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ABSTRACT 
 
This report consist the results of the development of the electron beam welding (EBW) 
method for sealing spent nuclear fuel (SNF) disposal canister. This report has been used 
as background material for selection of the sealing method for the SNF canister. Report 
contains the state of the art knowledge of the EBW method and research and 
development (R&D) results done by Posiva. Relevant R&D results of EB-welds done 
by SKB are also reviewed in this report.  
 
Requirements set for the welding and weld are present. These requirements are based on 
the long term safety and also some part of requirements are set by other processes like 
non-destructive testing (NDT) and manufacturing processes of components. Initial state 
of the weld is described in this report. Initial state has significant effect on the long term 
safety issues like corrosion resistance and creep ductility. Also short and long term 
mechanical properties as well as corrosion properties are described. Microstructure and 
residual stresses of the weld is represented in this report. Report consists also 
imperfections of the weld and statistical analysis of the evaluation of the probability of 
the largest defect size on the weld. Results of corrosion and creep tests of EB-welds are 
reviewed in this report. 
 
EBW process and machine are described. Preliminary designing of the EBW-machine 
has been done including component handling equipments. Preliminary welding 
procedure specification (pWPS) has drawn up and qualification of the personnel is 
described briefly. In-line process and quality control system including seam tracking 
system is implemented in modern EBW machine. Also NDT methods for inspection of 
the weld are described in this report. 
 
Concerning the results from the research and development work it can be concluded that 
EB welding method is suitable method for sealing SNF canister.  Weld material fulfils 
requirements set by the long term safety.  The welding system is robust and reliable and 
it is based on computerized numerical control.  There still remains work concerning the 
acceptance procedure for the welding process and other open issues which are described 
in this report. 
 
Keywords: Copper, electron beam welding, EBW, nuclear disposal canister, sealing of 
the canister. 
 



 



Käytetyn ydinpolttoaineen loppusijoituskapselin sulkemismenetelmän 
koosteraportti: osa 2 EBW 

TIIVISTELMÄ 
 
Tässä raportissa koostetaan Posivan loppusijoituskapselin sulkemisen elektronisuihku-
hitsauksen (EBW) kehitysyössä syntyneet tulokset. Tätä raporttia on käytetty tausta-
materiaalina Posivan hitsausmenetelmän valinnassa käytetyn ydinpolttoaineen kupari-
kapselin hitsaukseen. Raporttiin on kerätty tämänhetkinen tietous EBW hitsausmene-
telmästä sekä tutkimus- ja kehityshankkeiden tuloksia pääasiassa Posivan omista tutki-
mustuloksista ja myös Posivan yhteistyökumppanin SKB:n EBW hitsien ominaisuuk-
sien tutkimuksista. 
 
Raportissa esitetään hitsaukselle esitetyt vaatimukset, jotka koostuvat kapselille asetet-
tuihin pitkäaikaisturvallisuuden vaatimuksiin ja vaatimuksiin, jotka perustuvat mm. 
ainetta rikkomattomien tarkastusmenetelmien (NDT) ja komponenttien valmistuspro-
sessien asettamiin vaatimuksiin. 
 
Sulkemishitsin lähtötila on kuvattu raportissa. Lähtötila on erityisen tärkeä pitkäaikais-
turvallisuuden kannalta korroosion keston ja virumissitkeyden osalta. Lähtötilaan 
ominaisuuksista kuvataan lyhyt- ja pitkäaikaiset mekaaniset ominaisuudet sekä korroo-
sion kestävyys. Materiaalin käyttäytymiseen vaikuttaa mm. raekoko ja jäännösjänni-
tykset. Raportissa on kuvattu myös havaitut virheet hitsissä ja arvioitu tilastollisesti 
suurimman mahdollisen vian esiintymistä kapseleissa. Pitkäaikaisturvallisuuden kannal-
ta oleelliset EB-hitsien korroosio- ja virumistulokset ovat esitetyt tässä raportissa. 
 
Hitsausprosessi ja -laitteisto on kuvattu yksityiskohtaisesti raportissa. Loppusijoitus-
laitosta varten on suunniteltu alustavasti hitsauslaitteisto, jossa on myös kapselin ja 
komponenttien käsittely järjestelmät mukana. Hitsausprosessille on laadittu alustavat 
hitsausohjeet ja alustavasti raportissa kuvataan henkilöstön pätevöintiä. Hitsauspro-
sessin laadunvarmistus ja hitsauksen aikaisen tiedon keruu on esitetty kattavasti mukana 
lukien railon seuranta 
 
Kerättyjen tutkimus- ja kehitystyötulosten pohjalta EBW:ta voidaan pitää sopivana 
menetelmänä loppusijoituslaitokseen. Hitsiaine täyttää pitkäaikaisturvallisuuden asetta-
mat vaatimukset ja hitsausjärjestelmää voidaan pitää luotettavana prosessin hallinnan 
kannalta. Jäljellä olevat kehitystyöt liittyvät hitsausprosessin hyväksyttämiseen sekä 
muihin avoinna oleviin asioihin eriteltynä tässä raportissa. 
 
Avainsanat: Kupari, elektronisuihku hitsaus, EBW, loppusijoituskapseli, kapselin 
sulkeminen. 
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ABBREVIATIONS 

ACX=amplitude value of the oscillation pattern in transversal direction 
ACY=amplitude value of the oscillation pattern in longitudinal direction 
BSE= backscattered electrons 
CEN = the European Committee for Standardization 
CI= confidence interval 
CNC = computerized numerical control 
CM = contour method 
CMM= coordinate measure machine 
Cp= process capability index 
Cpk= process capability index 
Cu-OFP = phosphorus micro alloyed oxygen free copper 
Cu-OFE = oxygen free copper, electronic grade  
Cu-OF = oxygen free copper 
dIfoc =focus current change during test welding 
DHD= deep hole drilling (in residual stress measurement) 
DOE = design of experiments 
dR= displacement of the beam from joint line 
DT = destructive testing 
EB = electron beam 
EBSD=electron backscatter diffraction 
EBW = electron beam welding 
EDM= electrodischarge machining 
ESPI=electronic speckle pattern interferometry 
ET = eddy current testing 
FEA=finite element analysis 
FEM = finite element method 
FET = field effect transistor 
FS = friction stir 
FSW = friction stir welding 
HD = hole drilling method 
IB = beam current in EB-welding 
IL = Ifoc =lens current= focus current in EB-welding 
ICHD=incremental center hole drilling 
ISO = International Organization for Standardization 
LSL = lower specification limit 
LVD = beam measurement system 
NDT = non-destructive testing 
MOS = metal oxide semiconductor 
OD= Outer diameter 
PA position =Flat position according to SFS-EN ISO 6947 
PC position = Horizontal position according to SFS-EN ISO 6947 
ppm=parts of million 



 

 

PRA=Probabilistic risk assessment 
pWPS = preliminary welding procedure specification 
QA = Quality assurance 
QC = Quality control 
R&D= research and development 
Ra= arithmetic mean surface roughness 
RC= ring core (residual stress measurement) 
RT = radiographic testing 
RSM = response surface method 
S11, S22, S33= stress components 
S12, S13, S23= shear stress components 
SEM= scanning electron microscope  
SFS = Finnish standards association 
SFS-EN = European standard which has been printed as SFS-EN standard 
smin= minimum of the penetration 
SKB = Swedish Nuclear Fuel and Waste Management Company 
SPC = statistical process control 
SPN= spent nuclear fuel 
SCC = stress corrosion cracking 
StDev=standard deviation 
SST =Steigerwald Strahltechnik GmbH 
STUK = Radiation and Nuclear Safety Authority (in Finland) 
T= transversal size of the oscillation pattern 
USL = upper specification limit 
UT = ultrasonic testing 
v = welding speed 
VAHA = Vaatimusten hallinta = requirements management for systems. 
VT = visual testing 
VVER fuel = fuel type used in Loviisa nuclear power plant 
WLC= weld center line 
XK001-XK064 = serial numbered lid test welds 
YVL =Regulatory Guides on nuclear safety 
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1  INTRODUCTION 

Posiva Oy is responsible for research into the final disposal of nuclear spent fuel which 
has been produced by TVO Oyj and Fortum Power & Heat Oy. Posiva Oy is also 
responsible for the construction, operation and eventual decommissioning and 
dismantling of the final disposal facility.  
 
Spent nuclear fuel will be disposed approximately 500 m deep in bedrock in massive 
canister about 5 m long with 5 cm thick copper exterior and load bearing nodular cast 
iron insert. These canisters will be loaded with spent nuclear fuel, sealed by welding 
and inspected in encapsulating plant. After that these canister will be transfer in the 
disposal facility deep in bed rock. 
 
Posiva will need to dispose 4500 canister starting at 2022 lasting up to 2120 when 
disposal facilities will be sealed. Target of the welding activities is to have robust 
process and qualified system for sealing canister. Even the welding will start 2022 
purchasing, construction and qualifying personnel, machines and processes will took 
long time. So it is reasonable choose proper welding method for final disposal at the end 
of year 2013-2014. 
 
This report has chosen all the necessary matters concerning the initial and long-term 
properties of the weld material, overall requirements set by the welding process and the 
overall quality details. The main demands concerning the long-term and initial 
properties of the weld material have been gathered from Posiva's VAHA-system 
(requirements management for systems). 
 
A description and basis of the welding process has been introduced in its own chapter 
including typical welding defects for EBW. In the initial state of the weld material 
chapter the mechanical properties of the weld material the results from measurements 
concerning residual stresses caused by welding and typically found welding defects in 
copper canisters' weld material have been gathered together. For the long-term 
properties research results concerning the weld materials' creep and corrosion properties 
have been summarised. NDT of the weld material has its own chapter with POD-curves 
that have been made by Posiva during NDT development work. Concerning the welding 
system and quality matters the most critical parts and details have been introduced. 
Industrialization issues include possible open issues and certain required properties or a 
detail from the welding machine at the encapsulation plant is presented.  
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2  TARGET AND SCOPE OF THE FINAL REPORT AND PROJECT 

2.1  Target and scope of the report 

At 2013-2014 the sealing method for the spent nuclear fuel (SNF) canister will be 
selected. There are two method developed for sealing the canister: electron beam 
welding (EBW) and friction stir welding (FSW). There will be separate state of the art 
report of each welding method. After writing state of the art reports memorandum of 
comparison both method will be written by authors and project manager. These reports 
and memorandum will be review by expert group, which covers wide enough technical 
areas. The expert group will propose and justify proposal. Management of Posiva will 
choose sealing method before the end of the year.  
 
This report is the state of the art report of the EBW. This report covers the most 
important issues related on sealing of the copper canister. The principle of EB-welding 
including the most important parameters and quality control are described. The typical 
imperfections, their reasons to occur, the ways to eliminate them and detectability by 
NDT are also described. The properties of EB-welded copper and the initial state of 
welded canister are written based on the researched studies. Finally the aspects related 
to encapsulation plant and its´ welding system including risk management are shown. 
 
Posiva has studied EB-welding as the sealing method now since 1993 and collected 
information and results from 581 plate welds and 58 canister-lid welds (Figure 1), 
which are welded in Finland at Patria Aviation. The used lids were in 1:1 scale but the 
canisters were mock-ups because of the height and weight limitation of the used EBW 
equipment. One full size canister was EB-welded in France at DCN Indret. Also one 
controlled test welding by sealing using the cast iron insert has been arranged.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Posiva has EB-welded 64 canister-lid joints at Patria Aviation in Finland.  
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3  REQUIREMENTS FOR WELDING 

 
The requirements can be divided into two categories. The first category is based on the 
long term safety. These are chemical and mechanical requirements for the weld. The 
weld has to have enough high corrosion resistance to fulfil long term safety 
requirements. Creep ductility of the weld has to be high enough. 
 
The second category of requirements is based on the requirements, which are related to 
operations and processes in encapsulation plant and manufacturing of the components. 
For example NDT will set some requirements for welding so that weld is easy to 
inspect. Also welding will set requirements for manufacturing like tolerances and 
clearances. 
 
Requirements presented here are preliminary requirements. Especially absolute values 
for requirements will be clarified later on because R&D work is going on. 

3.1  Requirements for Initial state and long term safety of the canister 
welds 

The most important requirements are set for welds based on the long term safety. The 
Finnish Centre for Radiation and Nuclear Safety issues detailed regulations for long 
term safety base on Finnish acts and regulations. (STUK YVL D.5. Long-term safety of 
disposal of spent nuclear fuel). According to YVL D.5, the long-term safety of disposal 
shall be based on redundant barriers so that deficiency in one of the barriers or a 
predictable geological change does not jeopardise the long-term safety. The barriers 
shall effectively hinder the release of disposed radioactive substances into the host rock 
at least 10,000 years. 
 
Corrosion resistance of the weld has to be high enough to fulfill the Finnish regulatory 
requirements i.e. corrosion barrier has to last at least several thousand years. Corrosion 
rate will set the minimum initial wall thickness. Defects in the weld will reduce the 
intact material and this has to be taken into account when defining specifications for 
maximum allowable defect size in weld and minimum thickness of intact material. 
General corrosion within 1 million years has been estimated to be 6 mm [SKB (2004 
p.140)] and [SKB (2006 p.294)]. It has been also estimated that corrosion will be less 
than few millimetre within 100 000 years [Posiva 2009, p 347]. 
 
From mechanical point of view copper material is soft and will creep at repository 
condition. Creep is tendency of material to deformation under mechanical load. Creep 
ductility has to be high enough to withstand creep deformation. Short term ductility has 
to be also good, because of the rock shear caused by earthquake can deform canister in 
the repository. Creep strain level min. 15% [Raiko 2012, 8.3.4] and plastic strain level 
min 40% has proposed [Nolvi 2009 p. 7] Using normal tensile testing for few mm wide 
weld having 50-100 mm gauge length will give wrong vision on ductility. Using 95 mm 
gauge length more than 30% elongation has been achieved by EBW. 97-115% 
elongation has been achieved using 10 mm gauge length for 6-8 mm wide EB-weld 
[Ollonqvist (2007)].  



 

 

 
Chemical composition of the weld material should be such that creep ductility and 
corrosion properties don't impact the long term safety. The chemical composition of Cu-
OFP with 30-100 ppm phosphorous and less than 8 ppm sulphur levels has to be 
fulfilled in the weld material. 
 
Following specifications are set by long term safety requirements according to VAHA-
system: 
  

 nominal thickness of the copper canister over pack is 49 mm 
 minimum intact copper thickness is 35 mm and 40 mm in 99% of the canisters 
 components shall not have macroscopic defects larger than 15 mm in depth 
 chemical composition shall fulfill the specification in EN 1976:1998 with the 

following additional requirements: O < 5 ppm, P = 30 - 100 ppm, H < 0.6 ppm, 
S < 8 ppm 

 elongation at rupture > 40% 
 creep ductility of the over pack shall be > 15% 

3.2  Requirements on welding set by NDT, manufacturing and handling 
in encapsulating and disposal plant 

Welding process and method has to be mature and proven method. Implementation of 
the mature and proven process and equipment is much easier than tailor made unique 
equipment. Also a mature method has normally standards for qualification to ease 
qualification of the process, equipment and personnel. 
 
Welding system has to produce a weld, which fulfils the acceptance criterions.  
Reliability of the welding system has to be good and yield of the production has to be 
high enough to minimize quality costs. There has to be a good quality control system to 
ensure repeatable and stable welding process.  
 
Maintenance, product and process support of the welding equipment has to be good for 
long time.  For example, system has to be such that time after time upgrading the 
system can be done, when some subsystem like process control logic will be  up-dated. 
Spare parts have to be easy to purchase or manufacture to ensure fluent production. 
 
Capacity of the welding process has to be 40 to 60 canisters per year. Peak capacity of 
the encapsulation plant will be 100 canisters per year. Each disposal canister contains 12 
spent fuel assemblies except canisters which are used for dispose of fuels of Olkiluoto 
3, which has positions for four fuel assemblies. For example, Castor VVER 440/84 
spent fuel cask contains positions for 84 fuel assemblies, which means that 7 pcs of 
canisters are to be filled and sealed in one batch. If 40 canisters will be welded per year, 
5 to 6 sealing batches will be needed per year.  
 
Welding system has to be such that it can be qualified for sealing canister and also 
fulfils environmental and industrial safety regulations. 
NDT sets requirements for the weld joint design as described in the next section. 
Surface of the weld is recommended to be machined to ensure NDT especially eddy 
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current and visual testing.  At least spatter has to be removed after welding for easier 
inspection of the weld and handling canister. 
 
Because of high radiation level near canister, system has to be remote controlled. 
Implementation of the welding equipment into encapsulation plant should be possible. 
System has to be such that process or equipment compatible with radioactive 
environment and system and equipment sensitive to radiation should be shielded.  

3.3 Requirements on components to be welded and joint design 

Welding process sets requirements for the component manufacturing. For example the 
surface quality has to be good enough. The tolerances of components as well as 
clearances between lid and canister (i.e. tube) have to be suitable for assembling the lid 
into the canister and sealing the canister. Weld groove and joint design is presented in 
Figure 11 and sectional cut of the lid weld is presented in Figure 12.  The shoulder or 
the centering lip of the joint will prevent lid to go too deep inside the cylinder (i.e. tube) 
during assembly and it works as a backing bar. 
 

 
Figure 2. The used weld joint is square preparation with centering lip (shoulder). On 
left hand side schematical gap and centering lip are shown.  Gap is exaggerated to 
clarify drawing. On the right hand side the position of the weld is shown with actual 
gap. The 5 mm extra material can be seen on the top of weld (5 mm step on the top 
surface of the lid).   
 
 



 

 

 
 
Figure 3. Sectional cut of the lid weld. The canister is on the right hand side and the lid 
is on the left hand side of the weld.  Gap between lid and canister can be seen 
underneath of the weld. The top surface of the weld has been machined. 
 
Material of the components to be welded has to fulfil the Cu-OFP material properties 
and composition. [Raiko2005]. The material for copper canisters shall fulfil the 
specification of the grades Cu-OFE or Cu-OF1 with the additional requirements, which 
improve creep ductility. Maximum sulphur level is set to 8 ppm and phosphorous 
content has to be between 30 to 100 ppm. The oxygen content is limited to 5 ppm. 
Hydrogen content has to be less than 0.6 ppm.  
 

Surface roughness of the weld joint surfaces has to be 1.6-3.2 m [Shultz (1993 p.106)]. 
Surfaces has to be clean i.e. there is not allowed any contamination on the component 
surfaces, which can evaporate during welding. There is not allowed oxidation on weld 
joint surfaces and areas near weld. Oxide on the surface behaves as getter. This means 
that humidity and, for example, cutting fluid will penetrate porous oxide layer where 
fluids can evaporated while heating during welding causing defects on welds. Any 
foreign material in repository has to be minimized so components have to be clean in 
encapsulation plant. To avoid any contamination on weld groove surfaces, these 
surfaces have to be machined without any cutting fluid. No cleaning after final 
machining the weld groove is needed. Some cleaning can catalyze of accelerate 
oxidation of the final machined surface. Handling, transportation and storing of 
components has to be such that there is no possibility to contamination or oxide 
formation on the final machined surface. 

14



15 
 

 

Requirements for surfaces of the welded components 
- surface roughness on weld joint should be Ra 3.2 m or better 
- weld joint and areas nearby weld has to be machined without cutting fluid, 

preventing any contamination 
- defects on weld joints surfaces and on areas nearby weld which can impact 

welding process and weld quality are not permitted 
- rough machined surfaces of copper components shouldn't have any 

contamination which can evaporate during welding. 
 
Weld joint design has to be such that it doesn't impact to weld quality and lid will be 
easy to install inside the canister. The gap between lid and canister has to be enough 
narrow. Maximum permissible gap width for 50 mm penetration is 0.3 mm [Schultz 
(1993 p.105)] for horizontal position welding using vertical beam. Interference fitting is 
used in sealing canister having maximum 0.3 mm clearance between lid and canister. 
Tolerances for weld groove in lid and canister has to be such that components are easy 
to manufacture. Normally for 950 mm diameter 0.23 mm tolerance can be achieved 
using normal turning. If tolerance will be increased to 0.3 mm machining will be easier 
to machine and thus be more cost effective. For example, if gap between lid and canister 
is 0.3 mm and taking account that lid can be move a little bit during tack welding, 
dimensions of the weld groove has to be: 
 

- inner diameter of the canister on weld joint=nominal diameter (+0.3/-0.0) 
- outer diameter of the lid on weld joint=nominal diameter (+0.3/-0.0) 

 
There is the centering lip (i.e. shoulder) and a gap between the lid and the canister 
underneath of the joint line (Figure 11). The centering lip works as a beam stopper  
preventing the keyhole or the beam to penetrate into the gap underneath the centering 
lip. The root of the weld has to be enough far away from the inner surface of the 
canister side so that the root area of the weld can be inspected by ultrasound (ultrasonic 
testing, UT). If the centering lip is too narrow the beam can be penetrated into the gap 
between the lid and the canister. Ultrasound will echo from the inner surface of the 
canister underneath of the centering lip. This signal might be mixed with signals echoed 
from weld area if the width of the centering lip is too small.  Its´ width should not also 
be too large because it might decrease the intact copper material thickness in canister 
wall. 
 
Clearance underneath the centering lip helps installation of the lid into canister. 
Surfaces will act as guiding surfaces during installation of the lid. This clearance should 
be as small as possible, but enough large to allow easy installation of the lid. Surface 
quality of this area under shoulder can be Ra=6.3-12.5 m. 
 
It is recommended that the outer surface of the cast iron insert will also be at least rough 
machined without cutting fluid, washed and dried. Otherwise the rough surface after 
casting will include harmful particles, oil, grease and moisture, which will cause longer 
vacuum pumping time and instable vacuum level and welding process. These residuals 
might also be harmful for long time safety inside the canister. The requirements for 
insert will be described in the own report.   



 

 

3.3  Preparation before and after welding 

Electron beam welding sets several requirements for components to be welded. Surface 
quality of the components has to be good enough especially surface roughness and 
cleanness. Typical surface roughness (Ra) for weld joint surfaces is recommended to be 
1.6-3.2 µm (Schultz 1993 p. 106). There should not be any contamination on surfaces 
which can be evaporated during welding. Typical contamination is cutting fluid, which 
can be avoided performing final machining without cutting fluid. The joint surfaces and 
areas near by weld have to be free of oxidation (Figure 4). 
 
 

a)  b)  
 
Figure 4. Surface quality of the components has to be good enough especially surface 
roughness and cleanness. a) Surfaces inside of canister. b) Lid and canister before 
assembly. 
 
 
The top surface of the weld has to be machined after welding because of NDT needs 
good surface quality. There will exist extra material on the top of weld. There has to be 
5 mm thick and 30-40 mm wide material on weld area and 1 mm thick on whole to area 
of the lid and tube. There will be approximately 6 to 8 kg copper to be machined. 
Surface roughness has to be 6.3 µm after machining. The outer surface of the canister 
has to be vertically straight after welding to ensure ultrasonic inspection.  

3.4  Tolerances and dimensions 

Outer diameters of the lid used in EBW are such that fitting between the lid and the tube 
is location transition fit for accurate location, a compromise between clearance and 
interference.  The fitting underneath of the centering lip used in testing is 1 to 2 mm in 
diameter. Typical dimensions and tolerances of the lid used in testing are shown in 
figure 5. A tolerance of +0.23/0.0 has been used on the diameter 962 mm for lid.  
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Figure 5. Detail of the lid. Typical dimensions and tolerances of the lid. Dimensions 
without tolerances are according to SFS EN ISO 22768-1/2 (SFS 4011) 
 
 
Dimensions of the tube are shown in Figure 6. There is also alternative design used in 
test welds. Outer shape of the tube is conical (Figure 7). Dimensions other than 
presented in figure 7, are same as in figure 6. Shape of the tube will be almost straight 
cylinder after welding. Conical end of the tube prevent barrel shape canister after 
welding thus enable easier ultrasonic inspection without machining of the outer surface 
of the canister after welding. Tolerances of +0.3/0.0 has been used on the diameter 962 
mm for tube. During testing (XK001-XK007) different fittings has been tested and 0.8 
mm shrink fitting can be used. Also tolerances can be lower than 0.23 mm. Proposed 
tolerances and fitting is shown in table 1. Also clearance fitting under centering lip can 
be "tighter" because tube will be heated before assembling lid into tube, which expands 
1.2 mm. 
 
 
Table 1. Proposed tolerances and fittings according to testing's.  

 
   Lid  Tube  Clearance 

   js10  IT11     +=tight; ‐=loose 

Low limit  ‐0.18  ‐0.56  Min  ‐0.18 

High limit  0.18  0  Max  0.74 

 



 

 

 
 
Figure 6. Detail of the tube. Typical dimensions and tolerances of the tube. Dimensions 
without tolerances are according to SFS EN ISO 22768-1/2 (SFS 4011) 

 
Figure 7. Detail of the conical shape tube. Typical dimensions and tolerances of the 
tube. Dimensions without tolerances are according to SFS EN ISO 22768-1/2 (SFS 
4011). 
 

3.5  Specification for weld 

Preliminary acceptance for the canister sealing welds in the lid test series has defined 
and proposed (Pitkänen 2010). These are shown in Table 2. 
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Table 2. Preliminary acceptance criteria for the canister sealing welds in the lid test 
series. (Finnish/English) SFS EN-ISO 6520-1:2007, SFS EN-ISO 13919-1:1996, SFS 
EN-ISO 13919-2:2001, Draft PrEN-ISO25239-1:2009, Draft PrEN-ISO25239-5:2009 
The acceptance criteria for different defect types are modified according to remaining 
wall thickness criterion and completed with thick copper weld defects types. 
 

 
 
Symbols in Table 2 are as follows: 
l length of defect, w width of defect, h height of defect 
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4  OVERALL DESCRIPTION OF THE PROCESS 

4.1  Principle of the process 

The welding process used for joining a cylinder and lid together that is described here is 
the electron beam welding (welding process number 51; SFS-EN ISO 4063).  
 
EB-welding is a high power beam process, where small electrons are accelerated in 
electron beam generator into high speed and their kinetic energy is transferred into heat 
energy to melt material surface and joint. Material vaporises in the point of 
impingement and electron beam penetrates deeper and deeper. When work piece is 
moved under electron beam a so called key-hole effect is occurring and at the same time 
melted material is solidifying behind the key-hole (Figure 1). Weld profile is deep and 
narrow (Figure 2).      
 
EBW process is computer controlled and welding is done in a vacuum chamber, which 
eliminates the risk for oxidation in weld metal.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 8. The various stages of deep penetration welding (EBOGEN 2006). 
 



 

 

 
 
Figure 9. Electron beam welding allows deep and narrow weld profiles (Posiva).  
 
An industrial break through for EB-welding occurred when the first time 5 mm thick 
zirconium plates were welded together in the year 1958. It was noticed that weld was 
greater in depth than it was wide. Soon after that the first production equipment was 
manufactured by Dr. Steigerwald for zirconium fuel rods of nuclear submarines in 
Pittsburgh, USA (Schulz 1993).  
 
