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EBW of nuclear pressure vessel steels 

Bernd Baufeld, Joshua Priest, Thomas Dutilleul 

 
Part of the mission for the Nuclear Advanced Manufacturing Research Centre (Nuclear AMRC) is 

to develop, mature and deploy advanced manufacturing technologies in the nuclear manufacturing 
industry. Electron beam welding (EBW) is widely considered to be one of the game-changing 
technologies which could reduce pressure vessel fabrication lead time, unit cost and manufacturing risk, 
while maintaining or improving quality & component integrity. This paper presents development work 
for the use of EBW as a joining technique for nuclear pressure vessel (NPV) steel walls of up to 100 mm 
thickness. SA508 Grade 3 as well as the higher strength type SA508 4N with increased hardenability 
were investigated. It has been demonstrated that EBW has the capability of joining these sections in a 
single pass, with elementary microstructural and mechanical examinations underpinning the basic 
performance support for such capability. Two-thirds scale components, such as those typical of a Small 
Modular Reactor (SMR) have demonstrated this processing duty-cycle further with the joint being 
completed in 26 minutes. This work will strengthen the viability of EBW applied to primary circuit 
safety-critical components, and will support a future ASME III code case. 

Keywords – Electron beam welding; nuclear manufacturing; pressure vessel steel; SA508 
grade 3; SA508 4N; Small Modular Reactor. 

ЕЛЗ на стомана за ядрени реактори (Бернд Бауфелд, Жошуа Приест, Томас 
Дютилеал). Част от мисията на изследователски център за съвременно ядрено производство 
(ИЦСЯП) е да развива, тества и внедрява технологии в ядрената машиностроителна 
индустрия. Електроннолъчевото заваряване (ЕЛЗ) се разглежда широко като нова технология, 
която може да съкрати времето за производство, цената и производствения риск при същото 
или подобрено качество и  интегритет на компонентите. Този труд представя работите по 
използване на ЕЛЗ като съединяваща методология за ядрени съдове, работещи под налягане, 
стоманените стени на които достигат 100 мм дебелина.  Изследвахме SA508 качество 3, както 
и стомана с висока якост SA508 4N с повишена възможност за затвърдяване. Демонстрирано 
бе, че ЕЛЗ може да съединява тези секции с един проход, с елементарни  микро-структурни и 
механични тествания, подсилвайки основните производствени основи на тази възможност. 
Компоненти с размер две трети, като тези, типични за Малък модулен реактор (ММР), 
демонстрираха този бъдещ производствен цикъл, при който съединението стана  за 26 минути. 
Тази работа заздравява представата за прилагане на ЕЛЗ към критични за надеждността на 
първичния кръг компоненти и ще подкрепи  случаите на бъдещия ASME III код. 

 

Introduction 

In its mission to develop, mature and deploy 
advanced manufacturing technologies in the nuclear 
manufacturing industry the Nuclear Advanced 
Manufacturing Research Centre (Nuclear AMRC) 
considers electron beam welding (EBW) to be one of 
the game-changing technologies capable of reducing 
pressure vessel fabrication lead time, unit cost and 
manufacturing risk, while maintaining or improving 
quality and component integrity. 

The most commonly used nuclear pressure vessel 
(NPV) material for western pressurised water 

reactors, light water reactors, and the material of 
choice for third generation reactors is SA508 Grade 
3 steel [1, 2]. Demands for NPV materials with 
higher strength and toughness are growing, as they 
will enable increases in power capacity and the 
operation life of nuclear power plants. This may 
support the introduction of the SA508 Grade 4N 
specification with its superior toughness and strength 
[3].  

Electron beam welding (EBW) can achieve single-
pass fusion joints in very high sectional thickness 
steels [4]. While recognised by ASME IX [5] as an 
established and approved processing method EBW is  
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Fig. 1. 150 mm thick, full penetration melt run in the 2G position on S355 steel using the up-graded capability of (80 kV) of the 

K2000 facility, at 36 kW.

not widely used for critical joining tasks applied to 
nuclear reactor pressure vessels (RPVs). 

