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ABSTRACT 
 
The purpose of this report is to gather together comprehensive information concerning 
FSW as an optional welding method for welding the nuclear waste copper canister at 
the disposal facility. This report discusses the current situation, knowledge of the 
process and information concerning results of the development and research work 
related to welding thick copper and the special needs of the disposal environment. Most 
of the research work and development work has been done by Posiva's Swedish partner 
SKB, Swedish Nuclear Fuel and Waste Management Co. SKB chose FSW as their 
reference welding method in 2005. 
 
FSW (friction stir welding) is a solid-state welding method, invented in 1991, in which 
frictional heat is generated between the tool and the weld metal, causing the metal to 
soften, normally without reaching the melting point, and allowing the tool to traverse 
the joint line. Friction stir welding can be used for joining many types of materials and 
material combinations, if the tool materials and designs can be found which operate at 
the forging temperature of the workpiece. 
 
The general requirements for the copper canister weld and base material are presented 
in Posiva's VAHA-system, which sets the most critical values or demands concerning 
the short- and long-term properties or other needs. The sections in this report are set out 
in a similar way as in the VAHA-system.  
 
Concerning the results from the research and development work, it can be said that FS 
weld material fulfils the values set by VAHA. The quality of the welds fulfils the set 
demands for intact weld material and the welding process is robust using an automatic 
control system. There still remains work concerning the acceptance procedure for the 
welding process and other open issues which are described in this report.  
 
Keywords: Copper, friction stir welding, FSW, disposal canister, sealing of the 
canister. 
  



 
 

 

  



 

 

Käytetyn ydinpolttoaineen loppusijoituskapselin sulkemismenetelmän 
koosteraportti: osa 1 FSW  
 
TIIVISTELMÄ 
 
Tämän raportin tarkoitus on toimia taustamateriaalina Posivan hitsausmenetelmän 
valinnassa käytetyn ydinpolttoaineen kuparikapselin hitsaukseen. Raporttiin on kerätty 
tämänhetkinen tietous hitsausmenetelmästä sekä tutkimus- ja kehityshankkeiden tu-
loksia pääasiassa Posivan yhteistyökumppanin SKB:n toimesta liittyen kuparikapselin 
hitsaukseen. SKB on valinnut FSW:n loppusijoituksessa käytettäväksi hitsausmene-
telmäksi vuonna 2005. 
 
FSW (kitkatappihitsaus pyörivällä työkalulla) on 1990-luvun alkupuolella kehitetty 
hitsausmenetelmä, jota käytetään tällä hetkellä teollisuudessa suhteellisen matalan 
sulamislämpötilan omaaville materiaaleille, esim. alumiini tai kupari. Hitsausmenetelmä 
perustuu pyörivään työkaluun puristettujen liitospintojen välillä, jonka tuottama kitka 
tuottaa hitsauksessa tarvittavan lämmön. Pehmeäksi kuumenneet liitospinnat hitsautuvat 
yhteen, kun ne puristetaan voimakkaasti vastakkain. Kitkahitsaus on kiinteän tilan 
hitsausta, eli liitettävät materiaalit eivät sula hitsauksen aikana. 
 
Hitsille asetetut yleiset vaatimukset on esitetty Posivan VAHA-järjestelmässä, jossa 
hitsille on asetettu vaatimuksia liittyen sen pitkä- ja lyhytaikaisiin ominaisuuksiin sekä 
muihin loppusijoituksen yksityiskohtiin. Raportin pääjako on tehty VAHA-järjestel-
mään perustuen. 
 
Kerättyjen tutkimus- ja kehitystyötulosten pohjalta FSW:ta voidaan pitää sopivana 
menetelmänä loppusijoituskapselin sulkemiseen. Hitsiaine täyttää VAHA-järjestelmässä 
asetetut vaatimukset ja hitsausjärjestelmää voidaan pitää luotettavana prosessin hallin-
nan kannalta. Jäljellä olevat kehitystyöt liittyvät hitsausprosessin hyväksyttämiseen sekä 
muihin avoinna oleviin asioihin eriteltynä tässä raportissa.  
 
Avainsanat: Kupari, kitkatappihitsaus, FSW, loppusijoituskapseli, kapselin sulke-
minen.  
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ABBREVIATIONS AND SYMBOLS 
 
Cu-OF  Oxygen free copper 
CT  Compact tension, creep testing method 
CuCl Copper chloride 
DT Destructive testing 
EBW Electron beam welding 
ET Eddy current testing 
FEM Finite element method 
FSP Friction stir processing  
FSSP Friction stir spot welding 
FSW Friction stir welding 
HAZ Heat affected zone 
HD Hole drilling method 
ISO International Organization for Standardization 
JLH  Joint line hooking, welding defect 
LOP Lack of penetration, welding defect 
MHz Megahertz 
MIG Metal inert gas welding 
MX feature Special notches in welding probe 
NDT Non-destructive testing 
NaCl Sodium chloride 
pH The pH scale measures how acidic or basic a substance is 
POD Probability of detection 
ppm Parts per million 
PVD Physical vapor deposition 
pWPS Preliminary welding procedure specification 
QC Quality control 
RSW Resistive spot welding 
RT Radiographic testing 
SCC Stress corrosion cracking 
SKB Swedish Nuclear Fuel and Waste Management Company 
TWI  The Welding Institute is independent research and technology 
 organizations, with a specialty in welding 
TMAZ Thermomechanical affected zone 
UT Ultrasonic testing 
VAHA Vaatimusten  hallinta, management system for requirements. 
VT Visual testing 
VTT Valtion teknillinen tutkimuslaitos,Technical Research Centre of Finland 
VVER fuel Fuel type used in Loviisa nuclear power plant 
WPS Welding procedure specification 
XRD X-ray Diffraction 
YVL  Regulatory Guides on nuclear safety 
3D Three-dimensional 
ω  Rotational speed 
v Welding speed  
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1  INTRODUCTION 

Teollisuuden Voima Oyj and Fortum Power and Heat Oy have assigned the duties 
related to the disposal of spent nuclear fuel to Posiva Oy, which they jointly own. Spent 
nuclear fuel will be packed into massive nodular cast iron-copper canisters. The 
canisters will be placed deep into the bedrock for final disposal. Either electron beam 
welding (EBW) or friction stir welding (FSW) of the copper canister will be used to seal 
copper canisters in the future. Choosing a welding method will be done during 2013-
2014.  
 
SKB chose a welding method for disposal during 2005. The selection was based on a 20 
lid welding test series with EBW and FSW. The main criteria for selection were 
reliability and robustness of the welding process and welding system, achieved quality 
and properties of produced welds, costs of the welding system and remaining 
development work. FSW was chosen mainly for its robustness and good weld quality. It 
should be noted that control during the welding tests was done manually, which has 
been significantly developed so far. Also, the general development work concerning the 
welding process and more details have been significant.   
 
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. 
 
A description and basis of the welding process has been introduced in its own chapter, 
including typical welding defects for FSW. 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 SKB during their development work and reported 
during 2006. Concerning the welding system and quality matters, the most critical parts 
and details have been introduced. Industrialization issues include possible open issues 
and the remaining timetable 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 

The target of this report is to gather together the state of the art situation and 
information on research results and development work that have been prepared 
concerning FSW of sealing copper canister and its suitability for final disposal, how 
well welds fulfils the needs of long-term safety, what is the situation concerning the 
development work and any present possible open areas concerning demands for long-
term safety. The main parts of this report are gathered together according to the design 
basis of the canister, which includes demands for corrosion resistance and ductility at 
mechanical or thermal load.  
 
This report will be used as background material for choosing the welding method for 
disposal during 2013-2014. The choice will be made between EBW and FSW. For 
reasons of clarity, some chapters compare these two methods concerning research 
results.  
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3  REQUIREMENTS FOR WELDING 

The requirements of the copper canister and weld material can be divided into two 
categories. The first category is based on the initial state and the long-term safety 
demands for the copper canister and in the same way also for the weld material. 
 
The second category of requirements is based on requirements which are related to the 
operations and processes at the encapsulation plant and the manufacture of the 
components. For example, NDT will set some requirements on welding so that the weld 
and components can be inspected. The welding will also set requirements on 
manufacturing, such as tolerances and clearances of components.  

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

The most important requirements are set for welds based on 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 fill 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. It 
has been also estimated that corrosion will be less than few millimetre within 100 000 
years. (Posiva 2009).  
 
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% and plastic strain level min 40% has 
proposed. (Nolvi 2009; Raiko et al. 2012). 
  
Chemical composition of the weld material should be such that creep ductility and 
corrosion properties don't impact long term safety of the copper canister. Right chemical 
composition of Cu-OFP 30-100 ppm phosphorous and less than 8 ppm sulphur levels 
has to be fulfilled in weld material. 
 
Following specifications are set by long term safety requirements according to VAHA-
system: 

 nominal thickness of the overpack is 49 mm 
 minimum intact copper thickness is 35 mm and 40 mm in 99% of the canisters' 

wall thicknesses 
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 components shall not have macroscopic defects larger than 15 mm in depth 
 chemical composition shall fulfil 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 shall be > 40% 
 creep ductility of the overpack shall be > 15% 
  (Raiko et al. 2012). 

3.2  Requirements set by NDT, manufacturing and handling in 
encapsulation 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 good a quality control system to 
ensure repeatable and stable welding process.  
 
Maintenance and product 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 outdated. 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 next section. Surface of 
the weld is recommended to be machined to ensure NDT especially eddy current and 
visual testing, value for average surface roughness has been set to 6.3 µm.  Maximum 
grain size of the weld and base material has been set to 360 µm to enable sufficient 
material properties concerning ultrasonic inspection.  
 
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.  
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3.3  Joint design and welding position 

A variety of joint geometries are possible with FSW; however, it has different needs for 
joint design and fixture arrangements when compared to traditional arc welding 
methods: 
 

 provide sufficient area for the welding tool shoulder path 
 provide sufficient containment of softened weld metal 
 provide sufficient clamping force to prevent motion of the work pieces 
 provide appropriate heat sink to dissipate the heat of welding  

 
The joint design for the copper canister is a butt weld where the lid works as a backing 
support. The centre part of the joint is machined with a small rebate so that there is no 
need for tack welds or to hold the tube's upper part from the side to avoid movement 
caused by thermal expansion of the tube. The rebate also helps to position the lid during 
installation. The depth of the welding groove is 53.5 mm, the gap at welding groove is 
designed to be 0 mm, and the gap between the tube and the lid is also designed to be 0 
mm. More exact tolerances can be found in Chapter 3.5 and Figure 2. The centreline of 
the tool is typically positioned in line with the upper rebate's face. (Andrews 2004; 
Cederqvist 2011). 
 
Friction stir welding is generally possible in every welding position. At the moment, the 
welding position used is the following: the canister is in a vertical position and the 
welding tool is positioned horizontally as shown in Figure 1. The reasons for this 
solution are the overall structure of the canister and better accessibility due to the 
construction of the welding machine. The horizontal position of the tool also allows the 
starting area to be the upper part of the lid. Some reasons why this starting area is 
important: 
 

 Enables use of the upper part of the lid for starting and ending the welding. 
Especially the tool's exit hole will be outside of the welding area and can be 
machined away after welding.  

 The upper part of the lid can be used to accelerate the welding speed to the 
steady state value.  

 The pilot hole is needed due to the thickness of the base material and thereby 
improves the tool's service life.  

 Possible discontinuities and flashes caused by the starting phase can be avoided 
in the final weld. 

 The upper part of the lid works as a fail-safe-location if any kinds of 
disturbances in the machine or control during welding period are observed. 
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Figure 1. Basic concept for joint design and welding position where the tool is in a 
horizontal position. 
 

3.4  Preparation before and after welding 

Preparation of the components, weld and welding surfaces to achieve the desired results 
includes several different details: 
 

 Tolerances for machining of the components should be such that it is possible to 
install the lid at the disposal facility remotely and there should not be any excess 
air gap between the lid and tube. At the moment, the tolerances used are easy to 
achieve with normal traditional machine shop equipment and tools.  

 There will not be any spatters or fumes produced by the welding, which could 
set certain types of requirements for removing them or protection for the 
welding machine. 

 
There must be certain working procedures for each stage of the work to achieve 
consistent quality.  

3.4.1  Cleaning surfaces 

Weld surfaces have certain needs for purity in terms of the formation of oxides and slag 
inclusion. If final machining of the components has been done without cutting fluids 
and they are used inside a certain time period from machining, there is no need for any 
extra procedure. Components need to be handled with clean gloves and transportation 
must be done properly to prevent dirt and oxidation of surfaces. In extreme cases, 
surfaces have to be grinded clean and/or wiped with alcohol. The risk of oxide 
formation on the weld material and its effect on weld properties is discussed at Chapters 
4.2.6, 5.7.3 and 6.1.2.  
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3.4.2  Installation of the lid and tube 

The tube will be brought through the welding machine from the canister transfer 
corridor. Clamping the tube from the sides secures it at the required height. The lid can 
be installed on the tube before it arrives at the welding chamfer or another option is that 
the lid is installed in the welding machine. Before welding the tube needs to be centred 
at the welding machine with the aid of pressing clamps.  
 