Nowadays one can weld steel from thickness of 0.01 mm to more than 100 mm by one 
pass using normal commercial production EB equipment (150 kV / 30 kW). Maximum 
power level is about 100 kW but typically 60 kW is maximum power level for normal 
production machine. Typical higher than 60 kW machines are unique "tailor" made 
machines. There do exist approximately 3500 EB-welding equipment in world. For 
example Global Beam Technologies AG (Steigerwald Strahltechnik GmbG and PTR 
Group), the manufacturer of Patria's equipment, has built approximately 1200 EBW 
machines. Since 1984 SST has sold 137 machines having two different controlling 
systems.  
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Figure 10. EBW machines delivered by SST. CNC_EBCON is old control system and 
Siemens is new control system. 
 
The main characteristics of electron beam welding for copper are: 
 an extremely high power density of about 107 W/cm2, which allows deep and 

narrow weld profiles (Figure 2) 
 preheating for welding is not needed  
 high precision and minimal distortions of work piece 
 no need for consumables (gases, fluxes) to protect the weld pool from oxidation 

because of high purity environment in vacuum 
 straight machined joint surfaces without any need of bevel preparation and filler 

material to fill it up 
 inertia free oscillation of electron beam makes it possible to eliminate e.g. porosity 

in weld material 
 freely adjustable focus position of electron beam allows optimized weld profile  
 almost all working parameters are electrically controlled numerically programmed 

and thus they are easy to measure, monitor, record and reproduce reliably. 
 
Typical EB-welding equipment consists of an EB-generator, vacuum chamber with 
manipulators, vacuum pumps, high voltage supply and controlling unit (Figure 3). 
 
 



 

 

 
 
Figure 11. A typical EB-welding equipment consist of EB-generator, vacuum chamber 
and pumping system, manipulators, high voltage supply and controlling system 
(EBOCAM 2006). 
 
Beam power of commercial equipment can vary from 1 kW up to 60 kW. Accelerating 
voltage is typically 60 or 150 kV. The volume of working chamber can be from a few 
tens of litres to more than 60 m3, but there are several chambers more than 100 m3 
(Eager 1986). The largest EB welding chamber has 860 m3 volume and diameter is 10 
m and length is 11 m. This EB machine is located in Nantes, France (DCN Indret) and it 
has been used for example welding full scale canister for Posiva late 90's.  
 
The vacuum system consist of a turbo-molecular vacuum pump for EB generator and a 
set of mechanical pumps (e.g. rotary vane pumps) as fore pumps and a diffusion pump 
for vacuum chamber. Also oil free turbomolecular pumps are used instead of diffusion 
pumps. Power consumption of the high vacuum pumps can be reduced by few kilowatts 
using turbomolecular pump(s) instead of diffusion pump.  As addition for high vacuum 
system can be used a so-called Polycold system with diffusion pump or turbomolecular 
pump for shorten pumping times. Totally a different kind of pump (cryo-vacuum pump) 
can be used, but it is nowadays quite rare in welding application. The high-vacuum is 
maintained in the beam generating section independently of the pressure in the working 
chamber (medium-vacuum of app. 5x10-2 mbar and high-vacuum of app. 7x10-4 
mbar). It is also possible to combine a vacuum level controller for keeping vacuum level 
constant during long welding cycles. This controller is a part of quality assurance 
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allowing constant weld quality. EB-welding of copper can occur also under medium 
vacuum so high vacuum is option for sealing nuclear waste canister (Suikki & Wendelin 
2008).   
 
Typically electron beam is produced and controlled by the EB-generator within the 
triode system (Figure 4), which is the most common system. There do exist some other 
systems also, but these are not described here. The electrons emerge from the cathode 
consisting of a tungsten filament, which has been heated to app. 2,500ºC in high 
vacuum. The direct heating of tungsten filament ensures robust operation. Voltages of 
up to 150 kV between cathode and anode accelerate the electrically controlled electrons 
towards the work piece. They move at up to 2/3 the light velocity through a hole in the 
anode. The electrons impinge to the work piece with a certain energy that corresponds 
to their speed. This kinetic energy is converting into heating energy to melt surfaces of 
joint.  
 
 

 
 
Figure 12. Schematic drawing of an EB-generator (Steigerwald Strahltechnik GmbH). 
 
The electromagnetic lens and the deflection system form another section within the 
generator column. The electromagnetic lens focuses the diverging electron beam. A 
very important parameter for the welding result is the lens current of the focusing lens. 
It determines the focal position and controls it with high accuracy. By changing the lens 
current the distance of the focal point from the lens may be altered to a great extent and 



 

 

by this one can influence into weld pool and weld quality. In practice the focus distance 
from the generator to the work piece is determined by the lens current. By means of an 
electromagnetic deflection system with 2 independent coil systems the electron beam 
can be deflected in any direction in the X/Y plane (Steigerwald Strahltechnik GmbH). 
 
Integrated part of the lens system is correction system for adjusting beam shape and 
alignment. Alignment coils are used to align beam with optical axis of the generator.   
The beam spot has to be round in every focus position (Figure 13). If beam spot is 
elliptical it will be adjusted back to round using stigmator and alignment coils.  
Aligning and stigmatization will be done normally before welding or at the start of the 
work shift. Normally stigmatization and alignment is not needed to do very often and 
these are not needed to be changed during the welding.  
 

 
 
Figure 13. Change in the diameter of the spot when over and underfocus: a) not 
aligned beam i.e. beam axis off centre and inclined b) Beam axis centered and at 
normal (Schultz 1993 p. 17). 
 
The newest equipment include so called fast deflection coil system also, which allows 
deflect electron beam very fast from key-hole welding to seam tracking of joint and 
post-heat treatment of weld surface simultaneously without interrupting welding. The 
fast beam deflection system can also control residual ripple of high voltage also, which 
affects the focus current set value and adjust during changes of high voltage the used 
focus current respectively. This function keeps focus current constant during long 
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welding cycles and is therefore a part of quality assurance allowing constant weld 
quality. The function to control residual ripple is technically possible but not developed 
yet. A coordinate X/Y-table will be necessary for linear welding of test plates and a 
rotating unit above it for circumferential lid welding (Figure 14).    
 

 

 
 
Figure 14. A standard rotating unit for EB welding equipment (PATRIA AVIATION). 
 
Electron beam welding system includes process monitoring and measurement system. 
The most important welding parameters can be monitored and values can be stored in 
memory. System includes also statistical process control (SPC) for quality control. For 
example all welding parameters are logged in normal operation but if parameter will go 
outside the specified tolerance band system will store all machine information in that 
position. When parameter will come back within tolerance band all machine data will be 
store into memory again. This will help to analyze disturbances of the process. Old 
welding systems have limited data logging capability because of limited memory and 
sampling speed. Systems today have almost unlimited memory and sampling rate of the 
parameters can be hundreds of kHz up to MHz level. Typically 1 kHz sampling rate is 
sufficient to monitor EBW process but when high speed deflection is needed, sampling 
rate can be raised up 1 MHz Fast deflection and measurement is normally used for 
measure beam shape i.e. intensity distribution of the beam with new pinhole type 
sensor.  
 
There are two different beam measurement systems to set up beam shape. For high 
power application up to 60 kW a slot type measurement system is used. This is called 
LDV by SST.  The newest system is based on pinhole measurement sensors and called 
´EBO set´ by SST. 



 

 

The LDV system has 2 sensors each having narrow parallel slots. Sensors are 
perpendicular each other (Figure 15). Underneath of the sensors is water cooled beam 
trap which can absorb energy of the beam while beam is on. Beam is swept fast over the 
sensor and power distribution of the beam can be measured (Figure 16).  
 

 
 
Figure 15. Top view of the LDV sensor head. Sensors 1 and 2 have two 0.05 mm wide 
slots on graphite pieces. Underneath of graphite pieces are located current sensors. 
Electron beam track is drawn red circle. Under the LDV sensor head is beam trap. 
 
The LDV system can be used to measure beam quality (shape) as a function of the lens 
current, the beam current or working distance. Measurement is done using CNC 
program but adjustment of the beam has to do manually when LDV is used. Even 
adjustment is done manually it helps conventional visual adjustment where beam is hit 
metal sample and operator adjust alignment and stigmatisation by looking the beam 
shape. 
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Figure 16. Power distribution curves measured by LDV system. Left hand side peaks 
are measured sensor 1 and right hand side peaks are measured sensor 2. Actual beam 
current has been 300 mA. 
 
Normally 10-12 curves are measured with different focus current. Measurement is done 
using CNC program, which is similar to welding program. Measurement is performed 
so that the first measurement is done highly underfocused. After the first measurement 
focus current is increased and the second curve is measured. This will be repeated until 
12 curves are measured. Target is that the narrowest and the highest peak will be middle 
of the scanned focus current range. Evaluating the shape and location of curves, beam 
quality can be evaluated. Target is to have Gaussian shaped distribution on the 
narrowest peak. Also the location of peaks has to be same. Maximums of the intensity 
of the sensor 1 and 2 have to be achieved same focus current (Figure 17). Otherwise 
focusing is located on different focus length on x-axis and y-axis. In figure 17 is 
presented one measurement which has quite a good setup. The highest peaks are purple 
D5 curves. Shape and location of the peaks give information on alignment and 
astigmatism of the beam and this information is used for adjustment of the beam before 
welding. One good benefit of this system is that measurement can be stored and used 
for quality control purposes.   
 



 

 

 
 
Figure 17. LDV measurements with different focus currents. D1 (black curve) is highly 
underfocused and D12 is over focused (brown curve). Maximum intensity is by the D5 
curve on both sensors. Beam is not fully adjusted on left hand side because the top of 
the peaks are shifting on the graph: underfocused (D1 toD4) are right to D5 peak and 
peaks of D6 to D12 are on left-hand side of the highest peak (D5 purple curve).  
 
The newest system ´EBO set´ can be used nowadays up to 15 kW (150 kV/100 mA) 
power level. High speed measurement, beam deflection and focusing control system 
enabled to use this system. Beam is swept fast over sensor head and accurate intensity 
distribution in x-y direction will be achieved. (Figure 19) Both system can be used for 
adjust alignment and stigmatisation of the beam and data can be stored in memory for 
quality control and assurance purpose. 
 
The pin hole type sensor can be used to measure beam quality as a function of the lens 
current or the beam current (Figure 18). Adjustment of the beam can be done 
automatically within few minutes with this system. When this system is used visual 
adjustment is not required. Posiva has used conventional visual beam adjustment during 
set up EBW machine. Visual adjustment is done using only few mA up to 15 mA beam 
current. It is a big advantage to adjustment beam quality with higher power level when 
pinhole type sensor is used (Figure 19). This system is nowadays used in aerospace 
component manufacturing machines. Welding program can be programmed so that the 
machine will automatically adjust beam before each weld. Machine will be stopped to 
get the acceptance of operator to continue after checking that beam quality is good 
enough. 
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Figure 18. Intensity distributions as function of the focus current measured by EBO set. 
Right hand side beam is not adjusted i.e. intensity distribution is uneven. Distributions 
are even (symmetrical) Left hand side after automatic adjustment (Mücke et al. 2012). 
 



 

 

 
 
Figure 19. EBO Set measurement system: on the top are pin hole type sensor heads. 
Underneath is water cooled beam trap (SST 2013). 

4.2  Welding parameters 

The EB welding has more than 20 different parameters, all of them are CNC-controlled 
and thus easily linearly adjustable if needed and in some cases by small steps manually 
also. Typically parameters are set fixed but e.g. during slope up and slope down some of 
these needs to be continuously adjusted for avoiding internal imperfections. Normally 
only few parameters are adjusted like beam and lens current. Other parameters are 
fixed. This will be shown on section 8.   
 
The main and primary parameters are accelerating voltage, beam current, focus 
current and welding speed. Other secondary parameters are beam oscillation in x- 
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and y-direction (static and dynamic), slope-down / slope-up, working distance and 
vacuum level in working chamber.  
 
The following explanation concerning these parameters will give an indication of their 
respective relations with the geometry of the weld seam and the avoidance of defects, 
etc.  

4.2.1  Accelerating voltage     

Acceleration voltage (UB) is typically constant, which is set at 150 kV or 60 kV 
depending upon the type of high voltage generator and electron beam gun. 
 
In practice higher accelerating voltage means smaller focal diameter with the same 
beam power. For welding higher voltage means narrower and deeper weld profile when 
the same beam current and working distance is used [Schultz, H. (1993)]. 
 
When welding materials, which have high vapour pressure, can high voltage arc-outs  
occur. These are electrical discharges, which occur when the insulating effect of the 
vacuum or the electric field in the electron beam gun is interrupted. As a result defects 
in the weld can be formed (voids, weld burn through, end crater etc.). Nowadays, a 
series of steps have been developed to prevent such defects. Use of electrical control 
systems which prevent an extreme increase in current and which, within only a few 
milliseconds, reset the most important beam parameters to their initial settings [Schultz, 
H. (1993)]. 
   
Another possibility is to deflect or bend the electron beam in a special way to ensure 
that the molten particles ejected from the point impingement of the beam cannot enter 
the electron gun. In case of manufacturing EB-welding machines it is recommended that 
the electron gun is mounted accordingly at an angle above the working chamber to 
enable the beam to impinge at the right angle to the surface of the work piece (Figure 
20. a & b) 
 
 



 

 

                       
 
 a)   b) 
 
Figure 20. A schematic drawing (a) and 3D model (b) of beam deflection achieved by 
tilting the electron gun [Schultz, H. (1993 Figure 48)] and (Steigerwald Strahltechnik 
GmbH). 
 
Bending the beam is thus only justified in certain special case for example when 
welding particularly heavy wall thicknesses. With correct handling of the electrode and 
provided that the electron  is regularly maintained and kept clean, today’s electron beam 
welding machines may be regarded as a short circuit discharge proof for the vast 
majority of the materials suitable for welding. Cleanness of work pieces is also essential 
factor for a quality production. 
 
EB-welding of copper for encapsulation project in Finland is concentrated into 150 kV 
by 50 kW equipment. The electron gun is also tilted at Patria Aviation where the tests 
have been made. The welding machine is equipped also with sophisticated control of 
acceleration voltage, the heating current for the cathode and the Wehnelt voltage by the 
medium frequency high voltage supply structured in modern MOS- FET technology.  

4.2.2  Beam current 

Beam current (IB) together with acceleration voltage determines beam power (P = U x 
I). The used beam current for thin plates is typically few tens of mA and for heavy 
thicknesses several hundreds of mA. 
 
Beam power with welding speed affects the weld penetration and thus the weld result. 
Of all the parameters, the beam current is the most often adjusted to adapt the power of 
the beam for different welding operations, materials and thicknesses. Modern electron 
beam welding machines are equipped with beam current control to prevent e.g. 
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excessive weld convexity and occurrence of end craters in circular welds. During slope 
up one will increase beam current and during slope down conversely decrease.  

4.2.3  Focus current, lens current, focal position  

The electron beam diverges on leaving the electron gun and is collimated and focused 
by an electromagnetic lens to achieve typically its high power density. This focus or 
lens current (IL) affects the focus position related to work piece (surface), weld profile 
and penetration. Typically sc. de-focusing is used that means that the position of focus 
is either above or below the surface of the work piece. 
 
Definitions of various parameters are shown in Figure 21. 
 
Depending upon the type of material, speed of welding, the weld gap etc. in almost all 
cases it becomes necessary to de-focus and oscillate the beam in order to suppress the 
occurrence not only of external but also internal defects (e.g. pores) or at least reduce 
them to a minimum (Schultz, H. (1993)). 
 

 
 

 
 
Figure 21. Definition of focal diameter, spot and beam diameter, working distance and 
focal distance (SFS-EN 1011-7). 
 



 

 

4.2.4  Welding speed 

Welding speed (v) in combination with beam power determines penetration and with 
beam oscillation the width of the weld also.  
 
In electron beam welding the heated volume is particularly small in comparison with 
other fusion processes. The heat input from a constant beam power is dependent upon 
the material and not on either the width of the weld bead or the depth of fusion (Schultz, 
H. (1993)). In Figure 22 the penetration is shown as a function of beam power and 
welding speed. 

 
 
Figure 22. Guide values for electron beam welding with 150 kV in steel. (EBOGEN 
2006). 
 
 
With increasing welding speed the applicable heat input decreases as a result of lower 
loss of heat by conduction. The beam power together with the focal position mainly 
affects forces acting in the key-hole and the molten envelope. The dynamic processes 
including solidification and cooling are in mainly affected by the speed of welding 
(Schultz, H. (1993)).  

4.2.5  Other secondary parameters 

Other secondary parameters are beam oscillation in x- and y-direction (static and 
dynamic), slope-down and slope-up, working distance, welding position and vacuum 
level in working chamber.  
Beam oscillation 
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The electron beam is made up of negative carriers (electrons) and can thus be deflected 
in different ways from its normal axis by electrical and magnetic fields like in the 
oscilloscope. This deflection can be static or dynamic. The static deflection means one 
will weld a joint by fixed tilted beam for some reason.  
 
The most typical deflection scheme is a dynamic periodic one so called beam 
oscillation (Figure 23). By this varying alternating current the electron beam can be 
deflected dynamically, free of inertia, in all directions, shapes and frequencies that the 
welding might require. Beam oscillation at small amplitudes and high frequencies is 
effective and generally used method of beneficially affecting the fusion zone and 
solidification processes with the aim of improving the quality of the weld produced. 
Beam oscillation causes the keyhole to increase in size preventing the molten envelope 
from collapsing and reducing the resulting entrapment of voids in the root of partially 
penetrating welds. An oscillating electron beam in general increases the size of the 
fusion zone and allows gas porosity to rise and escape from the weld pool (Schultz, H. 
1993). 

 

 
 
Figure 23. Various ways of oscillation the electron beam in welding (Schultz, H. 1993). 
 
Beam oscillation can thus manipulate the beam wider and help melted material to flow 
during welding. Exactly which type of deflection, which frequency and which 
amplitude will produce the results mentioned, can be determined only from a series of 
trial welds. This is because of the numerous factors, which influence the process such as 
the properties of the material in both the solid and liquid states (the viscosity of the 
melt), the speed of welding, the thickness of the material, the depth of fusion zone and 
the power density and distribution, etc. (Schultz, H. 1993). 



 

 

Slope down / slope up 
 
Generally in electron beam welding the movement of the weld pool can lead to excess 
material being left at the start of the weld and craters formed at the end.  
 
Nowadays, the electrical control systems can control a great number of welding 
parameters to eliminate these faults, which is essential important especially in 
circumferential seams. In this sc. slope-control the beam current is typically increased 
linearly at the beginning until the weld penetration is finally achieved (slope up). After 
rotating the work piece, weld overlap where root cavities might form at the beginning of 
the weld, are removed by remelting the weld metal at this point. Finally when 
overlapping is completed a decrease of in the beam current begins (slope down).  
 
Typically at the same time with these changes the position of focus of the beam will be 
changed also. Sometimes it will be necessary to alter the beam deflection parameters, 
too. The same type of changes will be done for radial and axial circumferential seams 
(Figure 24).   
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Figure 24. Systems of controlling welding parameters in circumferential joints (SFS-EN 
1011-7 2004). 
 
Working distance 
 
Working distance is a measure between the surface of the work piece and protective 
shield of the EB generator under the chamber roof (see Figure 21). This measure is 
depending of work piece, equipment and manipulator but is typically a few hundreds of 
millimetres. The working distance is usually fixed parameter.  
 
Welding position 
 
The most typical welding position in electron beam welding is the horizontal position; 
in other words the electron beam is in vertical and the work piece in horizontal position.  
In conventional welding processes this position is sc. PA position. 
 
Horizontal position is suitable in cases when material thickness is less than ~ 50 mm 
(Schulz 1993). For thicker work pieces the gravity forces affect on the weld pool and 
then non-horizontal position is more suitable. With different settings for various 



 

 

parameters such defocusing, oscillation etc. it becomes possible to bring welding 
process under control in the horizontal position even in material of thickness greater 
than 50 mm. 
 
In case of thick copper and through penetrated welding without backing bar, the key-
hole is better controlled when work piece is in vertical position and electron beam in 
horizontal position (PC position). But in partial penetrated welding (= not-through 
penetrated) horizontal position using vertical, the beam will enable good weld quality 
for penetrations of more than 50 mm (Aalto 1997). According to experience of several 
tests for plates and mock-ups of lid and tube, good results have been achieved in PA 
position.       
 
Working pressure 
 
Used vacuum level, in other words working pressure (pA) in working chamber shields 
weld pool against contamination and prevent components against oxidation during 
welding. The most typical vacuum levels are so-called medium vacuum (~10-2 mbar) 
and high vacuum (~10-4 mbar). Vacuum pumping times for commercial equipment are 
typically from a few minutes to a few tens of minutes (medium size chamber) 
depending on vacuum level.  

4.3  Typical imperfections 

Typical imperfections on EBW are presented on the standards SFS-EN ISO 13919-2 for 
aluminum and SFS-EN ISO 13919-1 for steel. These standards use classification of the 
geometric imperfections, which has been described in the SFS EN ISO 6520-1. There 
do exist some differences between copper and aluminum. For example during 
development of the sealing canister has not been found cracks on welds. Anyway these 
unlikely imperfection types cannot leave off because these imperfections have to be 
considered by NDT.  The standard SFS EN ISO 6520-1 reference code for imperfection 
is shown in parenthesis in following presentation 
 
There do exist also a table on the EN 1011-7 to describe causes of imperfections and 
also proposed prevention of formation of imperfections. According to the standard SFS-
EN ISO 13919-2 may for circular welds, a lower quality level e.g., be specified for the 
slope-down zone. 

4.3.1  Cracks 

Cracks are divided in cracks (100) and crater cracks (104). Crater cracks are related 
slope down i.e. ending period of the weld. Typical reason for cracks is extensively high 
carbon content in steel and too high cooling rate. Another cause for a liquidation crack 
is the precipitation of low-melting eutectics at the grain boundaries and shrinkage 
stresses during cooling. 
 
There has not found any cracks on copper welds. Metallurgical point of view copper is 
ductile and there are no similar phase changes as in the case of steel. Impurity level of 
the Cu-OFP is low and there is no risk for low-melting point eutectics at the grain 
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boundaries. End crater cracks are avoided because of ductile material and proper slope 
down i.e. optimized ending parameters. 

4.3.2  Porosity  

There are two category of porosity:  
 

- porosity and gas pores (200)  
- localized (clustered) (2013) and linear (2014) porosity 

 
Porosity are formed mainly because by impurities on surfaces of the welded material. If 
impurity level of the base material is high these impurities can evaporated and form 
porosity. Impurity level of Cu-OFP material is very low thus porosity caused by 
impurities of the base material is very rare. Typical pores found in copper are small i.e. 
less than 0.5 mm in diameter and shape is spherical. It is rare to find linear or localized 
porosity in copper welds. There has not seen any. 
 
Another reason to porosity formation is oil, grease or machining liquid on surfaces of 
work pieces, which will heat up and or vaporize during welding and cause disturbances 
greatly on vacuum level and thereby onto weld pool. If evaporated material will go in 
the EB gun, gun discharge can occur in high voltage area causing porosity. 
 
Porosity can occurred if improper welding parameters are used. In Figure 25 is shown 
intentionally made porosity (wormhole porosity) and root porosity with cold shuts (i.e. 
cold laps).  Sample is cut lengthwise along weld center line and top of the weld is upper 
side of the figure. Welding direction is left to right. Slope down i.e. end of the weld and 
overlap is left side of the figure. The slope up weld has good welding parameters 
correcting imperfections on overlap area. Welding speed, beam and lens current were 
too low after slope down area.  Porosity seen on middle part of the weld is caused by 
underfocused beam and root defects and cold shuts are caused mainly by too low beam 
current and welding speed. If "wormhole" type porosity is found in the surface area it is 
indicating that lens current is too low. "Wormhole" porosity will be found deeper in the 
weld for decreasing lens current.  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 25. Sample of the XK045-0 lid weld. Porosity red square marked areas are 
intentionally made using improper welding parameters."Wormholes" on center area 
and lower side porosity on weld root with cold laps. 

4.3.3  Shrinkage, cavity (202) and crater pipe (2024) 

Shrinkage cavities and crater pipe have not found in copper welds. 

4.3.4  Solid inclusions (300) 

There is not possible to get solid inclusions during welding process or welding 
equipment. Only possibility to have solid inclusions is that they are related component 
manufacturing or transportation or handling of the components before welding. For 
example particle of the cutting tool can penetrated in to component. During test weld 
this has not ever seen but anyway this can occur if quality control of the components 
will fail. 

4.3.5  Lack of fusion (401) 

Lack of fusion is the poor adhesion of the weld bead to the base material. This can occur  
if the position of the beam is too far from the joint line and there is not enough energy to 
heat up both components. Lack of fusion imperfection is located on the side of the 
fusion area. Lack of fusion has not found normally but similar effects have been 
achieved when beam was moved controlled sideward so that beam did not heat both 
side of the weld joint. 
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Figure 26. Artificial lack of fusion defect. Beam has moved linearly sideways during the 
welding to find out the effect of the misaligned beam on weld quality. Point of the view 
is top of the weld. Welding direction is from right to left. (Lahtinen T. & Salonen T. 
2014b) 

4.3.6  Incomplete penetration (402) 

Incomplete penetration means a weld bead, which does not reach the bottom of the weld 
joint. Typical reason for incomplete penetration is too low lens current value, too high 
welding speed or wrong working distance. If these welding parameters are set wrong, 
penetration can be too low, but this is rare when CNC-controlled machine is used with 
optimized parameters. Also variation of the penetration i.e. spiking during welding can 
reduce minimum penetration so that incomplete penetration can occurred. Spiking can 
be minimized having optimized welding speed and oscillation of beam for stabilizing 
the keyhole in other words incomplete penetration can easily be avoided by using 
optimized welding parameters. Incomplete penetration is not typical for canister 
welding because typical minimum penetration is 51-56 mm after final machining 
(Lahtinen T. & Salonen T. 2014a).  
 

 



 

 

 
 

Figure 27. Artificial incomplete penetration caused by too high welding speed. Target 
penetration 55 mm, actual penetration 52 mm. (Lahtinen T. & Salonen T. 2014b)  
 

4.3.7  Under cut (5011 and 5012) 

Undercutting is when the weld reduces the cross-sectional thickness of the base metal, 
which results reduced strength between weld and work pieces. This is caused by 
interaction of the molten pool agitation, surface tension and surface viscosity. If 
undercutting occurs then parameters like beam oscillation, beam defocusing, welding 
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speed have to be adjusted and optimized or cosmetic weld pass has to be done. Possible 
undercut will be removed by machining the top surface of the weld after welding. 
Undercut has been noticed in copper welding when the beam is highly underfocused 
outside the normal operation window.  
  

 
Figure 28. Undercut, upper drawing is transversal cut and top view of weld is showed 
on lower drawing (SFS-EN ISO 13919-2en). Pulsating beam means here non-stable 
melting and wetting of weld joint.  
 

4.3.8  Excess weld metal (502) 

This kind of imperfection is not relevant for canister welding because surface of the 
weld will be machined after welding. When or if cosmetic pass is used there will be less 
than 1 mm excess weld metal as welded.  

 
Figure  29. Excess weld metal (SFS-EN ISO 13919-2en). 
 



