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The Nuclear AMRC was established in the UK as an arm of the University of Sheffield to support 

industry and secure contracts in the nuclear sector – a wide scope of activities including nuclear new 
build, plant operations and decommissioning & waste management systems. One of the key goals is to 
work with industry partners in reducing unit cost, fabrication time, and risk associated with 
traditional manufacturing processes, whilst also striving to improve quality and engage with the 
industry regulators. The Nuclear AMRC’s facility was designed to accommodate large component 
development programmes and is capable of producing demonstrator components, using an array of 
state-of-the-art fabrication & manufacturing solutions. 

Acknowledging the great potential of electron beam welding (EBW) for modern manufacturing 
the Nuclear AMRC operates 2 EBW facilities. One of them is the largest electron beam facility in the 
UK, with a vacuum chamber volume of 208 m3, allowing EBW of large scale components as required 
for nuclear manufacturing. The mobile 30 kW, 60 kV gun is attached to an x-y-z gantry via two rotary 
axes. These axes together with turn and tilt tables are all CNC controlled allowing a very flexible 
approach for welding of parts up to 100 tons with sizes up to 6 × 4 × 3 metres. In addition two wire 
feeders are attached to the gun opening the facility to additive manufacturing. 

Additive manufacturing achieves increasingly more acceptance for industrial applications. 
Electron Beam Additive Manufacturing (EBAM) exhibits a very efficient, high power energy source 
which easily couples with metals promising one of the highest deposition rates for all metal additive 
manufacturing technologies. The processing in high vacuum is ideal for reactive alloys. CNC is 
standard for most of the EBW set-ups allowing easy application of an automated build strategy. 

This paper aims to present EBAM builds realised at the Nuclear AMRC demonstrating the ability 
to achieve complex structures for different materials.  

Електронно-лъчево производство с добавяне на материал в  ядрения AMRC (Б. 
Бауфелд, Р. Видисон, Т. Дитилеул,  К. Бриджър). Ядреният AMRC е създаден във 
Великобритания, като инструмент на университета в Шефилд, който да подкрепи 
индустрията и осигури договори в областта на атомната енергетика – един широк обхват 
от дейности, включително и ядреното ново строителство, действието на оборудването и 
извеждането му от експлоатация, както и управлението на системите от отпадъци. Една 
от основните цели е да се работи с партньори от индустрията за намаляване на единичната 
цена, времето за производство, както и рисковете, свързани с традиционните 
производствени процеси, като в същото време се стреми да подобри качеството и да се 
ангажира с регулаторите в индустрията. Съоръженията на ядрения AMRC са предназначени 
за изпълнение на програми за разработване на големи компоненти и са в състояние да 
произвеждат демонстративни компоненти, като се използва набор от най-съвременни 
производствени решения. 

Признавайки големия потенциал на електроннолъчевото заваряване (ЕЛЗ) за модерно 
производство в ядрения AMRC оперират 2 съоръжения за ЕЛЗ. Едното от тях е най-
голямото съоръжение за ЕЛЗ в Обединеното кралство, с обем на вакуумната камера от 208 
m3, което позволява ЕЛЗ на големи възли, каквито се изискват в ядреното производство. 
Мобилна 30 kW, 60 kV електронна пушка е прикрепена към X-Y-Z портална конструкция чрез 
две въртящи се оси. Тези оси заедно с въртящи и накланящи се маси са CNC контролирани и 
позволяват много гъвкав подход за заваряване на части до 100 тона с размери до 6 × 4 × 3 
метра. В допълнение две устройства за използване на добавъчен заваръчен тел са приложени 
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към електронната пушка, с което съоръжението се отваря и към производство с добавяне на 
метал. 

Производството с добавяне на метал постига все повече индустриални приложения. 
Електронно-лъчевото адитивно производство (ЕЛАП) използва много ефикасен и с  висока 
мощност източник на енергия, който лесно се свързва с метали, обещавайки една от най-
високите скорости на отлагане между всичките технологии за производство с добавяне на 
метал. Обработката в дълбок вакуум е идеална за реактивни сплави. CNC е стандартна за 
повечето от машини за ЕЛЗ, което позволява лесното създаване на стратегия за 
автоматично натрупване на добавяния метал. 

