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The challenges for nuclear advanced manufacturing 

Juan Matthews and Neil Irvine, Dalton Nuclear Institute, The University of Manchester; 
Stuart Dawson Nuclear Advanced Manufacturing Research Centre, the University of 
Sheffield. 

Abstract 

The prospect of nuclear new build (NNB) in the UK led to the establishment of the Nuclear 
Advanced Manufacturing Research Centre (Nuclear AMRC) at the University of Sheffield 
and the EPSRC New Nuclear Manufacturing (NNUMAN) programme centred at The 
University of Manchester. These two organisations have been cooperating respectively on 
higher and lower Technology Readiness Level (TRL) R&D related to areas such as: high 
productivity machining, narrow gap welding, advanced metrology and near net shape 
manufacture relevant to advanced GEN III reactors. This paper describes these recent 
developments and also reviews the challenges from future requirements of small modular 
reactors (SMRs) and GEN IV systems. 

The success of SMRs rests on a number of key factors, not the least of which is a reduction 
in manufacturing costs and improvement in manufacturing efficiency. Manufacturing will 
need to be factory based and automated as far as possible and the degree of modularisation 
in reactor construction will have to be increased. In the case of GEN IV systems there are 
likely to be new materials which will present novel manufacturing challenges. The wider 
issues across all systems of through-life engineering are addressed through underpinning 
knowledge developed from detailed material analysis and environmental testing at The 
University of Manchester, together with advanced modelling and simulation in areas such as 
weld residual stress. 

Introduction 

Nuclear manufacturing, often determined by mandatory or widely accepted codes and 
standards, is highly conservative and slow to change. This is entirely reasonable for high 
integrity, long life and capital intensive industries but is exacerbated in nuclear by a slow 
product cycle, particularly in the West where bursts of construction have been followed by 
long periods of low domestic demand, when export – leading to technology transfer – to 
emerging nuclear countries has been the main activity. This has occurred since the 1980’s in 
countries such as the USA and Japan and from the 1990’s in France and South Korea. Their 
manufacturing supply chains have then concentrated on the smaller service/ 
upgrade/replacement markets and have become more globalised. 

The UK new build programme will largely draw on existing manufacturing practice: the 
numbers of reactors being built to a particular design is not enough to warrant investment in 
major re-workings of existing supply chain and manufacturing process, allied to the need to 
keep existing supply chains and/or in-house manufacturing facilities occupied and 
committed: though these include a number of UK companies with long term presence in the 
industry. Incremental change in manufacturing continues, but on time-scales compatible with 
licensing and delivery schedules.  
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Future reactor designs may provide the opportunity to break out from this slow rate of 
change. GEN IV systems (and potentially nuclear fusion power plants) are likely to demand 
some new materials, and manufacturing processes to go with them, particularly for 
components exposed to high operating temperatures (needed for improved thermal 
efficiency) and challenging radiation and corrosion environments (e.g. fast neutron reactors, 
molten salt reactors, fusion reactors). 

In the shorter term, Small Modular Reactors (SMR), probably based on the integral 
Pressurised Water Reactor (PWR) concept, may provide another opportunity to “break the 
mould”, by being produced for a relatively high volume market, provided that costs can be 
constrained by “factory build” and modular construction so that the volume of sales arising 
can justify the investment required in new and upgraded facilities and techniques. SMR’s still 
require a lot of on-site work including substantial civil works and hook-up, integration and 
commissioning, but factory based modularisation can significantly reduce the overall cost 
and time of installing nuclear capacity and thereby provide more attractive investment 
propositions: financing cost is the major single element of the overall costs of large, largely 
site built reactors. Experience gained from the use of modularisation in other industries such 
as process and oil and gas and in the Westinghouse AP1000 reactor will be of great benefit. 
The background to the UK interest in SMR is not given here but can be found in a recent 
article in Nuclear Future [1] and a detailed analysis of their economics in reference [2]. 

The Nuclear Advanced Manufacturing Research Centre 

The Nuclear Advanced Manufacturing Research Centre (Nuclear AMRC) was announced in 
2009 and is located at the Advanced Manufacturing Park in Rotherham, hosted by the 
University of Sheffield. In 2011 a dedicated 8000 m2 research factory was opened. It is 
currently equipped with £30m worth of production-scale state-of-the-art manufacturing 
facilities, has over 105 staff and operates in TRL space 3 to 6 [3], figure 1. The Nuclear 
AMRC is part of the High Value Manufacturing Catapult and has received support as part of 
the UK Government Regional Growth Fund [4]. The Centre is funded by its 40 industrial 
members and matched Government funding through the Catapult.  