 

 

4.3.9  Excessive penetration (504) 

Excessive penetration will cause excess weld metal to protruding through in the root of 
a weld. This is minimized by proper joint design and clearances of the joint. The 
following optimized measures have been found:  the centering lip of the joint is 3-4 mm 
or more and the gap between lid and tube underneath centering lip less than 1 mm 
(optimum 0.5 mm). Excessive penetration is not problem on long term safety point of 
view. Penetration should be such that the whole weld volume will be inspected by NDT.  

4.3.10  Linear misalignment (507) 

There is possibility to have linear misalignment. This can be caused by improper 
assembly of the lid inside the canister. Linear misalignment can be avoided proper 
fitting between the tube and the lid during assembling and tack welding. This 
imperfection type has not occurred during the tests at Patria Aviation Oy.  

4.3.11  Sagging (509) 

Molten weld metal can flow underneath the weld due to the gravity in flat position. This 
can occurred only if the gap between lid and tube is too large and the centering lip 
measure on joint is too small. When sagging is occur, leaked molten metal can be found 
underneath of the lip by RT. When sagging is large, then there will be incomplete filled 
groove but no porosity in fusion zone.  Transversal cross-section of the weld beam is 
shown in Figure 30. Beam is tilted towards to lid to compensate 10 mm offline of the 
joint line. Risk area is shown in blue ellipse in figure. In this case the lip is large enough 
and gap between lid and tube as specified. No sagging is presented in Figure 30.    
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Figure 30. By the vertical plate tests one optimized the width of centering lip to avoid 
excessive trough penetration into the clearance between lid and tube. There is no 
sagging even the joint is 10 mm off-axis and this is compensated by tilting beam. Area 
where leaking can occur causing sagging is shown by blue ellipse.   
 

4.3.12   Incomplete filled groove (511) and root concavity (515) 

Root concavity is not relevant imperfection type in the canister sealing due the joint 
design. Incomplete filled groove is found after full penetration welding. Main reasons 
for this are the material is ejected from fusion zone due combined effect of gravitation 
and vapour pressure. This can be removed using cosmetic pass. Possible incompletely 
filled groove in the canister weld is removed when the surface of the weld is machined 
even there is no cosmetic pass. 
 



 

 

 
Figure 31. Incompletely filled groove (SFS-EN ISO 13919-2). 

 
Figure 32. Root concavity is not relevant on joint design of the  canister  (SFS-EN ISO 
13919-2) 
 

4.3.13  Weld spatter (602) 

There will occur some spatter in copper welding and the amount is depending on the 
penetration (Figure 33). Spatter material has same composition as base material. This 
type of imperfection will be removed after welding by machining. 
 

 
 
Figure 33. Some  amount  of  spatter  will  occur  in EB-welding of copper and this is 
depending on the penetration and used parameters. These spatters on canister will be 
machined away before NDT. 

48



49 
 

 

4.3.14  Deviation from specified joint axis 

Electron beam can deviate from joint axis during welding because of thermal expansion 
and improper centering of canister and beam. Thermal expansion has not seen to cause 
any defects or too large deviation from specified joint axis because thermal expansion 
during welding is approximately 1 mm in radius. The width of the fusion zone is 6 mm. 
Deviation of the beam from joint axis can be inspected before welding using camera 
monitoring system and corrected by centering the canister once again if necessary. 
Thermal expansion and heat input is well known and deviation can be compensated by 
moving the beam or the X/Y-table during welding program automatically onto 
transversal direction. Deviation is visually seen via camera during welding too and this 
can be optionally compensated manually, automatically in program or online by seam 
tracking system via back scattered electrons.    
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5  INITIAL STATE OF THE WELDMENT 

5.1  Mechanical properties of weld 

Short term ductility and strength is needed for lifting fully loaded canister in the 
encapsulating plant to storage and also lifting canister in to deposition hole. The weld 
has to have high enough ductility to withstand a deformation when the pressure rises in 
the repository. 
 
Short term testing of mechanical properties like tensile testing, bending tests and 
hardness tests have been done. Typically the electron beam weld is softer than the base 
material because of the larger grain size.  
 
Short term mechanical properties of the EB welds have been measured (Ollonqvist 
(2007)]. Results showed that tensile stress and ultimate elongation are slightly lower 
than in the base material. As seen in Table 3 elongations will be differed depending on 
gauge length because fusion zone of the weld material is softer than the base material. 
Reduction of the area showed that ductility of the weld material and base material are 
on same level. Tensile test results presented on Table 4 show similar tensile strength 
than reported by Ollonqvist. Elongation of the EB welded material is more than 40% 
except in case of X43021, which is taken from root side of the weld. 
 
Table 3. Tensile test results of EB-welded material (Ollonqvist 2007) 

 
 
Table 4. Tensile tests of the EBW material (samples X430NN) and base material 
(samples 226328_1N) tested by Luvata Oy (Meuronen & Salonen 2010 p. 67) 

 

 
 
Hardness measurements of the weld have been done several times. Following results are 
based on the research work where the effect of residual stresses was evaluated by 
destructive testing (Karhula 2013). Hardness of the fusion zone with different welding 



 

 

speed and with and without cosmetic pass has been evaluated. Also low temperature 
residual stress annealing has been tested. In Table 5 is shown different welding 
parameters and Table 6 the cosmetic pass and annealing parameters. 

 
Table 5. Effect of welding speed and the cosmetic pass on residual stresses. (Karhula 
2013) 

 
 
Table 6. Effect of annealing temperature and the cosmetic pass on residual stresses, 
v=2.5 mm/s. (Karhula 2013) 
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Figure 34. Hardness of the plate welds with different parameters shown in Tables 5 
and 6. 
 
Hardness of different EBW cross sections of the plate weld shows that hardness of 
fusion zone is low. Welding speed does not affect the hardness (samples X436A-
X439A). Cosmetic pass increase hardness few HV because cosmetic pass bend plates 
during cosmetic pass thus hardening weld material 20 mm underneath of cosmetic pass 
where hardness measurements has been done. Effect of the welding speed and cosmetic 
pass is shown in Figure 35. Increase of the welding speed effects on hardness only 1-2 
HV1 which is within variation of the hardness measurements. Cosmetic pass increases 
hardness approximately 5 HV1. 
 
Difference of the hardness of hot formed copper and fusion zone of the weld X438A 
can be seen in Figure 36. Hardness of the base material (44-45 HV1) is approximately 
3-4 HV1 higher than in the fusion zone (41 HV1). Difference of the hardness between 
hot formed base material and fusion zone is small. 
 



 

 

 
 
Figure 35. The effects of cosmetic pass (0=no cosmetic, 1= cosmetic) and welding 
speed (2.1 mm/s or 2.5 mm/s) on hardness. (Karhula 2013) 
 
 

 
 
Figure 36. Hardness profile over weld. The hardness was measured with 2 mm 
intervals in base material (0-9.5 mm and 20.5-29.5 mm) with 0.5 mm intervals in the 
fusion area and heat affect zone (10-20 mm). 
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5.2  Residual stresses and distortion after welding 

Residual stresses are formed in the weld because of the local heating, thermal expansion 
and inelastic deformation during welding, heating and cooling components. Main 
concerning on residual stress is related on stress corrosion cracking (SCC) in the 
repository. High tensile stresses increase risks for SCC. Residual stresses have effect on 
inspectability of the weld depending on defect type and stress state. 
 
It is worth to mention that stresses can be characterized as primary i.e. load controlled 
stresses and secondary i.e. displacement stresses according to (Segle 2012). This 
classification of stresses is useful when analyzing structures made of ductile materials. 
A primary stress is developed by imposed external forces and moments and is necessary 
in satisfying the laws of equilibrium. Primary stresses are not self-limiting and can thus 
result in failure or gross distortion if accumulation of inelastic strain becomes large. A 
secondary stress is developed by the constraint of adjacent material or by self-constraint 
of the structure. Secondary stresses are self-limiting and they decrease as inelastic 
deformation takes place. If the material of the structure is sufficiently ductile, secondary 
stresses cannot cause failure (Segle 2012). 
 
According to this, when external load will increase stresses higher level than levels of  
residual stresses are the residual stresses will vanish because of inelastic deformation. 
To evaluate mechanical behavior of the canister under repository environment, 
mechanical finite element analysis (FEA) has been done by VTT for EB-welded 
canister (Holmström et al. 2012). Model includes elastic-plastic and creep model. 
Without and with residual stresses (45 MPa) were implemented also into model. Creep 
model copper is based on actual creep testing results. Scenario of the modeling is as 
follows: 
 

- at the first step the temperature was risen to 80°C and insert and copper 
were expanded 

- at the second step the loading was rise up to 14 MPa which corresponds to 
the sum of the hydrostatic pressure at repository depth and buffer swelling 
pressure at full saturation at a temperature of 80°C. 

- at the third step the isothermal (creep) simulation is performed with a WSF 
of 0.8 for the EB-weld 

 
Initial state of stresses with residual stresses is shown in Figure 37. Results for an 
elastic-plastic analysis are presented immediately after applying the pressure loading 
with residual stresses is shown in Figure 38. Stresses on weld area will be much higher 
(165 MPa, von Mises) than residual stresses before loading the canister. There will be 
rapid relaxation of the stresses down to 75 MPa (von Mises) after loading. This applies 
for both the case with and without residual stresses (+50 MPa) in the EB weld. This 
means that effect of the residual stresses will vanish and primary loading i.e. hydrostatic 
pressure and swelling pressure is controlling stresses on canister. The first principle 
stress is presented in Figure 39 after loading. Highest stress level is less than +30 MPa 
(tensile) on the top side of the weld according to color map. Stress level will reduces on 
weld between-15 to +15 MPa after 10 hour because of the creep (Figure 40). 
 



 

 

 
 
Figure 37. Initial state of FEA residual stress simulation with residual stresses, 
maximum local von Mises stress 45 MPa (Holmström et al. 2012b). 
 
 

 
 
Figure 38. FEA elastic plastic results a) initial residual stress simulated situation, b) 
after loading (14 MPa), WSF = 0.8 (Holmström et al. 2012b). 
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Figure 39. The first principle stress after initial loading with residual stresses and 
loading (14 MPa), large WSF = 0.8. Same figure as in fig 38 middle on right hand side 
(Holmström et al. 2012b). 

 
Figure 40. FEA elastic plastic + creep (initial relaxation) results after the first 10 hours 
with residual stresses in weld. Accumulated creep strain 0.05% (Holmström et al. 
2012b). 
 



 

 

 
Figure 41. FEA elastic plastic + creep (initial relaxation) results after the first 700 
years with residual stresses in weld (Holmström et al. 2012b). 
 
After 700 years creep principle stress will decrease as seen in Figure 41. The maximum 
accumulated creep strain at the lid fillet is increasing due to the residual stresses to a 
level of 0.5% from near 0% without residual stresses. After 100.000 years maximum 
equivalent creep strain is around 2.6% in the weld root. Requirement for creep strain is 
set to 15% so there is large safety margin in creep ductility. 
 
According to this analysis, initial residual stresses caused by welding will vanish when 
the stress level caused by external loading will be higher than initial residual stresses. 
Also creep will reduce stresses quite fast because of creep. Even it seems that external 
load will vanish the effect of the residuals stresses, it is important to know residual 
stress state of the initial condition to be sure that residual stresses are low enough. Also 
stress state will affect the non-destructive testing. For example compressive stresses on 
crack area will close crack tip thus decreasing ultrasonic inspectability. Tensile stress 
will open the crack ensuring easier detection of the defect. 

5.2.1  Macroscopically deformations and distortions 

Material near weld will be upset during the welding. Near the heat source the material 
will be expanded and because hot material is softer than cold material, it will be upset 
near weld zone. This will cause macroscopic deformation on components. It has been 
found that diameter of the EB-welded mock-up canister will be shrunken approximately 
3 mm on the top of the canister depending on welding parameters. From the top 
downwards the canister will be barrel shaped and this can have a disadvantageous 
impact on ultrasonic testing (UT) if there is too large gap between ultrasonic probe and 
surfaces of the canister. The barrel shaped area of the cylindrical canister can be 
machined in the encapsulation plant after welding.  
 
Another possibility is to manufacture an originally conical shaped canister to 
compensate the distortions, which has been tested on the lid weld test number XK049 
(Figure 7). By using conical shape machining of the outer surface of the canister after 
welding can be omitted. The outer surface of the canister was machined conical before 
welding in this test. After welding outer surface of the mock-up canister was not 
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machined except top side of the canister. Outer surface of the canister was almost 
straight after welding minimizing gap between UT probe and canister, although shape 
of the top side of the canister was not fully optimized. The shape of the canister was 
based on the first best ´engineer guess´. Gap between UT probe and surface of the 
canister can be reduced by optimizing conical shape of the end of the canister when 
manual lath is used. Better shape can be achieved using CNC machining or copying lath 
to achieve straight surface after welding. There is also possibility to use flexible UT 
probe, which has good contact with canister surface. Diameter of the canister XK002 
after and before welding is shown in the Figure 42. The test XK002 represents early 
state test welding. The shrinkage of the mock up canister XK049 after welding can be 
seen in the Figure 43. In Figure 44 can be seen that the canister deformation can be 
compensated quite accurate by using conical shaped end even machining is not yet fully 
optimized. Difference of the nominal radius between actual radius of the outer surface is 
less than 0.3 mm according to Figure 44. 
 
 

 
 
Figure 42. Shrinkage of the welded canister. Yellow line represents difference between 
situation before and after welding. Red color line is the linear fitting of the difference in 
outside diameter of the canister after and before welding.  Nominally 1056 mm 
diameter canisters were used in early stage of weld tests with 50 mm wall thickness.  
 



 

 

 
 
Figure 43. Radial deformation of the mock up canister XK049 after welding 
dR=(diameter after welding- initial diameter)/2. 
 

 
 
Figure 44. Shape of the mock up canister XK049 after welding, R is measured radius of 
the outer surface of the canister and nominal R is target radius. 
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The lid will bend inwards on the center part of the lid. Bending has been measured 
using large coordinate measure machine (CMM) at Patria Aviation. Bending of the lid 
is important for design point of view and there should be enough gap between insert and 
copper lid during welding. If bending is too large lid can be in contact with cast iron 
insert and thus lifting lid up during welding. Lid weld test XK055 has been bending 2.2 
mm after welding according to measurements (Figure 45). CMM results of the bending 
of the lid are shown in Figure 45 a) after welding. Total bending is shown in Figure 45 
b) taking account also measurements before welding. Because bending is difficult to 
measure underneath of the lift shoulder of the lid up to diameter 850 mm (+/-425 mm), 
extrapolation is used to evaluate total bending of the lid show in Figure 45 b). 



 

 

a) 

 
 
b) 

 
 
Figure 45. Bending of the copper lid after welding. a) result of the CMM after welding, 
b) difference between measurement before and after welding, Polyn. (dZ is 
extrapolation of the total bending.  
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5.2.2  Finite element analysis of residual stresses 

Finite element analysis (FEA) has been done to simulate temperature field during the 
welding and residuals stress levels after welding. FEA of full scale canister is 
demanding task if detailed information of the weld area is needed. Temperature 
simulation of the full scale canister and short canister were modeled at the first step. 
According to modeling full scale and short canisters used in EBW testing's gave similar 
results. Also plate testing's were modeled to evaluate effect of the welding power and 
speed on residual stresses (Aronen et al. 2013). 
 
According to modeling, center part of the lid will bend inward about 2.2 mm (Figures 
46 and 47). Also shape of the canister after weld is similar to measurements and 
bending is the same 2.2 mm (Figure 45) as measured using CMM. 
 

 
 
Figure 46. Total displacement [m] of canister after welding for 915 mm canister. 
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Figure  47. Deformations of lid to z-direction at different angles for 915 mm canister. 
 
Outer radius of the tube will decrease approximately 1 mm according to modeling 
(Figures 48 and 49). This is almost the same as in the welding test XK055. The radius 
of the tube decreased 1.05 mm according to CMM measurements by Patria in this 
welding test.  
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Figure  48. Radius of the canister at different heights for 915 mm canister. 
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Figure 49. Changes of radius on cylinder surface at different angles for 915 mm 
canister. 
 
Residual stresses were analysed on overlap/slope up area (location 10°) and full 
penetration area (location 317°) where welding is in the steady state condition. Positions 
are located almost the same position where deep hole drilling (DHD) measurements are 
taken on axial direction at weld centre line (WCL). Results of the modelling are shown 
in Figures 50 and 51. The stresses (S11, S22...) are shown in cylinder coordinates so 
directions 1, 2 and 3 are the radial, circumference and axial directions. S11 is the stress 
in radial direction, S22 circumferential direction and S33 is stress on axial direction. 
S12, S13 and S23 are shear stresses. The highest tensile stress (less than 40 MPa) is 
located in the weld centre line deeper than 20 mm on the surface of the canister. 
Stresses are compressive (approx. -25 to -55 MPa) on the surface of the weld. 
Compressive stress does not initiate SCC. 
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Figure 50. Stresses along WCL i.e. axial direction at 10° for 915 mm canister up to 
depth of 75 mm. 
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Figure 51. Stresses along WCL at 317° for 915 mm canister. Depth 75 mm. 
 
Similar analysis were made in the radial direction at circumferential positions of 6° and 
313°, 35 mm form top of the canister. In the area near the welding the stress level 
changes depending on the place. The circumferential stress (S22) has the highest tensile 
stress in welding in comparison to the other two normal stresses (S11, radial and S33, 
axial). The circumferential stress is the highest tensile stress due to the welding 
direction and it is about 30–40 MPa on welding. The axial stress is about 20 MPa and 
the radial stress is about 15 MPa. The shear stresses (S12, S13 and S23) are 
significantly smaller. Near the surface the stress level decreases or even goes from 
tension to compression. On the top surface the radial stress is in compression and it 
prevents the gap from opening. The results between the 450 mm and 915 mm canisters 
are similar (Aronen et al. 2013). 
 
Radial normal stress on WCL is shown in Figure 52 and circumferential normal stress is 
presented in Figure 53. Axial stresses on WLC are presented in Figure 54. Note that 
center of the figures is starting point of the weld at 0° and welding direction is right to 
left i.e. slope up, overlap and slope down areas are left hand side of the 0° position. 
 
Slope down area can be seen easily in Figures 52 to 54 because of red colored higher 
stresses after 0° angle on left-hand side. Compressive stress on the surface of the weld 
can be seen.  
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Welding direction 0°
 

Figure 52. Radial stresses in WCL [scale in Pa] for 915 mm canister. 
 

Welding direction 0°
 

Figure  53. Circumferential stresses in WCL [Pa] for 915 mm canister. 
 



 

 

Welding direction 0°
 

Figure  54. Axial stresses in WCL [Pa] for 915 mm canister. 
 
Figures 55 to 57 contain graphs on residual stresses on WCL on different axial position 
around weld. Each line has small variation on the residual stresses from 45° to 340°. 
These are cause by discretization of the modelling itself. It is impractical to reduce 
meshing and time step of the model because it will increase calculating time too much. 
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Figure 55. Radial stresses in WCL for 915 mm canister. 
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Figure 56. Circumferential stresses in WCL for 915 mm canister. 
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Figure 57. Axial stresses in WCL for 915 mm canister. 
 

5.2.3  Measurements of residual stresses 

There are several different kinds of measurement techniques for residual stress 
evaluation. Posiva has used following techniques to evaluate residual stresses: 
 

- x-ray diffraction (XRD) 
- Centerhole drilling (HD) 
- Incremental centerhole drilling (ICHD) 
- Ring core method (RC) 



 

 

- Contour methods (CM) 
- Deep Hole Drilling method (DHD) 

 
According to Gripenberg (2009), it should be mentioned, that all methods, XRD, HD, 
RC and CM, measure some other property than stress. In XRD the distance between 
lattice planes is measured as the position of a certain peak in the diffraction spectrum. In 
the case of HD and RC the released elastic strain is measured as the resistance in an 
electric circuit. The CM is based on the actual shape of a surface. 
 
Earlier x-ray diffraction (XRD) was used for residual stress measurement of the copper 
and copper weld. Information of XRD measurement is only from thin surface layer of 
the material. This layer has to be prepared carefully not to generate residual stresses 
during the preparation. Texture and large grain size will impact also the results of the 
XRD. It was found that XRD is not reliable residual stress measurement method for 
copper components used by Posiva (Gripenberg, Hänninen 2006 p. 33, Gripenberg 
2009) because of too large grain size of copper even in the base material. 
 
HD and ICHD measurements of the residual stresses are suitable for measuring residual 
stresses from surface up to 1-1.5 mm depth. The ICHD and DH processes consists of 
two main stages, i.e. 1) sample preparation involving the mounting of strain gauges and 
2) the actual drilling process to relieve the strains to be recorded and measured. As 
mentioned earlier, hole drilling methods measure elastic strains of the material when 
hole is drilled into center of the strain gauge. According to Bowman & Kingston (2013a 
p. 4.) it should also be noted that if measurement results show calculated stresses 
significantly exceeding 60% of the material yield stress, then the results are susceptible 
to plasticity errors and so should be considered as “indicative” only. In general, the 
computed stresses whose values exceed 60% of the material yield stress tend to be 
overestimated, i.e. their actual values will usually be smaller than indicated. Typical 
yield strength of the weld and base material is only 40 MPa. It means that higher than 
24 MPa residual stress levels should be considered as "indicative" only. Gripenberg 
(2009) has reported that maximum principal residual stress has level of 50 to 100 MPa. 
This level is 25% to 150% over yield strength. This means that material behaves 
plastically during measurement and standard strain to stress conversion (Hooke's law) 
will give too high stress levels. Same effect has been noticed also by 
Bowman&Kingston 2013. "In the case of a low yield material such as copper, the 
accuracy of the ICHD results may be heavily affected by plasticity errors. POSIVA 
estimated a yield value of 40MPa, and as such any ICHD results showing multiple 
points over 24MPa should be considered indicative and treated carefully."  
 
Gripenberg (2009) used XRD, HD, RC and CM for residual stress measurements of EB-
welded plates. Typical results of measurements are shown in Figure 58. Results of 
different methods varied with each other. The absolute readings obtained by XRD 
represent only the residual stresses induced in the surface by machining. 
 
The RC study showed that welding induced tensile stresses in the weld metal and 
slightly compressive stresses in the base metal. The weld longitudinal stress was ~20 
MPa close to the surface and from 5 mm onwards it became tensile in the range of 30 –
40 MPa. Larger fluctuations were observed in the transverse direction in the weld metal. 
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Clearly below the surface, moderate stresses 10 – 20 MPa were registered in the base 
metal, which alternated from tensile to compressive in both weld longitudinal and 
transverse directions. 
 
The CM presented weld longitudinal stress maps over the whole cross-section of the 
EB-welded plates. Tensile stresses of 50 – 70 MPa were observed in the welds and 
widely outside the HAZ, almost 10 time the width of the weld (Figures 59 and 60). 
  

 
Figure 58. WL residual stress distributions presenting the weld longitudinal stress only 
in the plate without backing bar. 
 

 
 
Figure 59. The map of the weld longitudinal stress at ½ of the length of plate X251. At 
this point, the EB-welding is in the steady state phase and executed to completely 
penetrate the plate thickness of 55 mm. 



 

 

 
Figure 60. Selected line-plots of the weld longitudinal stress at various depths below 
the top surface of the CM results in plate X251. 
 
Special Prism hole drilling residual stress measurements were done for plate welds with 
and without cosmetic pass as welded and after residual stress annealing (up to 
T=250°C) (Laakkonen 2001a). Surface of welds were machined before measurements 
as the same manner as in the case of the lid weld. Prism measures surface distortion 
using electronic speckle pattern interferometry (ESPI) without strain gauge rosette 
(Figure 61). Equipment and system has been developed by Finnish company Stresstech 
in Vaajakoski. Method is quite new and it has not been used for soft copper, calibration 
and verification was done before measurement of weld test samples (Laakkonen 2011b) 
by four point bending tests with strain gates (Figure 62).  
 
Eleven specimens were analyzed in this investigation. Measurements show that 
annealing heat treatment (up to 250°C) and the cosmetic pass do not have a big 
influence on residual stresses. Most of the measurements give tensile strengths from 0 
MPa to 30 MPa. Stresses parallel to the weld were slightly higher than weld stresses in 
transverse direction. The machined surfaces have residual stress values above 30 MPa 
near the surface. It is very typical that machining changes surface-near stress values. 
There are few distributions in which stresses are clearly over 40 MPa yield strength of 
the material. There are most probably something wrong in these measurements. Also 
high values in the higher depth are wrong. This is due to that sensitivity is smaller in 
deeper according to Laakkonen (2011a). 
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Figure 61. Measurement setup. Measurement directions σ xx and σ yy are marked with 
red arrows. Weld is located in center of the plate in vertical direction. Machined areas 
are seen easily and surface has thin layer of paint to improve speckle interference. 
 

 
  
Figure 62. Four point bending measurement setup. Measurement direction σxx is 
marked with red arrow. 
 
Plasticity correction for hole drilling measurements were evaluated (Romppainen 2013) 
using FEM. Typical FEM result is shown in Figure 63 (stress state σx=-5MPa, σy= 



 

 

+26MPa). The results of the uniform stress state simulations show that plasticity has 
significant effects in the ASTM calculated residual stresses. The obtained plasticity 
errors here are in range of 10 – 20 percent and they depend clearly on the nature of the 
stress state itself. Plasticity near the surface of the drilled hole has a great significance 
over the error as well. The present approach is not directly applicable to very high stress 
states that are close to the materials yield limit, although indications of the influence of 
high stress state and strong surface effects are obtained. 
 
 

 
 
Figure 63. The plastic region (plastic strain) at the final state after drilling the hole 
(applied   =σx/σy= -0.2, =σmax/σyield=0.7). 
 
Residual stresses of the plates, used also in Prism HD method and destructive testing 
(chapter 5.2.4), were measured by contour method (Vainio 2011 and Romppainen, A-J 
& Immonen E. 2011). Eventually, the residual stress levels of the copper plates were 
found to be around 40 – 55 MPa at maximum (Table 7). The stress fields were alike, the 
peak stress was situated a little right of the weld centerline under the middle horizontal 
plane. In a couple of exceptions (plates X440 and X455), where the peak stress was 
situated closer to the top surface compared to the others. Residual stresses are lower 
than measured by Gripenberg 2009.  Typical measurement results are shown in Figure 
64. Welding parameters of welds X458 and X438 are typical used welding lids and 
without cosmetic pass and without residual stress annealing.  
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Table 7. The maximum residual stresses of the plates (Romppainen & Immonen, 
2011). 
 

Plate 
Maximum Stress (MPa) 

under the horizontal 
middle plane 

Maximum Stress 
(MPa) above the 

horizontal middle 
plane 

X436/X436L 58.572  

X437/X437L 53.049  

X438/X438L 50.734  

X439/X439L 52.159  

X440/X440L 42.789 39.416 

X453/X453L 53.341  

X454/X454L 45.231  

X455/X455L 41.922 59.166 

X456/X456L 49.493  

X457/X457L 56.06  

X458/X458L 45.723  

 
 

 
 
Figure 64. The curvature corrected normal residual stresses at the cut boundary of the 
plate X458. Gray areas are trough holes. Max. stress is 45.7 MPa. 
 