Тази статия има за цел да представи ЕЛАП, които се реализират в ядрения AMRC и 
демонстрират  способността за получаване на сложни структури от различни материали по 
тази нова технология. 

 

Introduction 

A. Nuclear AMRC 

The Nuclear Advanced Manufacturing Research 
Centre (Nuclear AMRC), operated by the University 
of Sheffield, was set up 2010 by the British 
government to help companies to overcome their 
manufacturing problems, reduce risk, and develop the 
technical capability to compete on cost, quality and 
delivery. The equipment has been selected to meet the 
requirements of the civil nuclear industry, but the 
facility is also available across the energy sector and 
for other high-value industrial sectors especially if 
large-scale manufacturing is required. 

At the Nuclear AMRC world-leading resources 
and expertise in large-scale high-precision machining, 
fabrication, welding and assembly is offered. To date 
over £26 million worth of state-of-the-art equipment 
has been installed – many of which are the largest or 
most advanced of their kind in a research centre 
anywhere in the world – and all of which are available 
for industry-led research and development. 

B. EBW Facilities 

The Nuclear AMRC operates two EBW facilities, 
both supplied by pro-beam®. The work reported here 
was performed at the K2000 (Fig. 1). Details of the 
set-up are given in Table 1 (For the sake of complete- 
ness data of the K25 are also given in this table).  

The K2000 is a facility with a mobile 60kV/30kW 
EBW gun mounted inside of the vacuum chamber on 
a gantry system allowing CNC controlled linear 
movements of the gun in three directions and rotations 
around two axes (Fig. 2). The vacuum chamber has a 
volume of 208 cubic metres and is the largest in the 
UK and possibly the largest operated by an academic 
institute in the world. The powerful mechanical and 
diffusion pumps can achieve a vacuum of 10-4 mbar 
within 45 minutes. 

 
 

 
 

 

 
Fig. 1. View on the K2000 exhibiting the vacuum chamber, 

the large turn table and the smaller turn/tilt table 

 
Fig. 2. K2000 EBW gun, gantry system, turn/tilt table, and 

two wire feeder units 
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Together with the 5 axes of freedom of the EBW 
gun, a 100 tonnes rotary table mountable for a 
horizontal or a vertical axis of rotation, and a CNC 
controlled turn-tilt table this facility is extremely 
flexible and allows a wide range of research and 
development work for EBW of large scale parts. 

The two wire feeder units can be utilized for non-
autogenous welding changing the chemical 
composition in the fusion zone deliberately, for repair 
and for additive manufacturing of new components or 
of features to existing components.  

C. Electron Beam Additive Manufacturing 

Metal based additive manufacturing is currently 
investigated by many research groups utilizing 
different energy sources. Additive manufacturing may 
be especially interesting if the metal is expensive 
making the waste prevention for extensive machining 
economically viable. Additive manufacturing is also 
beneficial, if the material is difficult and/or time 
consuming to machine. Depending on the application 
and the requirements in properties, quality and final 

geometry, powder bed, powder blown or wire based 
technologies may be favored. The selected energy 
source also depends on these factors and on the 
economic viability. 

Similar to other welding technologies such as arc 
or laser welding, the electron beam can be applied for 
additive manufacturing [2, 3] Sciaky has demonstrated 
the readiness of this technology for industrial 
manufacturing [4]. Wire based additive manufacturing 
commonly can-not provide net-shape parts. However, 
in certain cases this is not required since machining of 
raw shaped additive manufactured parts is still 
economically more viable than machining from a 
massive block. In these cases the electron beam 
technology may have advantages compared to arc or 
laser based technologies. High vacuum and the nature 
of the electron beam create conditions not available to 
the other processes and puts it at advantage to the 
other technologies. In particular materials that oxidise 
easily or have a very high melting point may be ideal 
candidates for Electron Beam Additive Manufacturing 
(EBAM). Furthermoree, EBAM offers one of the 