Because the safety cases for NNB have already been made there has been little opportunity 
for introducing any significant advanced manufacturing into the highly risk adverse nuclear 
industry. As a result, most of the NNB activity at the Nuclear AMRC has been focussed on 
‘manufacturing excellence’ and introducing best in class ‘conventional’ technology rather 
than ‘advanced’ manufacturing. The Centre has also been very active in assisting UK 
companies to join the NNB supply chain. However, in parallel there has been an active 
programme of research on advanced manufacturing, using some state-of-the-art equipment, 
which will impact on future reactors and with the main foci: 

− Optimising machining of large complex components; 

− Advanced joining and cladding techniques; 

− Large volume metrology and in-process Inspection; 

− Visualisation for design, planning, assembly and training. 
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The NNUMAN Programme 

The NNUMAN programme was set up in October 2012, funded by EPSRC and the 
Universities of Manchester and Sheffield, to develop advanced manufacturing techniques 
and the underpinning understanding of these, including how they are likely to perform in 
service, and operates at TRL 2-4, [5]. It is based around the manufacturing of industrially-
relevant test pieces, detailed materials analysis and advanced modelling of the mechanisms 
involved to provide a potential predictive capability. It covers narrow gap welding (TIG, SAW, 
Laser, EB), advanced machining (including machine dynamics and assisted machining 
techniques) near net shape manufacturing (particularly HIP) and aspects of nuclear fuel 
manufacture (both ceramic and metallic), all underpinned by state of art materials 
examination techniques and specific modelling development (including weld residual stress). 
NNUMAN sits between UK university basic materials research and higher TRL 
manufacturing development: it works closely with Nuclear AMRC (where all the NNUMAN 
machining trials take place) as well as enjoying a range of industrial support and interest 
from Rolls-Royce, Amec Foster Wheeler, AREVA, EDF, EPRI, BAES, Hitachi-GE and 
others. The NNUMAN programme has its own facilities at the Manufacturing Technology 
Research Laboratory, which is a £8 million investment in Manchester, figure 2. 

Advanced manufacturing technology needed for small modular reactor 
development 

There has been an interest in smaller power reactors since the 1980s, but the expansion of 
work on new SMR concepts really got underway around 2000 and there have been over 60 
design studies. These range from small versions of the PWR and BWR to small GEN IV 
designs (see reference [6] for a section of active projects). However, the main focus of 
current interest in the UK [7] is the integral PWR where the NSSS (nuclear steam supply 
system) is contained in the reactor pressure vessel. What this means can be seen in figure 
3. Typically, the pressure vessel is divided into three sub-modules containing: the core and 
control rod guide structures; the steam generator and pumps; and the top dome/pressuriser. 
The primary circuit is entirely within the vessel so there are only smaller penetrations for the 
secondary circuit inlet and steam outlet, compared with a conventional PWR. Other details 
vary from design to design, which can be seen in Table 1. The diameters of the reactor 
vessels are usually smaller than for larger PWRs, but they are much longer. This has to be 
balanced by elimination of primary pipework and the incorporation into a single pressure 
boundary of the primary pumps, steam generators and pressuriser. 

The variable design features include: 

• the location of the control rod drive mechanisms (CRDM), where rod drive 
connections are very long if they are mounted externally or they have to cope with 
high pressure and temperature if mounted internally; 

• the steam generators (SG) have to be very efficient to keep the size within 
reasonable limits; 

• The primary circulation is either forced with some penetration to accommodate 
pumping or natural convection is achieved usually in lower power designs. 



 

 

 5

The other area where there are major differences is in the containment and safety features. 
As can be seen in Table 1 some designs use conventional (for PWR) large, strong, dry 
containments and others go for small (and in some cases very tight) containments that are 
cooled externally and can also suppress pressure by being flooded. The NuScale and 
Westinghouse designs are particularly innovative in terms of their safety systems [8,9]. In 
addition, the UK is interested in Chinese designs and in particular the possibility of 
contributing to the development of the ACP100+ concept [10]. Detailed study of the NSSS 
components and materials has been carried out for the mPower and NuScale designs for 
the US Department of Energy [11]. 