 

 

Following ICHD results are based on residual stress measurements by Bowman & 
Kingston 2013. ICHD method has used to measure residual stresses on different 
locations on mock-up canister (length 890 mm). Top surface of the mock-up canister 
was machined for NDT, but outer surface of the tube was as welded without any 
machining after welding. Locations of measurements are shown in Figure 65. Residual 
stress profile as function of the depth at the weld centerline (location 8 in Figure 65) is 
shown in Figure 66.  The radial stresses were shown to start in significant compression 
over the initial depths before increasing in magnitude towards zero. For most of the 
reliable measurement depths (i.e. depths greater than 0.2mm) the radial and hoop 
residual stresses were fairly constant. The radial stresses remained at approximately -
16MPa whilst the hoop stresses were approximately 0MPa. Residual stresses are more 
compressive at overlap area than at steady state weld (Figure 67). Because of high 
compressive residual stresses, results are only indicative. 
 
Residual stresses were measured also on outer surface of the canister to find out effect 
of the weld on residual stresses. Residual stresses at location 1 at 20 mm down from top 
surface are shown in Figure 68. The ICHD results showed axial and hoop residual 
stresses initially increasing with depth to reach peak tensile values of 30MPa and 
33MPa at 0.225mm and 0.375mm respectively. After this they decreased to more 
constant values of 13MPa and 20MPa for the axial and hoop values respectively. The 
highest tensile stresses were measured at location 6 (240 mm from the top of the top 
surface). The measured strains showed a very smooth relaxation curve and provided the 
residual stresses calculated, with associated errors, in Figure 69. The ICHD results 
showed axial residual stresses initially increasing with depth to reach a very high peak 
tensile value of 133MPa at 0.275mm, whilst the hoop values increased from 
compression into tension but remained low with a peak value of 26MPa at 0.225mm. 
Despite the initial high peak, the axial residual stresses finished at 2MPa whilst the hoop 
values reverted back into compression to -6MPa at the final measurement depth.  
 
As a conclusion of the ICHD measurements by ICHD technique, residual stress 
measurements were made at the weld centerline on the top surface and on the curved 
OD surface moving axially away from the top of the canister.  The ICHD measurements 
on the OD surface showed very similar trends, with tensile axial residual stresses 
peaking at 0.2mm – 0.3mm depths, reducing to low magnitudes thereafter with low 
magnitude, tensile and compressive hoop residual stresses throughout. The highest peak 
tensile axial stresses were found at the 240mm from the canister top surface location at 
133MPa. Comparatively, the highest peak tensile hoop residual stresses were measured 
at the 20mm from the canister top surface location at 33MPa. The ICHD at the weld 
centreline on the top surface of the canister showed very low magnitude hoop residual 
stresses throughout with radial residual stresses peaking in compression at -112MPa at 
0.125mm below the top surface and then reducing to low magnitudes at depths from 
0.4mm.  If ICHD measurement results show calculated stresses significantly exceeding 
60% ( ~24MPa) of the material yield stress (~40MPa), then the results are susceptible to 
plasticity errors and should be considered as “indicative” only. It is difficult to separate 
effects on residual stresses caused by welding and rough machining of the tube done 
before welding because measurements were not done before and after welding.  
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Figure 65. A photograph of the canister specimen with ICHD locations (distances from 
top surface) and orientation of axes annotated (SGR=Strain Gauge Rosette) (Bowman 
& Kingston 2013a) at 311° after start of the weld i.e. full penetration weld in steady 
state condition. 
 



 

 

 
Figure 66. ICHD residual stresses measured at location 8 (i.e. at the WCL on the 
canister top surface at 311°from the weld start point (Bowman & Kingston 2013a). 
 

 
Figure 67. ICHD measured residual stresses at the WCL in the canister top surface at 
10° from the weld start point (i.e. in the overlap region) point  (Bowman & Kingston 
2013a). 
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Figure 68. ICHD residual stresses measured at location 1 (i.e. on the canister OD 
surface at 20mm down from the top surface). 
 

 
Figure 69. ICHD residual stresses measured at location 6 (i.e. on the canister OD 
surface at 240mm down from the top surface). 
    
 
Deep hole drilling (DHD) is quite new method for residual stress evaluation. It has been 
used for measure residual stresses on thick wall steel and aluminium constructions. 
Posiva has used it successfully for residual stress measurement of the cast iron insert.  



 

 

 
Because of low yield strength of copper and difficulties with EDM of copper, new 
technique of DHD method was developed and verified by Veqter LTD. Detailed 
description of the measurements can be found in reference Bowman D.A., Kingston E.J, 
2013a. Using modified DHD method, residual stresses of the weld were measured at 
four different locations shown. Radial installation of the deep hole drilling trough the 
wall of the canister is shown Figure 70. Measurement location is 25 mm from top 
surface of the canister.  Another evaluation (drilling direction) direction was axial at 
weld center line. Both axial and radial measurements were done at overlap (end of the 
weld) area 6-8° and at 315-317° at steady state full penetration area.  
 

 

Figure 70. A photograph of the canister lid specimen with major dimensions annotated 
and DHD machine attached at 315° from the weld start point. WCL can be seen on the 
top of the mock-up canister. 
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Figure 71. A photograph of the sections removed from the larger canister lid for further 
wire-EDM. 
 
DHD results at overlap area 
 
Residuals stresses at overlap area are shown in Figure 72-74. ICHD measurement was 
done at 10° from starting point and results are shown in Figure 72. The ICHD drilling 
process produced a smooth strain relief profile which showed significant relaxation over 
the first 0.2mm. This resulted in highly compressive residual stresses in both the radial 
and hoop directions. After this initial peak, the measured residual stresses then 
decreased to more credible levels finishing at -25MPa and -13MPa in the radial and 
hoop directions respectively. These final depth ICHD results project fairly well onto the 
initial depth DHD measurements. 
 



 

 

 
Figure 72. ICHD measured residual stresses at the WCL in the canister top surface at 
10° from the weld start point (i.e. in the overlap region). 
 
DHD measurement at 6° from starting point drilling axial along WCL from top of the 
canister is presented in Figure 73. Outer diameter (OD) of the canister is at depth of 
0mm. At the depth of 50 mm is seen the weld root area where is the centering lip. The 
bi-axial residual stresses measured showed similar profiles with the hoop residual 
stresses being the most tensile throughout. Peak tensile residual stresses were found 
near the top surface of the canister and peak compressive residual stresses were found at 
the weld root. 
 
The hoop residual stresses were found to start in compression at -18MPa at 1mm depth 
and then increase rapidly to reach 18MPa at 4.8mm. The hoop residual stresses then 
remained approximately constant at an average of 18.6MPa until a depth of 14mm with 
a peak of 21MPa at 8mm deep. The hoop residual stresses decreased then slightly to 
another constant zone averaging at 8MPa from 19mm – 31mm deep. The hoop residual 
stresses then decreased rapidly into compression to a peak compressive value of -
28MPa at 48.6mm (i.e. approximately the weld root depth) before increasing rapidly to 
-15MPa at 51mm depth and then gradually rising to reach a final low tensile value of 
2MPa at 75mm depth. 
 
The radial residual stresses were found to start in compression at -28MPa at 1mm depth 
and then increase rapidly to reach -3MPa at 3.2 mm. The radial residual stresses then 
increased more gradually to reach a tensile peak of 11MPa at 14.2 mm. The radial 
residual stresses then decreased into compression to reach a constant zone averaging at -
4MPa from 19mm – 31mm deep. The radial residual stresses then decreased rapidly 
again to another constant zone averaging at -28 MPa from 38.2 mm – 46.2 mm deep. 
The radial residual stresses then decreased rapidly to a peak compressive value of -43 
MPa at 49.2 mm (i.e. approximately the weld root depth) before increasing rapidly to -
15 MPa at 51.6 mm. The radial residual stresses then very gradually increased to -11 
MPa at 71 mm before increasing rapidly to zero for the final 3mm. 
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The calculated shear stresses were minimal throughout all measurement depths with an 
average value of -0.6MPa, hence the principal stresses were equivalent to the hoop and 
radial residual stresses.  
 
 

 
Figure 73. DHD measured residual stresses drilling axially along the WCL from the 
canister top surface at 6° from the weld start point (i.e. in the overlap region). 
 
DHD measured residual stresses drilling radially through the WCL from the canister 
OD surface at 8° from the weld start point (i.e. in the overlap region) showed that the 
hoop and axial residual stress profiles follow similar trends than in axial case with 
stresses in the hoop direction the most tensile (Figure 74). The hoop residual stresses 
started at a low value of 11 MPa at 1mm from the machined OD surface before 
increasing slowly to a peak tensile residual stress of 37 MPa at 23.6 mm. From there the 
hoop residual stresses decreased to low values of 5 MPa at the intersection with the 
weld. The hoop residual stresses then increased again to reach 29 MPa at 67.8 mm 
before decreasing slightly to a final measured value of 22 MPa at 75 mm deep. 
 
The axial residual stresses remained approximately constant at an average of 12 MPa up 
to a depth of 34 mm, after which they decreased slightly into compression to reach -1.9 
MPa at 44 mm depth. From there the axial residual stresses increased back into tension 
to reach 13 MPa at 62 mm depth before decreasing slightly to a final measured value of 
8 MPa at 75 mm deep. 
 
The shear residual stresses averaged at 3.2 MPa throughout all measurement depths and 
so the hoop and axial residual stresses can be considered to be approximately equivalent 
to the principal stresses. 
 



 

 

 
 
Figure 74. DHD measured residual stresses drilling radially through the WCL from the 
canister OD surface at 8° from the weld start point (i.e. in the overlap region). 
 
DHD results at steady state area (at 313° from starting point) 
 
At the first residual stress measurement was preceded in radial direction (surface of OD) 
by an ICHD measurement located at the originally prescribed position of 313° from the 
weld start point and 25 mm from the top of the mock-up canister. The ICHD 
measurement again is used a small size SGR with a drilled hole diameter of 1mm. The 
data for this ICHD illustrated in Figure 75. The drilling at this location produced a less 
smooth strain relief profile which again showed significant relaxation over the first 0.2 
mm. This resulted in highly compressive residual stresses in both the axial and hoop 
directions. After an initial compressive peak, measured residual stresses then changed to 
tensile values with peak tensile values of 103 MPa and 83 MPa in the axial and hoop 
directions respectively around the final ICHD measured depths. Great care should be 
taken when using and interpreting these high magnitude ICHD results. 
 

84



85 
 

 

 
 
Figure 75. ICHD measured residual stresses at 25mm down the canister OD surface 
from the top at 313° from the weld start point (i.e. in the “steady-state” region). 
 
Results of through-thickness residual stresses measured using the DHD technique at 
315° drilled radial direction with the full dataset are illustrated in Figure 76. The 
residual stresses measured at this location were found to be relatively low with only the 
axial residual stresses exceeding 60% of the material yield stress at depths between 35 
mm – 50 mm. Again, the hoop and axial residual stress profiles follow similar trends, 
with stresses in the hoop direction being more tensile. The profiles are similar to those 
found at the 8° radial weld overlap location but are more compressive by an average of -
24 MPa. 
 
The hoop residual stresses started at a low compressive value of -2 MPa at 1mm from 
the machined OD surface before decreasing briefly to -7 MPa at 2.4 mm and then 
gradually increasing into tension to reach a peak of 5 MPa at 15.4 mm. From there the 
hoop residual stresses gradually decreased back into compression at 20.6mm to a 
maximum peak compressive value of -14 MPa at 38 mm depth. The hoop residual 
stresses then increased again to reach a tensile peak of 7 MPa at 63.4 mm before 
decreasing slightly into compression to a final measured value of -1 MPa at 75 mm 
deep. 
 
The axial residual stresses remained approximately constant at an average of -13 MPa 
up to a depth of 20.4 mm, after which they decreased to reach -31 MPa at 40.8 mm 
depth. From there the axial residual stresses increased back to -13 MPa at 57 mm depth 
at which they roughly remained until the final measurement depth. 
 
The measured shear residual stresses were found to be very similar to the hoop residual 
stresses at most depths with the largest magnitudes found between 1 mm – 14 mm and 



 

 

35 mm – 42 mm. At these peak depths the principal stresses were slightly more tensile 
and compressive than the hoop and axial residual stresses respectively but at all other 
depths the principal stresses were equivalent to the hoop and axial residual stresses. 
 

 
 
Figure 76. DHD measured residual stresses drilling radially through the WCL from the 
canister OD surface at 315° from the weld start point (i.e. in the “steady-state” region). 
 
Results of the DHD measurement at the 317° location drilled in axial direction align to 
WCL are illustrated in Figure 77. Again, the bi-axial residual stresses measured showed 
similar profiles with the hoop residual stresses being the most tensile throughout. Peak 
tensile residual stresses were found near the top surface of the canister and peak 
compressive residual stresses were found at the weld root. 
 
The hoop residual stresses were found to start at 30 MPa at 1mm depth and then 
increase rapidly to reach a peak magnitude of 43 MPa at 5.2 mm. The hoop residual 
stresses then decreased gradually to reach 5 MPa at 27.6 mm depth before increasing 
again to a second, smaller peak of 18 MPa at 35.8 mm. The hoop residual stresses then 
decreased slightly into compression at 50 mm deep (i.e. the weld root depth) before 
increasing again to reach 10 MPa at 58 mm at which it remained for the rest of the 
measurement depths. 
 
The radial residual stresses were found to start in compression at -16 MPa at 1mm depth 
and then increase rapidly into tension at 2.6 mm to reach an initial peak of 11 MPa at 
8.4 mm. The radial residual stresses then gradually decreased back into compression to 
a plateau of -3 MPa from 24.4 mm to 33.6 mm before decreasing further to a maximum 
compressive peak of -20 MPa at 47.6 mm deep. The radial residual stresses then 
increased rapidly to -6 MPa at 52.4 mm before increasing gradually to 0 MPa at the 
final measured depth of 75 mm. 
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The calculated shear stresses were minimal throughout most measurement depths with 
an average value of 2.5 MPa, hence the principal stresses were equivalent to the hoop 
and radial residual stresses. 
 

 
 
Figure 77. DHD measured residual stresses drilling axially along the WCL from the 
canister top surface at 317° from the weld start point (i.e. in the “steady-state” region). 

5.2.4  Destructive testing vs. residual stresses 

Residual stress measurements showed some cases much higher residual stress levels 
than yield stresses. Reason for this is plastic deformation of the material before and 
during the measurement. Plastic deformation will work harden material and work 
hardening will changes material properties like hardness and microstructure (dislocation 
structure, recrystallisation and deformed fractions etc.).  Hardness and microstructure of 
the EB-welds has been evaluated by Karhula T. (2013). Electron backscatter diffraction 
(EBSD) analysis (as know backscatter Kikuchi diffraction) is powerful analysis method 
for microstructure analysis and it is conducted using scanning electron microscope 
(SEM) equipment with EBSD detector and software.  Destructive testing to evaluate 
effect of the residual stresses on microstructure was divided two parts. At the first 
calibration curve for EBSD and hardness measurement as function of plastic strain were 
evaluated using annealed tensile tests sample. The second step after calibration was 
evaluating actual weld samples. Actual welds were welded with different welding speed 
and with and without cosmetic pass. After welding some of the welds were stress relief 
annealed at temperature 170°C to 250°C. 
 
Calibration samples were taken in longitudinal direction of the weld. Strain was 
measured using extensiometer up to 13% of plastic engineering strain corresponding 
0,122 true strain. Two tests were done 19.4% and 23.9% plastic engineering strain 
without extensiometer. Typical tensile test samples are shown in Figure 78. 



 

 

 

 
 
Figure 78. Typical tensile test samples for calibration of the EBSD analysis and 
hardness measurements. 
 
Typical stress-strain curve of the tensile tests are shown in Figure 79 (total engineering 
strain 1.04%) and Figure 80 (total engineering strain 4.25%). It can be easily seen that 
strain of the weld will increase plastically when stress will be higher than 30 MPa. 
Tensile stress of 43MPa and true plastic strain of 0.00995 mm/mm were measured when 
engineering strain was 1.04%. Tensile stress of 83 MPa and true plastic strain of 
0.04076 mm/mm were measured when engineering strain was increased to 4.25%.  
Logically approximately 80 MPa residual stress will cause 0.04 mm/mm true plastic 
strain in material. According to Hooke's law, which is used to convert measured strains 
to residual stresses, 83 MPa stress is achieved when strain is 0.065% (E=128 GPa for 
copper).  Strain measured by tensile test (tensile stress=83 MPa) is more 60 times larger 
than calculated by Hooke's law. This calculation shows that standard residual stress 
measurement will overestimate residuals stresses when stress level will be over yield 
strength.  
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Figure 79. True stress vs. true strain curve in X438A3, tensile test number 01. Test were 
interupt when engineering strain was 1.04%. 
 

 
 
Figure 80. True stress vs. true strain curve in X458A1, tensile test number 06. Test were 
interupt when engineering strain was 4.25%. 
 
 
 



 

 

After tensile testing EBSD analysis of tensile test samples were performed. Typical 
deformation maps for engineering plastic strains 1.33% to 9.79% (Figure 81-83). Blue 
color indicates recrystallized material, yellow substructured and red deformed materials. 
 
 

 
 
Figure 81. Deformation map of the specimen 02, strain εeng,pl=1.33%. Blue = 
recrystallized, yellow=substructured and red =deformed fractions. 
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Figure 82. Deformation map of the specimen 06, strain εeng,pl =4.16%. %. Blue = 
recrystallized, yellow=substructured and red =deformed fractions. 
 

 
 
Figure 83. Deformation map of the specimen 09, strain εeng,pl =9.79%. Blue = 
recrystallized, yellow=substructured and red =deformed fractions. 



 

 

 
 
Figure 84. Recrystallized, substructured and deformed fractions of the tensile samples 
00 to12 with different plastic strain. 
 
Fraction of the different materials (recrystallized, substructure and deformed) are 
calculated using EBSD software. Fractions of the tensile samples 00 to12 with different 
plastic strain are presented in Figure 84. There is clear relation between different 
fractions and plastic strain. Recrystallisation fraction will decrease up to 5.4-7.1%. 
When plastic strain will achieve 7.1% deformed fraction will increase. This information 
can be used to evaluate strain in EB-welds thus absolute stress level in welds.  
 
Hardness test results are shown in Figure 85. It can be seen that there are clear relation 
between plastic strain and hardness. If weld has strained by residuals stresses, the 
hardness of the weld should be higher than in the case of residual stress free weld. 
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Figure 85. The hardness values ± standard deviation as a function of strain. 
 
Results of the EBSD analysis of welds X438A and  X458A, which have been welded 
with welding parameters as lid welds, are shown in Figures  86 and 87. According to 
analysis estimated true plastic strains are 0.01and 0.012 mm/mm respectively. 
Estimation for maximum residual stress level in welds is less than 28 MPa and 28.7 
MPa. It is worth to note that it is not possible to evaluate whether the stresses are tensile 
or compressive. Only absolute value of the residual stress can be estimated. 
 
 



 

 

 
 
Figure 86. EBSD analysis of the sample X438: recrystallized (blue), substructured 
(yellow) and deformed(red) fractions. 
 

 
 
Figure 87. EBSD analysis of the sample X458: recrystallized (blue), substructured 
(yellow) and deformed(red) fractions. 
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Results of the hardness measurement of welds are shown in Figure 88. Welding 
parameters of the welds X438A and X458A are same as used in lid welding. Hardness 
of welds is 41.3 HV1 and 40.6HV1. Hardness indicates true plastic strains of 0.0027 
and 0.0011 mm/mm respectively. Estimated residuals stresses are 31.8  MPa and 28.3 
MPa respectively.  
 

 
 
Figure 88. Hardness values ± standard deviations in the cross-sections of the welds.  
 
Following results were found according to destructive testing of residuals stress testing 
welds with same welding parameter as used in lid welding: 
 

- EBSD indicates maximum absolute residual stress level less than 28 MPa 
and 28.7 MPa 

- Hardness measurements estimates residual stress values of 31.8 MPa and 
28.3 MPa.  
 

The welding speed or the annealing temperature appear to have no measurable effect on 
the occurrence of small angle misorientations, average of mean intra-grain 
misorientation or recrystallized, substructured or deformed fractions of grains or 
hardness.  
 
The presence of a cosmetic pass results in lower recrystallized fraction and higher 
substructured fraction of grains. The hardness is higher in the weld with cosmetic pass 
than without cosmetic pass. 
The estimated maximum of the residual stress in the welds studied is mainly in the 
range of 27 to 34 MPa. Some welds give indications of maximum residual stress of ca. 



 

 

50 MPa. However, it is not known whether relaxation has occurred and to what extent 
and therefore the true residual stresses are probably somewhat smaller than the 
estimated maximum values. Also, it is not possible to say based on the applied 
technique whether the stresses are tensile or compressive. 
 
Summary of the residual stress section 
 
As summary of residual stress measurement and destructive testing the most important 
results are based on DHD measurements of the lid weld XK049. DHD measurements 
showed that maximum tensile stresses are between 30 to 43 MPa. Similar results were 
found using FEM with maximum tensile stress 30-40 MPa 
 
Residual stresses on plate welds were less than 45.7 MPa and 50.7 MPa according to 
contour measurements using same welding parameters as used lid welding. Because 
residual stress measurements of the plate welds are in some cases near or higher than 
yield stress, results have to handle as "informative data". Destructive testing same plate 
welds as used in contour measurements showed that maximum absolute residual 
stresses are 28.3 to 31.8 MPa.  
 
Residual stresses have effect on NDT. Compressive stresses can compress surfaces of 
the defect together such a way that reflection of the ultrasound will reduce. This effect 
will reduce size and amplitude of the indication caused by defect. This effect can be 
occurred especially when defect is planar.  
 
Residual stresses after disposal can effect on stress corrosion. When water penetrates 
into bentonite buffer, bentonite start to swell. Swelling and ground water pressure will 
increase load on canister. Pressure load will cause high compressive loads on copper 
thus inelastic deformation. Residual stresses (secondary stresses) are self-limiting and 
they decrease as inelastic deformation takes place. Residual stresses are insignificant 
according to this phenomena. Because of high compressive loading residual stresses 
have no effect on creep behavior, except in the case, where pressure load do not 
occurred. It can be supposed that without primary load creep will at least partly relief 
residual stresses in long run. 

5.3  Micro/macrostructure of the weld 

EB-welding is fusion welding method. Melted area has cast structure and grains of the 
fusion zone (melted area) are grown toward to temperature gradient. Transversal cross 
section the weld is presented on Figure 89. Only 1 mm of the machining allowance has 
been machined, so there is 4 mm allowance left on the top of the weld in lid weld052.  
Width of the fusion zone is 9.5 to 10.3 mm with typical parameters used nowadays 
(transversal oscillation width of 6 mm)  but it can be reduces  down to  7.4-8.5 mm 
using 5.3 mm pattern or even 6.5 - 7.1 mm further optimization using 4.5 mm wide 
pattern. These values were used Taguchi lid welds XK021-XK025 and XK044. Grain 
size of the fusion zone at transversal cross section is 0.5-1.5 mm. Minimum  penetration 
of the weld is 57 mm before machining and after machining 52 mm. Typical heat affect 
zone is 1 mm wide because copper do not have other phase transformation than 
solidification. 

96



97 
 

 

 
 
Figure 89. Transversal cross section of EBW ( sample XK052-P1Ax2 (72º)). Lid is on 
left-hand side and tube right-hand side. Centering lip can be seen on the  bottom of the 
figure on left-hand side of the fusion zone. Only 1 mm of the machining allowance has 
been machined, so there is 4 mm machining allowance left on top of the weld. 
 



 

 

 
 
Figure 90. Typical longitudinal sections of the EBW cut in different depth (z) of the EB-
weld XK010-90A: a) z=0 mm; b) z=9,6 mm, c) z=21,5 mm. 
 
Grain size in longitudinal direction can be seen on Figure 90. Lengths of the grains are 
10-15 mm in longitudinal direction. Welding direction is from left to right. 
 
Large grain size will attenuate ultrasound so that detectable minimum defect size on the 
front of the weld is 1-1.5 mm and 3 mm backside of the weld. Large grain size does not 
have effect on detectability using radiography. Even with large grain size approximately 
1 mm defect can be found if the defect is volumetric.  Comparing this to the maximum 
allowed defect size, Effect of the grain size do not impact long term safety because of  
maximum available defect size is larger than 3 mm (see section 3.5) 
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Microstructure in center line of the weld in longitudinal direction is shown in Figure 91 
(Lahtinen, Salonen 2014c).  Figure 91 represents over lap and slope down area. Top 
side of the figure is top side of the canister. Welding direction is left to right. At the first 
slope up i.e. start of the weld is located left side of the figure. Original slope up cannot 
see because it has been overlapped with weld before slope down. At the position 3.6° 
(marked 3,6 in Figure 91)  full power is achieved. After slope up steady state condition 
can be achieved. Early state weld can be seen after mark 10 (location of 10°).  
Overlapping weld has little bit deeper penetration than weld after slope up because of 
hotter material. Slope up starts at location 10°. There is seen "carrot" looking 
microstructure where penetration is decreasing gradually. Grain structure and 
solidification front will follow temperature gradient of the weld. The most critical 
location of the weld is root of the weld on start of the slope down (mark 10). Start of the 
slope down is the most sensitive phase of the weld where defects can be formed. Proper 
slope down parameters are one of the key issues to achieve good quality weld. 
 

 
 
Figure 91. Longitudinal cross section of the overlap area of the lid weld along the weld 
center line: XK058-0y0 (350˚-25˚) Lid part 3 (Lahtinen T. & Salonen T. 2014c)  

5.4  Imperfections of the canister weld 

Extensive NDT and DT evaluation of the lid welds have been done in EBW. 100% 
phased array ultrasonic testing (UT) and radiography (RT) (Pitkänen et al. 2013a, 
2013b, 2013c). Also  eddy current (ET) and visual testing (VT) have been used for lid 
welds. Tests of the lid welds are divided three categories: design of experiment (DOE) 
tests, parameter window test and lid welding test with constant parameters.  Parameter 
optimization was done using DOE methods. DOE tests also evaluate robustness of the 



 

 

welding process and effect of the welding parameters on weld quality and properties. 
One significant result was information how to adjust welding process and which 
parameters are significant and which parameters will be fixed parameters. Proper 
parameter window for significant parameters were evaluated by lid weld XK045.  Good 
welding parameters were tested with lid weld with constant parameters.  
 
Using Taguchi DOE (Karhula et al. 2013) proper welding parameters were evaluated. 
Target was maximize width of good the lens current window (dIfoc) and intact material 
of the weld, minimize defect size and optimizes minimum penetration of the weld. 
Optimum lens current value was found for each parameter set up. Weld test were done 
so that lid weld was divided 10 sectors. 9 sectors were used for Taguchi L9 test matrix 
and one sector contain slope up, down and overlap.  
 