Table 1 
Capability details of the K25 and K2000 

 Units K25 K2000 

Chamber size [m3] 1.6x1.2x 1.2 8.7 x 5.2 x 4.6 
Chamber volume [m3] 2.5 208 
Max. work piece size [m3] Task dependent 6.4 x 4.0 x 3.2 
Max. work piece load [tonne] 0.5 100 
Max. x-y working envelope [m2] 0.7 x 0.3 6.2 x 3.4 
Max. z working envelope [m] 0.2 3.1 
Max. rotational axis diameter  [m] 0.6 3.0 
Max. beam power [kW] 40 30 
Max. acceleration voltage [kV] 80 60 
Max. beam current [1] 500 500 
Wire feeder # n/a 2 off (Ø 0.8-1.2 mm) 
Pump down time [min] 10 45 

 
Table 2 

Key process parameters and component geometry of components 

Shape Material EB 
Power 

Weld 
velocity 

Wire 
speed 

Deposition 
rate 

Layer 
height 

Wall 
width 

Component 
height 

  [kW] [m/min] [m/min] [kg/h] [mm] [mm] [mm] 
Flat square duct Ti6Al4V 2.6 0.3 4.0 1.2 0.8 10 26 
High square duct Ti6Al4V 4.2 0.6 6.0 1.8 0.7 14 100 
Square to circle duct Ti6Al4V 2.6 0.3 2.0 0.6 0.8 9 50 
D shaped duct Ti6Al4V 2.6 0.3 2.0 0.6 0.8 9 145 
Square duct HSCR 

steel 
5.0 0.6 4.0 2.1 0.6 13 95 

Trefoil 316L 2.3 0.6 2.0 1.0 0.4 to 0.7 7 to 9 ~55 
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highest deposition rates of all metal additive 
manufacturing technologies making this process 
viable for large scale manufacturing. 

EBAM at the Nuclear AMRC 

A. Set-up 

Two wire feeder units consisting of wire spools 
and feeder nozzles are installed in the vacuum 
chamber mounted to the gantry next to the electron 
gun (Fig. 2). The drive unit with control panel is 
located outside the chamber. The work presented here 
was performed using one unit with the wire leading 
the melt pool. All wires had a diameter of 1.2 mm. 
The manipulation was achieved by a combined CNC 
operation of the gantry system and the turn/tilt table. 
The gun was operated at 60 kV. 

Fig. 3 shows EBAM of a square duct in process. It 
is apparent that the complete component keeps a high 
temperature during the whole process. Operating in a 
vacuum convection cooling is excluded and the part 
can only cool down via conduction and radiation. This 
leads to a long exposure to high temperatures and a 
slow cooling rate which may be an advantage or 
disadvantage depending on the material. Fig. 4 shows 
the set-up after building the high Ti6Al4V square 
duct.  

It is worthwhile to mention during EBAM much 
more metal fumes are created than during welding 
which condensates on the equipment resulting to 
significant tinting of the surfaces (Fig. 4). 

 
Fig. 3. In-process EBAM (The vertical electron beam is 

invisible) 

 
Fig. 4. Set-up of one wire feeder after creating a Ti6Al4V 

duct inside the K2000 

B. Ti6Al4V 

Titanium and especially Ti6Al4V is the material 
most applied for metal additive manufacturing. The 
reason for that is the wide area of application of this 
material, especially in the medical and the aeronautic 
industry, the relatively difficult machining and the 
high material costs [5]. Furthermore, the anisotropy of 
material properties inherent to the building direction 
often leading to epitaxial grain growth is partially 
eliminated by the solid state transformation from β to 
α+β micro-structure. In many cases more isotropic 
properties are advantageous facilitating design work 
for calculating mechanical performance. 

