 carried	 out	 capacity	 planning	 and	 the	 relevant	 resources	 are	 available	 for	 Stage	 2.	
Nuclear	 AMRC	will	 assign	 a	 project	 team	 consisting	 of	 welding,	 metrology	 and	machining	 research	 engineers.	
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Machining	trials	will	be	completed	at	the	Nuclear	AMRC	utilising	the	 large	machine	tools	and	existing	advanced	
cooling	equipment.	All	 tooling	used	will	 be	 sourced	 through	 regular	 tooling	 suppliers	of	 the	Nuclear	AMRC.	All	
machine	 programming	 using	 innovative	 algorithms	 and	 scan	 data	 will	 be	 completed	 by	 experienced	 NC	
programmers	within	Nuclear	AMRC.	

InFORM	will	 use	TWI’s	 reduced	pressure	EB	gun	 that	 is	 currently	housed	at	 SFIL.	 This	may	be	moved	 to	a	TWI	
facility	 but	 subcontractors	 have	 confirmed	 that	 it	 will	 be	 available	 for	 use	 in	 Stage	 2.	 In	 addition,	 a	 suitably	
shielded	 X-ray	 containment	 area	will	 be	made	 available	 for	 the	 EBW	 trials	 at	 either	 SFIL	 or	 TWI.	 CVE	 vacuum	
hardware	is	readily	available	through	their	usual	supply	chain,	and	development	work	will	be	completed	in-house.		

MetLase	may	 choose	 to	 use	 their	 own	 in-house	manufacturing	 capabilities	 to	 produce	 the	 required	materials	
using	laser	cut	sheet	metal.	This	may	not	be	sufficient,	so	more	substantial	sub-structures/materials	may	need	to	
be	 bought	 in.	 Either	 way	 the	 materials	 are	 readily	 available	 and	 there	 will	 be	 a	 focus	 on	 simplicity	 and	
functionality.		

SFIL	have	dedicated	a	report	writing/research	resource	from	their	research	team	at	RD26	(the	research	branch	of	
SFIL).		

The	developers	of	the	NPL	FSI	equipment	will	be	available	for	up	to	four	days	of	consultancy	work	with	MetLase	
to	advise	on	the	application	and	integration	of	FSI	into	an	intelligent	fixture.	The	FSI	equipment	will	also	be	made	
available	 for	 use	with	 the	 final	 technology	 demonstrator	with	 up	 to	 10	 days	 of	 on-site	 support	 from	 two	NPL	
personnel	to	ensure	its	proper	function.	

All	 subcontractors	have	developed	detailed	project	 schedules	 and	 resourcing	plans	 and	 subsequently	 indicated	
their	confidence	to	deliver	to	time	and	cost,	with	no	pressing	resource	issues	flagged.	This	project	is	of	substantial	
economic	 benefit	 to	 each	 subcontractor	 with	 the	 future	 benefits	 from	 commercialisation	 and	 sales	 being	
potentially	transformative	for	each	subcontractor,	this	is	particularly	the	case	for	SMEs	CVE	and	MetLase.	

3 Innovation	and	Feasibility		
3.1 Work	carried	out	in	Stage	1	
A	 full	market	 review	of	 the	 innovative	 technologies	 associated	with	 forging,	machining,	 intelligent	 fixtures	 and	
local	 vacuum	welding	has	been	completed.	 This	 covered	both	early-stage,	 low	TRL	 technologies	 such	as	 virtual	
reality	 tracking	and	more	established	 technologies	 such	as	 the	 laser	 trackers	used	extensively	 in	 the	aerospace	
industry.	 The	 TRL	 of	 each	 technology	 was	 assessed	 and	 the	 potential	 impact	 if	 implemented	 in	 nuclear	
manufacture	determined.	This	was	done	by	estimating	 the	effect	on	manufacturing	cost,	 time	and	quality	on	a	
scale	of	-5	to	+5,	with	a	100%	improvement	in	any	metric	equating	to	a	score	of	+5.	The	scoring	was	completed	
during	a	workshop	involving	key	members	of	the	Nuclear	AMRC	team	and	has	been	validated	by	the	supporting	
partners.	The	results	can	be	seen	in	Table	1	and	are	illustrated	in	Figure	3-1,	which	indicates	the	technologies	to	
be	 developed	 during	 Stage	 2.	 These	 all	 achieve	 an	 impact	 score	 above	 2.0	 and	 include	 local	 vacuum	 EBW,	
intelligent	fixtures,	innovative	machining	algorithms,	advanced	cooling	and	FSI.	It	can	be	seen	that	both	ordinary	
and	 supercritical	 CO2	 achieve	 the	 same	 impact	 score.	 Although	 a	 supercritical	 system	 costs	 more	 it	 has	 been	
selected	 for	use	 in	 Stage	2	because	of	 the	benefits	 associated	with	 the	100%	 solubility	 of	 the	 supercritical	 gas	
which	allows	the	MQL	and	CO2	to	travel	as	a	single	phase.	This,	along	with	the	higher	delivery	pressure,	generates	
more	ice	crystals	leading	to	an	enhanced	cooling	effect.	

Although	 virtual	 reality	 trackers	 were	 not	 chosen	 to	 be	 taken	 forward	 into	 Stage	 2	 because	 of	 their	 limited	
working	volume,	they	will	be	kept	under	review	as	it	is	possible	that	the	working	volume	will	be	extended	through	
use	of	more	base	stations	in	future	systems.	This	would	be	of	interest	for	large	scale	assembly	due	to	the	marked	
cost	difference	between	virtual	reality	and	laser	based	systems.	

	 	 Impact	
Manufacturing	technology	/	innovation	 TRL	 Price	 Cost	 Quality	 Time		 Mean	

Non-contact	3D	scanning	

Structured	light	
scanners	 High	 £200k	 0	 2	 -2	 0	

Optical/laser	
CMM	 High	 £150k	 0	 1	 -1	 0	

Low	cost	
scanners	 Medium	 £10k	 1	 1	 1	 1.0	
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Laser	room	
scanner	 Medium	 £14k	 1	 -1	 4	 1.33	

Advanced	forging	techniques	 High	 NA	 3	 2	 -2	 1.0	
Innovative	machining	algorithms	 Medium	 0	 4	 0	 4	 2.67	

Advanced	cooling	techniques	
CO2	 Medium	 £50k	 3	 3	 1	 2.33	

Supercritical	CO2	 Medium	 £140k	 3	 3	 1	 2.33	

Intelligent	fixtures	 Medium	 £1.5-
300k	 3	 3	 5	 3.67	

Local	vacuum	EBW	 Medium	 £2-
4M	 4	 4	 4	 4.0	

Metrology	for	
alignment/assembly	

Laser	trackers	 High	 £150k	 0	 2	 0	 0.67	
Frequency	
scanning	

interferometry	
Low	 £150-

250k	 0	 3	 4	 2.33	

Photogrammetry	 Medium	 £150k	 1	 1	 2	 1.33	
Virtual	reality	

trackers	 Low	 £2k	 2	 -1	 2	 1.0	

Table	1:	Technology	Scoring	
The	 supporting	 partners	 were	 again	 consulted	 following	 the	 down	 selection	 process.	 They	 confirmed	 their	
interest	in	the	project	outputs,	ranging	from	the	entire	system	to	specific	elements.	BAE	Systems	and	EDF	have	an	
interest	in	the	local	vacuum	EBW	outputs	of	InFORM	with	EDF	stating	on-site	welding	of	kilometres	of	pipes	as	a	
potential	 application	 and	 BAE	 Systems	 see	 it	 having	more	 general	 uses	 in	 joining	 castings,	 forgings	 and	 valve	
fabrication	 in	 defence.	 Rolls-Royce	 see	 potential	 benefit	 in	 the	 system	 in	 its	 entirety	 (with	 the	 proviso	 that	 it	
increases	factory	throughput	without	a	significant	increase	in	manufacturing	cost),	while	Moltex	are	interested	in	
using	different	modules.	A	need	for	better	equipment	utilisation	was	also	noted.		

	

	
Figure	3-1:	Impact	of	different	manufacturing	technologies	

3.2 Description	of	technologies	to	be	developed,	innovations	and	benefits	
As	stated	previously,	the	current	manufacturing	methods	for	 large	energy-generation	components	are	manually	
intensive.	 The	 shop-floor	 is	 an	 artisan	 operation,	 with	 successful	 part	 production	 relying	 on	 the	 skills	 and	
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knowledge	of	 the	 technicians.	Stage	2	will	 focus	on	developing	 the	 technologies	 selected	during	Stage	1;	 these	
will	 be	 showcased	 on	 a	 two-thirds	 scale	 technology	 demonstrator	 consisting	 of	 two	 large	 cylinders.	 The	
innovations	and	benefits	of	each	are	described	 in	the	following	sections.	A	concept	drawing	for	 InFORM	can	be	
seen	 in	Figure	4-1	and	an	R&D	programme	schematic	 is	 given	 in	Appendix	3.	The	overall	 innovative	 solution	 is	
based	 on	 improvements	 in	 each	 part	 of	 the	 manufacturing	 lifecycle.	 The	 benefits	 of	 the	 technologies	 are	
summarised	in	Table	2.	