Analysis of the results is presented in the following Figures 92-94 and Tables 8-11. 
Sector number 9 of the test is shown in Figure 26. On the left hand side vertical cavities 
can be seen but when focus current reached good values weld will be defect free. 
Penetration will decrease a little in optimum area. Surface defects occurred 
approximately 200 mm after start of the sector as well as spiking will start at this point. 
The spiking is not a defect but when it will be too sharp and deep, it will cause defects 
in the weld root as seen on right hand side in Figure 26. Weld was divided in three 
areas: weld surface (z~0-10 mm), base weld (z~10-40 mm) and root areas (under ~40 
mm).  
 
 Modified gray based method is used for grading weld quality. Reason for this is that the 
conventional Taguchi method cannot handle multiresponse optimization simultaneous. 
The gray based method is used for analyzing quality. In this method different 
acceptance criterion will be scaled on same scale so that they can be analyzed by the 
Taguchi method. In this case grade 10 is defect free and grade 4 is an unaccepted value. 
For defects grade 4 is equal to 12 mm defect size and 6 mm defect is equal to grade 7 
and so on (grade=10-height of the largest defect/2).  
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Table 8. The location of the optimum area and corresponding focus current values 
together with the penetration depth in the optimum (Ifoc=IL). 

 
 
Table 9.  Response table for means of the width of the focus current window.  dIfoc 
values are presented in rows 1 to 3, values are in mA. 

 
 
 



 

 

 
 
Figure 92. Effect of the different welding parameters on the width of the focus current 
window. Unit for the dIfoc is mA. 
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Table 10. Response table for means of the minimum penetration on optimal focus 
current. 

 
 

Figure 93. Main effect of each parameter on minimum penetration (smin) of the weld 
on optimum area. 
 



 

 

Table 11. Response table for means of the studied parameters on the weld quality in 
the optimum, minimum of the three areas. 

 
 
Figure 94. The effect of the studied parameters on the weld quality in the optimum, 
minimum of the three areas. 
 
According to prediction the most reasonable parameter combination is: 2.5 mm/s 
welding speed with 300 mA or 320 mA welding current. Estimated minimum 
penetration will be 55.9 mm and quality grade of the weld will be 9.4 or 60.3 mm and 
9.47 respectively i.e. less than 1 mm defect size using optimum focus current 2395 mA 
in a medium vacuum level. Prediction of the minimum penetration and quality of the 
weld is presented in tables 12 and 13. 
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Table 12. The predicted values for smin with the oscillation pattern E32. 
 

 
Table 13. The predicted values for the average of the grades with the oscillation 
pattern E32. 

 
 
Good welding parameters were used for lid welding. Almost similar parameters were 
used from 2008 to 2012 to test long term stability of the welding process. 
 
Lid welds were welded using same parameters as used in EB Demo before EB Demo 
series. Because Taguchi optimization results were not available before tests parameters 
similar to XK010 lid weld were chosen. Tests XK026-XK029 were welded before and 
XK042 and -43 immediately after EB demo. A lot of problems were occured with 
contaminated and dirty lids during EB demo components for tests XK042 and -43 were 
fully machined without cutting fluid. There were not similar problems like in EB demo 
during welding all of these welds even lids for XK026-29 were partly rough machined 
with cutting fluid. 
 

 
Figure 95. The chronological order of the studied test series. 
 



 

 

Following results was found: 
 

- The minimum weld penetration depth of sections was smin=62 - 68 mm. 
The target value of penetration was set to be 50 mm (after machining). 

- The intact weld material thickness was typically 49.5 mm. Imperfections 
in the main penetration area were small and they didn’t have a significant 
affect of intact material values and grades. 

- Weld quality is homogenous in all lid welds 
 
 
Further welding test XK052 and XK056 had 300 mA welding current to make 
confirmation test for Taguchi test matrix. Other weld (XK046-47, -50, and XK057-59) 
had 320 mA beam current to ensure more than 50 mm penetration after 5 mm surface 
machining of the weld. Lid test XK057 was sealing test weld where insert was installed 
inside of the mock-up canister (Lahtinen & Salonen 2014a). Preliminary results of lid 
weld XK049 and XK060-64 are included in this report (Lahtinen & Salonen 2014d). It 
should mention that lid XK064 had large gun discharges because of contamination on 
lid. These gun discharge areas of the lid XK064 are not included in the data. 
 
Two 300 mm long sector were cut for metallography from each lid weld covering 
approximately 22% of the length of the weld. Also approximately 300 mm (11% of 
whole weld) sector containing long slope up, down and overlap area were evaluated. 
33%  of weld length is evaluated by destructive testing samples are shown in Figure 96.  
 

 
 
Figure 96. The locations of the two metallographic samples (left) on the machined ring 
are 70°−109° and 250°−289° including transverse cross-sections. A welded lid-tube 
combination 160 mm tall was machined for non-destructive testing (NDT). The starting 
point of the welding is 0° in the weld diameter, and the measuring point of the weld 
widths is 109° in the weld diameter. The sample is 80 mm tall, and 40 mm thick as 
marked by the blue ring (right). 
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Parameters and results of the destructive testing of lid welds XK046, -47, -49 -50, -52 
and XK056-64 are presented on tables 14, 15 and 16. Results of lid welds XK052 and -
56 are presented separately because of lower beam current (300 mA instead of 320 
mA). Results of the Taguchi lid weld XK011-Run9 is presented as comparison to 
results. XK011-Run9 had 300 mA beam current which should give lower penetration 
than 320 mA. 
 
 
Table 14. Welding parameters of both studied and reference tests (note: two weld has 
been welded using 300 mA beam current). 
 

Test  

  

v       
[mm/s] Pattern

     

Vacuum level 
[mbar] 

IL       
[mA] 

IB          

[mA] T 

XK046 2395 2.5 E32 320 3 4.00E-03 Medium 

XK047 2395 2.5 E32 320 3 1.00E-03 Medium 

XK049 2390 2.5 E32 320 3 9.70E-03 Medium 

XK050 2390 2.5 E32 320 3 5.60E-03 Medium 

XK052 2395 2.5 E32 300 3 5.10E-03 Medium 

XK056 2395 2.5 E32 300 3 4.00E-03 Medium 

XK057 2395 2.5 E32 320 3 3.40E-03 Medium 

XK058 2395 2.5 E32 320 3 1.60E-03 Medium 

XK059 2399 2.5 E32 320 3 2.20E-03 Medium 

XK060 2395 2.5 E32 320 3 3.90E-03 Medium 

XK061 2395 2.5 E32 320 3 2.40E-03 Medium 

XK062 2395 2.5 E32 320 3 2.40E-03 Medium 

XK063 2395 2.5 E32 320 3 2.40E-03 Medium 

XK064 2395 2.5 E32 320 3 2.20E-03 Medium 
 
 
 
 
 



 

 

Table 15. Weld properties of the centerline samples. All measurements are reported 
after the final surface machining of 5 m excluding lid welds XK052 and -56. 

Test-ID 
Smin  

value 
[mm]  

Intact 
material 

value [mm] 

Imp. max 
surface 
[mm] 

Imp. max  
base 
[mm] 

Imp. max  
root 

[mm] 
XK011-9 51 49.5 0 0.5 0.5 
XK046-1 53 48 1 0.5 0.5 
XK046-3 55 49 1 0.5 0.5 
XK047-1 53 48 0.5 0.5 0.5 
XK047-3 54 49.5 0 0.5 0.5 
XK049-1 53 48 0.5 0 2 
XK049-3 55 48.5 0 0 1 
XK057-1 56 46 0 0.5 4 
XK057-3 56 50 0 0 0 
XK058-1 55 49 0.5 0 1 
XK058-3 51 49 0 1 0.5 
XK059-1 54 46.5 2 0.5 1.5 
XK059-3 53 47 0.5 0.5 1.5 
XK060-1 55 48.5 1 0.5 0.5 
XK060-3 57 48.5 1 0 1.5 
XK061-1 57 49.5 0 0.5 0.5 
XK061-3 55 49.5 0 0.5 0.5 
XK062-1 57 47 0 0 3 
XK062-3 57 49.5 0.5 0 0 
XK063-1 55 47.5 1.5 0 0.5 
XK063-2 55 49.5 0 0 0.5 
XK064-1 56 49.5 0 0 0.5 
XK064-3 56 49 0.5 1 0.5 
Average 54.74 48.52 0.46 0.33 0.96 
Standard 
deviation 

1.76 1.10 0.56 0.32 0.95 

 
 
Imp. max surface [mm]= maximum defect size on surface area 
Imp. max  base [mm]=maximum defect size on area between  
Imp. max  root [mm]=maximum defect size on weld root area 
Imp. max overall value [mm]=maximum defect size of the evaluated weld. 
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Table 16. Weld properties of the centerline samples. All measurements are reported 
after the final surface machining of 5 m lid welds XK052 and -56. 
 

Test-ID 

Smin  
value 
[mm]  

Intact 
material 

value 
[mm] 

Imp. 
max 

surface 
[mm] 

Imp. 
max  
base 
[mm] 

Imp. 
max  
root 

[mm] 

XK011-9 51 49.5 0 0.5 0.5 

XK052-1 52 49 0 0 1 

XK052-3 53 47.5 0 0 2.5 

XK056-1 49 49 0.5 0 1 

XK056-3 52 49.5 0 0.5 0 

Average 51.5  48.8  0.13  0.13  1.13 

Standard 
deviation 1.7  0.9  0.25  0.25  1.03 

 
 
 
Typical welding defects are shown in Figures 97-99. 
 

 
 
Figure 97. Pore in weld root area, diam.less than 1.0 mm,location 54 mm from surface 
of the weld, sample ID  XK046-2L. Welding direction left to right, WCL, longitudinal 
cut sample. 
 



 

 

 
 
Figure 98. Cold shut near root area. Depth 46.5-49.0 mm for surface of the weld. 
Height 2.5 mm, length less than 1 mm, weld sample XK047-1L_2. Welding direction left 
to right, WCL, longitudinal cut sample. 
 

 
 
Figure 98. 1.5 mm high and 3 mm circumferential direction cold shut in root of the 
weld sample XK046-1L. Welding direction left to right, WCL, longitudinal cut sample. 
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Graphs of the minimum penetration, intact material thickness and maximum defect 
sizes after 5 mm surface machining are shown in Figure 100. Results of the Taguchi 
weld XK011-Run, XK052 and -56 is also included in figure even beam current was 300 
mA instead of 320 mA. 
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Figure 100. Weld properties of the centerline samples. All measurements are reported 
after the final surface machining of 5 mm. 
 
To summarize, the following conclusions can be drawn from the results: 
 

- Overall, the weld quality was homogenous in all studied lid weld tests 
and the variation of the weld property indicators was small. Quality-
producing ability of the used EB-welding equipment was in line before 
and after the calibration. 

 
- Defects were mainly small pores (0-0.5 mm) or voids (0-4 mm) and cold 

shut 0-3.5 mm  
 

- The target value of penetration was set to 50 mm after 5 mm final surface 
machining. It might be better to have a 55 mm target to get better 
tolerance to avoid a lack of penetration and for easier ultrasonic testing 
of the weld root area. 
 

- Minimum penetration depths of the samples (welded 320 mA) were 
between smin = 53–57 mm and mean of minimum penetration 54.9 mm 
near to the target value 55 mm . The lowest penetration value of 49 mm 
(lack of penetration was 1 mm in relation to the target value) was 
measured in test XK056 where lower beam current (300 mA) value was 
used. However, generally the increase in the beam current from 300 mA 
to 320 mA did not have significant effect on the penetration (51.5 mm vs. 
54.9 mm) or weld quality 



 

 

 
- The intact material length values altered from 46 mm to 50 mm. 

Imperfections in the investigated areas were quite small and they did not 
have a significant effect on the intact material values and grades. A 
separate root cavity imperfection of size 4 mm in the sector 1 of sealing 
test XK057 caused lower grades in root quality and intact material in 
sector 1. Sector 3 of test XK057 was free of imperfections. Nodular cast 
iron insert used in test XK057 had no evident effect on the weld quality. 
 

- Earlier, in the matter of destructive testing results of Taguchi test XK011, 
a welding parameter combination that gives the widest optimum focus 
current range and the best weld quality, and for which the minimum 
penetration depth is nearest to the targeted smin=55 mm, was determined 
as following: IB=300 mA, v=2.5 mm/s and the oscillation pattern is E32. 
In this study this parameter combination was confirmed to produce good 
weld quality.   

 
Extreme statistical evaluation of intact material and maximum defect size of the 
weld. 
 
Extreme statistic can be used to evaluate maximum defect size of minimum intact 
material thickness. Extreme statistics have been used widely for example estimating the 
highest floods, stock markets and evaluation of risks of natural catastrophes on 
insurance (Gumbel 1954, Faber 2012). Gumbel distribution is used estimate maximum 
inclusion and defect size in castings and components (Beretta & Murakami 2001, 
Anderson et a. 2005, Murakami 2002, Beretta et al. 1997). It should be point out that 
extrapolation of the data to very low probabilities can cause large error. Used data is 
based on destructive evaluation of 11 lid weld shown in table 15. 33% of the perimeter 
of the circumferential weld was destructively tested. Every case DT showed larger 
defect sizes comparing to NDT results. This means that NDT is not yet fully optimized 
to find small planar type root defects. Phased array ultrasonic technique can be 
improved using matrix probe. Probability plot of minimum intact material is shown in 
Figure 101. Evaluation of the minimum intact material data give probability to have less 
than 40 mm intact material is 0.008% based on 33% weld length This means that if 
417,000 lids (33% of 1,250,000) will be welded, one canister do not fulfill 40 mm intact 
material thickness. This comparison is conservative because extrapolation behaviour is 
rather logarithmic than linear (Gumbel 1954, Faber 2012 p.82).  
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Figure 101. Probability plot of the intact material of the lid welds welded using 320 mA 
based on data of 11 lid welds shown in table 15(note that values of probabilities on 
right hand side are rounded) 
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Figure 102. Probability plot of the maximum imperfection size of lid welds welded 
using 320 mA based on data of 11 lid welds shown in table 15 (note that values of 
probabilities on right hand side are rounded). 



 

 

Probability plot of maximum imperfection size is presented in Figure 102. Probability 
having larger than 9.58 mm imperfection is order of 0.001% equal to 1/100.000. There 
is 0.01% (i.e. in figure 102 100% is equal to 99.999%) probability to have larger than 
11.35 mm imperfection at upper bound of 95% confidence interval (95% CI).  It can be 
estimate maximum defect size of all canisters when Posiva weld 4500 canister. 33% 
weld is evaluated by DT, the probability has to multiply by three. Maximum 
imperfection size for probability of 1/13500 is 8.1 mm (95% CI upper bound 11.7 mm). 
 
Final statistical analysis will be done when NDT analysis of all lids area available. Also 
there will be more precise DT evaluation data available later at 2014. It should be stated 
that data do not cover whole weld volume and NDT has own limitations, so there is 
always possibility that maximum defect size and type is not found in weld. Extrapolated 
results can have large uncertainty if extrapolation is done too far from measurement 
range even there are confidence intervals available.  

5.5  Other properties of initial state 

Surface quality of the surface of the weld is not good enough for NDT. Because of this, 
the top surface of the copper lid has to be machined after welding. 5 mm thick and 
approximately 30-40 mm wide additional material has been used area near weldment on 
top of the canister. Other areas of the top of the lid have 1 mm material for machining 
after welding. This material gives enough machining allowance for welding to ensure 
inspectability by NDT. Surface roughness Ra=3.2µm can be achieved easily using 
proper milling tools even with air cooling. Deformation of the outer surface after 
welding has been described earlier section 5.2.1. 
 
During and after welding there will be vacuum in gap between insert and cast iron 
insert. This means that heat transfer mechanism over the gap is radiation. Because of 
high reflectivity of copper heat transfer is smaller than in cases where gap is filled with 
gas. In practice copper will be partly in contact with insert and heat transfer will 
increase. Ikonen reported 2D FEM heat transfer analysis of heat transfer of canister 
including fuel. According to Ikonen, maximum temperature of fuel is 212.9 °C when 
gap is in vacuum and canister meant for OL1-2 BWR type fuel. In figure 103 is shown 
temperature of canister. Reference case has vacuum in gap and argon filling is for 
comparison.  
 
Model does not take into account the contact between the insert and copper canister. 
The insert is in contact in any case with bottom where there is no gap. This 3D effect 
has not been taken into account in the calculations. These effects will reduce maximum 
temperature of the fuel. After pressure a load will compress copper towards insert then 
there will not be any differences in temperature.   
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Figure 103. Temperature distributions on horizontal line passing through the middle 
point of two bundles in BWR canister in three different cases.    
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6  LONG TERM PROPERTIES OF THE WELD 

 
Initial state of the weld has effects on other processes in encapsulating plant and 
disposal facility as well as on the long term safety. In Figure 104 is presented different 
properties of the weld, which can have effects on processes in encapsulating plant and 
also on the long term safety. The most significant long term properties are creep 
ductility and corrosion resistance. 
 
 

 
 
Figure 104. Initial state of the weld, properties of the weld and interrelation between 
long term safety and different operational processes in encapsulation plant and disposal 
facilities 
 

6.1  Creep Strength 

Creep properties have been evaluated by SKB and Posiva (Andersson et al.2005, 
Holmström et al 2012). According to SKB creep testing creep ductility of the EBW is 
high enough to fulfill the requirements. Requirement for ductility is 15% and minimum 
measured value is 25%. Reduction of area is higher than 64.5%.  Results are presented 
in Table 17 and Figure 105. 
 



 

 

Table 17. Results of creep testing of EBW material according to SKB (Andersson et 
al.2005). 

 
 
 

 
 
Figure 105. Elongation at rupture for both electron beam and friction stir weld tests. 
Data points in parenthesis are the latest values from interrupted tests. [Andersson et al. 
2005] . 
 
VTT has made creep testing for EBW material and FEM model of creep which includes 
also elastic-plastic material behavior (Holmström S. et al. 2012a and 2012b). Hot tensile 
tests showed that EBW material has lower tensile strength than parent material (Figure 
106).  
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Figure 106. Ultimate tensile strength (Rm) as a function of temperature for parent 
material (PM) and EB-welds (EBW) (Holmstöm et al. 2012a). 
 
 
Raiko 2005 gives a good overview of creep testing in "canister design report 2012". 
Following description is based on this report. 
 
Creep testing of the copper EB-welds has continued for years. Some preliminary results 
are presented in (Holmström et al. 2012a). These creep tests have been accelerated by 
elevated temperature. The test temperature has been usually 125 or 175°C. So far all the 
results (loading stress and resulting strain) has been presented only in engineering 
measures, as A5 strains and nominal stress.  
 
If the results are converted to true stress and true (and local) strain, then the numbers 
and models are changed drastically better. The reason of the misleading results of 
engineering (standard) strain and stress results is that for example specimens containing 
an EB-weld that is 5 to 8 mm wide is measured typically from points that are 50 mm 
apart and thus we get an average strain for 50 mm length even if the most deformation 
takes place in the weld that is only roughly one tenth of the measuring length. Another 
reason for misleading result is the high ductility of copper. The standard type 
measurement of A5 elongation in several tensile tests has given 26 to 30% elongation 
for the weld (see table 4 in Holmström et al. 2012a) but when the local true strain is 
calculated from respective registered reduction of area Z, 80 to 85%, the true strain at 
rupture is εtrue = ln (1/(1-Z)) = 160 to 190%, respectively. True stresses are calculated 
from nominal stress by dividing with relative necking area σtrue = σnominal/(1-Z). Thus, in 



 

 

this typical case the measured engineering measures differ from the theoretically more 
exact measures by factor 6.  This is why the creep test result presentation and creep 
modeling should be made in true-stress/true-strain space. 
 
The creep test results that have yielded to rupture so far according to Table 5 of 
(Holmström et al. 2012a) are as follows in Table 18. The true stress and strain values at 
rupture are calculated from reduction of area and engineering measures and added into 
the Table 18. Additional tests are going on with lower temperature and stress levels. 
 
The canister structure is usually analyzed for creep with finite element method using 
large-deformation and large-strain modeling, which procedure leads to true strain and 
true stress results. Thus it is essential that the respective material testing results are 
presented and material modeling is made in true-stress and true-strain system to allow 
reasonable comparison between them. 
 
Table 18. Preliminary creep test results from the EB-weld in copper. True stresses and 
strains are calculated at rupture from area reduction Z and engineering measures. 
 

 
 
If the external pressure load and the ambient temperature are high enough, a plastic 
deformation will then take place in the copper over pack and the gap between the 
canister and the insert will gradually be closed. In the beginning creeping starts in the 
locations where the existing stresses are higher due to geometric concentrations in 
structural discontinuities or due to residual stresses. Both of these are typical secondary 
stresses and the peak stresses are relaxed first. When the gap between the shell and the 
insert is closed due to plastic or primary creep deformation, the deformation and strains 
stop to grow and the remaining stresses continue to relax until they reach equilibrium 
without causing additional strain. The creeping analyses are usually made with the most 
conservative assumption on both temperature and load, in other words T=75 °C and 
p=15 MPa are used. If one or the other of them is lower, then the creeping is 
consequently much slower than the modeled condition. 
 
Several creep analyses for the canister construction have been recently published. The 
creeping time until the over pack contact against canister insert may vary many orders 
of magnitude depending on assumed temperature, load level and creep model. However, 
the maximum creep strain is always close to a constant number that only depends on 
shape of geometric concentrations and size of the structural gaps. One of the latest 
analyses of the structural creeping of the canister is discussed in (Sandström & Jin 
2009). The analysis assumed 75°C temperature and 15 MPa external pressure load. The 
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result was that the gap is closed in 10 years and that the highest creep strain (including 
primary creep) was 10.6% in a geometric concentration of a rounding in the copper lid 
fillet. The creep strain was <0.5% in membrane stressed areas like in the cylinder wall 
without geometric concentrations. The geometric details (the fillet radius at the “hot 
spot”) of the canister have been changed since the analysis. 
 
Updated creep analysis with updated geometric constraints has been made lately, and 
continuation of creep analyses is included in Posiva’s further examinations’ programme. 
This analysis, using new copper creep data and VTT’s creep model for copper is made 
for canister over pack creep deformation and strain simulation and it is reported in 
(Holmström et al. 2012b). The essential result is that the primary creep deformation 
takes place immediately after the pressure load is applied and the essential gaps between 
copper over pack and iron insert become into contact. The primary creep strains are 
generally <1% but in geometric concentrations or notches some higher, some per cent. 
When the deformation is stopped due to contact, the stable secondary creeping 
continues and causes relaxing of stresses. Even if the simulation time is very long, 
100000 years, the amount of secondary creeping does not become remarkable. Relaxing 
of stresses and the contact between copper and iron eliminate the potential for more 
creeping in the canister structure. 
 
The FEA simulation (Holmström et al. 2012b) on canister over pack creeping includes 
also cases, where residual stresses were modeled in the EB-weld area. The residual 
stresses had no practical effect on the results. Additional analyses and research on 
copper creep are still going on. The dependence of the gap dimension on the actual 
temperature will be included into the FEA model, and the bimetallic behavior of the 
iron copper structure, as well, when the plastically deformed structure is cooling down 
to environmental temperature in long run. 
 
In case of rock shear, an analysis is made on how high the creep can be in the copper 
over pack after a rock shear due to residual load of the buffer. The analysis showed that 
the additional creep strain after the instantaneous plastic deformation could be only 
about 2% and thus acceptable. 
 
Results of the FEM analysis by Holmström et al. 2012b mentioned above by Raiko 
2012 are presented earlier section 5.2. After 700 years creep principle stress will 
decrease as seen in Figure 42. The maximum accumulated creep strain at lid fillet is 
increasing due to the residual stresses to a level of 0.5% from near 0% without residual 
stresses. After 100.000 years maximum equivalent creep strain is around 2.6% in the 
weld root. Requirement for creep strain is set to 15% so there is large safety margin in 
creep ductility. 

6.2  Corrosion Properties 

6.2.1  General corrosion 

King et al 2010a has made critical review on corrosion of copper of the final disposal 
canister. According to this report (p. 93), following results has been found in different 
R&D reports: 



 

 

 found no effect of increased grain size on the degree of intergranular corrosion 
of Cu-OFP in bentonite-equilibrated Äspö groundwater with [Cl–] of 20 mg/L 
and 20,000 mg/L, with the pH adjusted to pH 10 using NaOH. 

 no preferential attack at the weld region of electron-beam welded copper 
samples exposed to compacted buffer material at 100°C for periods of up to 5 
years has not been found. 

 No significant preferential weld corrosion was observed in EBW or FSW 
 However, no grain boundary attack was observed after 14 days. 
 A significant potential difference (90–200 mV) was observed between the weld 

and base metal, with the smaller potential differences for the FSW and the 
higher potential difference for the EB welded material. 

 
The conclusion from these studies is that there is no evidence to indicate that the weld 
region should suffer higher corrosion rates than the rest of the canister shell. Both 
welding procedures appear to produce welds of acceptable corrosion performance. Of 
the two techniques, FSW provides better corrosion resistance than EB welding, possibly 
because of the minimal grain growth and the absence of any resultant concentration of 
impurities at the grain boundaries for FSW (King et al. 2010a). 
 
It seems that last sentence King et al. 2010a mix up grain boundaries and solidification 
lines in the EB-weld found in report Gubner et al. 2006. Corrosion was attacked to 
"flow lines". These lines are perpendicular to grain boundaries i.e. temperature gradient 
during welding and are found also metallurgical samples using heavy etching. Lines can 
also be found other fusion welding method and in other materials (Schultz 1993).  

6.2.2  Stress corrosion cracking 

Residual stresses might have impact on stress corrosion cracking (SCC). SCC tests have 
been done for weld and base material. Slow strain rate tests have been performed in an 
acetate environment [Kinnunen (2006)]. In the case of the EB-welded samples the 
elongation to fracture was 25% -31%, which is in the same range as found before 
[Arilahti et al., (2000)]. No dependence of elongation at fracture against acetate 
concentration could be found (Figure 107.). 
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Figure 107. Stress-elongation curves of CuOFP EB-weld material samples as exposed 
to varying concentrations of acetate-ions in highly saline simulated groundwater 
(HSSGW) [Kinnunen (2006)]. 
 
According to King et al. 2013 following conclusion has been made for aerobic phase of 
canister life time. 
 
During aerobic phase for canisters to fail by SCC, a number of conditions must be met, 
with SCC unlikely to lead to failure if any single condition is not met. These conditions 
include: 
 

 the canister ECORR and interfacial pH must lie above the Cu2O/CuO equilibrium 
line, 

 an SCC agent (acetate, ammonia,or nitrite) must also be present at the canister 
surface, 

 the interfacial concentration of ammonia, acetateor nitrite must exceed the 
threshold concentration for cracking, 

 the interfacial Cl- concentration must be low, otherwise cracking is inhibited, 
 the temperature must be sufficiently low that SCC is not inhibited, since 

elevated temperatures have been found to suppress cracking, and 
 there must be a sufficient tensile stress present. 

 
Based on the evidence from Figure 107 alone and predictions of the amount of SCC 
agent in the repository, it is apparent that cracking of the canister is highly unlikely. 
 



 

 

 
Figure 108. Comparison of the experimentally determined potential and pH conditions 
for SCC of pure copper in acetate solutions and the predicted variation of the corrosion 
potential and interfacial pH of the canister. The lines refer to(A)the Cu2O/Cu(OH)2 
equilibrium, (B) the Cu2O/CuO equilibrium, and (C)the Cu/Cu 2O equilibrium. The 
points refer to environmental conditions for which cracking was observed according to 
King et al. 2013. 
 