Installation of the lid does not need any special approach, such as pre-heating of the 
tube to achieve a tight fit. Suitable tolerances between components allow for easy 
installation, and during development work there has not been any problem with fittings 
and installation using the existing tolerances (the tolerances are shown in Chapter 3.5). 
Before welding, the lid will be pressed down with separate pressing clamps and will be 
held in place during welding. 

3.4.3  Preparation of the pilot hole 

A pilot hole will prepared by drilling a hole with a normal drill bit, and after that the 
shape of the hole will be finished with a welding tool. The main difference with this tool 
is the lack of surface features in the probe, the so-called MX-shapes, which are notches 
in the lower part of the tool. The same drilling tools can be used for manufacturing 
several holes. Drilling the pilot hole lasts roughly five minutes. Preparation of the 
starting hole can be done at the same time as the machining of the lid in the workshop 
or at the welding station using a separate drilling head. The disadvantage of drilling in 
the welding station is that the cuttings need their own chip handling, but an advantage 
of drilling at the welding machine is that the welding tool is easier to position at the start 
hole. The procedure in production state is described in Chapter 8.1.2.  

3.4.4  Final machining 

After welding, the canister's upper part will be machined for NDT inspection. At that 
moment, 55 mm will be machined away from lid's upper part and 10 mm from the outer 
diameter. The procedure is shown in more detail in Chapter 8.3. According to the 
existing plans, the machining will be done in the canister transfer corridor of the 
encapsulation plant with a separate machining centre. The estimated amount of copper 
chips is 200 kg. The dimensions of the canister's upper part before and after the final 
machining are shown in Figure 2. 
 
An option for the starting area is that only a separate sector of the upper part of the lid 
could be used, which will be used as a run on/off tab. This solution reduces significantly 
the amount of remaining material for final machining. (Raiko et al. 2012). 

3.5  Tolerances and dimensions 

Design requirements concerning tolerances and dimensions have been created so that 
the planned properties of the canister can be achieved with reasonable workshop 
tolerances that do not require any unusual or complex machining tools or processes. The 
nominal dimensions and tolerances are presented at Table 1 and Figure 2.  
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Table 1. Most important nominal dimensions and tolerances for a canister designed 
using FSW. The named placements are shown in Figure 2 (Raiko 2009). 
 

Dimension Description Nominal value,  
and 
tolerance[mm] 

BB 
Outer diameter  of the canister's 
upper part before machining 

1060 ± 0,1 

BA 
Outer diameter  of the canister's 
upper part after machining 

1050 ± 1,2 

NB 
Height of the upper part of the 
lid before machining 

115 

NA 
Height of the upper part of the 
lid after machining 

60 

tB 
Nominal wall thickness  
before machining 

53.5  

tA 
Nominal wall thickness after 
machining 

48,5 

H - ø 953 d8 mm 
E Inner diameter of the tube ø 953 H8 mm 
- Joint gap 0 ± 0.1 mm 

- 
Gap between  
lid and tube 

0,32 - 0.6mm 
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Figure 2. Manufacturing and functional dimensions of the friction stir welded variant of 
the copper overpack and dimensions of the welding groove. The centreline of the 
welding tool is shown as a red line on the right-hand side of the figure. The final shape 
of the canister's upper part is marked with a dashed line and the dimensions are in 
parentheses. (Raiko 2009). 
 
The surface roughness requirement for the weld preparation of FSW between the 
contacted surfaces of lid and tube is Ra = 3.2 m. All other machined surfaces of the 
copper overpack have the surface requirement Ra = 6.3 m, which is determined 
according to the needs of NDT. (Raiko et al. 2012). 
 
Earlier tests show how possible volumetric defects and areas affect welding and the 
weld's final quality. In one canister, to the welding grooves were machined defect like 
empty space 2mm wide and 32 mm deep gap, as shown in Figure 3. The NDT results 
show that such a large empty space in the welding groove did not cause any welding 
defects. This shows that the welding process itself is not sensitive to possible deviations 
in tolerances or possible volumetric defects in components. (Cederqvist 2005). 
 
 

 
Figure 3. Empty area made in the weld groove marked in grey (Cederqvist 2005). 
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3.6  Main specification for the weld 

The main specification is that the properties of the weld fulfil the same performance 
requirements as the rest of the copper shell.  
 
The weld must withstand NDT in the final disposal environment. Concerning welding 
defects, the intact wall thickness requirement of 35 mm in 100% and 40 mm in 99% of 
the canisters is the master requirement for acceptance, especially for combining defects. 
Any two adjacent defects separated by a distance smaller than the major dimension of 
the smaller defect shall be considered as a single defect. (Raiko et al. 2012). 
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4  OVERALL DESCRIPTION OF THE PROCESS 

Friction stir welding is a solid-state process, which means that the objects are joined 
without reaching melting point, which allows for lower welding temperatures, and this 
means that solidification defects can be avoided, and there is reduced distortion and 
residual stresses when compared to conventional fusion welding processes. The process 
was invented 1991 at TWI in the United Kingdom. (Lohwasser & Chen 2010). 
 
FSW offers a fully recrystallized, equiaxed, fine grain microstructure in a nugget that 
produces excellent mechanical properties generally equal to or superior to those of the 
base material, especially when compared to fusion welding methods. There is no steep 
gradient in the joint properties or the microstructure. At the moment, FSW is mainly 
used for joining aluminium alloys, although it is feasible for a variety of materials, 
including steel, copper, nickel and titanium alloys. (Lohwasser & Chen 2010). 
 
Because FSW is a relatively new welding process, development work all over the world 
is ongoing. In the future, there will be improvements in tool design, tool materials and 
process controls. There is not yet an effective technology for high temperature 
materials, especially for steels and nickel alloys, because of the tool materials and their 
service life. (Lohwasser & Chen 2010). 
 

 

Figure 4. Friction stir welding of aluminium plate from one side (ESAB 2011). 
 

Besides traditional friction stir welding, there are other process variants: 
 
Friction stir spot welding is a variant of FSW, where the traverse part of the FSW 
process is eliminated, i.e. the tool is only plunged into the material and retracted. 
Friction stir spot welding is very similar to resistance spot welding and riveting in that 
they are all “point” processes, which require a significant level of thrust force, and have 
similar fixturing requirements. The advantages of FSSP compared to two other similar 
welding methods is that it enables joining dissimilar metals and also totally new 
materials than what have been used earlier in RSW. (Mishra & Mahoney 2007). 
 
Friction stir processing is an emerging surface-engineering technology that can locally 
eliminate casting defects and refine microstructures to the desired properties. The 
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technology involves plunging a rapidly rotating, non-consumable tool, comprising a 
short profiled pin and a larger diameter shoulder, into the surface and then traversing the 
tool across the surface. FSP zones can be produced at depths of 0.5 to 50 mm, with a 
gradual transition from a fine-grained, thermodynamically worked microstructure to the 
underlying original microstructure. FSP has been applied to Al, Cu, Fe, and Ni-based 
alloys. (Mishra & Mahoney 2007). 

4.1  Principle description of the process 

A non-consumable, rotating tool is plunged between the rigidly clamped pieces to be 
welded. Heat is generated by friction between the tool and the base material and plastic 
shear deformation softens the base material but does not melt it. The temperature is 
approximately 70–95% of the melting temperature of the base material, i.e. normal hot 
forming temperature. Frictional heating dominates in the upper region of the weld and 
plastic work-induced heating in the lower region. As the tool is moved along the joint 
line, the butting surfaces are “stirred” together by the severe plastic flow around the 
rotating tool. The tool transports the plasticized base material from the leading side of 
the tool to the trailing side of the tool in a manner similar to extrusion or forging. On the 
trailing side of the tool, the material cools and a solid-state weld is formed. The side on 
which the tool rotation is parallel to the weld direction is called the advancing side and 
the side on which the tool rotation is opposite to the weld direction is called the 
retreating side. (Savolainen 2012; Mishra & Mahoney 2007). 
 
Figure 5 shows the basic principle of the process and terms specified in standards. 
These terms will be used in this report.  

 
1   Workpiece 8   Axial force 
2   Direction of tool rotation 9   Welding direction 
3   Tool 10 Upward motion of the tool 
4   Downward motion 11 Exit hole 
5   Tool shoulder 12 Retreating side of the weld 
6   Probe 13 Weld face 
7   Advancing side of the weld  

Figure 5. The basic concept and terms of FSW (ISO 25239-1:2011). 



21 
 

 

During the process, thermo-mechanical conditions vary across the weld seam, resulting 
in different microstructures. The weld can be divided into different microstructural 
zones, which are presented in Figure 6.  
 
A) The parent material has not been deformed by welding but it may have experienced 

a thermal cycle from the weld. The microstructure or mechanical properties are not 
affected. 

B) In HAZ the material has experienced a thermal cycle that has modified the 
microstructure and/or the mechanical properties. However, there is no plastic 
deformation. 

C) A thermomechanical affected zone (TMAZ) tool has plastically deformed the 
material, and the heat from the process will also have exerted some influence on the 
material. In the case of aluminium, it is possible to obtain significant plastic strain 
without recrystallization in this region, and there is generally a distinct boundary 
between the recrystallized zone (weld nugget) and the deformed zones of the 
TMAZ. 

D) The stir zone is a fully recrystallized area where the material has undergone the most 
severe plastic deformation and the highest temperature. The diameter of the stir zone 
is typically slightly larger than the tool pin and less than the shoulder diameter. The 
tool design and welding parameters affect the shape of the SZ   

(Mishra & Mahoney 2007). 
 

 

Figure 6. The different weld zones: parent material (A), thermally affected (B), thermo-
mechanically affected (C), and dynamically recrystallized material (D). The advancing 
side is on the left and the retreating side is on the right (Mishra & Mahoney  2007). 
 

4.1.1  Welding machine 

For FSW, it is possible to use many different types of welding machine. There are three 
basic equipment solutions that can be considered: custom-built machines, modified 
machining centres and robots. Each has different capabilities in technical specifications, 
such as stiffness of the machines structure, force capability and flexibility. Due to the 
principle of the process and the high forces required by FSW manual welding can't be 
used. Today, device manufacturers also offer a modular or standard welding system for 
smaller batches and various size productions. The FSW machine and welding head must 
be stiff enough to tolerate high loads and torques caused by the welding. Weld types, 
part geometries and the size of the parts determine the number of the axis and overall 
configuration. Figure 7 shows a typical welding robot with an FSW tooling and 
standard welding machine for FSW. (Mishra & Mahoney 2007). 
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Figure 7. A welding robot and standard FSW machine from MTI Welding.  
 
Custom-built machines are normally built exactly to the requirements of the 
applications. They tend to have the highest force capability and highest stiffness but can 
have a large range in these categories. However, their intelligence is very application-
specific, ranging from being very simple to very complex. Their flexibility also covers a 
great range, from single axis to multiaxis machines. A custom-built machine is the most 
suitable solution for welding the copper canister. The reason for this is the unique shape 
and size of the canister, and the high welding forces generated during welding. 
 
As FSW is quite similar in nature to machining, custom-built machines which are 
modified from machining centre can also be used. Especially when welding large 
material thicknesses, FSW needs greater forces than conventional machining centres are 
capable of. Also, separate control units and intelligence are required modifications when 
using FSW in the old machining centre. (Mishra & Mahoney 2007). 
 
For robots, the most challenging details are the high force requirements and stiffness. 
Today, robot manufacturers have robots with 4.5 kN thrust force, which enables using 
FSW for relatively thin materials. Robots offer great flexibility for more complex 
products and also lower fabrication costs when compared to a conventional welding 
machine. (Mishra & Mahoney 2007). 

4.1.2  Welding tool 

The tool is an important component in FSW. Tool design influences heat generation, 
plastic flow, the power required, and the uniformity of the welded joint. It typically 
consists of a rotating round shoulder and a threaded cylindrical probe, also called a pin. 
An example of the tool is shown in Figure 8. The tool produces the thermomechanical 
deformation and workpiece frictional heating necessary for friction stirring. The 
shoulder produces the majority of the deformational and frictional heating in a thin 
sheet, while the pin produces the majority of the heating in a thick workpiece. Important 
factors are shoulder diameter, shoulder surface angle and shape, pin geometry, including 
its shape and size, and the nature of the tool surface. (Mishra & Mahoney 2007; Rai et 
al. 2011). 
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Figure 8. Typical welding tool with truncated cone pin and concave shoulder (Mishra 
& Mahoney 2007).  
 
The tool material is ideally non-consumable in order to maintain the tool features and to 
avoid contamination of the weld with the tool trace material. The required properties for 
tool materials include: 
 

 sufficient strength at welding temperature 
 wear and creep resistance 
 fracture toughness at ambient and welding temperatures 
 high temperature fatigue strength 
 inertness to the material to be welded 
 thermal stability 
 good friction compatibility with the base material. 

(Rai et al. 2011). 
 
The basic shapes of the shoulder are flat, concave or convex. Different shapes or 
features in the shoulder affect process stability, welding parameters, surface quality and 
material flow. Tool shoulders are designed to produce heat (through friction and 
material deformation) to the surface and subsurface regions of the workpiece. The 
shoulder also produces the downward forging action necessary for weld consolidation 
(Mishra & Mahoney 2007). 