Technology	 Sector	benefits	

Optimised	forging	 Increased	confidence	in	forging	process	

Closer	to	net	shape	forgings	

Less	material	to	remove	following	forging	

Reduced	lead	times	

Innovative	roughing	
algorithms	

Reduced	non-cutting	time	

Reduced	machine	time	as	more	efficient	tool	paths	

Increased	machine	utilisation	

Machine	from	scan	data	 Reduced	non-cutting	time	

Reduced	machine	time		

Increased	machine	utilisation	

Advanced	cooling	
techniques	

Reduced	cutting	time	due	to	increased	cutting	speeds	

No	need	for	component	cleaning	(40%	time	saving)	

Reduced	health	risks	as	no	need	for	harmful	coolants	

No	cost	for	disposal	of	spent	coolant	

Key	enabler	for	sensors	on	a	fixture	

Local	vacuum	EBW	 Markedly	quicker	than	standard	arc	techniques	(hours	instead	of	weeks)	

Takes	up	less	floor	space	(no	need	for	large	chamber)	

Portable,	single-pass,	thick-section	welding	which	could	be	deployed	at-site	

Intelligent	fixtures	 Reduced	setup	times	

Reduced	health	and	safety	risk	of	moving	components	around	workshop	

Improved	part	quality	through	feedback	from	sensors	to	clamping	to	reduce	distortion		

Reduced	assembly	time	due	to	improved	alignment	methods	using	FSI	with	the	fixture	

Reduced	lead	time	due	to	reduced	setup	times,	less	re-work	required	due	to	improved	
confidence	in	process	through	sensory	feedback,	quicker	alignment	for	final	assembly	

Table	2:	InFORM	benefits	to	the	nuclear	sector	

3.2.1 Forging	
A	review	will	be	conducted	to	establish	an	understanding	of	 the	geometric	definition	and	typical	geometries	of	
nuclear	 components	 and	 their	manufacturability.	 Reactor	 designs	 have	 limited	 scope	 for	 design	 change	which	
results	 in	 conservatism	 in	 the	 forging	 industry,	 where	 material	 allowances	 are	 not	 optimal	 during	 forging,	
resulting	 in	 unnecessarily	 high	 material	 costs	 and	 subsequent	 excessive	 machining	 operations	 to	 reach	 the	
specified	condition	of	supply.	In	particular,	the	more	complex	features	and	the	manufacturing	processes	required	
will	 be	 a	 focus	 of	 the	 investigation.	 Applying	 advanced	metrology	 techniques	 such	 as	 photogrammetry,	 which	
InFORM	will	customise/optimise	for	nuclear	applications,	can	generate	large	quantities	of	dimensional	data.	The	
data	can	be	used	to	control	the	forging	process	and	provide	a	data	rich	environment	that	will	improve	forging	tool	
design	and	 facilitate	 the	handling	and	manipulation	of	 large	 forgings.	Manipulation	 in	particular	will	be	a	 focus	
area	 and	 a	 metrology	 driven	 approach	 will	 allow	 contact	 surfaces	 to	 be	 customised	 for	 a	 specific	 as	 forged	
surface,	the	same	approach	will	be	investigated	for	fixturing	application	in	the	subsequent	machining	and	welding	
operations.	A	great	emphasis	is	traditionally	placed	on	the	forging	process	at	the	press	stage,	however,	a	holistic	
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approach	is	required	that	 looks	at	the	steelmaking	process	through	all	aspects	of	manufacture	to	the	machined	
condition	of	supply	 (COS),	 to	truly	optimise	the	production	of	nuclear	components.	 InFORM	will	 investigate	the	
hollow	ingot	forging	technique	in	parallel	with	metrology,	increasing	the	geometric	control	of	the	final	forging	will	
allow	nearer	net	shape	parts	to	be	produced.	It	is	this	holistic	review	of	the	manufacturing	process	that	needs	to	
be	 conducted	 to	 maximise	 cost	 savings	 and	 ensure	 competitiveness	 in	 a	 global	 market.	 The	 scope	 of	 the	
investigation	is	defined	below:	

• Nuclear	reactor	component	definition	
o Shells,	tube	sheets,	other	components	
o Complex	specific	features	

• Steelmaking		
o Air	melt	ingots		
o Vacuum	stream	degassing		
o Ingot	route	comparison		
o Material	choices	
o Manufacturing	route		

• Component	design	for	manufacture		
o Forge	tooling,	forging	routes		
o Handling	and	manipulation	

• Material	properties		
o Heat	treatment	options		

• Component	inspection	and	supply	
As	well	as	the	technical	innovations,	there	is	an	additional	objective	of	changing	the	mind	set	of	UK	manufacturers	
from	conservatism	to	one	of	confidence,	underpinned	by	data	obtained	from	a	metrology	driven	approach	and	
application	 of	 intelligent	 fixtures.	 This	 data-driven	 approach	 is	 aligned	 to	 the	 principles	 of	 the	 4th	 Industrial	
Revolution	and	essential	to	maximise	the	opportunities	of	data	driven	manufacture	and	ensure	the	future	of	the	
UK	forging	industry.	

3.2.2 Machining	
Optimized	machining	
Specialist	 CAM	 features	 targeted	 at	 improving	 the	 efficiency	 of	 machining	 operations	 such	 as	 iMachining	 and	
Waveform	exist	but	are	not	applicable	to	turning	operations	such	as	those	used	when	rough	cutting	large	nuclear	
forgings.	An	innovative	approach	would	be	to	use	the	scan	data	from	the	forging	process	to	produce	an	accurate	
or	more-representative	COS	model.	This	could	then	be	imported	to	the	CAM	package	and	used	as	stock	to	reduce	
the	number	of	"fresh	air"	cuts.	This	practice	is	used	in	other	industries	where	the	components	are	smaller	and	the	
COS	is	nearer	net	shape,	but	nuclear	components	are	too	large	for	this	to	be	possible	at	present.		

The	current	practice	in	nuclear	is	to	use	a	generic	turning	cycle	with	a	large	offset	to	account	for	the	variations	in	
the	outside	geometry.	The	following	options	are	available	and	would	significantly	reduce	the	machining	time:	

1. Vertical	milling	(strip	mill)	of	the	excess	and	then	turning	to	achieve	a	round	part	
2. Turn	milling,	where	both	the	component	and	the	tool	rotate		
3. Dividing	the	component	into	radial	sections	and	creating	a	bespoke	cycle	for	each		

The	full	benefits	of	the	above	options	require	a	scanned	model	to	be	used	as	stock.	The	key	enabler	for	using	scan	
data	in	the	production	of	nuclear-size	parts	is	a	method	for	reducing	the	file	size.	At	present,	STL	files	generated	
using	scanning	technologies	are	extremely	large	(typically	100,000	KB	compared	with	100-200	KB	for	a	part	file	of	
the	same	component)	and	this	greatly	increases	the	programming	time.	SFIL	currently	use	a	scan	accuracy	of	±3	
mm	 as	 part	 of	 their	 quality	 check	 and	 to	 aid	 set-up,	 but	 this	 is	 not	 accurate	 enough	 to	 be	 used	 in	machining	
models.	 Scanned	models	 are	not	 used	 for	 CAM	programming	 in	 the	nuclear	 industry	 as	 it	 is	 seen	 as	 too	 time-
consuming	and	produces	more	complex	toolpaths.	Software	such	as	Visi,	GOM	Inspect	and	ATOS	Professional	are	
capable	 of	 reducing	 the	 file	 sizes	 through	model	 simplifications,	 or	 alternatively,	 a	 low-cost	 scanner	 could	 be	
used,	yielding	a	less	accurate	model	but	a	more	manageable	file	size.	It	is	necessary	to	strike	a	balance	between	
file	 size	 and	 the	 required	accuracy.	More	efficient	machining	 algorithms	 for	 large	 forgings	would	 yield	massive	
time	reductions	with	very	little	monetary	investment	-	at	most,	new	software	would	be	required.	
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To	use	 this	approach,	accurate	 setup	 is	needed	so	 that	 features	on	 the	 forging	can	be	 located	on	 the	machine	
otherwise	the	part/tool/machine	may	be	damaged.	Accurate	positioning	of	massive	forgings	is	a	major	challenge	
which	will	be	addressed	by	the	intelligent	fixtures	developed	in	InFORM.	

Advanced	cooling	for	machining	
Advanced	cooling	techniques	such	as	near-cryogenic	machining	are	relatively	immature,	with	their	use	limited	to	
laboratory	 or	 research	 centres.	 Literature14,15,16,17	 suggests	 that	 the	 use	 of	 compressed	 CO2	 in	 place	 of	
conventional	coolants	results	in:	

o Increased	productivity	through	increased	cutting	speeds	
o Improved	resistance	to	tool	wear	
o Reduced	disposal	and	coolant	costs	
o Less	solid	waste,	waste	oils,	wastewater	and	air	pollution	
o Reduced	environmental	impact	(recycled	CO2	used)	
o Safer	and	cleaner	working	conditions	
o No	need	for	component	cleaning	

In	nuclear	manufacture,	40%	of	machining	costs	are	due	to	component	cleaning	with	another	20%	due	to	coolant	
cost.	The	use	of	cryogenic	coolant	could	eliminate	component	cleaning	and	drastically	reduce	coolant.	As	well	as	
increased	 cleanliness,	 the	 elimination	 of	 liquid	 coolant	 is	 a	 key	 enabler	 for	 the	 use	 of	 sensors	 in	 an	 intelligent	
fixture	 since	 their	 performance	would	 be	 significantly	 inhibited	 by	 the	 presence	 of	 coolant.	 Although	 very	 few	
industry	applications	of	the	technology	are	known,	off	the	shelf	cryogenic	systems	are	available	and	can	be	retro-
fitted	to	almost	any	machine	tool.	The	Nuclear	AMRC	has	experience	of	using	near	cryogenic	machining	on	a	5-
axis	 mill-turn	 machine	 as	 well	 as	 the	 recent	 installation	 of	 a	 supercritical	 CO2	 system	 on	 a	 horizontal	 boring	
machine.	 The	 effect	 of	 CO2	 on	 the	 surface	 integrity	 of	 components	 is	 not	well	 investigated	 and	 appears	 to	 be	
material	specific.	Research	is	on-going	within	the	Nuclear	AMRC	into	its	effect	on	304L	stainless	steel	and	SA508	
pressure	vessel	steel.	There	is	limited	literature	available	for	these	materials;	other	work	on	cryogenic	machining	
is	not	relevant	because	it	is	generally	carried	out	on	nickel	and	titanium	alloys	which	have	a	different	response.		

Minimum	quantity	lubrication	(MQL)	can	also	be	used	with	advanced	cooling	systems.	This	will	not	affect	sensors	
as	very	little	is	used;	5-80	ml/hour	as	compared	with	40,000	ml/hour	for	flood	coolant.	The	transport	of	MQL	to	
the	cutting	tool	is	via	the	CO2	flow.	The	addition	of	MQL	provides	the	required	lubricity	for	machining	processes	
and	literature18	suggests	that	it	enhances	the	benefits	of	CO2	machining.	

The	Pure-Cut	 system	available	 from	Fusion	Coolant	and	down-selected	 for	use	 in	 INFORM	delivers	 supercritical	
CO2	and	MQL	to	the	cutting	tool	as	a	single-phase	system.	The	lubricant	(MQL)	then	separates	from	the	CO2	and	
penetrates	the	friction	zones,	adding	the	much-needed	lubricity.	Work	is	being	carried	out	by	the	Nuclear	AMRC	
to	establish	suitable	parameters	(coolant	hole	size,	pressure	etc)	and	tooling,	before	scaling	up	these	trials	on	a	
larger	machine	with	materials	relevant	to	the	nuclear	industry	within	InFORM.	