Table 1 Comparison of some design features of selected integral PWR SMR designs that 
are close to implementation 

 
Power 
(MWth) 

Power 
(MWe) 

Reactor vessel Reactor containment 

Outer 
Diameter (m) 

Height  
(m) 

Outer 
Diameter (m) 

Height  
(m) 

Westinghouse 
SMR 

800 225 

CRDM mounted internally 
Straight tube steam generator 

Forced convection 

Small steel containment with 
a vacuum or can be flooded 

3.5 24.7 9.7 27.1 

m-Power 530 180 

CRDM mounted internally 
Straight tube steam generator 

Forced convection 

Large freestanding steel 
containment 

4 27 ~32 ~50 

NuScale 160 4550 

CRDM mounted externally 
Two independent helical SG 

Natural convection 

Small steel containment with 
a vacuum or can be flooded 

2.9 15 ~4.6 ~23 

SMART 330 100 

CRDM mounted externally 
Helical SG in 8 modules 

Forced convection 

Large concrete containment 
with steel liner 

5.3 15.5 ~40 ~55 

AP1000 for 
comparison 

3400 1117 4.3 12 ~40 ~56 

 

Integral PWR construction is an attractive platform for advanced manufacturing 
development, because the materials used are the familiar ones already used in light water 
reactor designs, but pressure to reduce costs and the need to initiate a new licensing 
process opens up the opportunity to introduce new manufacturing approaches. 

The viability of SMRs is largely a question of cost, which is made more difficult because of 
the economies of scale for larger reactors. Shorter construction times give savings on 
interest accrued on capital during construction that can be substantial as the pre-
commissioning interest rates are higher than for an operating plant. The rapid construction of 
many small plants also allow the NOAK (Nth of a kind) cost to be achieved earlier in the life 
of a design, but this is not sufficient. A recent study by the Energy Technologies Institute 
(ETI) has looked at the potential for SMR construction in the UK [12]. This gives a potential 
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market for SMRs in the UK of the order of 20 GWe. With wider markets overseas this makes 
a potential SMR industry more like the aircraft than the conventional nuclear industry, where 
most of the reactor plant is made as modules in factories with much reduced effort for 
installation on site. This style of factory manufacture could well lead to construction costs per 
unit power for SMRs to be substantially lower than for large reactors. So far the focus has 
been on the reactor and containments, but to achieve the required cost and construction 
time reductions this has to cover the whole of the plant, ie the turbine generators, auxiliary 
systems, fuel handlingmanagement and storage, etc.  

An important issue will be the size of modules, as this affects the range of sites available for 
SMRs. Modules for larger reactors like AP1000 or the ABWR range up to 100’s of tonnes 
and require some in-situ fabrication and special transport. One attraction of SMRs is that 
they could open up new sites for nuclear power stations away from traditional coastal and 
large river locations, so modules have to be easily transported. As Table 1 shows the main 
vessel for an integral PWR is relatively large and the South Korean SMART reactor [13] in 
particular, with its very large vessel and containment building is not likely to show benefits 
over larger PWRs in terms of flexibility of deployment. It has been pointed out the 
modularisation route is not always the optimum route to take, as it is site dependent and 
“locks in” the detailed design, so there has not yet been large scale modularisation of 
electro-mechanical systems [14]. This warning is valid but there has been an increasing 
trend in modularisation in the construction and energy sectors and small electricity 
generation modules have become ubiquitous. We should also look to the aviation sector 
where large scale modularisation is widespread, for example with the manufacture of the 
A380 wing modules at Airbus Broughton (North Wales) which are shipped to Toulouse for 
fitting to the fuselage. The A380 wing module is 40 m long, weighs 60 tonnes and is pre-
filled with electrical wiring, fuel and hydraulic piping and undercarriage mounting ‘pylons’ etc. 
which need to be connected to the 230 tonne fuselage module. The modules need to 
achieve the necessary ‘aerodynamic’ fit to within millimetres and of course all the ‘services’ 
need to connect with each other [15]. 

More specifically let us now look, in Table 2,  at a selection of technologies from the Nuclear 
AMRC and the NNMAN programme that will almost certainly contribute to a future SMR 
project.  

Table 2 Some examples of the advanced manufacturing technologies being developed at 
the Nuclear AMRC and the EPSRC NNUMAN programme and their relation to SMRs. 

Technology Benefit for future reactor systems, including SMRs 

Electron beam welding of thick 
section pressure vessels 

Substantial reduction of manufacturing costs and 
times, potentially fewer and lower risk weld defects 
and easier inspection. 

Weld modelling and automatic 
welding of complex components, 
such as steam generator tubes 
[16] 

Designing welds to minimise residual stresses 
enabling more reliable installation and reduced 
environmental cracking. Improvement on weld quality 
and reduction in cost. Potential for reduced inspection 
burden. 

Assisted machining of nuclear 
materials (eg cryogenic machining) 

Potential tailoring of component surface residual 
stress which would reduce susceptibility to SCC and 
hence allow longer time in service. Reduction on 
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manufacturing cost may also be achieved but this will 
be of secondary importance compared to extending 
service life and reducing inspection and repair costs. 