Fig. 4 and Fig. 5 show examples of Ti6Al4V 
builds including simple square ducts, a D-shaped duct, 
and a transition from a square duct to a circle duct. 
The key process variables are given in Table 2. It is 
noteworthy that for the builds presented here 
deposition rates up to 1.8 kg/h has been realized 
which is more than double the value achieved by wire 
based laser or arc welding additive manufacturing [6]. 
In development work with straight linear walls 
deposition rates even up to 5 kg/h were achieved. The 
limit was the maximum wire feed speed realizable and 
not the available power. Higher deposition rates are 
therefore expected in future by using two feeders and 
thicker wire. 
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Fig. 5. Different Ti6Al4V ducts (from left to right): Square 

to circle, D-shaped, square 

The builds exhibit satisfying shapes with relatively 
smooth surfaces. As generally observed in additive 
manufactured Ti6Al4V parts [6, 7] large, epitaxial 
grown prior-β grains are discernible at the surface. 
Dye penetrant inspections do not report any surface 
defects. Cross-sectioning does not reveal internal 
defects. 

Currently tensile testing are performed allowing in 
near future the comparison of the mechanical 
performance with results obtained for wire based 
additive manufactured components using a laser or a 
tungsten inert gas welding torch [6, 7] 

C. High strength Corrosion resistant steel 

This work is aimed towards aeronautical 
applications for which the feasibility of additive 
manufacturing of high strength corrosion resistant 
(HSCR) parts shall be investigated. One goal was to 
achieve a wall thickness of at least 12 mm in a single 
track in order to facilitate future mechanical testing. 

Fig. 6 shows a EBAM build where this goal has 
been achieved with a wall thickness of 13 mm by a 
single track approach. The deposition rate was 2.1 
kg/h.  

Vickers micro-hardness measurements report a 
constant hardness over the whole built height of about 
310 HV0.5 which is only slightly higher than mill 
annealed/cold-treated plate material. 

Closer inspection of the surfaces, cross-sectioning 
and computer tomography however reveal crack 
formation which seems to be related to the formation 
of a secondary phase segregating along the primary 
grains. Further work is required to investigate the 
possibility of preventing this by a specific deposition 
strategy. There is however also the potential that the 
material chemistry of this particular alloy will exclude 
the application for EBAM.  

 

 
Fig. 6. Square duct of a HSCR steel  

D. Stainless steel 316L 
The stainless steel 316L is widely applied in very 

diverse industry such as medical, marine, plant 
engineering and others. Additive manufacturing of 
316L has been investigated with powder bed based 
technologies [1, 8]. Powder bed based technologies 
generally are limited in size and EBAM gives the 
opportunity to expand additive manufacturing of 316L 
parts to larger sizes.  

An additional challenge was to progress from 
simple duct shapes to more complex shapes with 
intersecting tracks. Therefore a trefoil shape has been 
chosen having a structure in mind as used in heat 
exchangers. It was required to develop an elaborated 
track routine with controlled power and wire feed in 
order to obtain a regular crossover. 

 
Fig. 7. Trefoil mock-up made of stainless steel 316L 

Fig. 7 shows a 316L trefoil mock-up with lateral 
edge size of approximately 150 mm and a height of 
approximately 55 mm. The visual appearance 
indicates that the build strategy including the track 
crossover has been successful. Cross-sections of 
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trefoil builds give no indications for major defects; 
especially no pores or lack of fusion were observed in 
the crossover regions. 

Conclusions 
Complex shapes were created successfully by 

EBAM. Good quality builds with a very low defect 
occurrence was achieved for Ti6Al4V and 316L 
components. The HSCR steel however exhibited 
cracking requiring further work on the EBAM 
strategy.  

This paper reports on preliminary results from the 
EBAM activity at the Nuclear AMRC. Critical issues 
like mechanical properties, metallurgy, texture and 
residual stresses require detailed considerations before 
progression towards industrial application. Yet, the 
excellent quality of the builds observed so far and the 
high deposition rate achievable allows an optimistic 
prognosis for the future application of EBAM in 
manufacturing. 
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