3.2.3 Intelligent	Fixtures	
A	single	fixture	will	be	developed	to	facilitate	the	transfer	of	 large	components	through	the	forging,	machining,	
welding	and	inspection	activities.	This	will	replace	the	existing	approach	of	using	multiple	fixtures	and	set-ups	at	
each	 stage	 of	 the	 manufacturing	 process,	 and	 enable	 a	 through-life	 datum	 system	 to	 simplify	 component	
alignment	at	every	manufacturing	stage.	A	pressure	vessel	is	made	by	stacking	large	cylindrical	parts	(tubulars)	on	
top	of	each	other	and	welding	them	together,	requiring	accurate	alignment.	Intelligent	fixtures	are	a	key	enabler	
for	this	and	for	other	advanced	manufacturing	activities;	they	will	allow	faster	and	more	accurate	inspections	to	

                                                
14 B. Dilip Jerold and M. Pradeep Kumar, Experimental comparison of carbon-dioxide and liquid nitrogen cryogenic coolants 
in turning of AISI 1045 steel. Cryogenics, 2012. 52: p. 569 -574. 
15 Dhananchezian, M. and M.P. Kumar, Cryogenic turning of the Ti–6Al–4V alloy with modified cutting tool inserts. 
Cryogenics, 2011(51): p. 34-40. 
16 N R Dhar and M Kamruzzaman, Cutting temperature, tool wear, surface roughness and dimensional deviation in turning 
AISI-4037 steel under cryogenic condition. International Journal of Machine Tools & Manufacture, 2007. 47: p. 754-759 
17 S Truesdale and Y Shin, Microstructural Analysis and Machinability Improvement of Udimet 720 Via Cryogenic Milling. 
Machining Science and Technology, 2009(13): p. 1-19 
18 F Pusavec, et al., Surface integrity in cryogenic machining of nickel based alloy—Inconel 718, in Journal of Materials 
Processing Technology. 2011. p. 773 - 83. 
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be	 carried	out	when	 integrating	 large	 complex	 assemblies.	 The	 fixtures	will	 contain	 sensors	which	will	 provide	
feedback	 to	 actuators	 and	 manipulators.	 The	 sensors	 will	 be	 able	 to	 detect	 temperature	 and	 cutting	 forces	
providing	 data	 to	 inform	 adjustment	 of	 the	 clamping	 force	 so	 as	 to	minimise	 distortion	 during	machining	 and	
welding.	As	the	component	changes	geometry	during	the	manufacturing	process,	the	fixture	will	know	where	in	
the	 process	 it	 is	 and	 adjust	 accordingly.	 Set-up	 procedures	 can	 also	 be	 optimised.	 They	 will	 be	 introduced	
following	 forging	 and	 will	 allow	 accurate	metrology	 and	 inspection	 to	 be	 used	 throughout	 the	manufacturing	
lifecycle	via	the	use	of	a	fixed	datum	point.	They	will	also	produce	a	robust	data	set	that	could	be	used	for	other	
purposes	such	as	traceability,	modelling,	simulation	and	design	improvement.	

A	number	of	different	SMR	designs	have	been	proposed	and	each	of	these	will	have	unique	fixing	requirements.	
The	cost	of	designing	and	fabricating	individual	fixtures	can	be	high	and	several	might	be	needed	to	manufacture	
a	 single	 batch	 of	 parts.	 Their	 storage	 and	 maintenance	 adds	 further	 inconvenience	 (cost	 and	 space).	 Using	
adaptive	 or	 reconfigurable	 devices	 designed	 for	 several	 component	 types	 will	 offer	 significant	 benefits	 to	
manufacturers.	 Intelligent	 fixtures	 have	 been	 used	 in	 the	 automotive	 and	 aerospace	 sectors	 to	 help	 with	
positioning	 (i.e.	 reference	 setting,	 datum	 transfer)	 and	 reduce	 the	 effect	 of	 deformation	 (i.e.	 vibrations,	
deflections,	 distortions	 etc.)	 induced	 by	 part	 size/geometry,	 process	 conditions	 or	 clamping	 itself.	 Sensors,	
including	those	for	active	force	monitoring,	are	often	embedded	in	large	frames	or	carriages	which	support,	and	
travel	 with,	 components	 throughout	 the	 manufacturing	 process.	 Figure	 3-2	 illustrates	 three	 smart	 fixtures	
equipped	with	sensors	and	actuators	which	were	specifically	designed	for	different	tasks.		

	
Figure	3-2:	(a)	clamping	force	compensation;	(b)	residual	stresses	compensation;	(c)	toolpath	correction19	

Intelligent	fixtures	require	a	wide	range	of	sensors	to	measure	and	monitor	various	parameters	including:	

o Temperature	and	humidity	sensors	–	linked	to	heating	and	cooling	systems	which	help	to	control	thermal	
expansion	of	the	workpiece,	ensuring	component	accuracy	and	quality.	

o Electronic	strain	gauges	-	to	measure	forces	acting	on	the	workpiece	and/or	fixture.	They	help	to	analyse	
and	predict	tool	cutting	forces	and	the	load	distribution,	minimising	and	controlling	distortion.	

                                                
19 M., Hans-Christian, P., Wiederkehr, "Intelligent Fixtures for High Performance Machining." Procedia CIRP 46(2016):383-
90. 
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o Piezo-electric	 devices	 -	 to	measure	 vibration	during	machining	 to	 help	understand	phenomena	 such	 as	
chatter,	chip	evacuation	and/or	tool	life.	Feedback	from	devices	which	measure	vibration	amplitude	can	
be	used	to	control	adaptive	damping	features	embedded	within	intelligent	fixtures.		

MetLase	 have	 considerable	 experience	 of	 manufacturing	 bespoke	 fixtures	 with	 some	 in-built	 adaptability	 to	
accept	a	part	family	although	these	tend	to	be	for	smaller	components.	Research	is	therefore	needed	to	establish	
a	 robust	 intelligent	 fixturing	 system	 for	 large	 nuclear	 components.	 Work	 includes	 ensuring	 that	 the	 fixture	
hardware	 is	 of	 sufficient	 strength,	 selecting	 and	 integrating	 sensors,	 developing	 manipulation	 hardware	 and	
methods	of	sensor	feedback	for	clamping.	

3.2.4 Non-contact	metrology	
To	achieve	the	full	potential	of	intelligent	fixtures,	integrated	non-contact	metrology	will	be	needed	during	setup,	
manufacturing	and	alignment	for	assembly.	Non-contact	metrology	is	widely	used	in	other	sectors	for	setup	and	
assembly,	 for	 example	 in	 aerospace	 to	 ensure	 the	 accurate	 alignment	 of	 aircraft	 wings,	 but	 has	 not	 been	
deployed	 in	 the	 nuclear	 sector.	 Presently	 this	 market	 is	 dominated	 by	 laser	 trackers	 but	 frequency	 scanning	
interferometry	and	photogrammetry	could	challenge	them	following	further	development	work.	

Frequency	scanning	interferometry		
The	National	 Physical	 Laboratory	 (NPL)	 are	developing	 a	 very	 accurate	 frequency	 scanning	 interferometry	 (FSI)	
system	 for	metrology-assisted	machining	 and	 assembly	which	will	 be	made	 available	 for	 use	 in	 Stage	 2.	 FSI	 is	
already	in	use	by	Etalon	for	machine	monitoring	so	it	is	a	reasonable	step	to	use	it	for	condition	monitoring	and	
assembly.	In	assembly,	FSI	uses	a	minimum	of	four	sensors	(Figure	3-3)	emitting	infrared	beams	and	at	least	three	
spherical	 glass	 targets	 (ensuring	 six	 degrees	 of	 freedom	 and	 allowing	 real-time	 tracking)	 placed	 on	 the	
component/fixture.	 The	 system	 calculates	 the	 distance	 between	 each	 sensor	 and	 target	 and	 uses	 these	
measurements	to	determine	the	target	coordinates.	The	system	calculates	a	measurement	uncertainty	for	each	
coordinate	with	an	uncertainty	of	10	μm	for	a	volume	of	10x10x5	m.	

	 	
Figure	3-3:	(left)	NPL	FSI;	(right)	Developments	in	multi-target,	wide	angle,	frequency	scanning	interferometry	

for	coordinate	measurements	by	multilateration20	

The	FSI	 system	 from	NPL	 is	 relatively	 immature;	 it	has	been	proven	 in	a	 laboratory	environment	 (TRL	4)	and	 is	
currently	being	tested	in	the	facilities	of	select	manufacturers	including	Airbus.	As	it	is	not	commercially	available,	
only	an	indicative	cost	(£150	–	250k	depending	on	the	number	of	sensors)	is	available	at	time	of	writing.		

3.2.5 Local	vacuum	welding	
EBW	is	an	order	of	magnitude	faster	than	traditional	welding	(hours	rather	than	weeks)	but	a	very	high	level	of	
control	over	 set-up	cleanliness	and	condition	of	 supply	 is	 required	and	EBW	must	 take	place	 in	a	 vacuum.	The	
forging	and	machining	developments	in	InFORM	will	provide	components	of	the	requisite	standard	to	allow	EBW	
to	 be	 used	 so	 the	 vacuum	 chamber	 is	 the	 key	 limiting	 factor	 for	 its	 use	 on	 large	 components	 due	 to	 the	 high	
investment	cost.	An	out	of	chamber,	 local	vacuum	system	will	be	developed	to	overcome	this	barrier.	Globally,	
the	only	commercially	available	local	vacuum	EBW	system	is	EBFLOW,	developed	by	subcontractors	CVE	and	TWI	
using	patented	EB	gun	technology	solely	 licensed	from	TWI.	EBFLOW	can	be	used	for	welding	thick	sections	on	
                                                
20 Mike Campbell, Ben Hughes, Dan Veal, Andrew Lewis, Mu Chen, EPMC 2015, 11th November, Manchester, UK 
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large	tubular	components.	There	are	two	versions,	using	either	a	system	of	sliding	seals	or	fixed	seals,	to	achieve	
the	 local	 vacuum.	 Although	 never	 used	 in	 manufacture	 it	 has	 been	 demonstrated	 on	 an	 industrial	 scale	 for	
circumferential	welds	of	65	mm	thick	tubulars.	The	gun	and	seal	configuration	used	is	very	much	dependent	on	
the	 size	 and	 weight	 of	 the	 components	 to	 be	 joined.	 The	 required	 equipment	 is	 currently	 available	 as	 a	
demonstrator	 and	 would	 require	 modification	 to	 the	 sealing	 system	 to	 ensure	 a	 suitable	 vacuum	 for	 large	
components.	Additional	work	is	also	needed	to	ensure	compatibility	with	the	fixturing	setup.	Once	the	system	is	
finalised,	it	can	be	retro-fitted	to	an	existing	arc	welding	system,	taking	up	less	floor	space	and	requiring	far	fewer	
consumables.	As	an	indication,	a	conventional	circumferential	weld	in	a	class	1	nuclear	pressure	vessel,	laid	down	
in	a	multi-pass	process,	may	take	around	two	weeks	to	complete,	including	cool-down	and	staged	volumetric	NDE	
between	passes.	An	equivalent	weld	completed	using	the	electron	beam	process	will	take	less	than	two	hours	to	
complete	 in	 a	 single	 pass.	 Tubulars	 for	 SMR	will	 probably	 be	welded	 in	 the	 2G	 (bottom	 right)	 or	 3G	 (top	 left)	
orientations	shown	in	Figure	3-4.	