The aim of this paper is to demonstrate the 
capability of EBW for not only the SA508 Grade 3 
class 2 steel but also for SA508 4N, for which no 
EBW applications have been reported in open 
literature. Furthermore, to highlight the viability of 
applying EBW to primary circuit safety-critical 
components, an example for a two-thirds scale mock-
up for a Small Modular Reactor (SMR) will be 
presented, involving circumferential joining of vessel 
shells. 

Set-up and material 

The work was performed using the Nuclear 
AMRC’s two EBW facilities, the K25 and the K2000, 
both supplied by pro-beam®. The K25 is a 
conventional EBW facility with a chamber volume of 
2.5 m3 using a static external 80 kV/40 kW EBW gun; 
this gun may be located to the vacuum chamber 
horizontally or vertically. The K2000 is a facility with 
a mobile 80 kV/40 kW EBW gun mounted inside the 
208 m3 vacuum chamber on a gantry system that 
allows multi-axis linear and rotational movements in a 
Cartesian format. At a beam power of 36 kW full 
penetration of a 150 mm thick coupon in a bead-on-
plate weld has been realised (Fig. 1). 

The aim was to perform autogenous electron beam 
welds in NPV steels of the type SA508 Grade 3 Class 
2 and SA508 Grade 4N Class 1 in a rectangular 
format. The target depth of penetration was 100 mm, 
operating over a sample length of 300 mm at variable 
heights (100 mm for the SA508 Grade 4N or 150 mm 
for the SA508 Grade 3 welds). 

The welding trials aimed to establish welding 
parameters to achieve consistent and full penetration 
butt joints with no internal defects, whilst 
simultaneously achieving the least material loss from 
the fusion zone. The key process variables (KPVs) 
were developed using the K25 in the 2G (horizontal 
welding position) [5] (equivalent to the ISO 6947 PC 
position). 

Before EBW commenced the rectangular test 
coupons were tacked together using the GTAW 

welding process and ER309L filler wire with two 100 
mm long tacks down each side. A 20 mm × 10 mm × 
300 mm support appurtenance was tacked on (Fig. 2). 
The aim of this feature was to retain extraneous 
melted material. The appurtenance material was either 
duplex steel (2205) or stainless steel (SS316); these 
materials were used as they both tend to have a lower 
residual magnetism than that of the SA 508 grades (≤ 
0.3 Gauss). 

 
Fig. 2. Schematic drawing of the EBW set-up of the 

rectangular coupons including the support appurtenance. 

Circumferential butt welds were performed in 2G 
position to represent a vessel mock-up initially 
comprising of S355 structural steel cylinders of 1.8 m 
diameter and 78 mm wall thickness. 

EBW of rectangular coupons 

The EBW parameter sets were first developed for 
both types of materials with bead-on-plate melt runs at 
maximum power of 40 kW and varying the welding 
speed, beam focus location and type of beam 
oscillation. The optimized suite of parameters for this 
initial piece of work is given in Table 1. 

   Fig. 3 shows examples of the weld crowns and 
roots for those welds completed in the SA508 Grade 3 
and 4N coupons. The crowns are continuous and the 
material well retained. The roots exhibit some minor 
undercut which may be acceptable considering the 
post processing techniques requiring a final machining 
operation for the end product. 
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Table 1 
Optimised EBW parameters for joining 100 mm thick 

rectangular coupons of SA508 Grade 3 and Grade 4N, and 
78 mm thick cylinders of S355 

 Power 
Surface 
speed 

Beam figure 
frequency x y 

 kW mm/s Hz mm mm 
SA508 
grade 3 

40 3.2 141 3 2 

SA508 
4N 

40 3.0 141 3 2 

S355 30 3.4 501 1 3 
Tack. 6.0 10.0 501 1 1 

 
Deep penetration EBW of both materials benefit 

from an elliptical beam oscillation with larger 
amplitude in welding direction (X axis of the machine 
coordinate system) and a smaller amplitude 
perpendicular the welding direction (Y axis of the 
machine coordinate system, parallel to gravity) (Table 
1). Beam oscillation potentially prevents internal 
defects such as voids by supporting degassing in the 
weld pool. 

For the butt welded joints support appurtenance 
features were applied. It was observed that material 
loss at the weld crown and weld concavity at the root 
is very sensitive to the distance and angle of these 
support features with respect to the weld seam. In the 
present investigation, it was found that the 
appurtenance placed 4 mm under the weld seam and 
angled towards it at an inclination of 5° was enough to 
reduce material loss. 