4.1.3  Welding parameters 

For FSW, two parameters are very important: tool rotation rate (ω, rpm) in clockwise or 
counter clockwise and welding speed (v, mm/min) along the joint line. The other main 
parameters are plunge force and the tools tilt angle. The welding tool and its shape can 
also be kept to one parameter in some cases (Lohwasser & Chen 2009). 
 
Tool rotation rate results in stirring and mixing of the material around the rotating pin 
and the translation of the tool moves the stirred material from the front to the back of 
the pin and finishes the welding process. The higher tool rotation rates generate higher 
temperatures because of the higher friction heating and result in more intense stirring 
and mixing of the material. Rotation rates can vary be between 100–2000 rpm or even 
higher (Lohwasser & Chen 2009). 
 
Welding speed has effects on heat control and also the appearance of the weld. 
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Both tool rotation rate and welding speed have an effect together on the thermal input 
and the mechanical properties. The maximal welding speed is related to the friction 
coefficient between the tool and the material. The spindle speed / travel speed ratio, 
sometimes called “pitch”, is introduced. At a constant pitch, the material flow is similar 
and a comparable weld quality can be achieved. (Lohwasser & Chen 2009). 
 
Tilt of the spindle towards the trailing direction ensures that the shoulder of the tool 
holds the stirred material by the threaded pin and moves material efficiently from the 
front to the back of the pin. The recent development of a ‘scrolled’ tool shoulder allows 
welding with a 0° tool tilt. (Lohwasser & Chen 2009). 
 
Plunge force affects the depth of the tool into the workpiece and can also be called the 
target depth of the tool. When the insertion depth is too shallow, the shoulder of the tool 
does not contact the original workpiece surface. The rotating shoulder cannot move the 
stirred material efficiently from the front to the back of the pin, resulting in the 
generation of welds with an inner channel or surface groove. When the insertion depth 
is too deep, the shoulder of the tool plunges into the workpiece creating excessive flash. 
(Lohwasser & Chen 2009). 

4.1.4  Controlling of the welding process 

In order to produce welds without defects, the process needs appropriate control. 
Defects are mainly formed due to incorrect plunge depth or stir zone temperature. 
Control using FSW is normally based on force, position or temperature control. These 
methods can also be combined in the same system. (Mishra & Mahoney 2007). 
 
Position control can be used in applications where the tool produces acceptable results 
over a wide range of forces. This control method can be used where the material 
thickness and position of the material is very consistent from part to part. (Mishra & 
Mahoney 2007, Lohwasser & Chen 2009). 
 
Force control is needed in an FSW process when the axial force is very sensitive to the 
application method. A typical situation is in full-penetration butt welds where it is 
critical to have uniform penetration or there is variation in the thickness of the material 
or the position or the workpiece is liable to change from part to part. With force control, 
a measured force in the tool is used as a feedback signal for the controller. (Mishra & 
Mahoney 2007, Lohwasser & Chen 2009). 
 
Temperature control is quite rare nowadays but the number of applications or needs is 
growing. The reason for this is that the most popular welded material, mainly 
aluminium, has quite a large process window. When welding material with a higher 
melting temperature process window becomes more critical and narrower. In addition, 
more complex geometries of welding objects will result in non-uniform thermal 
boundary conditions and thus also a need for welding temperature control. (Cederqvist 
et al. 2012; Mishra & Mahoney  2007; Lohwasser & Chen 2009). 
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4.2  Typical welding defects 

As FSW is a solid state joining process, the welding defects differ from fusion welding. 
In FSW, typical defects occur as a consequence of either imbalances in material flow or 
geometric factors associated with the position of the tool in relation to the joint. 
Imbalanced material flow is mainly due to too cold or too warm welding conditions and 
geometric factors are typically incorrect tool placement in relation to geometric features 
in the joint. Defects are normally continuous the entire length and located on the 
advancing side of the joint. There is also a potential risk for oxide formation in the 
surface layer or weld nugget. (Lohwasser & Chen 2009). 
 
This chapter has been explained typical welding defects for FSW. Chapter 5.7 explains 
more precisely the usual welding defects concerning the friction stir welded copper 
canister.  

4.2.1  Cavities 

Cavities, also known as voids or wormholes, are volumetric, contain no material and are 
aligned to the welding direction and can be usually found on the advancing side (an 
example and figure from a standard is shown in Figure 9). In some cases, voids are 
formed between the weld nugget and TMAZ. Cavities can occur from a lack of surface 
fill and can be observed by visual inspection; sometimes defects can be found by 
looking directly into the exit hole after the tool is retracted from the workpiece. The 
higher the temperature achieved during welding, the more viscous the material and 
therefore the more easily it will flow and “fill in” these cavities. Conversely, the cooler 
the material, the more it will stick to the pin as it rotates and leaves these cavities 
behind. (Lohwasser & Chen 2009; Savolainen 2012). 
 
 

  

Figure 9. An example of a double-sided Cu-DHP FSW weld with cavities on the 
advancing sides of the welds and principle of the defect in standard ISO 25239-5 
(Savolainen 2012, ISO 25239-5). 

 

4.2.2  Joint line hooking 

The hooking defect can be seen mostly in the thermo-mechanical affected zone of the 
advancing side when the sheet's interface is pulled up into the top sheet, as shown in 
Figure 10. This hooking effect can be typically found in lap joints but can also be found 
in other joint geometries. This defect causes a local thinning in the top sheet and 
decreases the joint strength. Joint line hooking can be minimised by reducing the flow 
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of material in the area by reducing the depth of penetration of the tool probe or by 
changing the flow direction of the material by changing the rotation direction of the 
tool. (Lohwasser & Chen 2009; Ronneteg et al 2006; Savolainen 2012). 
 

 
Figure 10. Drawing of joint line hooking at the lap joint according to standard ISO 
235239-5.  

4.2.3  Lack of penetration 

Lack of penetration, sometimes referred to as a lack of fusion, facilitates only partial 
bonding of the joint, in other words, the bond is not achieved for the entire thickness of 
the workpiece (shown in Figure 11). The primary reason for LOP is a too short tool 
probe. It can also be caused by a too low plunge depth, plate thickness variation, 
improper tool design or offset from the centreline condition where the joint is missed. A 
lack of penetration is a quite rare defect if the process is well handled by the operator or 
controlling system. (Lohwasser & Chen 2009). 

 

 

Figure 11. Lack of penetration in copper and principle drawing from standard ISO 
25239-5 (Savolainen 2012;  ISO 25239-5). 
 
Incomplete penetration can be detected only with ultrasonic testing. In copper canister 
friction stir welds the root is not accessible and therefore defect detection in the root 
area is more demanding. If a lack of penetration would exist in the canister weld, it 
reduces the corrosion barrier. (Ronneteg et al. 2006). 

4.2.4  Porosity 

Pores have been found in copper friction stir welds. Single pores are 0.1–0.5 mm in 
diameter, pore lines up to 9 mm in length have been found, and they can be formed in 
all parts of the weld. Pores are due to incorrect welding parameters, especially too low 
tool plunge depth. In canister welding tests only single small pores have been observed 
in certain welds when welding was done inside the process window. Near-surface 
clustered porosities are often machined off when the lid is machined to its final 
dimensions. (Ronneteg et al. 2006). 
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Figure 12. Pores in the overlap zone of a 50 mm thick copper FSW weld (Ronneteg et 
al. 2006). 
 
The detectability of a pore size less than 0.5 mm is low with NDT methods; however, in 
some cases it is possible to detect them, depending on the pore sizes and the number of 
pores, using ultrasonic and radiographic testing. In 50 mm thick copper welds the 
detectability is minimal with ultrasonic and radiographic testing, only surface pores can 
be detected quite easily with visual or eddy current testing. The only certain way of 
detecting them is metallurgical examination. (Ronneteg et al. 2006). 

4.2.5  Flash 

Flashes are excessive expulsion of material on the top surface leaving a corrugated or 
ribbon-like effect along the retreating side that is generated under too hot process 
condition or too high weld pitch. Flashes are caused by excessive forge load or plunge 
depth, thickness mismatch between the advancing side and retreating side. (Savolainen 
2012; Lohwasser & Chen 2009). 
 
 

 

Figure 13. Flash around an exit hole in a copper canister and principle drawing from a 
standard.  
 
An excessive surface lack of fill may result in a reduction in mechanical properties and 
lead to a thinning of the material thickness. Flashes can be noted in visual inspection. 
(Lohwasser & Chen 2009). 

4.2.6  Entrapped oxide particles or oxide inclusions 

Entrapped oxide particles consist of a semi-continuous layer of oxide particles along the 
joint line. They are due to insufficient cleaning of the butting surfaces prior to welding 
or insufficient breaking and mixing of the original oxide layers on the butting faces. The 
shape of the feature formed by the oxide particles vary depending on, for example, the 
base material, shape of the tool, and welding parameters. The formation of entrapped 
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oxide particle lines can be prevented by using sufficient gas shielding, decreasing the 
traverse speed, increasing the rotation speed, or placing the butting faces on the 
advancing side of the tool where more efficient mixing occurs. Improvements in the 
tool design can also disrupt the oxidized layers more efficiently. (Lohwasser & Chen 
2009). 
 

 
Figure 14. Typical shape of the oxide particles in thick copper. Picture is taken from 
double-side welded Cu-OF test piece (Savolainen 2012). 
 
It has been noticed that oxide removal using nitric acid or the use of gas shielding 
reduces the amount of entrapped oxide particles, and that the best results are obtained 
when using both methods simultaneously. The need for oxide removal can be avoided 
when components are machined without cutting fluids. (Savolainen 2012). 

4.2.7  Tool trace material 

Tool traces can be found from weld material and they originate from tool wear caused 
by high temperatures and process forces. The size of the particles of tool material < 300 
µm traces has been found from welds. The location of traces is usually near the surface 
but also distributed throughout the weld zone. (Ronneteg et al. 2006). 
 

 

Figure 15. Traces of foreign material (W) near-surface in unmachined lid weld 20 
(Ronneteg et al. 2006).  
 
The surface treatment of tools has reduced trace levels. In metallurgical examination it 
has been observed that at the moment the composition of impurities in the weld is very 
low. Traces can be detected mainly by chemical analysis. (Ronneteg et al. 2006). 
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5  INITIAL STATE OF THE WELD MATERIAL 

The results from measuring and tests of the weld material show that the material 
properties conform to the specified values and the variations between the material 
composition of welds and copper components are small. It must be observed that 
mechanical properties and the chemical composition of the base material derive from 
the manufacturing methods of the copper components. Currently, SKB is using forging 
for a lid and extrusion for the tube as the manufacturing method. Posiva's reference 
method for manufacturing the tube is the pierce and draw method, which results in 
lower mechanical properties caused by the manufacturing method.  
 
The short-term properties of the weld material are divided into different parts: chemical 
properties and mechanical properties.  

5.1  Chemical composition of the weld material 

The tools in friction stir welding have an impact on the chemical composition of the 
weld material. Probes with different kinds of geometries and features wear during 
welding and because of that traces of probe material can be found in the weld. 
 
Currently, the probe material is a nickel-based super alloy and in the shoulder a tungsten 
alloy. The commercial names for these components are Nimomic 105 and Densimet 
D176. From the canister weld material traces of nickel, cobalt and chromium, which are 
alloys of the probes material, have been found during early development phases. Wear 
of the probe has been reduced by simplifying the shape of the probe and also with 
surface treatment of the probe. The surface treatment is at the moment chrome nitride 
and it is applied through the PVD. Gas shielding also has an effect on the wear of the 
welding tool where it mainly affects the shoulder with no visible wear after welding 
(Cederqvist 2009; Cederqvist 2011). 
 
Table 2 shows the chemical composition of welds before and after surface treatment of 
the probe. Figure 16 shows the measuring points. The values of the weld are divided 
into three different depths from the surfaces with strokes in the table. Note that the 
demand for phosphorus content is larger than the standards value for OFP-Copper to 
ensure sufficient creep ductility in the final disposal environment. (Cederqvist 2009). 
 
From the results it can be seen that in all measured points of the weld material, the 
phosphorus content remains within the specified limits, which is 30–70 ppm.   
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Figure 16. Placement of measuring points concerning chemical composition. 
 
Table 2. Chemical composition of base and weld material. Different depths are divided 
by dashes in weld 1. Placements are on the normal weld line and overlap area in the 
weld (Cederqvist 2009; Brosius 2009). 

Standard Type P, ppm S H ΣCo+Fe+Ni+Si+Sn+Zn ΣAs+Cd+Cr+ 
Mn+Sb 

EN 1976 OFP 30 - 70 1) <8 < 0.6  ≤ 20 ≤ 15 
 
Weld without surface treatment of the probe 
Weld  P, ppm S H Ni Co Cr 
1 Base  59 4 0.5 1 < 1 < 1 
1 Weld 65/52/56 4/6/5 0.3/0.3/0.3 2/0.8/6 0/0/1.3 0.1/0.2/1.2 
1 Overlap 58/50/61 6/6/5 0.2/0.4/ 2/2/6 0.2/0.2/0.9 0.3/0.7/1 

 
Weld with surface treatment of the probe 
2 Base  44 <5 0.4 <1 <1 <1 
2 Weld 47 <5 0.3 <1 <1 <1 
2 Weld 56 <5 0.3 <1 <1 <1 

 
Oxidation of the weld material has been tested from canister welds which are welded 
with and without a shielding gas atmosphere with the same principle as shown in Figure 
16 with different depths. The results are shown in Table 3. 
 