Although	 beam	welding	 is	 specified	 in	 ASME	 IX,	 it	 is	 excluded	 by	 implication	 from	 the	manufacture	 of	 class	 1	
nuclear	 components	 because	 ASME	 III	 requires	 specification	 of	 a	 filler	 metal	 and	 a	 multi-pass	 procedure	 for	
welding	 (beam	methods	 are	 single	 pass	 and	 autogenous).	 A	 code	 case	 for	 electron	 beam	welding	 is	 currently	
under	 development.	 EBW	 is	 commonly	 used	 in	 the	 aerospace	 sector	 in	 the	 manufacture	 of	 aircraft	 engines,	
sensors,	gears,	actuators	and	air	frames	as	well	as	for	the	repair	of	turbine	blades.	One	of	the	InFORM	outputs	is	
to	 provide	 code	 case	 information	 for	 EBW.	 This	 links	 to	 a	 parallel	 AMEC	 project,	 which	 includes	 the	 Nuclear	
AMRC,	 in	 theme	 5	 on	 codes	 and	 standards,	 and	will	 include	 information	 gathered	 from	 EBW	pressure	 vessels	
manufacture	in	other	industries	such	as	oil	and	gas	and	offshore.	

	

	

Figure	3-4:	EBFLOW	configurations	for	circumferential	welding	of	tubular	sections	21	

3.2.6 Demonstrator	framework	
A	two-thirds	scale	technology	demonstrator	will	be	made	consisting	of	two	large	cylinders	(around	2	m	diameter,	
at	least	80	mm	thick)	to	integrate	the	InFORM	technologies	and	showcase	the	results	to	supply	chain	companies.	
                                                
21 Cambridge Vacuum Engineering, EBFLOW Leaflet, Cambridge, UK 
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The	demonstrator	and	associated	framework	will	include	data	standards	and	architecture,	control	methodology,	
software	development,	system	specification,	procurement,	commissioning,	testing	and	optimisation.	State	of	the	
art	non-contact	metrology	will	be	applied	and	integrated	to	support	the	forging,	machining	welding	and	assembly	
activities.		

3.3 Technical	feasibility	
InFORM	will	 employ	medium-to-high	TRL	 technologies	which	have	 seen	use	 in	other	 industries.	 For	machining,	
the	use	of	innovative	algorithms	is	only	new	to	the	nuclear	industry.	The	use	of	more	complex	roughing	strategies	
is	widely	used	and	accepted	in	the	aerospace	industry	for	example	and	they	are	readily	available	in	commercially	
available	 CAM	packages.	 The	 use	 of	 scan	 data	 to	 generate	 a	more	 accurate	 stock	model	 is	 also	 used	 in	 other	
industries	but	for	smaller	components.	Advanced	cooling	techniques,	although	not	yet	widely	used	and	fairly	low	
on	the	TRL	scale,	are	commercially	available	and	are	under	investigation	at	the	Nuclear	AMRC.	Intelligent	fixtures	
have	 seen	 successful	 use	 in	 other	 industries	 and	MetLase	 have	 an	 outstanding	 track	 record	 in	 this	 area.	 The	
relevant	 sensors	 are	 also	 available	 along	 with	 structural,	 manipulation	 and	 actuation	 hardware	 and	 accurate	
measurement	and	tracking	systems	are	readily	available	for	alignment.	The	local	vacuum	EBFLOW	system	owned	
by	TWI	is	available	for	use	at	SFIL.	The	required	modifications	to	the	sealing	system	will	be	completed	by	CVE.	This	
is	well	within	their	capability	given	their	extensive	knowledge	of	the	field.	

3.4 Cross-sector	collaboration	
InFORM	 will	 build	 on	 previous	 research	 which	 has	 delivered	 complementary	 technologies	 and	 will	 provide	
valuable	 leverage	and	skills.	The	Nuclear	AMRC	will	also	interact	with	contractors	 for	themes	1	and	5	within	this	
call,	and	InFORM	has	strong	links	with	parallel	programmes	such	as	SIMPLE	(where	it	is	also	lead	contractor).	Other	
linked	projects,	include:	

o NNUMAN	 –	 £8M,	 five	year	 EPSRC-funded	 programme	 to	 provide	 understanding	of	 advanced	
manufacturing	 techniques	 led	 by	 The	 University	 of	Manchester	 Dalton	 Nuclear	 Institute,	 with	 support	
from	the	Nuclear	AMRC.			

o AMOS	 –	 The	 Nuclear	 AMRC	 are	 leading	 this	 €2.6M,	 four-year	 collaboration	 between	 European	 and	
Canadian	 aerospace	 manufacturers	 and	 researchers	 to	 investigate	 the	 use	 of	 additive	 manufacturing	
techniques	for	repair	and	remanufacture.		

o Innovative	 forging	 and	 fabrication	 solutions	 for	 the	 energy	 sector	 –	 a	 £4M,	 30-month	 project	 led	 by	
Sheffield	Forgemasters.	The	project	involves	the	production	of	large	prototype	nuclear	components	using	
a	range	of	forging,	forming	and	fabrication	methods.		

o COROMA	–	the	Nuclear	AMRC	are	working	alongside	its	sister	centre,	the	AMRC	with	Boeing,	on	this	€6	
million,	 three-year	 project	 to	 develop	 intelligent	 robots	 for	 a	 range	 of	 manufacturing	 tasks.	 Funded	
through	Horizon	2020,	the	COROMA	consortium	includes	16	international	partners	from	seven	countries.	

4 Technology	Plan		
4.1 Scope	of	the	call	
Cost-effective	nuclear	power	is	a	necessary	part	of	the	UK's	low	carbon	energy	mix	and	to	support	this,	research	is	
needed	to	deliver	Government	policy.	The	aim	of	the	advanced	manufacturing	and	materials	call	 is	to	stimulate	
innovation	 in	 the	 civil	 nuclear	 sector;	 work	 can	 include	 research	 into	 structural	 materials,	 manufacturing	
technologies	and	modular	construction	and	projects	can	develop	new	technologies	or	transfer	technologies	from	
other	 sectors.	 InFORM	 will	 transfer	 technologies	 from	 aerospace	 and	 other	 industries,	 developing	 them	 to	
manufacturing	readiness	level	(MRL)	6	in	line	with	nuclear	requirements.	InFORM	will	deliver	a	physical	two-thirds	
scale	technology	demonstrator	to	highlight	the	potential	time	and	cost	savings	that	can	be	achieved.		

Projects	 should	 boost	 growth	 and	 reduce	 costs	 in	 the	 nuclear	 industry.	 InFORM	 will	 significantly	 reduce	
manufacturing	time	and	cost	for	pressure	vessels	and	similar	components,	and	transfer	of	these	technologies	to	
UK	companies	will	therefore	make	them	more	competitive	and	able	to	compete	for	contracts	on	Gen	III	and	SMR	
plants	 worldwide.	 InFORM	 will	 help	 develop	 the	 UK's	 manufacturing	 base	 and	 contracts	 won	 for	 new	 global	
reactors	will	allow	them	to	operate	with	a	significant	number	of	UK-manufactured	components,	meeting	the	aims	
of	the	five-year	integrated	programme	as	set	out	in	the	guidance	for	applicants.	

The	 NIRAB	 report4	 lists	 a	 number	 of	 research	 objectives	 for	 2020,	 including	 developing	 the	 UK's	 research	
capability,	 developing	 a	 suite	 of	 advanced	 component	 manufacturing	 techniques	 and	 delivering	 a	 suite	 of	
modular	construction	technologies	to	enable	effective	plant	built.	InFORM	particularly	addresses	the	second	goal,	
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as	it	will	develop	an	end-to-end	manufacturing	method	for	pressure	vessels	and	similar	components	through	the	
forging,	machining,	welding	and	fixturing	developments	and	will	deliver	improved	quality	assurance	with	reduced	
cost	and	leadtimes.	For	the	sub-goal	'large	scale	nuclear	component	manufacture	and	assembly'	(theme	3	of	the	
competition),	 InFORM	 addresses	 all	 the	 areas	 mentioned:	 large	 scale	 metrology,	 complex	 machining	 of	 large	
components,	 integrated	 unit	 inspection	 and	 distortion	 and	 control	mitigation.	 It	will	 develop	 and	demonstrate	
techniques	 for	 precision	 manufacture	 of	 large-scale	 nuclear	 components	 through	 the	 forging	 and	 machining	
workstreams.	It	will	demonstrate	techniques	for	large-scale	metrology	during	forging	and	methods	for	controlling	
and	mitigating	distortion	through	the	use	of	intelligent	fixtures.	The	outputs	at	stage	2	should	include22:	

o Solutions	 for	 off-site	 manufacture	 of	 large-scale	 components	 -	 InFORM	 will	 develop	 methods	 to	
manufacture	pressure	vessels	and	similar	components	in	UK	factories	

o Demonstration	 of	 advanced	 techniques	 for	 precision	 machining	 of	 large,	 complex,	 integrated	 nuclear	
components	such	as	SMR	modules	and	heat	exchangers	 -	 InFORM	will	demonstrate	advanced	precision	
machining	 techniques	 on	 a	 two-thirds	 scale	 technology	 demonstrator,	 whose	 geometrical	 constituents	
are	representative	of	other	nuclear	components	such	as	heat	exchangers	

o Demonstration	 of	 techniques	 to	 control	 and	 mitigate	 distortion	 during	 machining	 -	 InFORM	 will	
demonstrate	 the	 use	 of	 through-life	 intelligent	 fixtures	 using	 the	 two-thirds	 scale	 technology	
demonstrator.	 These	 fixtures	 will	 be	 able	 to	 control	 and	 compensate	 for	 distortion	 induced	 during	
machining	

o Demonstration	 of	 non-intrusive	 rapid	 inspection	 and	 measurement	 techniques	 -	 InFORM	 will	
demonstrate	these	through	the	fixtures,	which	will	include	sensors	to	enable	inspection	during	operations	
and	following	integration	of	assemblies.	It	will	also	reduce	the	number	of	inspections	required	during	the	
welding	operation	due	to	the	introduction	of	EBW.	

o A	 forward	 programme	 to	 define	 the	 requirements	 of	 the	 remainder	 of	 the	 5-year	 funding	 period	 -	
InFORM	will	deliver	this	as	part	of	the	final	stage	2	report.	