Aerobic and anaerobic phase 
 
Following conclusion (to the end of section 6.2.2) of SCC of copper is made by King et 
al. 2010: 
 
"SCC mechanisms that require a degree of oxidation or dissolution are only possible 
whilst oxidant is present in the repository and then only if other environmental and 
mechanical loading conditions are satisfied. These constraints are found to limit the 
period during which the canisters could be susceptible to cracking via film rupture or 
tarnish rupture mechanisms to the first few years after deposition of the canisters. 
However, there will be insufficient SCC agent (ammonia, acetate, or nitrite) to support 
cracking during this period. During the anaerobic phase, the supply of sulphide ions to 
the free surface will be transport limited by diffusion through the highly compacted 
bentonite. Therefore, no HS‑ will enter the crack and cracking by either of these 
mechanisms in the long term is not feasible. 
 
Cracking via the film-induced cleavage mechanism requires a surface film of specific 
properties, typically a nanoporous structure. Slow rates of dissolution characteristic of 
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processes in the repository will tend to coarsen any nanoporous layer. Under some 
circumstances, a cuprous oxide film could support film-induced cleavage, but there is 
no evidence that this mechanism would operate during the long-term anaerobic period 
because copper sulphide films appear to be insufficiently adherent. 
 
A critical review of the surface mobility model has been presented. The formulation of 
the crack growth law appears to be flawed and in its corrected form predicts crack 
growth rates of the order of 10‑20 m/s. Therefore, even if cracking were to occur via 
this mechanism, the crack velocity would be too small to lead to canister failure, even 
over repository timescales. 
 
Two other SCC mechanisms, the adsorption-induced dislocation emission and vacancy 
injection and embrittlement models, have also been discussed. Although these models 
are still in the development stage, it is considered unlikely that they could induce 
cracking during the long-term anaerobic phase. 
 
Therefore, it is concluded that the probability of SCC during the early aerobic period is 
low because of the absence of the necessary conditions for cracking and that there is no 
well-founded SCC mechanism that would result in cracking during the long-term 
anaerobic phase in the repository." 

6.2.3  Local corrosion  

Corrosion of the EB-welded copper has been reported by King et al. 2001 (p.83). 
According to King et al. 2001, there has not been found preferential attack at the weld 
region of EB-welded copper samples exposed to compacted buffer material at 100°C for 
periods of up to 5 years. There has not seen any impact on corrosion resistance on grain 
boundaries either. 
 
Gubner et al. (2006) demonstrated that, although grain boundary corrosion could be 
induced on canister weld material, it is most unlikely a concern in the repository 
environment. The “stirring type” corrosion attack on the electron beam welds was much 
more predominant in the experiments performed than the very slight grain boundary 
corrosion observed.  
 
NOTE: stirring type means solidification lines in fusion zone as mentioned in section 
6.2.1. 
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7  QUALITY ASSURANCE AND QUALITY CONTROL OF WELDING 

As main parts concerning quality assurance and quality control shall be taken from 
standard ISO 3834 - Quality requirements for fusion welding of metallic materials.  
Standard divides certain needs for company's welding production and quality matters 
and can be used as guidelines for planning quality procedures. 
 
One of the most important group of standards is SFS-EN-ISO- 3834-1, -2, -3, -4 and -5 
as well as SFS-EN ISO 14731. SFS-EN-ISO-3834-1 defines the criteria for the selection 
of the appropriate level of quality requirements. Based on criteria selection, the 
standards SFS-EN-ISO 3834-2, -3 or -4 can be chosen. It seems that quality 
requirements will be based on SFS-EN-3834-2 for canister sealing. SFS-EN ISO 3834-5 
defines documents with which it is necessary to claim conformity to the quality 
requirements of SFS-EN ISO 3834-2, -3 or -4. SFS-EN ISO 14731 consists of Welding 
coordination, tasks and responsibilities for welding. 
 
ISO 1418 Welding personnel — Approval testing of welding operators for fusion 
welding and resistance weld setters for fully mechanized and automatic welding of 
metallic materials will be used for personnel who used automatic welding machine like 
CNC controlled EBW machine. 

7.1  Welding procedures 

7.1.1  pWPS,  WPS  and instructions 

A Preliminary Welding Procedure Specification (pWPS) has been done for EB-welding 
of plates and canister-lid joints including all work phases done in Patria Aviation (Raiko 
et al. 2009). These pWPS has been tested project called EB Demo. This pWPS can be 
used for canister sealing after modification of the procedures used in encapsulating 
plant. There will be some modification needed because of new system has different kind 
of beam measurement systems and manipulators are different. WPS will be qualified 
and accepted after installation of EBW-equipment using 1:1 scale work pieces based on 
following standards: 
 

- SFS-EN ISO 15607: Hitsausohjeet ja niiden hyväksyntä metalleille. 
Yleisohjeet. Specification and qualification of welding procedures for 
metallic materials. General rules 

- SFS-EN ISO 15609-3: Specification and qualification of welding  
procedures for metallic materials - Welding procedures specification -
Part 3: Electron beam welding (ISO 15609-3:2004)   

- SFS-EN ISO 15614-11: Specification and qualification of welding 
procedures for metallic materials. Welding procedure test. Part 11: 
Electron and laser beam welding.  

 
The result of these records of welding test will be stored as a special document named 
”Welding procedure qualification record (WPQR)”. When results are approved and 
documented by accredited organization, qualification of welding procedure 
specification (WPS) is accepted for welding production.  



 

 

Specification for the weld will be clarified before qualification. Nowadays there are 
preliminary acceptance criteria for EB-weld shown in section 3.5 

7.1.2  Training and qualification of operators and welding coordination  

Generally manufacturer shall have at his disposal sufficient and competent personnel for 
planning, performing and supervising of the welding production according to specified 
requirements. During manufacturing welding operators shall be qualified by an 
appropriate test. ISO 14732 is proposed to use for EBW operators. SFS-EN-ISO 14731 
identifies the quality-related responsibilities and tasks included in the coordination of 
welding related activities. Welding coordinator is responsible for the quality activities 
and he or she shall have sufficient authority to enable any necessary action to be taken. 
 
ISO 1418 Welding personnel — Approval testing of welding operators for fusion 
welding and resistance weld setters for fully mechanized and automatic welding of 
metallic materials will be used for qualifying personnel which used automatic welding 
machine like CNC controlled EBW machine. 
 
 Qualification will be contain theoretical and practical testing. Qualification can be done 
by different principle, for example based to pre-production test, production test or 
welding procedure test. Standards also recommend that operator's knowledge 
concerning using of the welding machine and overall basics of the welding process 
should be tested. Concerning welding operators at final disposal environment there has 
to be comprehensive qualification procedure and supervised under the third party. 
Operator qualification shall be updated and renew in certain time period.  
 
Operators are trained at supplier of the welding machine. This is typical for all EBW 
machine manufacturers and normally it is included to purchase. If EBW will be chosen, 
Posiva can possible continue cooperation with Patria Aviation and use their equipment 
as training machine. 
 
Training will include following tasks (not comprehensive list):  
 
EBW process: principles, parameters, work instructions etc.  
EBW components: Basics, Electrical Maintenance, 
Mechanics: Basics, Maintenance 
Vacuum: Basics, Maintenance, Leak Detection 
Optics Maintenance 
High-Voltage Power Supply Maintenance 
CNC Programming 
Machine Operation 
EBW Safety Training 

7.2  Quality control of the welding process 

Quality control of the welding process contains all variables and notifications which are 
related to welding. It covers also issues which affects to welding even they occur before 
or after welding. Comprehensive documentation of the welding has been defined in EB 
demo (Raiko et al. 2009) covering manufacturing and inspection of the components, 
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welding process, and inspection after welding. This experience can be used for planning 
QC/QA of the welding process. 

7.2.1  Equipment and tool testing: beam measurement  and inspection before 
welding 

According to SFS-EN ISO 3834-2 components have to be inspected before welding.  
Identification of the components has to be well marked and documented for traceability. 
Before welding it should be easy to see on documents when they are accepted for 
welding. Even the components have to be tested before hand final inspection before 
welding has to be done to ensure that there is no handing damages or non-
conformations on the components, which can impact on the weld quality. When all 
components and documents are accepted to welding then can be welding activities 
started. 
 
Before welding can be started beam quality and filament heating have to be adjusted. At 
the first filament heating will be adjust using automatic procedure, SST call it as Heico. 
This adjustment will take tens of seconds. After Heico heating parameters will be stored 
and next step will be adjustment of the beam alignment and stigmatization. Earlier 
alignment and stigmatization were done visually. Posiva has tested and used LDV 
measurement system in Patria and it has been showed that documentation can be done 
easily with this system. Adjustment can be done automatically with new welding system 
as describe in section 4.1.  Measurements of the beam quality can be done after welding 
if needed. These adjustments have to done after each lid welding. 
 
Location of the joint and canister will be verified and documented using cameras and 
measurement instruments like crosshair system of the camera. 

7.2.2  Monitoring welding process and machine during the welding and QC.  

During the welding all machine parameters and welding parameters (both actual values 
and set values) are monitored and stored in memory with date, time, part nro, serial nro, 
operator Id, and accounting nro, with comments. QC system is very sophisticated. For 
example new logging data cannot have identification which has earlier used, new data 
cannot write over old data and it is very difficult to modified files afterwards in EBW 
machine used by Patria and Posiva. This minimizes human errors. Each log files can be 
traced to individual weld and component. Each data point can be traced accurately to 
location on weld. 
 
Parameter values are displayed centrally at an operator's panel equipped with monitors 
during welding. All tolerance violations (tolerance band will be set for each parameter 
to be monitored) can be easily seen because system will immediately show violation in 
monitor during welding. Monitored and stored data can be handled PC afterwards. 
Machine includes sophisticated and flexible softwares to handle data. 
 
Video recorder system can be easily install to system for monitoring welding process 
because there is video camera in gun to look welded area. There are special cameras 
available with filters to look inside keyhole and also high frame rate cameras are 
available.  



 

 

 
There is also special system for electro-optical viewing. Electron beam can be scan over 
work piece. Same time backscattered electrons (BSE) are measured. This information 
can be converted to monitor as video. This is similar system as used in scanning 
electron microscope. System is available in few years and it is used mainly for joint 
tracking during welding. Similar seam tracking systems based on BSE has been 
available since 80's (Schultz, H. 1993). New system can be used as normal camera to 
monitoring welding process (Figure 109) and it has much larger depth of field than 
optical camera has. Shield glass front of conventional camera will coated with 
evaporated metal during the welding and glass has to be cleaned after welding session. 
There are not similar cleaning needs when using BSE imaging system. 
 
 

 
 
Figure 109. Work piece with cuboid structure surface. Left hand side normal snapshots 
taken optical video camera and right hand side is electro-optical image (Schwab & 
Mücke 2010). 
 
Defining parameters to be monitored and which way monitoring system works and 
collect data can be easily programmed. Monitoring system is controlled by subprogram, 
which is used by main welding program. Programs are typical CNC programs used in 
CNC machines. If there will be tolerance band violation all welding parameters and 
system parameters will be stored every time when parameter go out tolerance band and 
will came back within tolerances. This system is good aid for troubleshooting.  
 
Typical parameters to be monitored are beam current, accelerating voltage, welding 
speed, lens current, filament heating, vacuum levels in gun and chamber and deflection 
of the welding. Comparing to FSW there is no feedback for process controls so there is 
not similar input and output parameters as FSW has (temperature control by spindle 
speed and z-force). 
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Machine has also fault diagnostics system and machine monitoring system, which 
noticed and alarm operator, if there are abnormal situation on machine. This system 
prevent using faulty machine and also stop machine controlled way if fault or alarm is 
critical for welding or machine itself. Typical system to be monitored is cooling system. 
If pressure will drop in cooling system or temperature of the cooling water will rise too 
high or water level will be too low. 

7.2.3  QC Inspection and testing after welding 

Weld surface can be inspected preliminary after welding using camera of EB gun. 
Normally weld is inspected in Patria before venting welding chamber. Also thermal 
expansion of the canister and location of the weld can be measured using camera with 
crosshairs. Operator will inspect logging files and identification as well as all 
documentation. After this logging data will be evaluated and all nonconformities will be 
carefully analyzed. These information and variations will be take account in NDT. 
Special attention will be paid on areas where deviation of parameters is large. 
 
Logged data will be printed to file or paper. Nowadays it is easier to print documents to 
PDF format to transfer it in archive with original data files. Also welding program with 
subprograms will be printed for archive. Typical print of data is shown in Figure 107. 
Different curves are for actual and set values for each parameter. Identification 
information can be seen in label. In Figure 110 is lid weld XK023 welded 17/09/2007 
by Teppo. Almost all parameters were changed during welding as seen in steps and 
linear slopes during welding. Purpose of the test was to run design of experiment test to 
evaluate good welding parameters using 9 different parameter combinations.  Scaled 
detail of lid weld XK028 is shown in Figure 111. Variations of the parameters are easily 
seen. Statistical information of the weld parameters can be easily generated (Table 19). 
Macros can be used for data handling to generate fast complex calculation and analysis. 
Data can be convert also to common database and file format. 
 
Table 19. Statistical analysis of Ib and Ub of the lid weld XK028. Min=minimum value 
Max= maximum value Max-Min maximum variation of parameter, Mean is average and 
StdDev = standard deviation. 
 

   Samples  Min  Max  Max‐Min Mean  StdDev 

HVACT=Ub  361879  149.50  149.90  0.40  149.84  0.14 

IBACT=Ib  361879  317.30  320.10  1.80  318.53  0.33 

 



 

 

 
 
Figure 110.  Typical data charts of the welding test. 
 

 
 
Figure 111. Scaled data of beam current (SQ-axis: IBSET =set value black line, 
IBACT= actual value red line) and acceleration voltage (SH-axis: HVSET=set value 
blue line, HVACT=actual value green line). Data covers whole lid weld lasting more 
than 1500 s, 4 ms sampling period. Note that full scale of Ib (SQ) is 4 mA and scale of 
Ub is 2.7 kV. 
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7.3  Validation / calibration of the equipment 

The validation of the equipment will be done during the acceptance tests at 
manufacturer and customer site and according to the criteria of the standard SFS-EN 
ISO 14744-1 to 6 (table 20) added by customer other requirements. These tests can be 
enlarged by welding tests of copper plates and/ or canister mock-ups following by 
different NDT and DT evaluation. 
 
Table 20. The main existing standards for securing quality requirements of beam 
welding: general welding standards: Acceptance inspection of electron beam welding 
machines 
 

Electron beam welding machines 
Welding. Acceptance inspection of electron beam welding machines. 

SFS-EN ISO 14744-1 – Part 1: Principles and acceptance conditions; 

SFS-EN ISO 14744-2 
– Part 2: Measurement of accelerating voltage 
characteristics; 

SFS-EN ISO 14744-3 – Part 3: Measurement of beam current characteristics; 
SFS-EN ISO 14744-4 – Part 4: Measurement of welding speed; 
SFS-EN ISO 14744-5 – Part 5: Measurement of run-out accuracy; 
SFS-EN ISO 14744-6 – Part 6: Measurement of stability of spot position. 

 
 
The validation can also be extended by so called availability guarantee, which will bind 
the manufacturer to keep the equipment in operation capable condition to weld a certain 
number of components in a certain time.  
 
In welding processes that are not under direct manual control, such as in electron beam 
welding, requirements for various machine parameters are established. The standard 
series on acceptance inspection of electron beam welding machines (SFS-EN ISO 
14744-1…6) is based on the concept that the production of continuously high-quality 
welds is ensured, if, among other things, the settings, within defined limits, are 
repeatable during the operating period.  
 
Taking this into account, this standard specifies details of the main machine parameters 
(accelerating voltage, beam current, lens current and welding speed) together with de-
viations permitted in short-term or long-term operation. It (SFS-EN ISO 14744-5) also 
includes requirements regarding the run-out accuracy of the devices positioning the 
work piece and regarding the stability of the spot position of the electron beam. Users, 
manufacturers, research experts and inspection bodies are all agreed that electron beam 
welding machines complying with the requirements are suitable for welding 
components subject to acceptance inspection, such as aircraft equipment, pressure 
vessels, valves, etc., within specified setting ranges, assuming that other conditions (e.g. 
qualified staff, quality control) are also fulfilled (SFS-EN ISO 14744-1). 
 
The main purpose of these standards is to provide requirements for acceptance 
inspection of electron beam welding machines preferably when first installed on the 
user's premises. These standards can (in full or in part) be referred to in contracts for 



 

 

supply of electron beam welding machines. Further tests are not normally required if 
proof of satisfactory welding results is provided in the form of routine inspection 
documentation. However, the requirements of the standard can also be used for 
inspection as part of maintenance, if required by contract (SFS-EN ISO 14744-1). The 
limit deviations of the measured values of the main EB-welding parameters are de-
scribed in Table 21. 
 
Table 21. Limit deviations for machine parameters and characteristics (SFS-EN ISO 
14744-1, Welding. Acceptance inspection of electron beam welding machines. Part 1. : 
Principles and acceptance conditions). 

 
  
The calibration can be done every year or more seldom, but at least when some major 
changes will be done onto equipment. The calibration includes the measurements of the 
main welding parameters by their absolute values, stability and reproducibility. These 
parameters are e.g. high voltage, beam and lens current and beam deflection values. The 
mechanical parameters like X/Y- and rotating movements are also one part of 
calibration. One possibility is nowadays to increase the reliability and accuracy of the 
equipment by the contract with manufacturer for annual maintenance and calibration 
tests, too. Posiva have participate calibration of the welding equipment of Patria at 2008 
after EB Demo series. Calibration and validation of the machine took 2 working days. 
According to calibration machine parameter setup was not changed, but Il was shifted 5 
mA (+/-12 mA acceptance criteria) during four years. 
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8  WELDING SYSTEM FOR FINAL DISPOSAL 

Main design requirements for welding machine is that it must be able to weld the copper 
lid to copper tube such way that it fulfills set demands concerning intact wall material 
and other long term properties. The welding system has to produce a weld which fulfils 
the acceptance criterions. The reliability of the welding system has to be good and the 
yield of the production has to be high enough to minimize quality costs. There has to be 
a good quality control system to ensure a repeatable and stable welding process. The 
capacity of the welding process has to be 40–60 canisters per year. 
 
Because of the high radiation level near canisters, the system has to be controlled by 
teleoperation. Radiation will cause high radiation dose around components. Especially 
some polymers and electronics can fail if dose will be too high. Implementation of the 
welding equipment into the encapsulation plant should be possible. The welding room is 
not accessible during the presence of a canister in the welding chamber as the chamber 
does not have a radiation shielding level sufficient for reducing the canister’s radiation 
level to what is acceptable for sustained working. 
 
The canister welding station operates independently and has no security functional 
dependencies encapsulation plant and the welding system does not have nuclear safety 
significance. 
 
Posiva has been designed welding system (Suikki & Wendelin 2008) and canister 
transfer trolley (Suikki 2011). Full system description of welding system has been 
drawn up for application of the construction license (Suikki 2012). Designs and system 
descriptions are very detailed and comprehensive.  

8.1  Welding machine 

Welding machine will be tailor made based on common welding machine, Lot of 
components are commonly used in industry like standard vacuum pumps, valves and 
instrumentation. Welding system has been designed and full system description has 
been done and it is attached to application of the construction license (Suikki 2011). 
 



 

 

 
 
Figure 112. Cross-section of the encapsulating plant. Upper left to right 1) room for 
auxiliary devices 2) welding room and welding machine 3) control room and 4) 
corridor where is canister transfer trolley (Suikki 2008).  
 
Welding room and machine with canister transfer trolley is presented in Figure 112. 
Vacuum pumps and high voltage transformer tank is in the auxiliary device room. 
Canister transfer trolley is underneath the welding room. In Figure 113 is shown the 
welding chamber and the canister lifted inside the welding chamber. 
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Figure 113. Welding chamber in cross-section. Depicted at the bottom is a canister 
transfer corridor and at the top right a fuel handling cell operation control room, in 
which the welding system control is also accommodated. The welding room, the docking 
ring, and the welding chambers are in the middle of the figure. A bridge crane (brown 
part) operates all over the room. 
 



 

 

 
 
Figure 114. Components in the welding room, the auxiliary system room (top), and the 
operation control room (right) in an overhead view. A steel grating floor around the 
welding chambers is shown in grey. Vacuum pipes are under the grating. 
 
Top view of the welding room is shown in Figure 114.  
 

8.1.1  Specification for machine  

Specifications and design of the welding machine is based on welding experiences 
achieved R&D work with Patria Aviation equipment, Steigerwald Strahltechnik and 
EBW tests done in DCN Indret France.  
 
Technical data of the welding machine like dimensions and weights are presented in 
Tables 22 and 23 (Suikki 2012). 
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Table 22. Technical details of welding chambers. 
 

Object Value/unit 

Inner dimensions of the test weld chamber 2000 x 700 x 950 mm 
Volume of the test weld chamber 1 m3 

Inner dimensions of the welding chamber 2000 x 2000 x 650 mm 
Volume of the welding chamber 3 m3 

Total mass of the welding chambers 20 t 
Vertical movement of the manipulator of 

the EB gun 
50 mm 

Horizontal movement of the manipulator 
of the EB gun 

920 mm 

Load capacity of the EB gun manipulator 500 kg 
X- movement of test welding manipulator 900 mm 
Y- movement of test welding manipulator 50 mm 

Vertical movement of the beam 
measurement head 

±40 mm 

Minimum pressure in chambers 10-2  _ 10-4 mbar (abs.) 
Maximum pressure in chambers  1,1 bar (abs.) 

Pumping capacity of vacuum pumps (to be 
defined) 

xx-xx m³/h 

Tube lines of the vacuum chambers DN 200 mm 
Operating pressure of the sealing of the 

docking ring. 
10 mbar (abs.) 

Maximum pressure of the sealing of the 
docking ring. 

1,1 bar (abs.) 

Vacuum tube line for docking ring  DN 50 mm 
Vertical movement of the lid manipulator  100 mm 

Vertical flexible movement of the lid 
manipulator  

50 mm 

Free vertical movement of the lid 
manipulator  

±xx mm 

Load capacity of the lid manipulator 450 kg 
Heating power of the canister heating 

apparatus  
15 kW 

Operating temperature of the heating 
elements 

+120 °C 

Horizontal movement of horizontal 
movement 

xx mm 

Flexible movement of the heating elements 
in horizontal direction 

xx mm 

Temperature of the welding room 20oC 
 



 

 

Table 23. Technical data of the welding system 
 

Object Value/unit 

Size of the EB gun ø370 x 1000 mm 
Mass of the EB gun 500 kg 

Accelerating voltage of the EB gun 150 kV 
Max. power of the EB gun 60 kW 

Vacuum level of the EB gun 1e-5 -1e-6 mbar (abs.) 
Vacuum tube line of the EB gun DN 50 mm 

Deflection of the EB to compensate  off 
axis location of the joint by tilting beam 

± 1° (± 10mm) 

Rotation speed of the canister during 
welding 

0,03 - 0,1 r/min 

Actual welding time  30 min 
Size of the control cabinet 600 x 850 x 1870 mm 
Mass of the control cabinet  450 kg 

Size of the high voltage transformer 780 x 1700 x 1330 mm 
Mass of the high voltage transformer 1350 kg 

 

8.1.2  Welding chambers 

The welding system comprises two separate welding chambers, one of which is used for 
the actual welding of a copper lid (a lid welding chamber) and the other for test welding 
processes and for calibrating the welding machines welding parameters (a test welding 
chamber). The chambers are adjoined with each other in a common unit (Figure 115) 
(Suikki, Wendelin 2008).  
 
The test welding chamber contain beam trap with beam measurement system for beam 
testing and measurement. There is also welding table for welding thick copper plates for 
testing and development. EB gun can be transfer and assembled on the hatch of the 
chamber. 
 
 The lid welding chamber for a spent fuel canister is associated with several separate 
mechanisms. A canister docking mechanism (Figure 116) constitutes a bottom part of 
the chamber. The chamber’s hatch is fitted with a copper lid installation apparatus 
(Figure 117) which, together with heating units (Figure 118), registers the lid 
concentrically with the copper over pack. 
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Figure 115. Welding chambers. The figure shows a test welding chamber hatch opened. 
Visible in the test welding chamber are a cylindrical beam trap, a beam measuring 
sensor on top of it, and a welding table for test specimens with a test specimen thereon. 
A welding process going on in the test welding chamber can be monitored through a 
lead glass window. An EB-gun, along with its vacuum pump and camera, is mounted on 
a transfer gear. In this figure EB-gun is engaged to the lid welding chamber adapter. 
 

 
 
Figure 116. Docking ring in section view. Lip seals (1), a bearing (2), expanding seals 
(3), and a compressor (4) for the expanding seals, taking its power by way of a circular 
slip ring (5). The interior is free to rotate with the canister. 
 



 

 

 
 
Figure 117. The lid installation and alignment apparatus in a section along the center 
axis of a lid welding chamber. The figure shows a lifting motor (1), an actuator (2) for 
grippers, a chain transmission (3), and a gripper jaw (4). The arrow (5) indicates an 
alignment ring and one of six alignment shafts, which are used for aligning the lid 
manipulator concentrically with the copper over pack. A copper lid (6) is held by the 
gripper jaws. 
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Figure 118. The canister heating apparatus in a view directly from above. The 
chambers are shown in section underneath a spatter shield plate. The figure shows a lid 
welding chamber (2), a canister (3), a body (4) of the heating and alignment unit, a 
heating element (5), an elastic clamp (6) for the heating element, as well as a motor (7) 
for the heating unit. A test welding specimen (8) and a beam trap (9) are shown in a test 
welding chamber (1). 
 
The canister heating equipment belongs to the welding system. Details of the heating 
system are shown in Figure 119. 
 



 

 

 
 
Figure 119. Centering system for heating unit. Left hand side is heating unit is open 
and right hand side heating units are moved proper distance from copper surfaces 
controlled by position sensor (etäisyysanturi), where bar on the top side will center lid 
manipulator (kansimanipulaatori).  
 

8.1.3  Electron beam generator and power supply 

 The electron beam welding machine (EBW) consists of power supply equipment and 
an electron beam gun (other applied terms include: an electron beam welding gun, an 
electron beam welding generator and an EB-gun), a water cooling system and vacuum 
equipment. As the voltages and ratings (150 kV and 50 kW) used in electron beam 
welding are high, the power supply equipment is also quite specialized. The latter 
consists of control electronics, a high-voltage transformer, as well as conventional 
distribution and fuse cabinets. Most of the high-voltage control electronics is assembled 
in a single cabinet (600 x 850 x 1870 mm, 450 kg). The high-voltage transformer is a 
horizontally placed tank (780 x 1700 x 1330 mm, 1350 kg) with a high-voltage cable 
extending from its top to the EB-gun (Figure 120). EB gun include camera system for 
positioning beam and also monitoring welding process. 
 