Robotic machining and process-to-
part manufacturing [17,18] 

Reductions in cost and speed of machining by 
replacing large fixed machines with low cost tools 
controlled by 21st century positioning and autonomous 
systems. 

Bulk Additive Manufacturing or 
near net shape powder methods 
(eg hot isostatic pressing from 
powders) [19] 

Potential significant cost reduction in pressure 
retaining components (incl. pumps and valves) and 
core internals manufacturing by enabling move away 
from forgings and castings which are expensive and 
have limited supply bases and need significant 
machining and inspection.  

Diode laser cladding of primary 
circuit components and the reactor 
vessel 

Substantial reduction of manufacturing costs and 
times by single pass production of the clad surface 
and elimination of post clad machining. 

Traceable, large volume, on-
machine inspection 

Substantial reduction of manufacturing costs and 
times by eliminating expensive and time consuming 
movement of large heavy parts to and from inspection 
cells. 

Automated visual inspection Automated evaluation of part cleanliness and 
elimination of human judgement/error. 

State-of-the-art large-volume 
metrology with virtual and 
augmented reality 

Faster assembly and installation with a reduction of 
issues on module quality. In addition, when combined 
with structural and weldment modelling, the ability to 
manage tolerances to achieve accurate fit-up. 

 

Advanced Manufacturing for GEN IV Systems 

The horizon for construction of GEN IV systems in the UK is much further than for SMRs so 
that any work on advanced manufacturing for these will be lower TRL for some time. 
However, the question of materials choices for GEN IV systems is important as current 
structural materials do not fulfil all the requirements for structural integrity in the harsher 
chemical, temperature and radiation environments of future systems. The selection of 
materials is very dependent on the ability to produce them and to be able to make 
components from them reliably. This task overlaps with a similar one for the development of 
materials and manufacturing for nuclear fusion power production. 

Many of the developments described above are applicable to GEN IV systems but the 
following topics are examples of the requirements for the next stage of development [20]: 

• Manufacture and joining of ODS (oxide dispersion hardened 
streghthenedsteelstrenghened) alloys for use in fast reactor core and fusion reactor 
structures; 

• Fabrication and joining of composites based on silicon carbide to fuel cladding 
materials and structures both for accident tolerant water reactor fuel components and 
high temperature radiation damage resistant structures for gas-cooled fast reactors; 
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• Fabrication and joining of exotic new materials like MAX-phases (layered ternary 
carbides and nitrides such as Ti3SiC2)  for GEN IV reactor structures [21]; 

• New coatings to allow high temperature structural materials to be protected from 
environmental degradation in molten salt and other GEN IV reactor coolantsystems. 

All of these directions are currently being pursued in UK universities and one example is the 
study of friction stir welding to join ODS alloys at the University of Liverpool [22]. Friction stir 
welding was invented at TWI in 1991 [23]. 

In addition to the manufacturing, structural integrity and materials performance, there is an 
increasing need to integrate activities on through-life engineering of the reactor plant [241]. 
The operational costs of SMRs in particular could become excessive unless the opportunity 
is made to increase the level of autonomous monitoring and robotic inspection and 
maintenance. 

Conclusions  

Advanced manufacturing innovation and development will be critical for future reactor 
systems and this could provide the opportunity for the UK to regain its role in the global 
nuclear industry through small modular reactors. It could also be important to later GEN III+ 
systems, reducing their costs and making them more accident tolerant, if it is possible to 
make changes within the cost of revisiting their regulatory approvals. In the longer term, 
GEN IV systems will need new technology to manufacture a new generation of materials 
with many challenges. There is no shortage of new technologies that are currently being 
applied in other industrial sectors that might be applied in nuclear. Facilities like those at the 
Universities of Manchester and Sheffield are important in reducing the costs of manufacture, 
in evaluating new techniques and acquiring new capabilities and skills. 
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Figure Captions (figures provided separately as high res image files) 

Figure 1 View of part of the Nuclear AMRC research factory. From the right to left: the robotic 
machining area; the electron beam welding chamber; the diode laser cell; and the additive 
manufacturing area with the hot isostatic pressing (HIP) cell. Welding facilities are located at the back 
of the picture. The metrology and main machining facilities are not visible, being located further to the 
right.  
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Figure 2 The Manufacturing Technology Research Laboratory at The University of Manchester, which 
is at the heart of the NNUMAN programme. 

 

Figure 3 Cross section of the NSSS for two well-developed designs for integral PWRs:  
a. Westinghouse SMR, showing the reactor vessel and the main internal features.  
b. NuScale showing the reactor vessel and its location in the primary containment vessel.  
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