The	InFORM	project	as	proposed	is	c£100K	over	the	approximate	budget	of	£1.1M	at	£1.26M.	This	is	due	to	more	
rigorous	 specification	of	 the	WPs	and	 the	addition	of	NPL	as	a	 subcontractor	 following	down-selection	of	 their	
technology	 in	 Stage	 1.	 The	 InFORM	 cost	 could	 be	 reduced	 by	 £70k	 if	 WP2.1	 was	 removed.	 However,	 the	
interdependency	between	the	work	packages	means	that	any	further	reduction	in	scope	would	have	detrimental	
consequences	 on	 the	 final	 output.	 Alternatively,	 the	 approximate	 budget	 for	 theme	 2	 is	 £1.9M	 and	 Nuclear	
AMRC’s	 proposed	 SIMPLE	 project	 is	 c£600k	 less	 than	 this,	 part	 of	 which	 could	 be	 used	 to	 fund	 the	 proposed	
overspend	in	InFORM.		InFORM	does	not	request	more	than	50%	of	costs	for	capital	equipment	and	will	finish	in	
June	2019.		

4.2 Technology	plan	
The	 focus	 of	 Stage	 2	 is	 the	 development	 of	 a	 two	 thirds-scale	 proof-of-concept	 technology	 demonstrator.	 A	
drawing	 of	 the	 project	 outputs	 can	 be	 seen	 in	 Figure	 4-1.	WPs	will	 be	 delivered	 by	 specific	 subcontractors	 as	
described	below.		

                                                
22 "Competition specification and guidance for applicants", Nov 2016, BEIS, IUK and SBRI 
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Figure	4-1	-	Drawing	of	InFORM	project	outputs	

4.2.1 WP2.1.	Forging	Optimisation	(SFIL)	
Sheffield	Forgemasters	will	lead	this	WP	and	will	investigate	the	potential	for	process	improvement	in	the	forging	
of	 large	 nuclear	 components.	 This	 task	 will	 last	 six	 months	 and	 deliver	 a	 report	 including	 the	 definition	 of	 a	
nuclear	 component,	 an	overview	of	 the	 steel	making	process	 (air	melt	 ingots,	 vacuum	 stream	degassing,	 ingot	
route	comparison,	material	choice),	and	component	design	for	manufacture	(forge	tooling,	 forging	routes,	shell	
discs,	 other	 components,	 handling	 and	 manipulation,	 heat	 treatment,	 material	 properties	 and	 component	
inspection).		This	will	cost	£67K.	

4.2.2 WP2.2.	Machining	Optimisation	(Nuclear	AMRC)	
The	 Nuclear	 AMRC	 will	 develop	 the	 advanced	machining	 technologies	 selected	 in	 Stage	 1,	 including	 near	 net	
shape	machining,	 advanced	 roughing	 algorithms	 and	 advanced	 cooling	methods	 to	 increase	 productivity	when	
machining	the	rough	forgings	to	final	size.	This	will	involve	the	following	tasks:	

• Task	1	–	Near	net	shape	machining	
o Machining	trials	on	VTL	over	the	course	of	2	months	at	a	cost	of	£24k	

• Task	2	–	Advanced	roughing	algorithms	
o Machining	trials	on	VTL	over	the	course	of	2	months	at	a	cost	of	£24k	

• Task	3	–	Supercritical	CO2	machining	
o Machining	trials	on	VTL	over	the	course	of	2	months	at	a	cost	of	£31.5k,	involving	machining	trials	

on	representative	work	pieces	to	compare	the	performance	of	different	roughing	strategies	using	
scan	 data	 in	 terms	 of	 cycle	 time	 and	 quantify	 the	 productivity	 benefit	 (if	 any)	 and	 effect	 on	
surface	integrity	of	machining	using	supercritical	CO2.	

4.2.3 WP2.3.	Intelligent	Fixture	(MetLase)	
	MetLase	will	develop	a	through-life	fixture	which	will	 interface	with	the	other	technologies	(forging,	machining,	
welding	and	metrology).	This	will	address	the	typical	challenges	involved	in	the	manufacture	of	large	components	
such	as	work-holding,	part	tracking,	manipulation,	alignment,	datum	setting/transfer	and	process	interaction.	This	
has	been	broken	down	into	five	subtasks:	

• Task	1	–	Location	study	–	This	task	will	develop	an	understanding	of	the	components	and	processes	within	
the	manufacturing	 system	 that	will	 interact	with	 the	 fixture.	 The	 fixed	 through	 life	 datum	will	 also	 be	
defined.	This	task	will	take	place	over	the	course	of	3	months	at	a	cost	of	£9k.	

• Task	2	–	Concept	 generation	–	 This	 task	will	 generate	 a	 system	concept	 encompassing	mechanical	 and	
sensory	 elements	 based	 on	 the	 information	 gathered	 in	 task	 1	 relating	 to	 the	 fixture	 and	 process	
requirements.	 It	 will	 include	 a	 location,	 clamping	 and	 sensory	 concept	 and	 definition	 of	 a	 fixture	
architecture	concept.	The	duration	of	this	task	will	be	2	months	at	a	cost	of	£9k.	
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• Task	 3	 –	 Structural	 design	 –	 This	will	 involve	 in-depth	 structural	 design	 and	 simulation	 building	 on	 the	
concept	 design	 to	 ensure	 that	 the	 fixture	 will	 meet	 the	 structural	 demands	 of	 handling	 such	 large	
components.	Simulation	will	 involve	both	static	and	manipulation	simulations.	As	one	of	the	main	tasks	
within	this	WP,	this	will	take	place	over	4	months	at	a	cost	of	£36k.	

• Task	 4	 –	 Actuation	 and	 sensing	 design.	 This	 task	 will	 transform	 the	 fixture	 into	 an	 intelligent	 fixture	
through	the	design	of	the	required	actuation	and	sensor	systems.	As	the	other	key	task	 in	this	WP,	this	
will	take	place	over	4	months	at	a	cost	of	£36k.	NPL	will	also	contribute	to	this	task	through	consultancy	
support	to	MetLase	relating	to	the	use	and	integration	of	FSI	in	the	intelligent	fixture.	NPL	will	contribute	
up	 to	 four	days	of	metrology	 related	consultancy	 in	 this	WP	at	a	 cost	of	£4K	 to	help	MetLase	with	 the	
integration	of	FSI	into	the	intelligent	fixture.	

• Task	 5	 –	 Produce	micro-demonstrator	 –	 The	 output	 of	 this	 task	 will	 be	 a	 3D	 printed	mock	 up/micro-
demonstrator	that	will	be	used	to	showcase	the	concept	to	industry	and	will	be	used	in	STEM	activities.	
This	will	be	completed	over	2	months	at	a	cost	of	£3k.	

The	deliverables	associated	with	this	WP	are	the	responsibility	of	MetLase	and	include:	

• Process	and	location	method	definition	(Month	4)	
• Concept	fixture	system	proposed	(Month	6)	
• Fixturing	system	designed	(Month	10)	
• Micro-demonstrator	produced	(Month	11)	

4.2.4 WP2.4.	Local	Vacuum	Development	(TWI)	
This	WP	will	 be	 led	 by	 TWI	 and	 relevant	work	will	 be	 sub-contracted	 to	 CVE.	 It	 will	 involve	 design,	 build	 and	
testing	 of	 a	 local	 vacuum	end	 effector	 sub-system	 (weld	 cap	 side)	 and	 backing	 vacuum	 sub-system	 (weld	 root	
side)	 to	 generate	 and	maintain	 the	 required	 vacuum	environment	of	 0.1	mbar	 or	 better	 resulting	 in	 an	out	 of	
chamber	vacuum	system	for	use	with	both	EBW	and	laser	welding	systems.	It	will	also	involve	the	modification	of	
an	existing	TWI	EB	system	currently	housed	at	Sheffield	Forgemasters	(but	may	move	to	TWI)	to	ensure	adequate	
sealing	 for	 EBW	of	 large	 scale	 tubulars	 of	 80	mm	wall	 thickness.	 CVE	will	 conduct	 FAT	of	 the	modified	 system	
including	 demonstration	 of	 vacuum	 performance	 when	 in	 motion.	 TWI	 will	 conduct	 SAT.	 Nuclear	 AMRC	 will	
supply	suitable	sub-scale	demonstration	metal	work	for	the	testing	of	the	vacuum	system.	

The	deliverables	associated	with	this	WP	are:	

• Engineering	 design	 of	 end	 effector	 and	 backing	 vacuum	 sub-systems	 incurring	 a	 £38.7k	 labour	 cost		
(month	2).	

• Build	end	effector	sub-system	and	backing	vacuum	sub-system	(month	4)	at	a	cost	of	£232k	broken	down	
as	follows:	

o CVE	–	Hardware	supply	(£30k),	Labour	(£70k)	
o TWI	–	Labour	(£132k)	

• Produce	technical	report	on	testing	and	optimisation	activities	(month	8)	at	a	cost	of	£5.4k.	