EB gun has normally rotary vane pump with turbomolecular pump and high vacuum 
level is needed in gun. These pumps are widely used and very robust.  
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Figure 120. Typical electron beam welding gun, i.e. an EB-gun. A black high-voltage 
cable at the top and a high-vacuum pump on the left. The picture is from the brochure 
of Steigerwald Strahltechnik.  
 

8.1.4  Vacuum equipment for the welding system 

The vacuum system consists of a vacuum piping, valves, measuring devices, regulation 
and control systems, as well as vacuum pumps needed in the vacuum system. The 
vacuum piping comprises a pipe system manufactured in stainless steel, having a 
diameter of DN 200 mm. The pipes extending from the chambers connect with a three-
way valve that can be used to select either one of the chambers for pumping. The piping 
is provided with detachable flanges for enabling the disengagement of piping-related 
components for maintenance and cleaning. The piping also includes a vacuum relief 
valve, by means of which the welding chamber vacuum can be discharged in a 
controlled manner after evacuation. It pays to implement the piping by using such 
components which by nature discourage the accumulation of impurities inside the 
piping (Suikki, Wendelin 2008). 
 
Because of the lid welding chamber’s relatively large internal volume and extremely 
low pressure level, there are several options in the selection of pumps. One option is to 



 

 

employ the same pump assembly as in the fuel handling cell’s fuel drying system 
(Alcatel RSV 601 B + 2063) and to duplicate that for achieving a sufficiently quick 
pumping time. An arrangement such as this would simplify the maintenance of an entire 
encapsulation plant. Being dimensioned for the volume of a lid welding chamber, the 
pump assembly very quickly reaches the welding pressure in a test welding chamber. 
The estimated theoretical pumping time for a lid welding chamber without a high-
vacuum pump is 30 minutes and for a test welding chamber 10 minutes. The above-
mentioned assembly comprises a Root’s pump, as well as a vane pump. The pumps are 
pre-assembled on a rack, which makes the maintenance and, if necessary, transportation 
easier. 
 
Near the pumps are also pressure sensors for measuring the level of vacuum. The 
system includes both capacitive (1000 – 0.1 mbar), Pirani (1000- 10-3 mbar), and 
Penning (10-2 – 10-9 mbar) sensors. The sensors are of a transmitter type, in which case 
the display equipment can be located in the operation control room. 
 
The vacuum assembly further includes a minor vacuum pump for ensuring a reliable 
function of the docking ring seal. The EB-gun is also provided with its own vacuum 
system, including a high-vacuum pump alongside the gun and a backing pump with its 
piping and regulation system. 

8.2  Accessories 

EB welding machine needs different accessories in addition to the welding machine 
itself which consist, vacuum chamber, EB gun, vacuum system, high power system for 
generating high voltage and beam current. Welding equipment contains also PCL and 
measurement systems for welding machine. Welding system has also own cooling 
system. 
 
Following systems can be handled as accessories including canister transfer trolley 
located underneath of the welding room in canister transfer corridor (Suikki 2011). 

8.2.1  Tools for cathode changing 

Tools for changing cathode contain jig for assembling cathode i.e. filament in to 
filament holder and tools for assembling filament holder in to EB-gun. 

8.2.2  Personal computer and software 

Off-line QA/QC software can be used as an option in separate personal computer.  

8.2.3  Canister transfer trolley 

Canister and lid will be transferred in to welding chamber using canister transfer trolley. 
Trolley is own system with own system descriptions. Comprehensive description 
including design and technical specifications and operations are presented in reference 
Suikki 2011. 
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8.2.4  Operation method 

The welding process is controlled from an operation control room, in which all essential 
control and display instruments are concentrated. The actuator controls are electrical 
and, if necessary, certain aspects of the process can also be automated by means of a 
programmable logic. A radiation-proof window can be mounted between the operation 
control room and the welding room, but in practice the process is totally run with the 
assistance of cameras and measuring devices. In terms of test welding procedures, 
certain actions can be effected directly from the welding room, so a simpler control 
terminal can be used for the welding machine and the test welding manipulator (Suikki, 
Wendelin 2008). 
 
The manipulators in welding chambers are servo-controlled, whereby the position 
thereof can be tracked by means of absolute angle sensors. Further assistance for the 
operating staff is provided by a sufficient number of thermometers for monitoring the 
temperature of a chamber and various parts of the equipment, by pressure sensor 
displays, as well as by necessary remote-controlled control valves. 
 
Trolley and welding machine has several cameras which are used to docking the 
canister in to chamber (Figure 121).  



 

 

 
 
Figure 121. Camera positions. A test chamber camera (1), a camera (2) looking 
through the EB-gun, a camera (3) pointed down through the docking ring, as well as a 
camera (4) pointed sideways. The cameras present inside the chambers can be 
stationary, but cameras (5 and 6), mounted on the transfer trolley, contain zoom optics 
and a motor driven stand. The latter cameras can be utilized also in other operations of 
an encapsulation plant. 
 
Typical welding process has several steps.  
 
Step 1: Set up and adjustment of the gun 
 
Approximately 4-8 lid welds can be done with one filament. After that filament has to 
be changed. New filament will need aging. Typically it is done in Patria using 100 mA 
current on beam trap. After aging beam will be aligned and stigmatization will be done. 
Instead of system described in Suikki & Wendelin 2008, measurement system in lid 
welding chamber will be recommend. For example Rolls Royce has new measurement 
system in the chamber and it is used automatically before jet turbine vanes and other 
components are welded.  
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Step 2: Docking and installation of the lid. 
 
At the first lid will be lifted in to lid assembling system. After the lid lifting gear has 
descended to its bottom position, the canister transfer trolley is operated for bringing the 
canister directly below the lid welding chamber. Lifting of the canister into the chamber 
is carried out slowly. The elevator’s lifting height is previously calibrated according to 
the canisters’ length, because the top end is always lifted to an equal standard height 
level. Since the docking ring, through which the canister is required to find its way, 
provides quite a close-fit passage, the lifting action is closely monitored by cameras. In 
addition, the docking ring has its bottom part provided with an array of sensors, such 
that the collision of a canister with the ring will certainly be detected before damaging 
the apparatus or the canister. Because of a high precision of the transfer trolley parking 
mechanism, the above-described type collisions are nevertheless extremely unlikely. 
Being pressure-free, the sealing rings included in the rotating part of the docking ring 
are completely contained inside their respective grooves, thus not hampering a 
successful docking procedure. Lifting of the canister is continued until the canister’s top 
end is at the desired height level. This is learned both from the elevator’s level indicator 
and from a camera-recorded contact with the welding chamber’s yielding spatter guard. 
This is followed by pressurizing the docking ring’s seals to enable evacuation of the 
chamber. 
 
Step 3: Pumping vacuum and installation of the lid 
 
Vacuum pumping is started and the system’s tightness can be confirmed by monitoring 
the pressure falling rate. After the pressure has fallen to a level compatible with 
welding, the pumping will be continued for at least 10 to 15 minutes prior to installing 
the lid for ensuring a complete evacuation of the volume between cast iron insert and 
copper canister. The surfaces may have retained substances, which at such low 
pressures begin to gasify little by little and thus increase the final pressure level. 
 
In order to have the installation of a copper lid on a canister proceed reliably, despite a 
close installation tolerance between the components, the canister’s top edge will be 
heated from room temperature to about 100 degrees. With this temperature difference, 
the canister’s diameter increases by about a millimeter, ensuring a sufficient clearance 
for the installation of a lid. The heating units, having a combined output of about 15 
kW, are first heated to their operating temperature (about +120 °C), after which the 
units can be pushed into contact with the external surface of a canister’s top edge. The 
preheating is advisable for achieving as rapid a top-edge heating as possible as the 
stored heat conducts to the copper canister. The speed is beneficial because, as a result 
of a high coefficient of thermal conductivity of copper, the heat proceeds efficiently 
downwards along the canister. With the above-referred output, the lid installation 
temperature is reached in about 17 minutes (Suikki & Wendelin 2008). 
 
Since the positioning of a copper canister has naturally a small tolerance, the lid 
manipulator is attached to the hatch of a welding chamber in a manner that allows its 
movement in lateral direction. The movement is done with heating units (6 pcs) so that 
the heating resistances are pressed against the canister’s top edge. An upright bar 
present above the units comes to contact with a guide frame present in the lid 



 

 

manipulator (Figure 119). The movement of heating units is stopped precisely at a 
correct distance from the canister surface by means of servo drive and distance sensors 
(Suikki & Wendelin 2008). Thus, the lid manipulators moved to become concentric 
with the canister. 
 
Canister heating system and installation system has been constructed and tested. 
 
Step 4: Welding 
 
The earliest possible starting time of welding is about 12 minutes after the installation 
of a lid (Suikki & Wendelin 2008, Appendix 4). At this point, the spacing between lid 
and canister has disappeared as a result of equalized temperatures. The EB-gun’s 
camera is used to find a precise location for the welding joint and the canister is rotated 
for checking whether run corrections are needed during the welding. The EB-gun’s 
beam control inductors (i.e. electro-magnetic lens) enable deflecting the beam by ± 6 
degrees (corresponds to a shift of tens of millimeters, although the beam quality 
deteriorates with major corrections), which is why minor run corrections are easy to 
make programmatically. Corrections due to the rise of temperature can also be 
programmed directly into the apparatus. 
 
The welding process consists of two main operations, namely tack welding and actual 
welding. Five 15° long tack welds are used (Ib=50 mA, Ub=150 kV) with 127° spacing 
so that canister will rotate 720 degree. The actual welding execution time is about 22 
minutes, which means that, with a welding power of about 50 kW, a considerable heat 
displacement to the work piece is taking place. According to calculations, the entire top 
section of a canister has its temperature rising to more or less 300°C while the actual 
molten weld pool, at its hottest, reaches up to 1600–2000°C. However, temperatures 
homogenize rapidly after the welding is completed and do not conduct very far from the 
welding site. In the proximity of a docking ring, where the seals are in engagement with 
the copper canister, the maximum temperature is not expected to rise higher than 70-80 
degrees (Suikki & Wendelin 2008). After welding welded canister can be hold in 
vacuum if oxidation of the copper surface has to be prevented . 
 
Step 5: Undocking and removal of the canister from welding chamber. 
 
As the welding is completed, the vacuum pumps are stopped and the chamber is purged 
by ventilation. The docking ring’s inflatable seals are depressurized for enabling a 
descent of the canister. The canister transfer trolley’s elevator lowers the canister out of 
the lid welding chamber and carries it to the next process operation. The lid 
manipulator’s grippers can be lowered to a standby position for the next lid. Access to 
the welding room is prevented until the canister has been moved away from the welding 
room. The canister has to be moved far enough so that the radiation cannot access the 
welding room from the docking ring or through the reduced-thickness floor. If 
necessary, the chamber can be opened in case of required maintenance or cleaning, but 
in this event the presence of a fuel-loaded canister in the transfer corridor is absolutely 
forbidden (Suikki & Wendelin 2008). 
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Step 6. Machining of the weld 
 
After removal of the canister from welding chamber, canister will move to the 
machining workstation. Top side of the weld will be machined.  
 
During the welding tests following implementation tests has been done in Patria. 
 
1. Sealing test:  
 
Target was to test sealing the mock-up canister with cast iron insert. Test lid XK057 
was performed for this purpose. 450 mm long mock-up canister which had 30 mm thick 
welded bottom were used. Steel lid and bottom was installed to the cast iron insert. 
Comprehensive leak and assembling testing were done before hand to ensure that leak 
rate and the instrumentation of the vacuum and temperature measurements worked as 
they were planned. Vacuum and leak testing of the cast iron insert inside the copper 
canister is shown in Figure 122. Blue round plate on the tube is steel lid, which is sealed 
to the copper canister on top of the copper tube. Inside the copper canister is the cast 
iron insert with steel lids. Inside the insert is vacuum and pressure sensors and also 
thermocouples to measure vacuum inside the insert and temperature of the insert. 

 
Figure 122. Vacuum testing of the cast iron and copper canister for sealing test. Blue 
on top is steel lid for leak testing. Cast iron insert with steel lid and bottom is inside the 
copper canister. Underneath of the canister is instrumentation and feedthrough for 
instrument wires. 



 

 

Underneath of the canister is the instrumentation and feedthrough for instrument wires 
(Figure 123). Long vacuum tube is needed because the copper lid was installed into 
canister outside of the vacuum chamber on turntable. Long tube was installed trough the 
hole of the turntable. Pirani on the right hand side is used for measure vacuum level 
between copper and insert. Wires for instruments inside the insert are feed trough tube 
for the bottom of the 4-way tube connector. Because lid is installed outside of the 
chamber in atmosphere pressure, vacuum valve were installed in the tube. It can be seen 
left hand side of the Figure 123. When mock-up canister was installed into vacuum 
chamber and pumping was started, valve was open so that vacuum was also pumped 
between copper and cast iron. There was not found any problems to pump vacuum 
between insert and copper canister using thin long tube and narrow gap between insert 
and copper. It should mention that there were 5 mm stainless steel pieces underneath of 
the insert. Gap between insert and copper were ensured by these steel pieces. Also they 
behaved as thermal isolator. When vacuum suitable for welding were achieved, vacuum 
valve was closed. Now situation was similar to welding in encapsulating plant.  
 
The gap between copper and cast iron was "closed" volume by shrink fitting of the 
copper lid and valve underneath the turntable. Welding started and it was performed 
without any problems. Vacuum level rose between copper and insert, but it did not 
effect on the welding. This means that there was not significant degassing or the insert 
nor leak. Even the insert was isolated form copper in bottom side, insert was heated up 
relative fast. Venting of the chamber was done after 68 minutes same time valve for gap 
between copper and insert was open. This possible increases heat transfer over the gap. 
There can be seen that temperature of the copper is reduced fast because of heat transfer 
to air and turntable. Temperature of the insert reached 80°C after welding (Figure 124).   
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Figure 123. Instrumentation and feedthrough for instrument wires. Right hand side is 
pirani vacuum gauge. Bottom of the 4-way tube connector is feedthrouhg for wires and 
left hand side is vacuum valve. Top most is vacuum tube which goes through hole of the 
turntable in to copper canister bottom. 
 
 



 

 

 

 
 
Figure 124. Temperature curves of bottom of the copper and bottom of the insert. 
 
 
2 Beam tilting for compensation of the thermal expansion and eccentricity of the 
canister. 
 
During the welding test it has been shown that thermal expansion can be easily take into 
account using only compensation by move work piece or tilting beam so that beam hits 
all the time in joint line. Encapsulating plant tilting of the beam is the most convenient 
way to compensate thermal expansion and eccentricity because there is no moving gun 
like in the case EB machine of the Patria. Tests for beam tilting were done so that work 
piece was moved 10 mm and -10 mm off-axis of the gun. After that beam was tilted so 
that it hit to weld line. There were no differences according to RT. Transversal cross-
sections of the welds, welded with tilted beam are shown in Figure 125. It can be seen 
that there are no defects on weld and tilting does not cause any problem according to 
macrographs. Fusion zone is slightly moved in root side because of tilting the beam. 
Evaluation of the welds is under work and data is available 2014.  
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Figure 125. Transversal cross-sections of the welds welded with tilted beam equal to -
10 mm, 0 mm and +10 mm compensation: X580-4A x=-10 mm  , X584-4a x=+10 mm.  
 

8.3  Welding parameters, process controlling method (system) and 
reliability 

It is normally though that EB-welding has lot of parameters. The most of the parameters 
are fixed like vacuum level and accelerating voltage. To find out good welding 
parameters powerful Design of Experiment methods will reduce time and cost to find 
proper welding parameters and also which parameters will be fixed. Following example 
is based on Taguchi test runs and destructive testing (Lahtinen, Salonen 2014a). 
Choosing good parameters need four steps 
 
1. Perform experiment using DOE method and analyze results, output will be effect of 
the each control factor on output factor i.e. quality properties of the product. 
 
2. Drew up table where the parameters can be eliminated, which do not effect on quality 
(red cells in Table 24). For example Ib does not effect on imperfections (on surface, 
center area (base) nor root area), window of the lens current (dIl) and intact material 
 
3. Mark best parameter values on table (not red color cell)  
 
4. Good parameter set up can be picked from Table 24 and transfer to Table 25 with 
explanation. For example Il has to adjust according to Ib to optimum. Oscillation pattern 
and width of pattern can be choosing easily because they effects mainly to lens current 
window. 



 

 

Table 24. Table for evaluate welding parameters and effects to find out which 
parameters do not effect on welding and which parameter setup are the best for 
welding. Left hand column consist quality properties like imperfections (imp.) in 
different areas and dIl is lens current window. Parameters are in top row. Red color 
cell indicates that parameter do not have effect on quality property. There are two 
different specifications for imperfections to be accepted in parameter window: 3 mm 
and 6 mm. 
 

3 mm max 
imperfection 

v [mm/s]  Ib [mA]  T  Pattern 

Il        Il adjusted for Ib             

dIl              level 3  dIl=26.6 mA  E31/32 
dIl=23.9 
mA 

imp. surf                         

Imp. base 
1.9 or 
2.3 

mm/s 

effect 
0.733 
mm 

                 

Imp. root                         

smin 3 mm        target 
effect 9.5 

mm 
target 

effect 5.06 
mm 

     

intact 3 mm                         

                          

6 mm max 
imperfection 

v [mm/s]  Ib [mA]  T  Pattern 

Il        Il adjusted for Ib             

dIl                   
E31 
(E32) 

dIl=45.6 
mA 

imp. surf                         

Imp. base              level 3  0.33       

Imp. root              level 3  3.44       

smin 3 mm       
Adjust Ib to 

achieve target 
smin 

target  5.06       

intact 6 mm                         

 
 
Table 25. Parameters to be used for welding. 
 
Width of the oscillation pattern will be choose: minimum defects and the widest 
dIl => width level of 3 (tested levels 1, 2 and 3) 

T3 

Oscillation pattern will be choose according to dIl => E31 tai E32  E32 

Welding speed will be choose to minimize variation of penetration => 2.3 mm/s  2.3 mm/s

Penetration will be adjust to achieve target penetration   320 mA 

Optimum lens current will be choose according to beam current   2395 mA

 
According to Taguchi evaluation, good parameters can be found and multiresponse 
(=many "output" parameters or quality properties) optimization can easily handled when  
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gray-based system is used. When all parameters except Ib and Il are fixed penetration 
can be fine tune easily so that penetration will be adjust by Ib and Il will be adjust 
optimal value for chosen Ib. 

8.3.1  Welding parameters and process window 

As earlier mention there is not control feedback from the weld process itself like in 
FSW where tool temperature will be hold in constant value adjusting spindle speed and 
z-force. Because there is no need for feedback, risk to lose control is minimal. For 
example if FSW loose temperature feedback there is risk to tool failure. EBW is fully 
automatic system and it does not need human control during welding. This will 
minimize human errors. There are possibility to overdrive almost all parameter values 
using manual control if needed but this is not ever needed in Patria while weld canister 
mock-ups.  
 
After Taguchi test runs target was evaluate process parameter window for good welding 
parameters were choose according to Taguchi lid weld XK011. Test matrix is shown in 
Table 26. Good parameter set up was: v=2.5 mm/s, Ib=300 mA, ACX=4.2 i.e. T=level 3 
(amplitude value of the oscillation pattern), pattern E32, Il=(Ifoc)=2395 mA. Parameters 
were changed linearly from starring angle to ending angle. For example the radial 
position was changed linearly from value 6 mm to -6 mm from the location 25° to 60°. 
Target was evaluated how much beam can be off axis until defects appeared. 
 
 
Table 26. Sectors and tested parameters used lid welding test XK045. 
 

Starting 
angle 

Ending 
angle 

Length 
of the 
sector 

Adjusted 
parameter 

Value at 
start 

Value at 
end Comment 

25 60 35 dR [mm] 6 -6 Radial position error (dR) 
67 102 35 Ib [mA] 270 333 Beam current (Ib) test 
104 126 22       XK011 R9 opt. param. 
133 168 35 v [mm/s] 1.7 3.3 welding speed (v) 
175 210 35 T [ACX] 2 5 Width of oscillation (T) 
212 234 22       XK011 R9 opt. param. 
241 276 35 L [ACY] 1 6.6 Length of oscillation (L) 
283 318 35 Ifoc [mA] 2355 2435 Focus current (Ifoc=IL) 
320 342 22       XK011 R9 opt. param. 
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Table 27. Width of the welding parameter comparing to measured variation of the 
parameters. Also Cp value is calculated based on capability analysis. Widths of the 
windows are based on metallography of XK045 lid weld. LSL and USL with green 
background are defined for max. 3 mm imperfections and wheat colored are defined for 
max. 6 mm imperfections.   (Lahtinen & Salonen 2014b). 
 

Adj. Param. 
Parameter values in optimum area and 

parameter window (∆) 

  LSL Target USL ∆  StDev Cp 

dR [mm] 
0.7 -0.1 -1.5 2.2 0.05 7.3 

2.6   -4.2 6.8 0.05  22.7 

IB [mA] 
285.7 293.3 333 47.3 0.5 15.8 

285.7   333 47.3 0.5 15.8 

v [mm/s] 
1.7 2.5 3.29 1.6 0.0092 29.0 

1.7   3.29 1.6 0.0092 29.0 

ACX (transv.) 
2.62 4.23 4.91 2.3 0.0045 85.2 

2.29   4.91 2.6 0.0045 96.3 

ACY (longit.) 
1 3.79  6.6 5.6 0.004 233.3 

1   6.6 5.6 0.004 233.3 

IL [mA] 
2386 2393 2420 34 1 5.7 

2386   2425 39 1 6.5 

 Note: LSL=lower specification limit 
          USL=upper specification limit 
 
It can be seen from Table 27 that the most sensitive welding parameter is the lens 
current but anyhow capability i.e. stability of parameters are very good comparing to 
process window. Cpk value of Il is 2.3 indicating also very good stability of the process. 
Thumb of rule is that if Cp value is larger than 1.7 or Cpk > 1.50, then process is 
reliable and parameters will be within specifications limits. For example longitudinal 
deflection of the pattern can be 0.5 mm to 3.5 mm (ACY1-6.6) without impacting 
quality and transversal deflection 3.74 mm to 7.0 mm.   
 
Cp and Cpk value is capability index and it can be calculated by equations (Salomäki 
1999). 
 

 
 

 
 
Where  
USL= upper specific limit 
LSL= lower specific limit 
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σ=standard deviation of the process parameter. 
µ=mean 
 
Higher the Cp value better the quality. For example in Figure 126 is presented Ub 
distribution. Set or target value is 150 kV, but actual value (mean 149.53 kV) is little bit 
lower than set value. Cp value is 2.23 which indicate that variation of the process is low 
comparing to specifications (USL, LSL). Cpk value took account also shift of the 
parameter from set value and value Cpk=1.53. Probability of the Ub to have value 
outside of the parameter window is 22.1 ppm.  
 

151.2150.8150.4150.0149.6149.2148.8

LSL Target USL
Process Data

Sample N 12
StDev(Within) 0.223791
StDev(Overall) 0.252264

LSL 148.5
Target 150
USL 151.5
Sample Mean 149.53

Potential (Within) Capability

CCpk 2.23

Overall Capability

Pp 1.98
PPL 1.36
PPU 2.60
Ppk

Cp

1.36
Cpm 0.91

2.23
CPL 1.53
CPU 2.93
Cpk 1.53

Observed Performance
PPM < LSL 0.00
PPM > USL 0.00
PPM Total 0.00

Exp. Within Performance
PPM < LSL 2.07
PPM > USL 0.00
PPM Total 2.07

Exp. Overall Performance
PPM < LSL 22.10
PPM > USL 0.00
PPM Total 22.10

Within
Overall

Process Capability of Ub (EB demo)

 
 
Figure 125. Process capability of the Ub Cpk=1.53. Expected overall performance for 
UB is 22.1 ppm i.e. the UB is outside of the specification in 22 welds of one million. 
 

8.4  Machining of the weld for NDT 

There are system description of the machining station available for EB welds (Suikki 
2012b) (Figure 127). The machining tests have been done in TTY and tests showed that 
machining without cutting fluid can be done and good surface quality can be achieved. 
Air cooling worked well during the testing. 
 
 



 

 

 
Figure 127. Machining unit looking underneath of the structure. Left to right 1. Suction 
nozzle, 2. Box for chip transportation, 3. camera, 4. Milling unit. 5. hatch of the chip 
box 6. tool changer and 7. exhauster for remove chips. 
 

8.5  Operation safety 

The system’s equipment and processes are designed in such a way that the only 
consequence of a power failure is basically an interrupt of the process. The movements 
and functions come to a controlled standstill and in most cases the process can be 
continued.  
 
Probabilistic risk assessment (PRA) including HAZSCAN analysis has been done for 
the encapsulation and final disposal facility (Posiva 2013). EBW equipment and all 
processes for sealing canister were used in this analysis. According to analysis there is 
no such a malfunction or event which will cause radioactive release (Posiva 2013 
chapter 4.1 pp 9-11) related on EB-welding equipment or process.  Fire of cables or 
electrical components in welding chamber is financial risk. Lead shielding can be melt 
on canister because of fire. This might delay welding operation. Canister has to be scrap 
and copper lid has to be release by machining to able transfer fuel out from canister. 
 
Fire cannot occur when vacuum is pumped in chamber so the time frame when fire can 
impact the canister in welding chamber is short. Lead shield is not necessary, if concrete 
walls of the welding room are equal thick as 8 mm lead shielding of the welding 
chamber against x-ray radiation. The lead shielding can be installed also outside of the 
welding chamber. This lead shielding is need in normal welding equipment as radiation 
shielding against " bremsstrahlung" generated by electron beam.  
 
For example following external events have been taken into account in PRA analysis: 
loss of electrical power, fire or explosion in encapsulating facility and flooding. In every 
case welding process can be shut down controlled manner and machines and systems 
will be locked in safety condition. 
 
Only chain of event where human can be exposed by radiation will occur when human 
is working in welding chamber and trap door between the welding chamber and corridor 
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is partly or fully open and canister loaded with fuel will be underneath the welding 
chamber.  This chain can be prevented with proper work instructions and preventing 
access into welding room when radiation level in welding chamber is too high or 
installing radiation warning system in welding room. 

8.6  Experiences from similar machines and needs for nuclear 
environment 

EBW machine which is designed to encapsulating plant is based on similar equipment 
than is used in Patria aviation. This machine in common EBW machine and similar 
systems are used commonly different technology sectors. Main difference of the 
machines is power level. Most of machines have 15-30 kW power comparing to Patria's 
50 kW machine. The second nearest large EB-welding machine to Finland is located at 
Fingspång in Sweden. This EB-machine is mainly used to weld steam turbine 
components. EBW is widely used in aerospace industry for example jet engines 
maintenance work.  
 
Japanese are developing steel canister wall thickness of 140 mm for nuclear waste 
disposal. Canister sealing by EB-welding tests were made at Kawasaki Heavy Industry 
facilities using EBW machine use commonly to weld thick pressure vessels. 
 
EBW is used also welding pressure vessels and pipes for nuclear reactors. For example 
Hitachi uses electron beam welding processes to minimize heat deformations during 
manufacturing and to maximize reliability of the nozzle diaphragms of the steam 
turbines. DCN Indret in France has welded components for pressure vessels and 
submarines with the same machine which was used for welding full scale canister for 
Posiva. Steigerwald Strahltechink has delivered welding system to Rolls Royce for 
welding heat exchangers for nuclear submarines.  
 