Table 3. Oxygen content of the weld material with and without shielding gases. 
Measuring is done at different depths. Placements are on the normal weld line and 
overlap area in the weld (Cederqvist 2009). 

Weld no. 
Placement 
at weld 

Point 1 
O , ppm 

Point 2 
O, ppm 

Point 3 
O, ppm 

Point 4 (base 
material) O, 
ppm 

Without shielding gas 
27 weld 9 2 4 1 
27 overlap 6 44 31 1 
35 weld 4 6 3 2 
35 overlap 7 5 4 2 
With shielding gas 
51 weld 2 2 2 1 
51 overlap 2 2 2 2 
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5.2  Mechanical properties of the weld material 

Mechanical testing has been done so far from five welded lids. Transverse test samples 
have been taken from different parts of canister welds. Table 4 shows the results from 
these tensile tests. Three test pieces from weld n. KL131 were tested at 100°C. From the 
results it can be seen that the mechanical properties of the weld material are almost 
similar to the base material in the copper components; normally test pieces break in the 
HAZ outside the weld. The average values of the tests are shown in Table 4 (Cederqvist 
2009). 
 
Table 4. Average values of mechanical properties of weld and base material. Rp0.2 = 
yield strength, Rm = tensile strength, A = elongation (Cederqvist 2009). 

 Testing tem p ̊C Rp0.2 [MPa] Rm. [MPa] A. [%] 
Demand set by VAHA room - - > 40 
Base material, average room 76 206 51 
Weld room 75 207 51 
Weld 100 C 69 198 45 

 
All results from mechanical tests that are done so far are gathered in Figure 17.  
 

 

Figure 17. Mechanical properties of weld material compared to base material at room 
temperature. The dashed line is marked as the average values of the base material. BM 
= base material and W = weld material (Cederqvist 2009). 
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5.3  Grain size of the weld material 

Grain size works as an indicator of the mechanical properties, but for canister 
inspections it has been given its own value because of the need for NDT, especially on 
the detectability of defects in ultrasonic testing, which has been set to less than 360 µm. 
Welds that have been tested so far show that the average grain size is 75 µm. 
(Cederqvist 2009). 
 
Figure 18 shows the measurement results of welds at different depths. It can be detected 
that grain sizes have small variations when measured at different depths where the grain 
size is larger at the upper part of the weld and smaller in the root area. This variation is 
caused mainly by a higher temperature in the surface layer caused by the tool's shoulder, 
which has a larger area to produce frictional heat than the probe. (Cederqvist 2009). 
 
 

 
 
Figure 18. Grain sizes of the canister welds. Dimensions represent depth of the 
measuring point measured from the surface. The average values of the different 
measuring points 10, 25, 40 and 75 mm are 96, 58, 48 µm (Cederqvist 2009). 
 

5.4  Hardness of the material 

The hardness of material has been measured from two different samples. Figure 19 
presents results from lid no. FSWL75. Hardness increases when moving radially 
inwards from the surface. These results support grain sizes measured from the weld 
where the grain size is larger on the surface area of the weld and decreases when 
moving inside radially. This is mainly caused by heat produced by the tool shoulder. 
(Karlsson 2010). 
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Figure 19. The tube is shown in the upper left corner and the weld at the centre and the 
upper part surface of the canister. The values as HV1 and the distance between the 
measuring points is ~7.5 mm (Karlsson 2010). 
 
 

5.5  Residual stresses and distortion after welding 

After welding and other high temperature processes, residual stresses appear in the 
material. There are many factors that influence the distribution and magnitude of these 
stresses: the physical and mechanical properties of the material, structural dimension, 
restraint conditions and welding parameters such as heat input. It must also be taken 
into account that the material properties vary across the welds and that the properties are 
temperature dependent. This is even more characteristic for pure copper because of its 
low yield strength.  
 
The interest of residual stresses in the copper overpack is primarily related to the 
possibility that stress corrosion might appear for unforeseen reasons or that 
disadvantageous deformation might take place. It should be noted that the material's 
yield strength has an effect on residual stresses, because a material with a high yield 
stress does not deform plastically as easily as a softer material (King & Newman 2010). 
 
Concerning residual stresses, there have been measurements performed for two different 
methods: X-ray diffraction and hole drilling strain gauge. Some information is given 
about residual stresses when the distortion caused by welding is measured from the 
upper part of the welded lid.  
 
The conclusions of the residual stresses on the surface of the weld are shown in Table 5. 
It can be seen that the cylinder copper canister distribution of residual stresses are not 
even.  
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Table 5. Summarized results from different measurements, values are in MPa (Raiko et 
al. 2010). 

Position XRD HD 
Lid centre, outside -57 to -45 -29 to 5 
Lid centre, inside -56 to 2  
Bottom centre, outside   
Centre part of canister, outside  -45 to 5 
Lids weld line, 0 - 360  ̊ -36 to 6  
Weld line below surface, 7 - 30 mm -8 to 39  
Bottom weld, HAZ  - 47 to -3 
 
Because of the deviation in the measurements between different methods and the 
modelling results, full agreement is not to be expected. It should be noted that the 
results of the simulations presented in Chapter 6.1.1 where it is pointed out that 
compressive stresses in the final disposal environment will rise above the residual 
stresses and this will affect stresses in weld material do not affect creep properties. 

5.5.1  Macroscopical deformations and distortions 

There has not been done any systematic research concerning macroscopical 
deformations. 
 
Distortion of the canister caused by welding has been measured from four lids where 
the centre part of the lid presses down about 0.1–0.3 mm. This can be considered a 
relatively low value—for example, when compared to the values of the EB weld where 
distortions are typically 2 mm. Measured residual stresses at the centre part of the lid are 
typically compressive on the outside and tensile on the inside of the lid.  

5.5.2  Measurements of residual stresses 

In the HD measurements the holes with a depth of 1.9 mm and a diameter of 1.6 mm 
were drilled with a milling guide using a high-speed air turbine and special cutters. 
Strain gauges were bonded to the canister for the strain measurement. The maximum 
and the minimum principal stresses as well as von Mises stresses were measured at 
chosen positions on a full-scale canister surface (see Table 6). The highest stresses were 
found from the lid's side HAZ area at the bottom of the canister, those stresses are 
compressive. (Kjell 2007). 
 
It should be observed that from the measurements residual stresses have also been found 
from the centre part of the canister, which raises some uncertainty about these 
measurements. (Kjell 2007). 
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Table 6. Measured residual stress using the HD method (Kjell 2007). 

Lids 
Min/Max 
[MPa] 

    

Upper lid -29 / 5     

Bottom lid -31 / -24     

      

Top of canister 0  ̊ Min/Max  37  ̊ Min/Max  90  ̊ Min/Max  180  ̊ Min/Max  270  ̊ Min/Max  

Weld line 1 / 11 -15 / -12 -24 / -10 -12 / -11 3 / 11 

Bottom of canister      

HAZ on the lid's side -7 / -3 -23 / -15 -17 / -9 -28 / -5 -47 / -39 

HAZ on the tube's side -7 / -5 -16 / -15 -29 / -14 -11 / -4 -17 / -10 

Canister central area - 27 / 5  -41 / -5 --27 / 2 -31 / 1 

 
In the XRD measurements, the residual stresses were determined by a computer-
controlled X-ray diffractometer where the dimensions of the irradiated areas were 3 x 5 
mm, 3 mm in the direction of measured stress. Two different projects have been carried 
out to measure the friction stir weld by XRD. In the first one the preparation differed 
from the second test's arrangement concerning the depth of the electrolytic polishing. In 
the first tests the depth of the polishing was at least 115 µ. (Jaensson 2005). 
 
A residual stress profile caused by final machining was studied by XRD during the 
second research project for assessment of the necessary electro-polishing depth for 
welded test pieces. The studies used two different machining methods: peripheral 
milling and end milling. Peripheral milling causes tensile stress in the outermost layer 
and after a depth of 50 microns changes slowly to compressive stress. In end milling the 
surface residual stresses are compressive and gradually change with depth to a slightly 
tensile stress within 200 µm. (Jaensson 2005). 
 
In the centre of the lid, the residual stresses were measured in two perpendicular 
directions on the inside and the outside. Specimens was prepared by cutting the top part 
from a welded canister-like structure possessing a lid and a 500-mm-long cylindrical 
tube and by machining the cut part to its final dimensions, comprising a lid and a 100-
mm-long cylinder. The XRD measurements through the thickness were prepared by 
shank end milling of 10 mm wide recesses with depths of 7, 14, 22, and 30 mm below 
the specimen surface in three different locations around the specimen. Measurements of 
the weld were carried out 71 mm from the edge of the lid. From this area the highest 
axial tensile residual stresses were found, which are the most critical considering stress 
corrosion. The weld line is located approximately 60 mm from the lid's edge. The 
results are shown in Table 7. It can be seen from the results that the axial residual 
stresses are mainly compressive and gradually change with depth to a wide tensile peak. 
The values from the surfaces are divided into two different parts where the preparation 
differs. (Jaensson 2005). 
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Table 7. Results from XRD measurements at different part of the welded canister. 
Surface 1 shows results from the lower polishing depth than surface 2 (Jaensson 2005). 
 0  ̊ 30  ̊ 60  ̊ 90  ̊ 120  150  180  210  240  270  300 330 

Weld area, 71 mm below edge of 
the lid 

         

Surface 1 6±16 -9±8 4±11 -9±6 -14±9 -1±9 -30±13 -36±7 -29±5 -25±5 -18±3 -18±14 

Surface 2 6±16    -14±10   -36±6     

Areas measured from edge 
of the lid 

          

7 mm 15±5    19±12   1±4     

14 mm 6±16    37±18   -4±11     

22 mm -6±10    39±23   20±5     

30 mm 17±12    21±9   -8±5     

Centre of the lid            

Inside 2±16   -56±20         

Outside 6±16   -57±20         

5.5.3  Finite element analysis of residual stresses 

Studies carried out using the finite element method used two different approaches. A 
computational fluid dynamics supported heat transfer model and a moving heat source 
controlled heat transfer model, were involved in the simulation of heat transfer in FSW 
from the upper and lower part of the full size canister welds.  
 
The parameters were set as in a normal situation concerning the welding tool—the 
dimensions of the full size 4835 mm long copper canister. An illustrated welding 
simulation can be seen in Figure 20, where the welding tool is moving around the full-
sized canister weld line at the lower and upper part. The temperature distribution is 
shown as Kelvin. (Jin & Sandström 2011). 
 

 
Figure 20. Temperature field of the heat transfer simulation at the upper and lower part 
of the canister welding (Jin & Sandström 2011). 
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For comparison, HD measurements of the stresses from FEM models were taken 18.5 
mm above and below the bottom weld line and along the lid weld line. Both tensile and 
compressive stresses emerge on the outer surface. In models along and above the weld 
line the FEM results show rather good agreement with the HD measurements; whereas 
distinct deviations exist in some circumferential positions below the weld line. It can be 
observed that the maximum tensile stress, whether it is predicted by the FEM or 
measured by the HD, does not exceed 50 MPa. The results are shown in Figures 21 and 
22. (Jin & Sandström 2011). 
 
The waveform distribution of the simulation around the circumferential direction should 
also be observed. The exact reason for this distribution is still open. 
 

 
Figure 21. Residual stress distributions computed by FEM and measured by HD 
around the circumference of the lid weld line (Jin & Sandström 2011). 
 
 

 
Figure 22. Residual stress distributions computed by FEM and measured by HD 
around the circumference that is 18.5 mm above and below the bottom weld line (Jin & 
Sandström 2011). 
 
For a comparison of the FEM and XRD results, Figure 23 shows the circumferential 
stresses at 0 angle on the outer surface from different distances from the weld line. 
There is quite a lot of deviation in the results—in some cases the trends differ between 
measured and simulated values.  
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Figure 23. Measured and computed as a function of distance from the weld line with 
deviations (Jin & Sandström 2011). 

 
During the XRD measurements the highest stresses were found from 71 mm from the 
edge of the lid, which is 11 mm below the weld line. Figure 24 shows these values and 
compares them to the simulations.  
 

 

Figure 24. Comparison of measured and simulated circumferential stresses 11 mm 
below the weld line (Jin & Sandström 2011). 
 
Overall, it can be said that the simulation results are only roughly comparable to the 
XRD measurements. The estimated reasons for the deviations between the FEM results 
and the XRD measurements is caused by the cutting and machining process involved in 
the preparation of XRD specimens.  (Jin & Sandström 2011). 
 
The FEM results indicate that the residual stress distribution in a thick-wall copper 
canister is sensitive to the circumferential angle and asymmetrical to the weld line. Both 
tensile and compressive stresses emerge along the weld line and its vicinity. The 
maximum tensile stresses appear in the circumferential direction on the outer surface. 
(Jin & Sandström 2011). 
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5.6  Micro/macrostructure of the weld 

Figure 25 shows a macroscopic specimen of the 50 mm thick copper canister weld and 
the different zones of the weld material. The reason for the different colour and 
structure of the components on each side of the weld in Figure 25 is that the lid has been 
made by forging and the tube by extrusion.   