4.2.5 WP2.5.	Local	vacuum	trial	(TWI)	
TWI	 will	 integrate	 the	 chamber	 vacuum	 system	 developed	 in	 WP2.4	 with	 the	 welding	 process	 and	 then	 test	
welding	parameters	for	use	in	WP2.6.	This	work	package	will	take	place	over	the	course	of	six	months.	TWI	will	
support	 Nuclear	 AMRC	 through	 deployment	 of	 hardware	 produced	 in	WP2.4	 to	 demonstrate	 EB	welding	 and	
determine	 the	 early	 stage	 weld	 properties	 attainable;	 weld	 procedure	 and	 property	 optimisation	 will	 not	 be	
undertaken.	 Welding	 orientation	 will	 be	 2G	 or	 3G	 using	 a	 suitable	 TWI	 rotary	 table	 and	 conditions	 will	 be	
developed	which	acknowledge	the	need	for	low	levels	of	distortion.	Key	process	variables	will	be	altered	to	define	
a	 viable	 operating	 tolerance	 window.	 Metallography,	 radiography	 and	 limited	 mechanical	 testing	 will	 be	
performed	 to	 check	 weld	 integrity.	 The	 same	 scale	 of	 weldment	 designed	 around	 in	WP2.4	 will	 be	 used	 and	
supplied	by	Nuclear	AMRC	in	an	appropriate	grade	of	SA508	steel.	The	outputs	of	this	WP	will	enable	the	future	
upscaling	 to	 a	 two	 thirds	 scale	 pressure	 vessel	 demonstrator.	 TWI	will	 produce	 a	 report	 documenting	 all	work	
completed	 along	 with	 recommendations	 for	 upscaling	 the	 system	 for	 welding	 of	 a	 two	 thirds	 scale	 vessel	
demonstrator.	The	deliverables	associated	with	this	WP	are:	

• Produce	technical	report	on	welding	and	testing	programme	(month	12)	at	a	cost	of	£5.4k.	
• Deliverables	 include	 weld	 section,	 test	 pieces	 and	 welded	 residual	 material	 (month	 12)	 at	 a	 cost	 of	

£148.3k	consisting	of	mainly	 labour	costs	but	also	around	£10k	of	consumables	and	20k	of	 travel	as	EB	
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activity	 will	 be	 undertaken	 using	 TWI	 equipment	 currently	 located	 at	 SFIL.	 	 There	 will	 also	 be	 a	 £30K	
facility	charge	if	 it	remains	at	SFIL,	otherwise	an	equal	transport	cost	for	transfer	of	the	equipment	to	a	
TWI	facility	will	be	incurred.		

4.2.6 WP2.6.	Metrology	(Nuclear	AMRC)	
This	WP	will	be	led	by	Nuclear	AMRC	and	will	 look	to	investigate	and	develop	metrology	techniques	relevant	to	
each	area	(forging,	machining,	welding	and	assembly).	A	technical	report	will	be	produced	for	each	subject	area.	

• Forging	metrology	-	£9.8k	
• Machining	metrology	-	£9.8k	
• Welding	(geometric)	metrology	-	£19.6k	
• Fabrication/assembly	metrology	-	£19.6k	

4.2.7 WP2.7.	Technology	demonstrator	(AMRC)	
A	physical	two-thirds	scale	technology	demonstrator	will	be	manufactured	consisting	of	two	cylinders	around	2	m	
diameter	and	at	least	80	mm	thick	in	order	to	test,	validate	and	demonstrate	the	technologies	developed	during	
InFORM.	The	materials	used	in	this	and	any	weld	trials	will	be	transferred	to	theme	1	delivery	partners	following	
completion	of	this	WP.		

Before	 the	demonstrator	can	be	built	 the	software	 for	 the	 integration	of	 the	various	sensors	and	manipulation	
hardware	 must	 be	 integrated.	 This	 will	 be	 the	 responsibility	 of	 the	 AMRC	 with	 Boeing	 and	 will	 involve	 the	
following	tasks:	

• Agreement	and	finalisation	of	data	standards	with	consortium	members	will	take	place	over	the	course	of	
two	months	 involving	 a	workshop	with	 subcontractors	 to	 establish	 a	 data	 standard	with	which	 all	 are	
satisfied.	Cost	£11.2K	

• Definition	of	a	control	methodology	will	take	20	days	to	complete	costing	£11.2K	and	will	include:	
o A	control	requirements	gathering	exercise	(3	days)	
o Development	of	the	control	methodology	specification	(12	days)	
o Final	definition	of	the	control	methodology	specification	(5	days)	

• Development	and	testing	of	the	data	acquisition	software	will	take	34	days	costing	£30K	and	will	include:	
o Determining	 the	 data	 acquisition	 requirements	 including	 sources	 of	 data	 and	 data	 output	

formats.	(4	days)	
o Definition	of	data	acquisition	requirements	(1	day)	
o Determining	data	acquisition	software	and	hardware	requirements	(2	days)	
o Procurement	of	data	acquisition	software/hardware	including	sourcing	and	purchase	(1	day)	
o Definition	of	data	acquisition	software	requirements	(3	days)	
o Data	acquisition	software	design	(5	days)	
o Data	acquisition	software	development	(15	days)	
o Data	acquisition	software	testing	(3	days)	

• Development	and	testing	of	data	presentation	software	will	take	26	days	costing	£14.8K	and	will	include	
the	following	sub-tasks:	

o Definition	of	data	presentation	software	requirements	(3	days)	
o Design	of	data	presentation	software	(5	days)	
o Development	of	data	presentation	software	(15	days)	
o Testing	of	data	presentation	software	(3	days)	

• Definition	 of	 the	 system	 specification	will	 take	 12	 days	 costing	 £12.5K,	 led	 by	 AMRC	with	 Boeing	with	
input	from	Nuclear	AMRC	to	define	the	system	structure	and	specification.	

Following	successful	development	and	testing	of	the	software,	the	Nuclear	AMRC	will	take	responsibility	for	the	
procurement	 of	 all	 necessary	 hardware	 for	 the	 technology	 demonstrator	 with	 a	 budget	 of	 £40k,	 followed	 by	
commissioning	and	testing	of	the	demonstrator	at	a	cost	of	£33.2k	and	£78.4k	respectively.	NPL	will	provide	20	
person	 days	 of	 on-site	 support	 during	 commissioning	 and	 testing	 of	 the	 demonstrator	 to	 integrate	 and	
demonstrate	FSI	working	with	the	intelligent	fixture	costing	£26K.	A	further	month	will	be	allowed	for	optimising	
the	system	at	a	cost	of	£14.3k.	A	technical	report	will	also	be	produced	detailing	any	findings	associated	with	the	
demonstrator	 and	 recommendations	 for	 further	 development	 work.	 At	 the	 completion	 of	 this	 stage,	 material	
samples	will	be	made	available	to	Theme	1.	
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4.2.8 WP2.8.	Dissemination	(Nuclear	AMRC)	
Nuclear	AMRC	will	take	responsibility	for	dissemination;	this	will	include	all	dissemination	activities	at	a	total	cost	
of	£94k	to	be	delivered	during	and	upon	completion	of	the	R&D	WPs	and	will	include	the	following:	

• A	seminar	with	the	supporting	partners	to	present	the	findings	of	the	project.	
• STEM	 interaction	will	 be	made	 using	MANTRA	with	 the	MetLase	micro-demonstrator	 accompanied	 by	

videos	of	the	operating	two	thirds	scale	technology	demonstrator.		
• Industry	 engagement	will	 be	 achieved	 through	 utilisation	 of	 relevant	 technical	 personnel	 to	 produce	 a	

journal	paper	and	three	conference	papers.	Key	members	of	the	project	team	will	engage	with	industry	at	
trade	 shows	 and	 similar	 events	 along	 with	 the	 micro-demonstrator	 and	 videos	 of	 the	 large-scale	
technology	demonstrator.	

4.2.9 WP2.9.	Project	management	(Nuclear	AMRC)	
The	approach	to	project	management	is	described	in	detail	in	section	5	and	costs	£105K.	This	work	package	will	
be	carried	out	the	Nuclear	AMRC	and	includes	the	writing	of	a	comprehensive	final	report.	At	the	end	of	Stage	2,	
a	 fully	detailed	 technology	and	project	plan	 for	 the	pre-commercialisation	phase	will	be	delivered.	 If	 Stage	2	 is	
successful,	this	will	include	recommendations	regarding	the	continuation	of	the	project	and	its	integration	within	
Innovate	UK’s	five-year	R&D	programme,	including	the	future	development	of	a	full-scale	demonstrator.		

4.3 Work	beyond	Stage	2	
During	Phase	2,	a	two	thirds	scale	pressure	vessel	will	be	manufactured	using	all	the	technologies	demonstrated	
in	Stage	2.	These	will	be	further	developed	for	large	scale	manufacture,	resulting	in	a	fully	commercialised	system	
which	can	be	sold	to	UK	pressure	vessel	manufacturers.	Specifically,	work	will	include	extensive	welding	trials	to	
optimise	 the	 local	 vacuum	EBW	system	 for	nuclear	pressure	 vessels	 and	establish	 an	operating	window	within	
which	approved	welds	are	consistently	achieved.	Further	development	of	the	intelligent	fixture	will	be	completed	
and	 a	 new	 fixture	 will	 be	 made	 for	 full	 scale	 manufacture	 of	 pressure	 vessels.	 The	 FSI	 system	 will	 also	 be	
developed	further	by	NPL	to	ensure	robustness	and	refine	the	system	ready	for	commercialisation.	The	end	result	
being	a	commercially	available	 intelligent	fixture	for	pressure	vessel	manufacture.	The	associated	software	may	
be	taken	on	by	a	UK	software	provider	to	further	refine	it	into	a	commercial	software	package	ready	for	sales	to	
UK	manufacturers.	This	work	will	link	to	parallel	programmes	at	the	Nuclear	AMRC:	

• Innovative	forging	and	fabrication	solutions	for	the	energy	sector	
• Reactor	pressure	vessel	demonstrator	–	EPRI	

Phase	 2	 is	 expected	 to	 cost	 in	 the	 region	 of	 £5-6M	 over	 the	 course	 of	 2-3	 years.	 This	 will	 fund	 the	 further	
development	work	to	commercialise	the	InFORM	system,	produce	a	pre-production	prototype	local	vacuum	EBW	
system	and	the	manufacture	of	the	large	forgings	required	for	a	two	thirds	scale	vessel	demonstrator.	

4.4 Commercialisation	
Process	improvements	identified	through	work	completed	by	SFIL	as	part	of	InFORM	will	be	utilised	immediately	
in	 SFIL	 production	 processes	 provided	 that	 there	 is	 sufficient	 confidence	 in	 the	 results.	 Otherwise	
modelling/simulation	 and	 validation	would	 be	 required.	 The	modelling	 and	 simulation	would	 take	 place	 in	 the	
early	stages	of	Phase	2,	describing	the	final	process	which	would	be	used	to	manufacture	the	required	two	thirds	
scale	forgings	to	produce	a	scaled	nuclear	vessel.	