In the case of SA508 Grade 4N it was observed 
that the residual magnetism of the material causes the 
beam to deflect from the weld seam. The extent of the 
residual magnetism may not be made apparent by 
surface gauss meter readings due to the presence of 
internal magnetic hard spots as well as surface 
magnetism. Appropriate demagnetization was able to 
reduce this influence to an acceptable level. 

Fig. 4 shows etched cross sections of EBW joints 
in SA508 Grade 3 class 2 (a) and SA508 4N steels (b). 
Both materials exhibit parallel fusion zones with a 
high depth to width ratio. It is noteworthy that the 
widths of both the fusion zone and heat affected zone 
(HAZ) are slightly larger for SA508 4N than for 
SA508 Grade 3 class 2 steel. This may be related to 
the lower welding speed applied for SA508 4N. 

  
a) b) 

  

c) d) 

  Fig. 3. View on weld crown (a, c) and root (b, d) of butt 
joints of SA508 Grade 3 (a, b) and 4N (c, d) coupons. 

 
a) 

 
b) 

Fig. 1. Cross sections of 100 mm wide EBW joints of (a) 
SA508 Grade 3 class 2 and (b) SA508 4N with stainless 
steel support appurtenance (right) supporting the weld 

crown. 

Fig. 5 reports the hardness across the welds for 
SA508 Grade 3 (circle) and SA508 4N (triangle) 
steels, measured near the crown (a), in the centre (b) 
and near the root (c). For both materials (for SA508 
4N to a much lesser extent) the hardness of the HAZ 
and the fusion zone was higher than the parent 
material. As expected, the hardness of the parent 
material of SA508 Grade 3 is lower than the one for 
SA508 4N steel. However, the hardness of the HAZ 
and the fusion zone is higher for SA508 Grade 3 than 
for SA508 4N steel. For both materials (more obvious 
for SA508 Grade 3) the hardness of the HAZ and the 
fusion zone increase from the crown towards the 
centre and the root. 



 

 “Е+Е”, vol. 53, 5-6, 2018 139

 
a) 

 

b) 

 

c) 

Fig. 5. Hardness across of the welds for SA508 grade 3 
(circle) and SA508 4N steel (triangle) measured near the 

crown (a), in the centre (b) and near the root (c) 

The microstructure of the parent material of SA508 
Grade 3 class 2 steel was interpreted to consist of 
bainite (Fig. 6a) which was obtained through the heat 
treatment of the steel (normalising at 875 °C, and 
tempering 620 °C). The fine grained HAZ exhibits a 
very fine structure consisting of bainite, while the 
coarse grained HAZ appears to contain martensite, 
which can be recognised through the large laths. The 
fusion zone also displays martensite but with a much 
finer structure (Fig. 6b). Potentially, the coarse 

grained HAZ also contains some bainite and the fine 
grained HAZ also contains some martensite, but could 
not be discerned with optical microscopy. These 
observations are supported by a continuous cooling 
transformation curve for SA508 Grade 3 steel [6] 
where mixtures of bainite and martensite in the 
fusionand HAZ are predicted due to the cooling rates 
achieved during EBW.  

The microstructure (Fig. 6c) and the hardness 
within the parent material of SA508 4N steel may 
suggest a coarse tempered martensite with some fine 
carbides. The HAZ and the fusion zone (Fig. 6d) 
appear to be a mixture of various types of bainite, 
potentially with some acicular ferrite in the fusion 
zone. The prior austenite grain seems to increase from 
crown to root and from fusion zone to HAZ. 

a) b) 

  
c) d) 

Fig. 6. Microstructure of the parent material (a, c) and the 
fusion zone (b, d) of SA508 Grade 3 (a, b) and SA508 4N 

steel (c, d). 

Tensile tests of parent material and cross weld 
EBW samples were performed for both materials. All 
EBW samples failed off-centre outside of the 
weldment (fusion and HAZ) while the parent material 
samples failed, as expected, in the centre. Table 2 
summarises the results. The superior mechanical 
performance of SA508 4N steel compared to SA508 
Grade 3 steel is evident. The strength of this material 
is significantly higher. 