 

 

Figure 25 Macroscopic picture of the 50 mm thick Cu-OFP FSW weld. The lid is on the 
upper side and the tube is on the lower side. The retreating side is on the lids side. 
(Savolainen 2012). 
 
Pictures were taken of test lid FSW69 of the microstructure of the weld material and 
estimated their sizes. All sections have a fine grained recrystallized structure and from 
the grain size the same phenomena can be observed as was seen earlier where the grain 
size differs at a different depth in the weld material (see Figure 26). (Brosius 2009). 
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Figure 26. Pictures from microscopic examinations of weld lid FSW96 of the nugget 
zone. The fields in the pictures contain the number of the specimen, the depth of the 
pictures measured from the surface of the weld at the centre line and the average grain 
size of each area. Field 4 represents the base material (Brosius 2009). 
 

5.7  Defects in the copper canister weld 

During the welding trials with FSW at the Canister Laboratory three types of 
discontinuities have been found using the relevant process parameter settings. Other 
typical defects concerning FSW are discussed in Chapter 4.2. Although some of the 
defects described below occur in many cases only under extreme conditions (outside the 
process window), they must be taken into consideration. Pictures concerning the 
welding defects were taken from a report published in 2004. Figure 27 shows the typical 
welding defects in copper canister weld material and their placement—some specific 
defects are dealt with in Chapter 4.2. 
 
 

4 - 58 mm - 45 µm 3 - 40 mm - 40 µm 

2 - 25 mm - 70 µm 1 - 10 mm - 90 µm 
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Figure 27. Possible welding defects and their locations when welding copper canister 
(Ronneteg et al. 2006). 
 
 
Figure 28 shows the results of a post-demonstration series carried out in 2006 with an 
updated tool design and welding inside the set process window concerning intact wall 
thickness. The only observed welding defect was joint line hooking. (Ronneteg et al. 
2006). 
 

 

Figure 28. Measured intact wall material from test series carried out in 2006 with a 
state-of-the art welding tool. The length of the welding defects in radial direction are 
shown in the right side axis and the intact wall material thickness on the left side 
(Ronneteg et al. 2006). 
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5.7.1  Cavities 

SKB's earlier research has shown up to 10 mm extent in the radial direction when 
welding variables are outside the process window. The extent in the tangential direction 
is less than 10 mm, although clusters of defects can have a much greater tangential 
extent. Cavities are usually formed from the surface down to a depth of 10 mm on the 
advancing side of the tool. Cavities reduce a canister's corrosion barrier. Typical shapes 
of cavities are irregular with uneven surfaces (see Figure 29). They usually consist of 
clusters with dense defects in the tangential direction with a primary extent in the 
radial/axial direction. In cases where the welding variables are far from the process 
window, wormholes may merge into volumetric discontinuities. Currently, the typical 
sizes of the voids are less than 3 millimetres. (Ronneteg et al. 2006). 
 

 

Figure 29. Macrospecimen of cavity in copper canister weld material (Ronneteg et al. 
2006).  
 
Internal cavities can be found using radiography and ultrasonic testing, and even with 
eddy current testing if the ligament is small enough for the limit of detectability. 
Cavities can only be detected by radiography in extreme case when they form a 
volumetric defect. Visual testing detects surface breaking cavities, but the inspection 
speed must be adjusted for reliable detection. (Pitkänen 2010;  Ronneteg 2006). 

5.7.2  Joint line hooking and joint line remnant 

In copper canister welds two different shape and size crack-like welding defects have 
been found; the estimated size and placement of these two defects are shown in 
Figure 30.  
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Figure 30. Placement of joint line hooking in the lower part of the weld nugget (letter 
b). Radial crack-like of defect in the upper part of the weld nugget (letter c).  
  
Hooking occurs in the internal part of the weld at the weld root and as a consequence of 
the bending of the vertical joint between the tube and the lid during welding. The 
typical shape of joint line hooking is shown in Figure 31. The flow of material causes 
the vertical joint line to be pulled out in the horizontal direction. The size of the JLH is 
linked to the penetration of the tool probe. If the tool is plunged too shallow into the 
material, the joint line will not be forged all the way into the lid, leaving a gap in the 
corrosion barrier. On the other hand, if the plunge depth is too deep, there is a greater 
risk that the interface bent outwards, decreasing the corrosion barrier. (Ronneteg 2006). 
 

 

Figure 31. Macroscopic specimen of JLH (Brosius 2004). 
 
In the canister all welds have this defect at the overlap sequence because of the warmer 
material during welding and the way tool goes deeper into the base material. In extreme 
cases these defects extend along the entire weld revolution. It should be noted that no 
correlation between the tool temperature and the size of JLH has been found. (Ronneteg 
et al. 2006). 
 
There have been done two different kinds of development series with 20 welds. In these 
series the tool geometry has been optimized to reduce the size of the joint line hooking. 
The size of the defect has been reduced from the maximum of 4.5 mm to the maximum 
of 1.5 mm by shortening the tool probe and/or by using a mirror-image tool probe. 
Figure 32 compares the measured size of the hooking between these test series. 
(Ronneteg et al. 2006). 
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Figure 32. Comparison between two different demonstration series concerning the 
length of the joint line hooking in radial direction measured by NDT (Ronneteg et al. 
2006). 
 
Based to NDT testing and statistical modelling in the 20 welding demonstration series 
with an optimized probe there is a statistical analysis and prediction of future production 
quality by SKB with their planned volumes. The best estimate of the maximum JLH 
defect for both sealing and base weld fabrication of 6,000 canisters is equal to 1.53 mm. 
Adding the uncertainty to the parameter estimate, the maximum size will not exceed 
2.24–2.27 mm (95% confidence limit). (Ronneteg et al. 2006). 
 
In the upper part of the weld nugget a crack-like welding defect has been found, which 
is called as a lack of fusion. It occurs when the tip of the probe transfers the vertical 
joint to the upper part of the weld nugget and typical length is 1-2 mm. The direction of 
this defect is only axially and does not reduce the required intact material thickness. 
Currently, this defect has not been observed by NDT but the reason for it is that the UT 
inspection is done for the upper part of the lid. The defect could be found when the 
inspection is done from the side of the canister. Research work is still ongoing 
concerning NDT and the removal of the defects. This defect could be avoided or 
minimized by optimizing the horizontal position of the probe or the probe length.  

5.7.3  Oxidation 

Entrapped oxide particles form a line, generally in a zigzag pattern. The line travels 
partially or completely through the weld. The particles are usually located at the grain 
boundaries. The amount and connectivity of the particles decrease with increasing 
distance from the root of the weld due to the more efficient mixing near the shoulder of 
the tool. Oxides of < 300 μm length have been detected. (Ronneteg et al. 2006). 
 
In critical applications, when the amount of entrapped oxide particles needs to be 
minimized, shielding gas during FSW or oxide removal prior to welding can be used. 
However, oxide removal from the butting faces prior to welding is harmful, unless 
shielding gas is used during welding. Removal of the protective oxide layer leads to 
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increased oxidation of the butting faces and an increased amount of entrapped oxide 
particles. Additionally, the use of shielding gas makes the process more stable with 
fewer variations in power input and torque. (Savolainen 2011). 
 
Figure 33 shows two typical examples of the oxide remnants in weld material when 
welding is done without shielding gas. The oxide layer turns dark and vanishes into the 
grain boundary when etched. Only the really large particles remain visible. Oxides can 
also concentrate in the welding defects. (Brosius 2011). 
 

 

Figure 33. Etched surface of the longitudinal specimen and oxidation area 
concentrated at the the void. Specimens were welded without shielding gases and it 
should be noted that the test specimens were prepared in a hydrogen environment at an 
elevated temperature, which increases the sizes of the oxides (Brosius 2004). 
 
The material composition in the welds has been examined in six samples taken from 
three welds from the welding demonstration series and in three samples from one weld 
produced in argon gas. Analyses of the welds produced in air showed a mean oxygen 
content (with standard deviation) of 11.1 ± 12.2 ppm. The high standard deviation can 
be explained by the highest measured oxygen content, which varies from 9 ppm in the 
steady-state sequence to 44 ppm in the overlap sequence. In the weld produced in argon 
gas the highest measured oxygen content was 2 ppm and the mean oxygen content (with 
standard deviation) was 1.8 ± 0.4 ppm (see Table 8 for the results) (SKB 2011). 
 
Table 8. Chemical composition of weld material where oxide content is compared with 
and without gas shielding during welding.(SKB 2011). 

Material Specification Mean value Standard deviation 
Cu (%) > 99.99 > 99.99 0 

O (ppm) air < 5 ppm 11.1 12.22 
O (ppm) argon < 5 ppm 1.8 0.4 

H (ppm) < 0.6 0.31 0.09 
P (ppm) 30–70 56 5 
S (ppm) < 12 4.4 1.2 
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In addition, the influence of oxides formed at the inner lid/tube interface (at the root of 
the weld zone) on weld integrity is under investigation (SKB 2011). However it can be 
said that argon shielding has beneficial effects on the amount and distribution of the 
oxide particles in weld area.  
 
In the Finnish study the oxide trails or other defects had accumulated at the bottom of 
the tests specimens, which were welded without shielding gases. This was given as the 
reason as why radial cross-weld specimens showed reduced rupture times. (Auerkari et 
al. 2010). 
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6  LONG-TERM PROPERTIES OF WELD MATERIAL 

The corrosion resistance of the weld has to be high enough to meet Finnish regulatory 
requirements, i.e. the corrosion barrier has to last at least several thousand years. The 
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 the maximum allowable defect size in the weld and the minimum 
thickness of the intact material. It has also been estimated that corrosion will be less 
than a few millimetres within 100,000 years. (Posiva 2009).  
 
From a mechanical point of view, copper material is soft and will creep in repository 
conditions. Creep is a tendency of material to deform under mechanical loads. Creep 
ductility has to be high enough to withstand creep deformation. Short-term ductility has 
to also be good, because the rock shear caused by earthquakes can deform canisters in 
the repository. A creep strain level of a minimum of 10% and a plastic strain level of a 
minimum of 30% has been proposed. (SKB 2006).  
 
The chemical composition of the weld material should be such that creep ductility and 
corrosion properties do not impact on long-term safety. The right chemical composition 
of Cu-OFP 30-100 ppm phosphorous, and less than 8 ppm sulphur levels, has to be 
fulfilled in the weld material. 

6.1  Creep strength 

There is initially a gap of approximately 2 mm between the iron canister and the copper 
shell. This gap will close slowly during the first 200 years due to the hydrostatic 
pressure from the water on the outside of the deposited canister. This deformation 
should take place without cracks being formed in the copper. The estimated temperature 
of the spent fuel during this timeframe is around 80–90°C and is high enough to activate 
creep in the copper. The gap will thus close given that the creep ductility of the material 
is high enough. Of special consideration are the lid welds. It is imperative that the welds 
have sufficient creep ductility to be able to deform without cracking. (Andersson et al. 
2005). 
 
In creep testing it has been observed how much oxidation in the weld material affects 
the weld's creep properties. It should be noted that all used tests pieces were welded 
without shielding gas.  

6.1.1  Modelling 

Long-term creep FE-modelling is carried out by exposing the canister to an applied 
external pressure of 14 MPa at a temperature of 80°C. The maximum principal stress 
distribution after 0.3 hours is shown in Figure 31, where the maximum stress point 
inside the FSW in the compressive stress region is an anomaly. Compression of the lid 
against the inner vessel causes tensile stresses in the middle of the upper surface of the 
lid. The most heavily stressed locations are the FSW joint rebate tip region and the outer 
surface of the FSW as shown in Figure 34 (Rantala et al. 2012). 
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Figure 34. Maximum principal stress distribution after 0.3 h in the final disposal 
environment (Rantala et al. 2012). 
 
The state-of-the-art analysis also suggests that the cylinder will come into contact with 
the insert already during loading. These initial results suggest that the stresses relax very 
rapidly at the outer perimeter of the lid, where the critical stress areas are located. In 
Figure 35 the rapid decrease of the maximum principal stress in the middle of the FSW 
on the outer surface is shown. The estimated timetable of the creep life is: 
 
1 The initial stress peak relaxes quickly and then the stress level stays practically 

constant up to 105  hours (11 years). During this time the cylinder creeps against the 
insert and this keeps the stress level in the FSW constant.  

2 After 105 hours the cylinder is in contact with the insert except close to the lid where 
the air gap remains. The lid/cylinder contact point is the lid corner which is 
compressed against the cylinder.  

3 A maximum principal strain of 3.1% is reached after 56,100 years 
(Rantala et al. 2012). 
 
The maximum principle strain is much lower than according to the earlier reports. In the 
middle of the FSW on the outer surface the strain reaches a value of only 0.42% during 
loading  and this value does not increase much during the long exposure. Figure 35 
shows how the stresses change as a function of the time. (Rantala et al. 2012). 
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Figure 35. Maximum principle stress as a function of time on the FSW surface (Rantala 
et al. 2012). 