EBFLOW	is	already	commercially	available	and	near	market	saturation	has	been	achieved	in	the	wind	turbine	and	
oil	and	gas	industries.	Following	the	development	of	the	existing	TWI	system	in	Stage	2,	Phase	2	would	involve	the	
supply	by	CVE	of	a	pre-production	prototype	suitable	 for	SMR	welding	operations.	This	would	be	either	mobile	
(site	 deployable)	 with	 a	 target	 price	 of	 £5M	 or	 factory-based	 with	 a	 target	 price	 of	 £3M.	 Building	 a	 nuclear	
pressure-vessel-ready	EBFLOW	system	would	take	around	nine	months	following	the	development	work	of	Stage	
2.	Take	up	of	the	technology	in	the	nuclear	industry	depends	on	nuclear	code	case	approval	of	EBW.	TWI	would	
expect	to	undertake	a	consultancy	contract	of	£250k	per	system	to	assist	with	specific	customer	implementation	
issues.	The	costs	 for	 the	development	work	 in	Stage	2	 is	£430k	and	£3M	 for	a	non-commercial	pre-production	
prototype	 in	Phase	2	with	an	anticipated	private	 investment	by	CVE	of	£1M.	The	aim	would	be	 to	achieve	 two	
system	sales	between	2023	and	2025	with	a	revenue	of	£10.5M	giving	an	ROI	of	3:1	and	10	sales	between	2025	
and	2030	resulting	in	a	revenue	of	£52.5M	and	ROI	12:1.	

The	commercialisation	plan	after	the	end	of	Phase	1,	Stage	2	for	the	intelligent	fixture	is	shown	in	Figure	4-2.	
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Figure	4-2:	MetLase	commercialisation	plan	

5 Project	Management		
5.1 Management	approach	
The	Nuclear	AMRC	has	extensive	experience	 in	managing	and	delivering	multi-million-pound	collaborative	R&D	
projects	as	detailed	in	the	Innovation	and	Feasibility	section.		They	operate	a	management	system	incorporating	
elements	 for	 Environmental,	 Health	 &	 Safety,	 Quality	 and	 Information	 Security,	 and	 which	 is	 certified	 to	 ISO	
9001:2008	and	ISO	14001:2004.	They	are	currently	working	towards	an	integrated	management	system	which	will	
include	existing	ISOs	9001	and	14001	along	with	OHSAS	18001	and	ISO	27001	(currently	under	development).	The	
Nuclear	AMRC	uses	MS	Project	Server	to	plan	and	control	all	its	projects	under	one	central	resource	database	to	
provide	confidence	and	reliability	in	all	aspects	of	project	management.		

The	project	manager	appointed	by	the	Nuclear	AMRC	will	be	responsible	for	overall	control	of	the	project	and	for	
monitoring	 project	 progress,	 approval	 of	 changes	 to	 the	 technical	 programme,	 financial	 matters,	 project	
performance,	resources,	exploitation	and	the	risk	register.	They	will	manage	the	 integration	of	project	activities	
and	the	 links	between	the	WPs.	 In	addition	to	monthly	progress	meetings	with	each	subcontractor,	 the	project	
manager	will	hold	formal	quarterly	WP	review	meetings	with	the	entire	consortium.	The	aim	of	these	meetings	
will	 be	 to	 review	 operational	 performance,	 identify	 possible	 issues,	 ensure	 any	 remedial	 actions	 are	 promptly	
taken	and	to	plan	future	activities.	The	project	manager	will	also	be	responsible	for	submitting	quarterly	progress	
reports	to	Innovate	UK.	

During	 Stage	1,	 key	project	 personnel	moved	 from	 the	University	of	Nottingham	 to	MetLase,	who	are	 an	 SME	
working	 in	 the	 field	 of	 fixturing.	Nottingham	were	 therefore	 replaced	 as	 a	 subcontractor	 by	MetLase	 to	 retain	
expertise	and	to	provide	valuable	commercialisation	opportunities	 for	the	through-life	 intelligent	 fixtures.	 	 	The	
National	 Physical	 Laboratory	 are	 also	 a	 subcontractor	 to	 deliver	 this	WP.	 The	 active	 collaboration	 of	 the	 sub-
contractors	 with	 Nuclear	 AMRC	 in	 developing	 this	 Stage	 2	 proposal	 provides	 confidence	 in	 a	 constructive	
continuing	working	relationship	into	Stage	2.	

Stage	2	reporting	will	comprise	technical	reports	submitted	by	WP	Leaders,	progress	reports	and	the	final	project	
reports.	Each	WP	is	structured	to	clearly	list	any	inputs	required	from	other	WPs	and	the	required	outputs.	At	the	
end	 of	 each	WP	 there	will	 be	 also	 a	 deliverable	 report	 which	 includes	 details	 about	 the	 outcome	 and	 results	
achieved.	A	final	report,	incorporating	an	exploitation	plan	will	also	be	submitted	by	the	end	of	the	Stage	2.	

YEAR	1-3

• Develop	Platform	Demonstrator	with	Nuclear	AMRC,	TWI	and	CVE.
• Develop	proposal	for	targets	identified	during	the	project.
• Create	product	verification	plan.
• Scope	preliminary	solution	for	actual	build.

YEAR	3	onwards

• Validate	solution	in	relation	to	the	applicable	standards.
• Scope,	design	and	build	intelligent	fixture	solutions	for	the	integrated	
manufacutring	and	assembly	of	large	forged	components.

YEAR	3	onwards

• Market	research	to	determine	cross	sector	applicability
• Develop	business	plan	in	alternative	sectors	such	as	construction	and	
infrastructure.
• Scope,	design	and	build	intelligent	fixture	solutions	for	the	integrated	
manufacutring	and	assembly	of	large	components	across	multple	sectors.
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As	well	 as	 the	 formal	 project	 review	meetings	 referenced	 above,	 the	 sub-contractors	will	 arrange	meetings	 as	
required	to	carry	out	their	WPs	and	exchange	information.	The	project	manager	will	have	the	final	say	regarding	
any	decisions	which	affect	the	overall	project	success.	The	project	manager	will	be	the	point	of	contact	to	IUK	/	
BEIS.	Communications	will	primarily	be	 through	 the	quarterly	progress	 reports	and	 final	 report,	with	additional	
meetings	if	required.	

5.2 Interaction	with	other	Themes	
Appendix	3	 indicates	how	the	InFORM	project	plans	to	 interact	with	the	other	themes	in	the	Nuclear	Advanced	
Manufacturing	and	Materials	Competition.	 	The	Nuclear	AMRC	is	 involved	in	all	the	other	themes	either	as	lead	
contractor	or	subcontractor	and	therefore	is	a	natural	hub	for	interaction	of	the	five	themes	to	leverage	the	best	
value	 from	 each	 project.	 For	 example,	material	 samples	 from	 Themes	 2	 and	 3	 demonstrators	 can	 be	 used	 by	
Theme	1	to	integrate	the	projects	and	reduce	cost.		In	order	to	liaise	with	the	contractors	leading	other	themes	
within	 the	 programme,	 the	 Nuclear	 AMRC	 is	 offering	 to	 manage	 an	 ‘Advanced	 Manufacturing	 and	 Materials	
Programme	Board’	which	will	 include	representatives	 from	each	of	 the	five	themes.	Following	an	 initial	kick-off	
meeting,	 the	 board	 will	 have	 quarterly	 meetings	 to	 deliver	 an	 integrated	 programme	 with	 complementary	
projects	before	delivering	 an	end	of	 project	 review	across	 all	 the	 themes.	Communication	between	 the	 theme	
leaders	will	 ensure	 that	 the	programme	avoids	duplication	between	projects	and	offers	 innovative	 solutions	at	
the	best	value	to	the	UK	supply	chain.		

5.3 Project	resource	plan	–	See	appendix	1	
5.4 Key	deliverables	and	milestones	
Table	3	lists	the	deliverables	and	milestones	from	the	Gantt	chart	and	the	month	numbers	in	which	they	are	due.		
These	will	 be	 demonstrated	 at	 the	 quarterly	 review	with	 Innovate	 UK	 and	 the	 table	 shows	 that	 there	will	 be	
deliverables	that	will	be	demonstrated	at	each	of	these	reviews	throughout	the	20	month	project.	

Deliverable/Milestone	 Month	 Quarterly	
Review	

WP2.1	Interim	Report	 3	 1	

WP2.1	Technical	Report	 6	 2	

WP2.2	NNS	Machining	Interim	Report	 3	 1	

WP2.2	Advanced	roughing	algorithms	Interim	Report	 5	 2	

WP2.2	Technical	Report	 7	 3	

WP2.3	Process	and	Location	method	definition	 4	 2	

WP2.3	Concept	fixture	system	proposed	 6	 2	

WP2.3	Fixturing	System	designed	 10	 4	

WP	2.3	Micro-demonstrator	produced	 11	 4	

WP2.4	Engineering	design	interim	report	 3	 1	

WP	2.4	End	effector	build,	interim	report	 5	 2	

WP	2.4	Technical	Report	 9	 3	

WP	2.5	Local	vacuum	trial,	technical	report	 13	 5	

WP2.6	Forging	metrology	technical	report	 9	 3	

WP2.6	Machining	metrology	technical	report	 7	 3	

WP	2.6	Welding	metrology	technical	report	 7	 3	

WP	2.6	Fabrication	metrology	report	 13	 5	

WP	2.7	Finalise	data	standards	 3	 1	

WP	2.7	Data	acquisition	interim	report	 5	 2	

WP	2.7	Data	presentation	interim	report	 7	 3	

WP	2.7	System	Specification	 8	 3	
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WP	2.7	Commissioning,	interim	report	 15	 5	

WP2.7	Testing,	interim	report	 17	 6	

WP	2.7	Optimisation	technical	report	 18	 6	

WP	2.8	Dissemination	report		 19	 7	

WP2.9	Final	report	 20	 7	

Table	3.	Key	deliverables	and	milestones	

5.5 Risk	register	
A	risk	analysis	has	been	carried	out,	considering	risks	related	to	each	milestone	and	deliverable	as	well	as	project,	
management	 and	 exploitation	 risks.	 Mitigation	 strategies	 and	 contingency	 plans	 are	 shown	 in	 the	 top-level	
register	below.	The	 risk	 register	will	be	 reviewed	every	month	during	 the	project	 review	meeting	and	any	new	
risks	that	threaten	the	delivery	of	the	project	will	be	captured	and	a	mitigation	plan	will	be	agreed.	The	register	
will	be	visible	to	the	project	subcontractors	and	supporting	partners.	As	the	 lead	contractor	of	 InFORM	all	 risks	
are	owned	by	Nuclear	AMRC.	