It is noteworthy that for both materials the EBW 
samples have an overall higher strength and lower 
elongation at failure. Supported by the observed 
higher hardness it can be assumed that the fusion zone 
and HAZ are stronger than the parent material. In the 
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case of such bimodal samples, the stronger material 
acts as a support due to material constraint and von 
Mises stresses. Therefore, the final strength of the 
samples is higher than observed in the base material. 

To conclude it is possible to join 100 mm thick 
components in SA508 Grade 3 and 4N steels by 
EBW. However, appropriate post weld heat treatment 
will be required to reduce the localised high hardness 
and strength of the HAZ. 

Table 2 

0.2% yield strength (YS), ultimate tensile strength (UTS) 
and elongation at failure from tensile tests at room 

temperature of parent and EBW material of SA508 Grade 3 
and 4N steel. 

  YS UTS Elongation 
  [MPa] [MPa] [%] 

SA508 
Grade 3 

Parent 575 ± 4 697 ± 9 18 ± 1 
EBW 633 ± 14 744 ± 3 13 ± 1 

SA508 
4N 

Parent 764 ± 5 867 ± 3 22 ± 1 
EBW 804 ± 7 888 ± 3 16 ± 1 

 

EBW of cylinders 

S355 steel cylinders were joined by EBW using the 
parameter set given in Table 1. Before joining the 
cylinders were tacked by EBW at three locations 120° 
apart (100 mm long each) using the parameter set 
given in Table 1. The lengths of the slope-in and 
slope-out were 150 mm and 300 mm, respectively. 
The total welding time was 26 minutes. Fig. 7 shows 
the process while welding. 

Visual inspection of the weld revealed a nicely 
developed crown (Fig. 8) and root along most of the 
circumferential weld. 

In the overlapping slope-in/slope-out region, two 
spill outs at the crown and three excessive weld 
convexities (topographical perturbations) at the root 
are obvious (Fig. 2). It is noteworthy that two of these 
topographical perturbations had a highly reflective 
surface while the third was fairly dull (Fig. 2, the 
highly reflective impression was obscured by etching 
during section preparation). This difference in 
appearance can be explained by the topographical 
perturbations being created at different times. The two 
reflective topographical perturbations are likely to 
have developed at the very end of the weld, so they 
would not have been exposed to metal fumes for an 
extended time and therefore remained reflective. The 
other one is likely to have developed at the beginning 
of the weld and was exposed to the metal fumes for a 
long time, losing its sheen through the condensation of 
metal fumes. 

 
Fig. 7.  Circumferential EBW of a vessel mock-up 

 
Fig. 8. Crown of a circumferential EBW of a vessel mock-

up 

 
Fig. 2 Etched longitudinal section and the inner surface of 
the circumferential EBW. The topographical perturbation 1 

was created during slope in, the topographical 
perturbations 2 and 3 during slope out. 

This defect was identified in a longitudinal section 
in the shape of a large void (Fig. 10). Since the end of 
the slope-in coincides (+ 360°) with the start of the 
slope-out it is not totally clear whether this void is 
related to the slope-in and/or the slope-out. The two 
reflective topographical perturbations most likely 
formed at the end of the weld during slope-out, since 
this area was still hot from the full penetration weld at 
the beginning. Due to the overlay of the second run in 
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this area, too much energy led to the formation of 
topographical perturbations. For clarification of this 
issue and improvement of the slope-in and slope-out 
process further work is planned. 

 
Fig. 3. Longitudinal section of the circumferential EBW 

with indications of the slope-in and slope-out. Insert shows 
magnified void. 

Conclusions 

SA508 Grade 3 class 2 and SA508 Grade 4N 
forged pressure vessel steels, with wall thicknesses of 
100 mm, can be joined in a single track by EBW at 40 
kW and 3 mm/s. No defects within the welds were 
detected by non-destructive testing. The hardness and 
tensile tests highlighted the requirement for post weld 
heat treatment. The joining of two-thirds scale mock-
ups for SMR vessels was completed within 26 
minutes. Defects were found within the slope-
in/slope-out region, indicating the need for improving 
the slope-in/slope-out strategy. The results from this 
work strengthen the case for applying EBW to 
primary circuit safety-critical components, and 
highlights the need for further work to support a future 
ASME III code case. 
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