EB-welding has used in welding nuclear fuel pins and elements for decades. Machines 
are not as powerful as needed for welding 50 mm copper but the system is similar to 
high power system.  
 
It is hard to get information on military applications especially welding of radioactive 
environment or material. It is commonly known that modern plutonium pits made of 
half shells with three joint welds and used in nuclear bombs are welded by EBW. A 
plutonium pit is a nuclear weapons component, made up of a plutonium metal sphere 
encased in a nonradioactive metal shell, which can be compressed by detonating high 
explosives inside a weapon to create a nuclear explosion (DOE 1998). EB-welding of 
the pit is demanding task because there is risk for contamination. 
 
EBW is used normal workshop components. For example 30 kW 150 kW EBW has 
been used welding 50-60 mm thick Cu-OF for cooling elements of the transformers. 

8.7  Maintenance and repair 

Maintenance work is described in reference Suikki, Wendelin 2008. 
 



 

 

The life-cycle time of an EB-welding system has been shown to be many decades of 
years. Example the equipment of the Technical Research of Finland (VTT) was at 
investment 15 years old, it was then overhauled and new controlling system installed, 
and it is now still in operation; total 42 years old.  
 
There do exist instructions and recommendations for daily, weekly, monthly and 
annually checked components and operations. The control system of equipment is also 
given remarking for actual and next coming check point and service operation of the 
different main components. E.g. service information of recommended change of 
vacuum pump oil after 5000 operating hours has to done and after change one has to 
quit it onto the control system. Regular maintenance is essential factor for quality 
operation and welding. 
 
If some repair work has to be done and depending its extent, the calibration or/ and a 
proper test series of EB-welding with early known results is recommended to do. 
Not only remote checking of the equipment via modem is possible but a contract with 
the manufacturer concerning the annual service and calibration can be signed also.  
 
The most critical spare parts and consumables should be on stock at site to avoid break  
in the production and for maintenance by own time schedule. The spare parts and 
consumables of the standardized EB-welding equipment are standardized also, and 
these can be used in the other equipment of the same manufacturer equipment, too. 
 
A package/ collection consisting of typical consumables and some of the most critical 
spare parts (e.g. some control boards and sealings) will be added to the main delivery of 
the EB-welding equipment to customer. The delivery will also include the typical 
needed special tools and equipment for changing the parts and service operations. 
  
As earlier mentioned the annual service and calibration can be out-sourced to 
manufacturer's experts. E.g. Steigerwald Strahltechnik GmbH has also contracts with 
some car manufacturers that in urgent case of equipment failure their expert will arrive 
to customer within 24 hours. LAN connection can be used to find out the reasons to 
fault messages and their localization. 

8.8  Costs 

The investment costs of the EB-welding equipment for sealing of copper canister will 
be approximately1.55 MEUR (year 2008). This includes the main parts: EB-generator, 
vacuum chamber and pumps, rotating unit and control system including wiring/ 
instrumentation and safety system (Suikki, Wendelin 2008). 
 
The power of the EB-generator should be enough to increase welding speed from now-
optimized if necessary. This means in practice at least 60 kW / 150 kV. The vacuum 
chamber is designed around the canister only for the upper part (height ~ 1 m) including 
integrated lid lifting and mounting equipment inside and pre-heatment and sealing 
system in lower part of chamber. The rotating unit includes a special canister lifting 
system also.      
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The operation, service and maintenance costs will be roughly calculated to be level of 1-
2% from investment costs depending of operating heaviness and hours in other words 
30-60 k€ per year added by personal costs. 
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9  NDT 

Posiva has inspected more than 50 EB-welded canister mock-up lids mainly on VTT. 
Radiography has been done in SKB but analysis and sizing has been done by Dekra. 
NDT equipment has been partly designed to encapsulating plant for inspection of EB 
welded lids. Weld inspection station is shown in Figure 128 and radiographic inspection 
is shown in Figure 129 (Pitkänen 2010). 
 

  
 
Figure 128. The figure shows on the left a weld inspection station from above: A linear 
accelerator (1), a calibration and assistance ring manipulator (2), a calibration and 
assistance ring (3), a swiveling bracket (4) for UT, VT and ET testing equipment, a 
protective wall for the former during RT testing (5), a hatch (6) closing the floor 
opening. On the right of the figure cameras equipped with swiveling optics for visual 
inspection of a surface are shown. Visible in the centre are the tank and sensor of an 
ultrasonic transducer (Pitkänen 2010). 



 

 

 
 
Figure 129. Radiographic inspection is shown in principle. An assistance ring 
homogenizes the material thickness in beam direction across the weld zone. The beam 
angle can be adjusted over the range of 0–20 degrees and the examination height can 
be changed by lifting or lowering the canister (Pitkänen 2010). 
 

9.1  Inspection methods 

This section is mainly base on report Pitkänen 2010. 
 
Eddy current technique has been developed for EB weld evaluation by Posiva and VTT. 
Good presentation can be found in reference Pitkänen 2010. 
 
The ultrasonic testing and its' data acquisition was made following the current 
inspection procedure written for ultrasonic inspection of canister welds. The scanning 
was performed using immersion technique in rotating water tank. The scanner system 
and probe positioning on the component are shown in Figure 130. Ultrasonic 
measurement equipment is shown in Figure 131 (Pitkänen 2010). 
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Figure 130. Rotating immersion tank (left) and probe positioned on the component 
surface. (Pitkänen 2010) 
 

  
Figure 131. Measurement equipment for ultrasonic inspection of copper and cast iron 
insert components and welds (Pitkänen 2010). 
 
The probe was moving on the cylindrical surface round the component (mechanical 
scan). Simultaneously electronic scan was performed along the probe to cover the whole 
length of the weld, Figure 132.  
 



 

 

 
 Figure 132. Scan path and direction round the component. 
 
The probe applied was 3.5 MHz linear phased array ultrasonic probe with 128 elements. 
The ultrasonic beam angles used were 0° and ± 20° with focus point set at the weld, see 
Figure 133. During the mechanical scan in the circumferential direction the data was 
sampled using 2 mm steps and in the axial direction only electronic scanning along the 
probe was made using step size of 1 mm. 
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Figure 133. The applied ultrasonic beam angle directions and electronic scanning 
start/end index positions. 
 
The system was calibrated using the block XK010. The  3 mm flat bottom hole in 
front of the weld was applied as calibration reference. This calibration reference 
produces signal amplitude about 100% of full scale height with basic system gain 
setting 47 dB. In addition to this basic gain setting the data acquisition was made also 
with ± 6 dB and + 12 dB gain levels (compared to the basic gain setting) to ensure 
acceptable signal levels for analysis in all welds. 
 
The used radiographic data acquisition has been performed at SKB, Oskarshamn, 
Sweden. Data has been acquired with a digital detector (vertical line camera) that has a 
pixel size of 0.4 x 0.4 mm. Radiation source is 9 MeV linear accelerator. Radiographic 
data acquisition setup is presented in Figure 134. Canister is rotating during data 
acquisition and as a result a raw data image of examination volume is produced.    
 

168



169 
 

 

 
 
Figure 134. Radiographic data acquisition set-up. 
 
Posiva has also developing visual testing system for weld testing. The camera is shown 
in Figure 135. 
 

 
 
Figure 135. Megarad camera for visual testing of EB weld area and camera related 
characteristics are shown on the right (Pitkänen 2010). 
 



 

 

9.2  Detection of defects 

The most common imperfections in EB-welding of copper are pores, cavities and cold 
shuts.  
 
The size of pores is typically less than 3mm and the main reason to these are not 
properly cleaned or oxidized surfaces. These pores are well detectable by ultrasonic 
testing down to size of 1 mm. When radiographic testing is used, then the minimum size 
of pores is 1 mm also. 
  
Cavities in copper welds are typically caused by wrong focus current settings and their 
size can vary from 0.5 up to 20mm.  Minimum size of detected cavity is 1 mm by UT 
and RT techniques. Their sharp edges might in some cases decrease accuracy of 
detectability. 
    
The cold shuts are typically in the edge and lower part of penetration, and therefore they 
are from imperfections the most difficult to detect by UT and RT. There can occur cold 
shuts, where no gap exist and only light change in solidified weld metal is seen only by 
destructive analyses. A good question can be placed, if this kind of type of variation in 
fusion area is noticed is it any weld defect at all. Some cold shuts include clear vertical-
type cavity and these are detectable by both UT and RT, if their size is more than 1 mm.  
 
The defect like lack of fusion or incomplete penetration, which will not occur by 
optimized welding parameters, can be detect by UT but not necessary by RT. The 
transversal position on lamellarity against x-rays will not give any indication during 
inspection. 

9.3  Sizing of the defects (for long term safety) 

This section is base on reference Pitkänen 2010. 
 
In radiographic testing the size of the defects for EB welds will be evaluated from the 
image. We can measure the axial and circumferential sizes of the indication (Figure 136 
on the right). After the detection of indications in the radiographic image it will be 
assured whether or not they originate from surface scratches on the upper outer surface 
of the tube, or weld surface or lift surface of the lid. The sizing in radial direction is 
based on the grey value correspondence to defect size in X-ray beam direction (Figure 
136 on the left hand side). This will be used as a measure for defect depth in the radial 
direction. At the moment, the location of the defect in radial direction will be assumed 
to be in the middle of the EB weld.  
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Figure 136. Defect sizing in radiographic inspection in axial, circumferential and 
radial direction. 
 
For UT the defect sizing is shown in Figure 137. All three directions will be measured. 
The axial and circumferential size will be received from the C-scan data and the radial 
size of the defect will be estimated from the B-scan. The amplitude value and dynamic 
behaviour of the defect will be one part in sizing using the A-scan. The angle inspection 
(±20°) must be considered in sizing simultaneously with the result of a 0° angle to give 
the final result of ultrasonic testing. 
 

 
 
Figure 137. Defect sizing in ultrasonic testing using a phased array system with a 0° 
angle. 
 
Defect sizing by visual and eddy current testing are described in reference Pitkänen 
2010. The task for visual testing is to define the surface area of the surface breaking 
defects. In weld inspection it means defect extensions in radial and circumferential 
directions. In the outer surface of the tube defect size means axial and circumferential 
extensions of the defect. Determination of depths of defects is limited in visual 
inspections but in some cases it can be performed using different view angles (pan and 
tilt device). Comparable information can be achieved from the image (like shallow, 
sharp, deep imperfection). A black and white camera can also be equipped with a pan 
and tilt unit and laser holography device. Laser holography will show the uneven areas 
and imperfections of the surface. The camera should be perpendicular to the surface and 
with a certain distance to the surface. Using this arrangement, the depth of surface 
imperfection can be measured using tailored software. 



 

 

9.4  Probability of detection (POD) and detectability for NDT 

According to Sandlin 2009 9MeV linac has been used for evaluating defect detectability 
using with several kinds of artificial defects, mainly in the weld area. The smallest 
artificial defects are a groove of 0.5 mm cross-section extending 50 mm from the top of 
the weld to the root, a 1 × 1 × 1 mm3 cubic defect in the root and a flatbottom bore hole 
of diameter 1 mm and depth of 1 mm also in the root of the weld. These small defects 
are clearly observed in the X-ray pictures taken during the test program. Further, image 
quality indicators (IQI) of wire-, duplex wire-, hole- and step-hole types were used to 
compare the inspection results with European standards. The minimum requirements set 
by the standards was fulfilled, however, there are no minimum image quality values 
given for copper, so the corresponding values for steel were used (as recommended by 
the standard). 
 
Probability of detection has been evaluated by Posiva (Pitkänen 2010). The preliminary 
result for the POD of radiographic testing was evaluated according to the reference 
specimen reported in (Pitkänen et al. 2007, Pitkänen 2010). The results shown in Figure 
138 are calculated from the image made by a 9 MeV linear accelerator.  
 
 

 
 
Figure 138. The preliminary POD for Posiva's EB welding using radiographic testing 
and ultrasonic testing for FBHs in front of the weld computed by BAM (Pitkänen 2010, 
Pitkänen et al. 2009). 
 
POD for VT has been evaluated for artificial defects on copper weld (Pitkänen et al. 
2012). Photographs of defects are shown in Figure 139. The POD analysis was 
conducted on 25 holes in the VT POD test block. The POD was calculated for different 
tilt and pan angles, magnification factors and rotation speed. As an example, three POD 
calculations with constant angles and magnification factor and varied rotation speed will 
be presented (Pitkänen et al 2012) in Figures 140 and 141. 
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Figure 139. Visibility of Ø 0.1 mm hole with 7.5 x magnification (left hand side) and 
notch (width 0.1 mm; length 1.5 mm) with 7.5 x magnification. Small dent is also visible 
below notch (Pitkänen et al. 2012). 

 
Figure 140. Hit/miss POD for pan angle 0°, tilt angle 0°, magnification factor 3.5x and 
rotation speed 2.0°/sec (Pitkänen et al. 2012). 
 



 

 

 
 
Figure 141. Hit/miss POD for pan angle 0°, tilt angle 0°, magnification 3.5x and 
rotation speed 4.0°/sec (Pitkänen et al. 2012). 
 
 
Human factor in NDT 
 
There has been evaluation of the inspection procedures with human factor, because 
human decision making is involved throughout the inspection process (Pitkänen 2010). 
There has been also report on an introduction to the field of human factors with the 
focus on their influence on the reliability of NDT in the nuclear energy production (in-
service inspections) and final storage of highly radioactive nuclear waste (Bertovic et al. 
2012). Approach in this introduction is of a qualitative nature, rather than quantitative. 
It shows the complexity of human factors, methods and different ways how to approach 
them. The common goal is the optimization of current practices. Further efforts in the 
human factors evaluation of NDTmethods for the inspection of the nuclear waste 
canisters are required. Decision making process (acceptance or rejection of the part), 
sizing of defects and further improvement of the inspection procedure need enhanced 
engagement in future investigations (Berotvic et al. 2012). 
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10  CONFORMITY OF THE WELDING SYSTEM, PROCESS AND 
WELDMENT  

According to weld test, integrity of the weld fulfils intact material specification. There 
are still going on destructive testing which will improve statistic of the defects. 
Corrosion resistance is enough good but there might be need for clarify SCC even 
residual stresses are lower than earlier were supposed.  
 
Creep ductility is good if the reduction of the area is used as a criterion. Requirement 
for creep ductility is 15% but elastic-plastic FEM modelling with creep model showed 
that maximum elongation in weld is order of 2%. 
 
Welding system is designed (Suikki, Wendelin 2008) in a such way that it will fulfil 
requirements. Also system description has been done. 
 
Posiva has pWPS for EBW which can be modified to be used in the encapsulating plant.  
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11  INDUSTRIALIZATION 

11.1  Open issues and timetable 

The typical delivery time of the designed EB-welding equipment is 1-2 years depending 
of complexity of the system. This includes the components and control system from 
abroad.  
 
One open issue in this investment project will be the integration and testing of the 
Posiva's pre-heating, sealing system and the canister transfer trolley to the foreign 
control system of the equipment without changing the major components and design. 
Rough estimation could be 6 months. 
 
One open issue is to improve inspection using matrix probe by ultrasonic testing. These 
techniques will improve detectability of defects in root side.  
 
There have been problems with the gun discharge. Small gun discharge does not leave 
even traces on weld but larger ones can cause defects. Main source of flashes are dirty 
and contaminated components, especially lids. There were not any major flashes at early 
stage welding up to lid weld XK029. After that, manufacturing route change. Further 
tests have to be done with the components, which are fully fine machined without 
cutting fluid.  Sources of the contamination are rough machined surfaces, which are cut 
using cutting fluid and the NDT inspection in water pool in SKB will contaminate 
components. Any contamination is not allowed on copper surfaces because it is difficult 
to prove long term safety performance for contaminated copper canister. Experiences 
can be found from report EB-DEMO (Raiko et al 2009).  
 
There are still potential development topics in welding process. For example fusion 
zone is wide and it can be reduced. This can reduce deformations and also lower heat 
input can be used. One new task which will have the effect on the welding is the change 
of the rubber sealing of the cast iron insert to the metallic one. Sealing has to be 
designed and tested before the final acceptance of the canister design. 

11.2  Aspects related to encapsulation plant 

One challenge operation will be the transportation and assembly of the EB-welding 
equipment into encapsulation plant. The vacuum chamber has to assemble by separate 
walls and roof together onsite because of limited indoor of heavy concrete shielding 
walls. 
 
After acceptance tests one has to repeat the optimized good welding parameters with 
possible minor adjustments. The separate small vacuum chamber for plate tests is 
designed for this kind of purposes.  
 
Training of operators and supervisors can divide into several different parts related to 
manufacturing, installation and testing time schedules of the equipment.  
 



 

 

The know-how and experts of the supplier can be used before, during and after 
installation of the equipment. The utilization of well-experienced supplier for EB-
welding process and programming issues is a great advantage and remarkable support 
element for continuous production. Nowadays customers are setting higher values for 
reliable and functioning (welding) process and production support instead of equipment 
itself only.     
 
The greatest advantage to use the mature EB-welding process as encapsulation process 
is to get help after acceptance tests if necessary not only from the supplier but from the 
existing national and foreign EB-welding experts (at least 3500 experts globally).  
 
Key risks and risk management 
 
Equipment and system related risks 
 
Aging of the control system  
The process control system will be aged after 15-20 years and it might be difficult to get 
spare parts for it. This can be eliminated by updating regularly not only the software but 
some PC and controller parts too.  
 
Aging and lack of components 
Although the EB-welding equipment is mainly an electronic device and mechanical 
wearing therefore minimal, the components and parts will age after 10 to 20 year. The 
problems by aging and lack of availability in the future can be eliminated by requesting 
a list from supplier which parts are most critical and can they guarantee to supply them 
the next 20 years. Regular maintenance and overhaul of the equipment as preventing 
operation is necessary, too.  
 
Radiation embrittlement 
 
The components inside of the EB-generator are designed to resist X-ray radiation but 
not against neutron radiation. This can lead to radiation embrittlement for them or 
possible neutron activation. To eliminate this, the only way is to require to change 
sensitive components to more resistant, e.g. some sealing and cables, during 
manufacturing of the equipment. Also there is need for evaluate the neutron activation 
issue. 
 
Process: 

 
The large sealing around canister 
One risk is related to the large sealing around the canister in the lower part of vacuum 
chamber. The needed vacuum level 10-3 mbar should be nearly constant during EB-
welding and possible leakage will increase this level rapidly. One way is to increase 
pressure between sealing and canister but there does exist a limit also because of need 
for rotating of canister – too large friction will be negative for smooth rotating 
movement.  Another solution could be optimization of sealing construction and material 
selection.  
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The newest solution for these possible leakage problems would be to specify and order 
the equipment with a separate large flange mounted on the roof, which can be utilized in 
the future for rotating EB-generator instead of rotating canister during welding. A new 
type of EB-welding equipment is already built and partly tested but its´ power (30 kW) 
and high voltage (60 kV) is not sufficient for thick copper. After few years development 
work this could offer new ways for the whole encapsulation. 

 
Arc-outs 
So called arc-outs are electrical discharges, which occur when the insulating effect of 
the vacuum or the electric field in the electron beam gun is interrupted. As a result 
defects in the weld can be formed (voids, weld burn through, end crater etc.). These can 
be minimized by cleanness of work pieces and EB-generator parts, regular maintenance 
EB-generator and usage of the new, fast electrical control systems and tilted EB-
generator. 
 
Overpressure in canister 
After installation of lid into canister pressure can rise in the canister when non-
machined cast iron insert will vaporize its impurities (cutting oil, residuals after casting 
etc.) because of the heat transfer from preheated canister and welding itself. This 
overpressure can lead disturbances onto weld pool and thereby result pores and cavities 
into weld. These effects can be minimized by machining the outer surface of insert.  
 
Electron beam penetrated into insert 
The canister is designed so that the electron beam can´t hit the insert below the lid but if 
this for some reason happen, could this lead in the worst case for contamination of the 
whole vacuum chamber and EB-generator. The ways for this elimination are locking of 
operation of the EB-generator during preheating tube and assembly of the lid and 
ensuring the beam position onto joint before welding by markings and camera 
monitoring, The welding programs can be written by switching on the high voltage only 
before welding following by switching off in the end of program. For maintenance 
purposes can the chamber be equipped by service door and covered inside by removable 
shielding plates. However, there is equipment which can prevent beam to penetrate in to 
the insert. 

 
Programming 
Learning of operation and programming can be shown too complicated and difficult 
internalize. This can lead longer start up after installation and postpone the start-up of 
the whole project. The training courses can be started in good time before delivery, and 
operation of equipment can also trained by nearly similar systems at Patria Aviation or 
by suppliers lab-machine.  There might be possibility to use personnel of the Patria in 
welding development and even in production if the machine is similar to equipment of 
Patria. 
 
Failure and fault situation is presented in report Suikki & Wendelin 2008. 
 
Failure on the assembly of lid 
If after the pre-heat treatment the lid will fit into the canister only partly e.g. because of 
too less pre-heat treatment temperature or unusual expansion of the canister, and can´t 



 

 

be removed by lid´s lifting mechanism, then one way is to EB-weld the lid not into joint 
but near by it. After shrinkage one can lift it away. This is already tested and it works.  

 
Exposing for radiation during service  
Exposing to radiation can be possible because of some contaminated particles of 
radioactive material in the chamber, the EB-generator and onto lid lifting mechanism. 
One can then during service and part change operations. The only way to eliminate this 
is to ensure that no residuals will be on the surfaces of insert and canister before 
transportation to vacuum chamber. 
 
Interruption in EB-welding 
Interruption of EB-welding can occur if the main power will be broken by failure in 
electricity power source. In this case the welding and rotation will stop immediately 
followed by a deep hole. This can be avoided by installation of an auxiliary power 
source (sc. UPS) for finishing the welding. Another reason for interruption can be very 
powerful so called arc-out when the insulation conditions in the EB-generator will 
disturb by excessive vaporized weld metal and/or oxide particles. This phenomenon can 
be avoided by regular and carefully maintenance of EB-generator and clean lid and 
canister. 
 
Failure on the vacuum pumps 
Possible failures on vacuum pumps can be stopping during welding, pumping into 
wrong vacuum level or functioning at all. Stopping of pumps during EB-welding leads 
to interruption of welding during moderate time until the vacuum level will reach its´ 
critical point. Interrupt can be handled so that welding can be stopped if this kind of 
failure can be detected. The reason for stopping and no-functioning is related to lack of 
electricity and/ or failure of mechanical components, and can be eliminated by ensuring 
constant delivery of current and regular maintenance. Pumping into can be hit using sc. 
vacuum regulator, which will decrease and increase of running speed and keep it 
constant. Maintenance of vacuum instruments and sensors for right levels are essential 
also.  
   
Vibration of the rotating unit 
The rotating unit will be designed for the load of the whole canister, insert (incl. rods), 
lid and bottom. The total weight will be 24 000 kg and therefore vibration of the 
rotating unit will be possible especially by low rotating (welding) speed. Vibration is 
caused by improper adjustment of the servo controller and it is easy to get rid of it. This 
kind of vibration has been occured in SKB's welding turntable as well as large turntable 
of the Patria owned by Posiva. Root cause of the last issue was old adjustment 
instructions and this was solved within two hour when it was recognized. 
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12  CONCLUSIONS 

In this report is presented the state of the art of EBW for welding SNF copper canister. 
Main conclusion is that EBW process fulfilled requirements but more evaluation has to 
be done to confirm long term properties of the weld. Also more statistical information 
on defects on the weld is needed to reduce uncertainty of the analysis. Following 
summaries conclusion of report: 
 
All requirements for welding are described and those are based on the long term safety 
requirements and requirements set by NDT, manufacturing and handling. Welding itself 
set requirements also on components and joint design. Joint preparation, dimensions and 
tolerances are also reviewed. Some topics on welding will need more evaluation and 
testing to fulfill requirements. There is need to improve component manufacturing 
processes and handling of the components. For example surface cleanliness of the 
components did not always fulfilled the requirements set by weld when weld tests were 
performed. 
 
Welding process and machine is described including process control and beam 
measurement systems. Welding and process parameters are also defined. Weld 
imperfections are listed and it is base on EB-welding standards. Also there are some 
discussions on different weld imperfections on welding canister material. 
 
Initial state of the weld has been comprehensive evaluated. Short term mechanical 
properties fulfilled requirements. Macroscopic deformations are described and 
deformations cause by welding are such a level that they do not impact the long term 
safety. Micro- and macrostructure of the weld is described and grain size is large. Even 
EBW has large grain size inspectability (NDT) is reliable according to probability of 
detection of the NDT. Probability of the detection is 90% with 95% CI for 1 mm defect. 
Residual stresses are lower than levels measured early phase R&D work. Evaluated 
residual stresses are at maximum tensile stress of 43 MPa based on DHD and modeling. 
DT of the weld showed that imperfection sizes are small (0-4 mm) comparing to 
maximum acceptance criteria. Also intact material thickness from 46 to 49.5 mm is 
larger than specified 40 mm (ultimate minimum of 35 mm). Statistical analysis of the 
imperfections on weld shows that maximum defect size of the 4500 canister is 
approximately 8.1 mm (11.7 mm 95% upper CI). Only 11 lid welds were analyzed thus 
sample size is small. There are need to do more weld tests to improve statistics of the 
analysis.  
 
Even creep ductility and corrosion of the EBW fulfilled requirements there are still 
needed for testing long term properties of the weld. More creep evaluation and 
corrosion tests have to be done to improve understanding of these long term issues and 
improve reliability of evaluation. Risk for corrosion of copper is very low in repository 
conditions. Creep modeling has showed that 15% creep ductility requirement is highly 
conservative because of maximum creep strain is 2.6% only. 
 
Short description of QA and QC of the welding has been presented. It covers welding 
procedure specifications (pWPS and WPS) and qualification of personnel. Also 



 

 

standard specifications for EBW machines were presented here. Comprehensive 
welding system for encapsulating plant has been designed including system description. 
Welding process is also described but it will need some clarifications in the long run. 
Some system testing has been done. Assembling system to install lid in to tube has been 
done including heating system of the tube. Preheat is needed to expand tube so that the 
lid can be easily installed inside the tube. The tube will cool after installing the lid and 
interference fitting between lid and tube is achieved. System worked without any 
problem. Weld has to be machined after welding and machining system has been 
designed. Sealing test of the EBW mock-up canister with cast iron insert has been done. 
There were not problems with pumping the vacuum between copper canister and insert 
nor degassing during pumping. Slight pressure increase was noticed during welding. 
Sealing did not cause any impact on welding. 
 
Probabilistic risk assessment (PRA) including HAZSCAN analysis has been done for 
the encapsulation and final disposal facility. According to analysis there is no such a 
malfunction or event which will cause radioactive release related on EB-welding 
equipment or process. 
 
VT, UT, RT and ET methods will be used for NDT of the weld. NDT has 
comprehensive R&D program for welding evaluation. Probability to detect 1 mm fully 
penetrating defect is high with good confidence. Also human factor in NDT has been 
evaluated.  
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