W P	Title	 Risk	 L	 S	 R	 Mitigation	 L	 S	 R	
2.1	 Forging	

optimisation	
R2.1	Unable	to	
increase	process	
control	to	allow	for	a	
tighter	specification	
of	the	forging	size.	

3	 4	 12	 Forging	process	to	be	
modelled	 to	underpin	
more	aggressive	
tolerances.	

1	 4	 4	

2.2	 Machining	
optimisation	

R2.2	Unable	to	
improve	productivity	
sufficiently	to	justify	
project	investment.	

3	 4	 12	 The	Nuclear	ARMC	will	
perform	dynamic	analysis	
of	the	machines,	
components,	fixturing	and	
tooling	to	enable	machining	
strategies	that	will	
maximise	material	removal	
rates	at	low	additional	cost.	
These	processes	are	well	
understood	by	the	Nuclear	
AMRC	and	there	is	a	high	
level	of	confidence	these	
will	be	achieved	

1	 4	 4	

2.3	 Intelligent	fixture	 R2.3.1Unable	to	
create	a	stable	
datum	system	that	
enables	through-	
life	fixturing.	
	
	
	
	
	
	
R2.3.2	Unable	to	gain	
meaningful	data	from	
embedded	sensors.	

3	
	
	
	
	
	
	
	
	
	
3	

5	
	
	
	
	
	
	
	
	
	
5	

15	
	
	
	
	
	
	
	
	
	

15	

The	fixturing	solution	will	
be	specified	to	create	
several	independent	
datum	systems	to	create	
a	robust	and	versatile	
system	suitable	for	all	of	
the	manufacturing	
processes	 selected	in	the	
feasibility	 study.	
	
Perform	robust	bench	
testing	of	sensors	prior	to	
integration	with	fixture,	
repeat	 testing	for	the	
overall	system.	

1	
	
	
	
	
	
	
	
	

	
1	
	

5	
	
	
	
	
	
	
	
	
	
5	

5	
	
	
	
	
	
	
	
	

	
5	

2.4	 Local	vacuum	
development	

R2.4	Local	vacuum	
solution	does	not	
provide	adequate	

3	 5	 15	 Conduct	early	trials	to	
validate	sealing	system	in	
advance	of	physical	welding	

1	 5	 5	
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vacuum	levels	for	
welding	process.	

trials.	Adopt	lessons	
learned	 from	previous	
research	projects	
conducted	 by	project	
partners.	

2.5	 Weld	trials	 R2.5.1	Due	to	
process	
complexity	the	
weld	trials	could	
demand	more	
effort	that	can	be	
delivered	with	the	
timeframe/budget	
of	 the	
programme.	
	
R2.5.2	residual	
magnetism	too	
significant	to	be	
overcome	by	EBW	
process.	

3	
	
	
	
	
	
	
	
	
	
	
3	

3	
	
	
	
	
	
	
	
	
	
	
4	

9	
	
	
	
	
	
	
	
	

	
	
12	

The	purpose	of	the	trials	in	
this	stage	of	the	project	
are	to	demonstrate	
successful	sealing	of	the	
local	vacuum	while	
achieving	an	appropriate	
weld.		Weld	trials	for	this	
stage	are	therefore	not	
arduous	–	these	trials	will	
be	more	significant	in	
Phase	2	
	
Avoid	magnetic	handling	
devices,	keep	components	
away	from	large	electric	
motors.		Demagnetise	if	
necessary	
	

3	
	
	
	
	
	
	
	
	
	
	
	
1	

3	
	
	
	
	
	
	
	
	
	
	
	
4	

9	
	
	
	
	
	
	
	
	
	
	
	
4	

2.6	 Metrology	 R2.6	existing	large	
volume	metrology	
equipment	
unsuitable	 to	enable	
the	 advanced	
alignment	 and	
inspection	
operations.	

3	 5	 15	 Adopt	lessons	learned	from	
previous	projects	
conducted	at	the	Nuclear	
AMRC.	If	Nuclear	AMRC	
does	not	have	the	most	
appropriate	technology	
then	they	will	leverage	
support	from	their	tier	1	
members	and	consult	with	
NPL	to	understand	the	
latest	state	of	the	art	
techniques.	

1	 5	 5	

2.7	 Demonstrator	 R2.7	Unable	to	
integrate	diverse	
range	of	technologies	
into	a	single	
coherent	
demonstration.	

3	 5	 15	 AMRC	have	an	extensive	
track	record	in	complex	
integration	projects	with	
diverse	technologies	and	
suppliers.	Each	technology	
will	be	developed	in	
accordance	with	the	system	
level	functional	spec,	which	
will	define	its	data	
input/output	requirements	

1	 5	 5	

2.8	 Dissemination		 R2.8.1	Mantra	no	
longer	operating	
	
	
	
	
	
	
	
R2.8.2	Original	
researchers	no	

2	
	
	
	
	
	
	
	
	
3	

3	
	
	
	
	
	
	
	
	
4	

6	
	
	
	
	
	
	
	
	

12	

The	AMRC	Group	has	a	
mission	to	promote	STEM	
subjects.		If	Mantra	is	not	
operating	then	it	will	have	
been	replaced	by	an	
appropriate	alternative.	
	
There	is	sufficient	resilience	
within	the	consortium	for	
alternative	authors	who	will	
have	access	to	all	materials	

1	
	
	
	
	
	
	
	
	
2	

3	
	
	
	
	
	
	
	
	
3	

3	
	
	
	
	
	
	
	
	
6	
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longer	available	to	
write	papers	

–	in	particular	the	
numerous	stage	reports	

2.9	 Project	
Management	

R2.9.1	Slippage	
	
	
	
	
	
	
	
	
	
	
R2.9.2	Sub-
contractor	business	
failure	

4	
	
	
	
	
	
	
	
	
	
	

2	

3	
	
	
	
	
	
	
	
	
	
	

5	

12	
	
	
	
	
	
	
	
	
	
	

10	

The	project	will	be	
managed	in	accordance	
with	the	Nuclear	AMRC	
gated	management	
process,	which	includes	
monthly	1:1	Review	
meetings,	short	term	
deliverables	and	quarterly	
consortium	progress	
meetings.	
	
Project-specific	hardware	
details	known	as	purchased	
by	Nuclear	AMRC	on	behalf	
of	contractor.			Facilitate	
alternative	source	of	
supply.	
	

2	
	
	
	
	
	
	
	
	
	
	

1	

3	
	
	
	
	
	
	
	
	
	
	
5	

6	
	
	
	
	
	
	
	
	
	
	

5	

	

	

6 Costs	
The	cost	of	the	InFORM	project	will	be	£1.26M	+	VAT	

6.1 Breakdown	of	costs	
Work	Package	 Days	 Labour	Costs	 Capital	 Sub-contract	 Other	costs	

WP2.1	Forging	
optimisation	

129	 £66K	 	 	 £1.5K	

WP2.2	Machining	
optimisation	

133	 £54K	 	 	 £28K	
(Machine	
hours)	

WP2.3	Intelligent	Fixture	 162	 £90K	 	 	 £3.5K	

WP2.4	Local	vacuum	
development	and	WP2.5	
Vacuum/weld	trial	

812	 £315K	 	 £147K	(TWI	are	
sub-contracting	
CVE)	

£37K	(Inc	
facility	charge)	

WP2.6	Metrology	 152	 £59K	 	 	 	

WP2.7	Produce	
demonstrator	

395	 £158K	 	 	 £92K	
(Materials	and	
machine	hrs)	

WP2.8	Dissemination	 107	 £49K	 	 	 £45K	
(MANTRA,	
trade	show	
stands	and	
travel)	

WP2.9	Project	
management	

240	 £105K	 	 	 £10K	(T&S)	

Total	 2130	 £896K	 	 £147K	 £217K	
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6.2 Justification	of	Stage	2	costs	
The	 InFORM	 project	 is	 primarily	 focussed	 on	 the	 gaining	 of	 intellectual	 property.	 Not	 only	 does	 each	 delivery	
partner	bring	a	wealth	of	knowledge	 to	 the	 InFORM	project	but	 the	 leverage	of	over	£7M	 in	capital	 resources.		
Some	of	the	more	significant	 items	are	the	Nuclear	AMRC’s	Soraluce	FX12000	horizontal	boring	machine	(£2M)	
and	the	Dorries	VTL	(£2.5M)	which	will		demonstrate	the	InFORM	concept.		Additionally	TWI	are	contributing	the	
use	 of	 their	 local	 vacuum	EBW	 	 (£2M)	 capability,	NPL	 are	 deploying	 their	Optimum	 system	with	 laser	 tracking	
hardware	 (£0.5M)	 and	 MetLase	 a	 laser	 cutter,	 press	 brake	 and	 specialist	 software	 (£0.6M).	 In	 addition	 the	
demonstrator	 will	 be	 built,	 commissioned	 and	 tested	 at	 the	 Nuclear	 AMRC’s	 8000m2	 research	 factory	 in	
Rotherham.	

Consequently	the	non-staff	costs	for	this	project	are	primarily	limited	to	the	purchase	of	materials,	consumables	
and	machining	time.		

This	project	 is	not	a	profit	 generating	activity	and	 therefore	 the	hourly	 rates	proposed	by	Nuclear	AMRC	 -	and	
adopted	by	all	project	subcontractors	-	are	on	a	cost	recovery	basis	only.		Even	without	the	leverage	benefits,	if	
this	project	was	to	be	funded	at	market	rates	then	the	overall	costs	would	be	some	£2.5M,	especially	as	labour	is	
such	a	significant	proportion	of	the	costs.	

As	well	as	the	necessary	technical	expertise,	coordination	of	the	work	carried	out	by	each	of	the	delivery	partners	
will	be	critical	to	the	success	of	the	InFORM	project.		The	number	of	partners	and	their	geographical	spread	does	
mean	that	project	management	as	well	as	travel	and	subsistence	costs	will	take	on	a	greater	significance	than	if	
the	project	was	being	undertaken	by	a	single	contractor	on	one	site.	

6.3 Additional	funding	
There	is	no	additional	funding	other	than	the	leverage	detailed	above.	
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Appendices	
Appendix	1.	Project	Gantt	Chart		
 

 



InFORM:	Stage	1	SBRI	Advanced	Manufacturing	and	Materials	(Area	3	Theme	3) 

Strictly Confidential   32 

 
 
  



InFORM:	Stage	1	SBRI	Advanced	Manufacturing	and	Materials	(Area	3	Theme	3) 

Strictly Confidential   33 

Appendix	3.	InFORM	alignment	with	parallel	programmes	and	interactions	with	other	themes	
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