6.1.2  Laboratory studies 

The effect of the different phosphorus composition and grain sizes for creep strength 
has been studied. These tests used test specimens with a phosphorus content of 0, 30, 
60, 65 and 105 ppm and grain sizes were 300, 350, 450, 800 and 2,000 μm. All test 
series except one had a sulphur content of 6 ppm. All testing was performed at 175°C 
and the results of the tests can be found in Figure 36.  
 
The conclusions from the report is that very large grain sizes, >800 μm, and phosphorus 
content below 29 ppm should be avoided to prevent low ductility. (Andersson & 
Sandström 2009). 
 

 
Figure 36. Creep rupture time plotted against applied stress for varying sulphur 
content, phosphorus content and grain size (Andersson & Sandström 2009). 
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6.1.2.1  Unaxial specimens 

The creep properties of FSW welds have been tested in different stages and using 
different principles with unaxial test specimens.  
 
Tests conducted in 2005 and 2007 used temperatures of 75, 125 and 175°C. Unaxial 
specimens were cut in a cross and longitudinal weld position from the weld metal, HAZ 
and base material. The used test specimens were taken from welded lid FSWL 21 and 
TWI's early development period, which were welded without shielding gas. Specimens 
have also been taken from the top and bottom part of the welds because the variation of 
the grain size which is typical for FSW welds. Placement of the test specimens is shown 
in Figure 37. (Andersson et al. 2005; Andersson et al. 2007). 
 
 

 
Figure 37. Placement of the testing samples of cross-weld and longitudinal positions 
(Andersson et al. 2005). 
 
Another experimental design was done by VTT and the main difference compared to 
earlier test series was that the testing samples were also taken in the radial direction 
from the weld material (see Figure 38). The code for the welded lid from which the 
samples were taken was FSWL 08, and the test pieces were welded without shielding 
gas.  
 

 
Figure 38. Principle of the unaxial specimens for testing by VTT (Auerkari et al. 2010). 
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Typical results from creep testing on FSW welds in different temperatures and stresses 
are shown in Table 9.  
 
Table 9. Creep properties of the weld material in axial and radial test specimens 
(Andersson et al. 200; Andersson et al. 2007; Rantala et al. 2009). 

Location of the tests 
specimen 

T 
[  ̊C]  

Stress 
[MPa] 

Elongation 
[%] 

Red. of 
area [%] 

Time 
[ h ] 

Andersson et al. 2005 & 2007    
cross-weld top 175 150 38.3 87.5 40 
cross-weld bottom 175 147 35 85.6 45 
longitudinal HAZ 175 145 48.9 88.6 211 
longitudinal -weld top 175 148 52.6 84.1 90 
longitudinal weld bottom 175 143 35.1 53.7 174 
base material 175 145 38.9 85.7 163 
base material 125 165 36.6 89.8 1.657 
Rantala et al. 2009      
cross-weld top 125 150 37.6 85.4 37.6 
cross-weld top 75 165 35.4 86.8 7.122 
cross-weld axial 175 136 46.5 70 1693 
cross-weld radial, test 1 175 136 13.5 48 7.8 
cross-weld radial, test 2 175 136 10 41 11,2 
cross-weld radial, test 3 175 126 16 75 14,9 
cross-weld radial, test 4 175 106 12 58 144 
cross-weld radial, test 5 175 80 ~3 - 16650 

 
In all axial cross-weld specimens, the creep deformation was almost uniform over the 
whole gauge length with a slight tendency for necking in the HAZ. The position of the 
rupture in the cross-weld specimen varied between the weld metal and the HAZ. 
Typical test piece of cross-weld is shown in Figure 39. (Andersson et al. 2005; 
Andersson et al. 2007). 
 

 
Figure 39. A cross weld specimen after testing. Note the two necking areas, 
corresponding to the heat affected zone portions of the weld (Andersson et al. 2005; 
Andersson et al. 2007). 
 
The creep properties of friction stir welds are almost the same as for base material. The 
main reasons for these results are that variation in the microstructure between the weld 
and the base material is so small and matches the previous studies as in grain size. The 
only exception in the tests noticed by Andersson et al. was the bottom part of the 
longitudal weld metal has a lower creep life at 175°C than other test specimens and 
rupture was also more brittle. This can be seen most clearly from the measurements of 
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the reduction area which is between 40–50%. Appearance of the ruptures is shown in 
figure 40 where a) the typical appearance of the rupture in a cross-weld is shown and in b) 
the more brittle appearance of a rupture in the bottom of the weld metal. The results, 
however, meet the requirements of long-term properties (Andersson et al. 2005; 
Andersson et al. 2007). 
 

 

Figure 40. Micrographs of the microstructure close to the rupture. a) Typical cross 
weld, b) weld metal from the bottom of the weld. 
 
At the cross-weld radial unaxial specimens it was not observed that the test pieces had 
any crack-like defects but the region of oxide conclusions along the fusion line were 
found in the weld area from all test specimens. In the creep tests the defective region 
showed a relatively flat fracture surface with less local strain and reduction of the area 
than elsewhere in the fracture surface. Outside the defective region the failure showed 
considerable ductility with extensive necking and oblique shearing. Figure 41 shows the 
fracture surface of the unaxial test specimen. (Auerkari et al. 2010). 
 

 

 
Figure 41. Defective region on the fracture surface (Auerkari et al. 2010). 
 
After estimation of time to failure to an approximate in-service stress level would result 
in a predicted creep life of more than 20 000 years, which would apply at the testing 
temperature (175°C) which is more than 80°C higher than the expected effective surface 
temperature at the repository. This is why the risk of creep failure due to such small 
scale welding defects appears rather remote. The comparison of creep life estimation of 
the defect-free weld and oxidized weld is shown is Figure 42. (Auerkari et al. 2010). 

a b
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Figure 42. Comparison of cross-weld (FSW) test data with and without defects, IM = 
literature data (Auerkari et al. 2010). 
 
When evaluating the results, it must be noted that all test specimens were welded 
without shielding gas. Currently, shielding gas is used outside the canister and there has 
not yet been any research into weld materials' creep properties in the current situation.  

6.1.2.2  Multiaxial testing 

CT-specimens were extracted from the welded section as shown in Figure 43. 
Specimens were prepared so that the joint line tip was the crack tip in the machined slit 
to provide a natural defect at 35 MPa and 175°C. (Rantala et al. 2012). 
 

 

Figure 43. Principle of FSW test piece for CT-creep testing. 
 
 
Compact tension specimens with natural defects tests are still ongoing where test pieces 
have reached 45 000 hours. During the damage examination of the tip region during 
testing cycles it has been observed after 20 000 hours that the main crack has started to 
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initiate intergranular branching towards the boundaries perpendicular to the nominal 
maximum tensile principal stress. So far, there are no indications suggesting any 
significant deleterious effect on these zones (Rantala et al. 2012). 

6.2  Corrosion properties 

Copper corrosion conditions vary during the various phases of the canister lifetime in 
the final repository environment. From the perspective of the subsequent corrosion 
behaviour, the important characteristics of the initial state of the canister include: 
 

 nature and thickness of the surface film (oxide) 
 nature and concentration of surface contaminants 
 canister dimensions (corrosion allowance) and mechanical properties 
 maximum weld defect size 
 mechanical damage and cold work 
 level of residual stress 

(King et al. 2010) 
 
The design requirement for the corrosion barrier (i.e. copper shell) is given as a nominal 
thickness of 49 mm (Raiko 2011). 
 
In any welded structure, the regions around the weld, including the weld material itself 
as well as the heat-affected zone, can be locations of enhanced corrosion susceptibility. 
Proper attention must be paid to the design of the weld and the welding procedure in 
order to minimize such effects. 
 
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. Of the two 
techniques, it can be said that FSW provides better corrosion resistance than EB 
welding, because of the lower residual stresses, the minimal grain growth and the 
absence of any resultant concentration of impurities at the grain boundaries for FSW. 
(Gubner et al. 2007; King et al 2010). 

6.2.1  Grain boundary and galvanic corrosion 

The growth of grains during welding can concentrate impurities at the grain boundary 
due to a decrease in the relative volumes of the grain body and the grain boundaries. 
(Fennell et al. 2001). 
 
A report prepared by Gubner and Andersson focused on the corrosion behaviour of 
welded OFP copper, produced by both electron-beam (EB) and friction stir welding. In 
test experiments concerning the weld solution acidified (pH 4.0) 1 M NaCl plus 0.25 M 
triodium citrate plus 0.015 M CuCl, 80°,10 bar and seven days were used and Atomic 
Force Microscopy was applied to measure the depth and width of the grain boundary 
attack. In the experiment FSW samples the potential difference was approximately 
90 mV, which was much lower when compared to the EB welds' 200 mV potential 
differences. It should be noted that the used conditions in the solutions are far from real 
conditions present in the repository. (Gubner & Andersson 2007). 
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For measuring galvanic corrosion, an aerated 0.5 M NaCl solution at room temperature 
was used in order to stimulate corrosion. The current flowing between the weld and 
lid/tube material as well as the potential between the materials and a reference electrode 
was monitored. Four FSW test pieces were taken from three different lids and three 
different areas so that nine different test specimens were used. (Gubner & Andersson 
2007). 
 
The results are shown in Figure 44. The corrosion current between the weld and base 
materials was similar and the difference in the free corrosion was mainly caused by the 
difference in the surface properties. The test pieces were welded without shielding gas 
and the negative effect of the copper oxides close to the surface was not observed either. 
(Gubner & Andersson 2007). 
 

 
Figure 44. Summary of galvanic corrosion study of seven FSW samples (Gubner & 
Andersson 2007). 

In earlier research, impurities in the uncoated tool, such as metal particles from weld 
material have been found. To test if the tool contamination of the copper has an 
influence on the galvanic corrosion, the test arrangement's experimental setup was 
similar as earlier but corrosion currents were measured between the tool material and 
welds. The results show that the FSW tool is cathodic to the weld material, so that any 
particles from the tool that become incorporated into the weld material would be 
cathodically protected and would not corrode to create locally aggressive conditions. As 
a consequence, the tool material is now surface treated, resulting in no detectable tool 
impurities in the weld material. (Gubner & Andersson 2007). 

6.2.2  Stress corrosion cracking 

Conditions will be at their most suitable for SCC early in the evolution of the repository 
environment. The sources of stress on the copper canister include: 
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 residual stress from the canister fabrication and closure weld procedures—they 
may have an effect on both the cracking process and the results in creep of the 
material 

 bentonite swelling pressure of 8 MPa (range 5–13 MPa) 
 hydrostatic load of 4-5 MPa, plus an additional 22–26 MPa pressure during 

glaciation events 
(King et al. 2011). 
 
Studies concerning stress corrosion cracking of weld material are mainly based to EB 
welds. No study has yet shown a significant difference in the SCC behaviour of base 
metal and electron-beam (EB) welded OFP Cu. Grain size can affect both the initiation 
and propagation of SCC. In general, initiation of cracking is favoured by a smaller grain 
size whereas crack propagation is favoured by larger grains. The estimate of the risk of 
SCC should note how high the residual stresses are in weld material and around it. 
(King et al. 2011). 
 
Surface defects, either pits or crack-like features, will lead to stress concentration (in the 
case of blunt defects) or stress intensification (in the case of crack-like features) and 
possible increased susceptibility to SCC. In the repository a permissive environment for 
cracking will not develop and it can be concluded that surface defects are unlikely to 
compromise the integrity of the canisters. (King et al. 2011). 
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7  QUALITY ASSURANCE AND QUALITY CONTROL OF WELDING 

The main parts concerning quality assurance and quality control are taken from standard 
series ISO 3834 - Quality requirements for fusion welding of metallic materials. The 
standard divides certain needs for a company's welding production and quality matters 
and can be used as a guideline for planning quality procedures.  
 
In 2011 the first series of standards concerning FSW was published, standard "ISO 
25239:2011 - Friction stir welding - Aluminium", which includes five different leaflets: 
 
- Part 1: Vocabulary 
- Part 2: Design of welded joints 
- Part 3: Qualification of welding operators 
- Part 4: Specification and qualification of welding procedures 
- Part 5: Quality and inspection requirements 
 
Although the standard series is intended for aluminium as a material, it can also be used 
in some parts for planning the qualification and acceptance concerning FSW for the 
final disposal environment. 

7.1  Welding procedures 

Welding procedures are needed to provide a basis for planning welding operations and 
for quality control during welding. Standards for quality systems usually require that 
special processes be carried out in accordance with written procedure specifications. 
Welding procedures can be divided into working instructions and specifications for 
welding parameters and variables during welding.  

7.1.1  pWPS, WPS and work instructions 

The purpose of the welding procedure specification (WPS) is to act as a document that 
has been qualified and provides the required variables of the welding procedure to 
ensure repeatability during production welding. Before acceptance of the WPS there is 
usually a preliminary welding (pWPS) procedure which contains the required variables 
of the welding procedure which has to be qualified.  
 
Qualification of the welding process shall be based on pre-production welding tests, 
according to standard ISO 15613:2004. Acceptance limits and more detailed 
specifications will be dealt with later.  
 
Work instructions will be prepared for all critical working phases, such as preparation of 
the welding operation or final inspection of the weld right after welding. Each working 
phase must be accepted by the welding operator or responsible person before moving on 
to the next one. Acceptance can be done, for example, by check list, and it will be 
recorded for each canister for traceability.  
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7.1.2  Welding personnel 

For welding operators there must be a separate qualification plan and method. 
Qualification can be done by a different principle, such as based on a pre-production 
test, production test or welding procedure test. The standards also recommend that the 
operator's knowledge concerning use of the welding machine and overall basics of the 
welding process must be tested. Concerning welding operators in the final disposal 
environment, there has to be a comprehensive qualification procedure that is supervised 
by a third party. Operator qualification shall be updated and renewed in a certain time 
period.  
 
When the machine is ordered, there has to be a different plan concerning the training of 
the operators at the manufacturer's facilities and also in the real production environment 
with welding that will be used in final disposal facilities.   
 
Topics will include:  
 

 Machine operation 
 Process description 
 Process parameters 
 Windows interface 
 Faults and recovery 
 Cycle/ machine stops  

 
A responsible Welding coordinator shall be named and tasks identified. Welding 
coordination may be undertaken by one or a number of persons. If coordination is 
carried out by a number of persons, tasks and responsibilities must be allocated for each 
person. 

7.2  Quality control of the welding process 

Quality control of the welding process includes all the different variables that affect the 
welding period, before, during and after it. Quality control will be done for each of the 
canister welds.  

7.2.1  Equipment and tool testing: tool (probe and shoulder) measurement and 
inspection before welding 

The welding probe is the most critical equipment concerning FSW. The probe is 
machined from an extruded bar. After machining the probe is heat treated four times 
and after that there is surface treatment. As quality control for the probe, all material 
certificates are collected for each tool. Currently, before the surface treatment outer 
surfaces are inspected by liquid penetration testing for possible cracks on the surface 
after machining. Quality control for all earlier mentioned phases must be documented 
and accepted. After welding the length of the probe is measured and all surfaces are 
inspected visually with the aid of a microscope. Each probe is marked with a serial 
number and it can be traced to a melting number.  
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There is also the possibility of inspecting tools by radiographic inspection for possible 
volumetric flaws inside the tool. Measuring a deformation caused by welding and also 
more comprehensive examination after welding should also be considered.  
 
For the shoulder, all material certificates are gathered. Other inspections or quality 
control are not currently used.  
 
Shielding gas used during welding has its own value for purity according to existing 
standards. Currently, the oxygen content inside the shielding shoes is measured using 
different sensors.  

7.2.2  Monitoring during welding and QC.  

The software that monitors the welding process logs all variables every tenth of a 
second, i.e. with a frequency of 10 Hz. During the welding process, selected variables 
are displayed numerically and graphically to the welding operator and recorded in an 
excel spreadsheet format for later analysis. Two video cameras also show the tool from 
the rear and the front. The most necessary monitored and logged responses and 
variables currently are shown in Table 10.   
 
Table 10. Monitored and logged and followed responses and variables from the welding 
period.  

Most critical  
Inputs:  Outputs:  
- Spindle speed - Welding speed - Probe temperature - Spindle torque 
- z-force (tool depth)  - Shoulder temperature - Tool depth 
  - Shank temperature - Spindle power 
  - Real z-force  
    
Secondary    
- traverse force - position of the tool   
- temperature of the 
cooling fluids 

- welding time   

 
 
Concerning the welding temperature, safety limits are used in the controller. If certain 
values are exceeded, the controller gives a warning to the operator. Similar limits can 
also be used at other outputs.  

7.2.3  Inspection and testing after welding 

Logged variables and responses are usually gathered in graphical form for an estimate 
of the welding periods. Figure 45 shows a typical graphical record of the welding of a 
full circumferential weld as a function of time.  
 
Logged variables and a graphical presentation can be used effectively for an estimate of 
the possible variation in the welding variables and utilize these variations for NDT. A 
certain process window can be set to reference value and easily see if those values have 
been exceeded during welding.  
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Figure 45. Example of the graphical presentation of the welding period as a function of 
time. The desired values are used to simplify the estimation of the results. WS = welding 
speed.  
 
All other setups (e.g. parameters from drilling the starting hole) and variables from each 
weld will be gathered and documented. After the welding an operator can measure the 
size of the flash or other dimensions using the welding tool or a different measuring 
head and with the aid of the remotely controlled cameras. A visual inspection of the 
weld before final machining and NDT can also be done.  
 
Because the FSW tool wears with use, it shall be inspected for wear at appropriate 
intervals and in accordance with a procedure. 

7.3  Validation / calibration of the equipment 

Validation is the procedure for demonstrating that the equipment conforms to the 
operating specification. Before validation it is necessary to specify to what level of 
accuracy the equipment has to be validated and which components/equipment are most 
critical and need validation at certain intervals. If during validation it is observed that 
equipment does not meet the accuracy requirements, calibration has to be carried out. 
There is not any specific standard concerning FSW's calibration procedure or certain 
deviation limits for parameters or calibration.  Because of overall simplicity and only a 
few parameters of the welding process, there are not many components that need 
validation/calibration.  
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Currently, the FSW machine is inspected once a year. The most critical components or 
measured parameters are specified. Table 11 presents the measured values from 
calibration of spindle speed and force control in 2007, 2009, 2010 and 2012.  
 
Table 11. Measured values of spindle speed and force control during validation. Mmax 
presents the highest measured value, Mmin the lowest and Vd is set value.  

 Set value Mmax-Vd Mmin-Vd Average 
Spindle speed, rpm 100 0 -1 99.5 
tolerance: ± 10 rpm 200 0 -1 199.5 

 300 0 -1 299.5 
 400 0 -1 399.75 
 500 0 0 500 
     

Force control, kN 60 0.2 -1.1 59.4 
tolerance: 1 kN 80 0.8 -0.7 80 

 100 1.3 -0.4 100.4 
 
Currently, the other validation/calibration protocol targets and set accuracy values are: 

 Position control and speed control welding head and drill head, tolerance within 
2 mm/min set value 

 Welding head's rotation speed around the canister, tolerance within 2 mm/min 
set value 

 Testing and validation of clamping system 
 Testing of emergency chain and inspection of the possible oil or water leaks 
 

There should also be a validation procedure concerning thermo elements that are used 
with the welding tool.  
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8  WELDING SYSTEM FOR ENCAPSULATION PLANT 

The main design requirement for a welding machine is that it must be able to weld the 
copper lid to copper tube in such way that it fulfils the set demands concerning intact 
wall material and other long-term properties. The welding system has to produce a weld 
which fulfils the acceptance criteria. The reliability of the welding system has to be 
good and the yield of the production has to be high enough to minimise 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 the canisters, the system has to be remote 
controlled. Radiation from the canisters also affects components used in welding 
machine, such as electric wires, which should be noted during design. 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 during sustained work. 
 
The canister welding station operates independently and has no safety functional 
dependencies at the encapsulation plant and the welding system itself as a process 
system does not have nuclear safety significance.  

8.1  Welding machine 

The welding machine for the encapsulation plant will be tailor-made just for welding 
the lid for the disposal canister. FSW is usually controlled manually according to 
responses during the welding period. In the encapsulation plant, control and operation 
procedures must be able to work remotely and completely automatically. When the 
canister is not raised to the welding chamfer, it is possible to work in the welding room 
and with the welding machine to perform maintenance work.  

8.1.1  Specifications for the machine 

Currently, research work into welding the lid to the copper canister by FSW is being 
carried out by SKB's prototype machine called SuperStir™, manufactured by ESAB. 
The main concept of the machine is that the welding tool rotates around the canister. 
The second possible concept is that the canister rotates. These two solutions are 
presented in Figure 46. The overall structural concept of the welding machine is a load 
bearing frame structure, welding head with rotating motors, clamp for canister also for 
lid and the ring gear for rotating the welding head around the canister or the canister 
itself. Movement of the welding axes is handled by linear guide or ball screws. The 
structure of the machine must me rigid enough so it will tolerate forces generated by 
welding and that they will not disturb the welding. Components that are sensitive to 
radiation from the copper canisters' nuclear waste and that way have to be shielded in a 
sufficient way; the welding process itself does not produce any radiation.  
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Figure 46. Two different concepts of the welding machines, where the main difference 
is that either the canister rotates and the welding head is positioned (concept 1) or the 
welding head rotates around the canister during welding (concept 2). Concept 2 is 
shown on the left and concept 1 on the right.  
 
The welding machine that is used in the Canister Laboratory has cooling of both the lid 
clamps and the tool holder. However, the cooling has a secondary influence on the 
process. The purpose of cooling is to protect the machine against high temperatures and 
reduce wear on the spindle motor and the tool holder. The depth of the tool during 
welding and force is made by hydraulics. During handling and clamping there must not 
be any material remains on the surface of the canister.  
 
The outer diameter of all types of disposal canister will be the same so this does not set 
any demands on the structure of the machine. Canisters will be handled and raised to the 
welding machine by a transfer trolley. Any forces caused by the welding phase must not 
to be delivered to the trolley.  

8.1.2  Operating method 

The main principle of the operating method is simple and consists of only a few main 
phases, which are drilling the starting hole at the lid above the joint line, welding around 
the canister with gas shielding and end welding above the joint line. Before welding the 
critical parts are that the canister is positioned correctly at the welding machine and the 
welding tool is aligned exactly at the joint line. The main welding stages are: 
 
Stage 1: Canister to machine 
The canister is raised to the welding machine by the canister manipulator. The lid has 
been installed to the tube earlier.  
 
Stage 2: Centering the canister 
The canister is centred with expanding pressure clamps. At the moment the centricity of 
the canister is measured with a measuring head around the canister but it is possible to 
take the measurements, for example, using laser sensors. The tolerance for the canister's 
centricity at the welding machine has been set to ± 1 mm. Clamping and centering has 
been estimated to take about 5–10 minutes. (Cederqvist 2011). 
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Figure 47. Clamping the canister (Cederqvist 2011). 
 
Stage 3: Clamping the tube and the lid 
Clamping the tube is done using 12 pressure clamps which have pressure that amounts 
to 3200 kN. The lid will be clamped against the tube with 390 kN of pressure. 
(Cederqvist 2011). 
 

 

Figure 48. Clamping the lid (Cederqvist 2011). 
 
 
Stage 4: Positioning the tool in relation to the weld joint 
After clamping the welding tool is positioned at the correct height in relation to the weld 
line. At the moment, positioning is done by a separate tool and manually but the 
positioning can also be done by laser measuring system (Cederqvist 2011). 
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Stage 5: Pilot hole 
The pilot hole is drilled 75 mm above the joint line. The pilot hole is needed because the 
tip of the welding tool will not be able to produce enough heat for penetration to the 
joint and also to prevent deformation and excessive stresses for the welding tool in the 
starting phase. At first the cylinder hole will be drilled to a depth of 52 mm with a 15 
mm diameter drill bit. Then the pilot hole is formed into a conical form, to minimise the 
stress on the probe during the plunge sequence using another tool probe, with tool 
without MX-features. The pilot hole is prepared at the moment with a separate drilling 
head but there is the possibility that the drilling can also be done with a welding head. 
There is also a possibility that the pilot hole can be done in advance of the lid during 
machining. However, there has to be the possibility for drilling the starting hole because 
of the risk of possible disturbance during welding and that another starting hole would 
be needed. Drilling of the pilot hole takes about five minutes and it is done without 
cutting fluids; if needed, the cooling of the tool can be handled by pneumatic air. Chips 
produced from drilling need separate chip handling, which has not been designed yet. 
(Cederqvist 2011). 
 

 

Figure 49. Drilling the pilot hole (Cederqvist 2011). 
 
Stage 6: Welding sequence 
Before the dwell sequence the welding tool is changed to the welding head and the 
welding head is positioned in the Z-direction by touching it gently to the surface of the 
canister.  
 
The purpose of the dwelling sequence is to pre-heat the surrounding copper to the 
required temperature for the tool to start moving without creating defects or unnecessary 
stresses on the tool. After the desired temperature is reached the welding tool is 
accelerated to a constant welding speed and run until achieving a tool temperature close 
to the desired value, this is referred to as a starting sequence. Next the tool starts to 
move downward to the welding joint area and after the tool has reached the joint line the 
welding sequence starts and proceeds ca. 360° around the canister. After the tool 
reaches the starting area it passes over the start position and after that moves back into 
the lid at the same height as the starting hole so it can be withdrawn. The welding time 
is approximately 45 minutes (Cederqvist 2011). 
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Figure 50. Sequences during the full weld cycle: 1 = dwell sequence, 2 = start 
sequence, 3 = the downward sequence, 4 = the joint line sequence, 5 = parking 
sequence. The welding direction is from right to left (Cederqvist 2011). 
 
During the welding period gas shielding is needed around the canister. Gas shielding 
must be used all the time during welding and also for a certain period after the welding 
until the canister surface has been lowered to the desired temperature. (Cederqvist 
2011). 
 
Stage 7: Dismounting the clamps and removal from the welding chamfer  
 
After the welding stage has ended the pressing clamps are opened and the canister is 
removed from the welding machine with the aid of the transfer trolley. Before removing 
the canister there is the possibility of making a visual inspection of the canister using 
remote cameras.  
 
Operating all the stages can be done remotely; to change the welding tools and drilling 
head at the welding chamfer there should be an automatic tool changer. At the moment, 
the tools are changed by hand. For operating the welding process, a one-touch screen 
monitor is used where the parameters are set numerically at different stages, and control 
is quite similar to NC-machines. The same screen is used for monitoring the welding 
parameters and range during welding. The second screen is mainly used for logging the 
welding parameters and also to get graphical information about the welding period.  
Figure 51 shows a typical arrangement. All stages can be followed from the remote 
control cameras. The control panel has control buttons if there is a need to change 
control from automatic to manual. (Cederqvist 2011). 
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Figure 51. Control panel for FSW.   
 

8.2  Welding parameters, process control method (system) and reliability 

FSW is a well-know process because there are only a few welding variables, which 
make it easier to handle by operators (typical welding factors are shown in Figure 52). 
Although the welding period can be handled manually, in real production at the final 
disposal facility, all control must be handled automatically and remotely. The reason for 
this is to prevent human errors, to be able to react quickly to process errors and also to 
produce a more reliable process throughout the approximately 45-minunte-long weld 
cycle. The process window for welding temperature for copper canister welds has been 
determined to be roughly between 790–910°C, where the reference value has been set at 
845°C.  
 
 

 

Figure 52. Schematic diagram of the friction stir welding process and the important 
welding factors (SS=tool rotation speed, WS=welding speed, and FZ=axial force) 
(Ronneteg et al. 2006). 
 
Besides the adjustable variables (welding factors), the resulting variables (welding 
responses) are measured. These factors are the depth of the shoulder in the weld metal, 
the tool temperature, the torque of the spindle motor and the force on the tool in the 
direction of travel. (Cederqvist 2011). 
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8.2.1  Welding parameters and process window 

The input parameters are: 
 tool rotation rate 
 welding speed along the joint 
 axial force to control the position of the tool in relation to the canister surface. 
 

The measured variables are: 
 welding (tool) temperature, which is used as feedback for the controller 
 torque and power required by the spindle to maintain the tool rotation rate  
 depth of the tool into the welded material. 

 
The process window for the welding responses, tool temperature and shoulder depth, is 
more strongly linked to weld quality. The correlations between the welding responses 
and the weld quality have been established from the screening and optimization tests.  
 
Figure 53 shows how the probe's temperature affects the occurrence of the welding 
defects. The results show that defect formation is not randomized and it can be 
correlated to welding parameters, which can be regarded as one advantage of FSW.  
 

Figure 53. The presence of the welding defects in relation to the probe's temperature. 
The upper line presents welds without welding defects and the lower line those with 
observed welding defects.  
 

8.2.2  Adaptation of the control during welding 

Need for adaptation of the control during welding cycles it has been noted that there are 
two different kinds of disturbances which are raised concerning welding temperature 
and torque measurement. Figure 54 shows how the required power input needs to 
change during a full cycle weld. (Cederqvist et al. 2012). 
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Figure 54. The required power input and variables during welding to achieve a proper 
probe temperature of 850°. The X-axis represents degrees around the canister 
(Cederqvist et al. 2012). 
 
Temperature disturbances of the probe are caused by temperature changes in welding 
areas during different welding phases in the welding cycle, which sets requirements for 
the controller to adapt to these changes concerning power input. In the dwell sequence 
the tool's temperature rises to the desired temperature before it starts to move forward 
and because of the raised temperature in this area a disturbance could occur. During the 
welding around the canister at the joint line, the temperature of the canister rises and 
during about half of cycle the controller needs to adapt to these changes in temperature. 
Deviation of the material properties of the lid and tube and possible wear of the welding 
components also has an effect on power input. (Cederqvist et al. 2012). 
 
The torque required by the spindle to maintain the tool rotation rate will vary depending 
on the properties of the material. The different characteristics of the tube and lid will 
also give rise to such torque variations that will primarily affect the power input, but 
secondarily also the welding temperature. If such a disturbance is not compensated for, 
by changing the tool rotation rate, the power input will drop by approximately 8%, 
causing the probe temperature to change in the order of -40°C. (Cederqvist et al. 2012). 
 

The final conclusion is that to adapt for these different temperature profiles there has to 
be sufficient control to achieve a steady and desired welding situation. In welding tests 
it has been observed that the power input can differ by as much as 3 kW between weld 
cycles. (Cederqvist et al. 2012). 

8.2.3  Process controller 

The main objective of the controller is to minimize the risk of the temperature moving 
outside the process window. In earlier research work the welding temperature has been 
controlled by changing the water flow and also by controlling the tool's axial force. 
Now, the tool rotation rate has been seen as the most effective input parameter 
concerning probe temperature. Axial force is used as a secondary parameter to control 
tool depth. (Cederqvist 2011). 
 
Welding speed is best kept at a constant value, since relatively small changes in weld 
speed could reduce the process window significantly. The two remaining manipulated 



71 
 

 

variables, axial force and spindle rotation rate, are used to affect the process variables of 
tool depth and probe temperature. The torque will get the value that corresponds to a 
certain set of manipulated variables and controlled variables. Figure 55 shows a block 
diagram of the manipulated variables that can be used together with the most important 
process response output variables. A 1kW change in power input will result in a change 
of about 12C in probe temperature. (Cederqvist 2011; Nielsen 2012). 
 

 
Figure 55. Block diagram of the process manipulated variables (Nielsen 2012).  
 
The used cascade control enables good responses for fast and non-linear power input 
disturbances and relatively slow tool temperature changes, since the tool rotation rate is 
used to control the tool temperature. The tool rotation rate as a control method enables a 
significant response time and also directly controls the power input without response 
time. The results show that the controller keeps the temperature within ±10°C during 
the welding period (Cederqvist 2011; Cederqvist et al. 2012). 
 
The start and downward sequences (1–3) have proven to be the most difficult to handle 
from a control perspective. Throughout the start and downward sequences (2 and 3), the 
temperature disturbances will act to increase the power input needed to maintain the 
temperature at its set point. This problem has been prevented by dividing the sequence 
into three different parts: 
 
1 Once the temperature reaches a first limit, the inner regulator starts controlling 

towards a constant set point.  
2 A second temperature limit indicates when the tool should start moving. At this 

moment the power input reference will start to increase slowly along a linear slope.  
3 The downward sequence will start once a third temperature limit has been reached, 

typically about 10°C from its set point. This is when the cascade controller is finally 
turned on 
(Cederqvist et al. 2012). 

 
For measuring the welding temperature three different thermocouples inside welding 
tool are used (the placement is shown in Figure 56). Because the probe sensor has been 
noted as having the best correlation with probe fractures and defect formation, it will be 
used as the controller's signal. Two other temperature sensors can be used as back-up 
signals if there are any kinds of disturbances in the probe's sensor during welding. The 
response time for the temperature in the probe is five seconds and for the shoulder it is 
estimated as one second. All three thermocouples have reaction times that are less than 
620ms, and calibration errors of 0.1%, i.e.  < 1 °C. (Cederqvist 2011). 
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Figure 56. Placement of the thermocouples in the welding tool (Cedervist 2011). 
 
 
Today, welds are produced with gas shielding around the weld area. The main reason 
for argon shielding gas is to achieve a weld zone with minimal oxide inclusions and 
reduce shoulder wear. It has also been observed that variations in the spindle torques are 
also smaller when using gas shielding and this enables more precise control. (Cedervist 
2011). 
 
Figure 57 shows the results from eight full-weld cycles in argon gas using the state-of-
the-art controller and two different temperatures 840°C and 845°C. It can be seen that 
there are some disturbances in the welding phases. Although these disturbances occur, 
the controller keeps the probe temperature within ±10ºC of the set value during the joint 
line sequence, to be compared with the process window of approximately ±60ºC. 
(Cedervist 2011). 
  
 

 
Figure 57. Probe temperatures during 360 joint line sequences in the full-weld cycles 
using a final controller at two different temperatures (Cederqvist 2011). 
 
Control is also possible to perform manually if for some reason the controller fails 
during welding. In the early development work control was done manually and there 
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have been 20 lid demonstration series in a production-like frequency of one lid weld per 
working day. The output variables in these 20 demonstrations concerned temperatures 
from 798 to 899°C and shoulder depths of 0.6 to 1.7 mm. The results concerning the 
probe temperatures from those 20 lid welding tests are shown in Figure 58. (Cederqvist 
2011). 
 

 
Figure 58. Tool temperature during 360 degrees of joint line welding with manual 
controlling (Cederqvist 2011). 
 

8.2.4  Reliability 

Concerning the reliability of the welding process welding temperature, SKB has 
gathered results from their development work from the year 2001. The results from the 
full-cycle weld are shown in Table 12. The results show how well the process has been 
handled during the development work, even with manual control of the welding 
temperature. (Cederqvist 2011). 
 
Table 12. Deviation from the desired probe temperature during SKB's development 
work (Cederqvist 2011). 

Name of series Cycles Tavg - Tr average 
deviation 

Tmin - Tr Tmax-Tr 

Full size canister weld 2 + 9 11.3 -25 + 47 
Demonstration series, 
manual control 

20 + 4 6.4 -52 + 49 

Initial controller 1 + 3 4.3 -23 + 19 
Final controller 8 + 0.6 1.4 -7 + 8 
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8.3  Machining of the weld for NDT 

After welding the areas around the canister and upper part of the lid will be machined 
for the needs of the NDT and also for removing flashes formed from the welding 
period, the principle is shown in Figure 59. Weld surface machining is conducted for 
removing 55 mm from the upper part of the canister and 10 mm from the outer diameter 
height 120 mm for smoothing the surface and enabling a weld inspection and testing. At 
the moment, machining is planned to be done at the final disposal plant in the transfer 
corridor with appropriate milling tools and camera controlled NC-machining. In the 
current canister design, there will be approximately 200 kg of machined chips. All the 
chips produced by machining will be removed using a vacuum from the surfaces.  
 
 

 

Figure 59. The figure shows a view for a milling machine-mounted camera from inside 
the chip removal enclosure. 
 
A more detailed plan for the final machining at the disposal plant has not yet been 
made.  

8.4  Safety 

The welding station works independently at the encapsulation plant and it does not have 
a direct impact on nuclear safety. Nuclear safety significance of the canister weld is 
taken into account in licensing of disposal canister.  According to occupational safety, 
overall machine and equipment safety requirements set by authorities do not exist, 
which include, for example, safety switches or emergency stop buttons. CE-marking is 
needed as usual.  

8.5  Accessories 

A friction stir welding machine needs different accessories in addition to the welding 
machine itself, which consist of welding head with hydraulic motor, clamping units and 
a welding heads rotating unit.  

8.5.1  Welding tool 

The welding tool is one of the most important component in FSW (see Figure 60). At 
the moment, a full-weld cycle lasts 45 minutes and the length of the weld line is almost 
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four metres. The material used for the probe is a nickel-based super alloy, Nimomic 
105. The main requirements for the probe are high temperature properties with good 
wear resistance, ductility and sufficient strength. The tool shoulder is made of a 
tungsten alloy, Densimet D176, which has suitable thermal and mechanical properties. 
The probe and shoulder will be changed after each weld to prevent the increased risk of 
the probe fracturing and for the shoulder to have repeatable starting conditions for all 
welds. The probe part of the tool is also surface treated to reduce crack formation during 
welding. The surface treatment used is currently CrN (Ticron by Bodycote) and it is 
applied through PVD (Physical Vapor Deposition). 
 
The shape of the probe is conical where diameter of the probes tip is 8 mm and the 
lower part of the diameter is 30 mm, and the height is 50 mm. The probe consists of 
notches, so-called MX-features, which at the lower part extend 17 mm down from the 
shoulder. The purpose of the MX feature is to increase the flow path for softened 
copper. A probe without MX features has been tested but it reduces the process window 
and the probe does not produce enough heat for welding.  
 

 

Figure 60. State-of-the-art tool used with reduced MX features.  
 

The outer diameter of the shoulder is 70 mm and its front face geometry is convex with 
a concave scroll. The convex geometry at the shoulder results in a more stable process 
than the typically used concave or flat geometries.  
 
Change of the both the probe and shoulder are planned after each weld. The reason for 
changing the probe is to not risk fracture, while the shoulder will be changed to have a 
repeatable starting condition for each canister weld.  

8.5.2  Gas shielding 

Gas shielding around the welding canister is required to minimise oxidation of the weld 
material. At the moment, a separate shielding shoe around the welding head is used and 
different kinds of chamfers all around the weld line; observe also the non-welded area. 
Gas shielding is needed around the whole canister weld line, not only around the 
welding head. The reason for the shielding of the whole weld line is that the heated 
copper oxidizes above 120°C. Figure 61 shows the current used solution for gas 
shielding.  
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The final concept for the gas shielding arrangement at the final disposal factory is still 
open. 
 

 

Figure 61. Local chamber around tool (a) and full circumferential chamber (b). 
 

8.5.3  Other 

Drilling unit 
 
At the moment the drilling of the start hole is done by a separate drilling unit. Drilling 
can either be done in a production machine with a normal welding head or in the same 
way as at the moment. The drilling unit needs its own calibration procedure. If the 
starting hole is drilled just before the welding at the welding chamfer, chip handling for 
the boring is required.  
 
Measuring equipment concerning the centricity of the canister and the positioning 
of the welding head 
 
The centreline of the tool needs to be centered in exactly the right position on the weld 
line and also the position of the canister between the clamps must be inside the 
tolerance. The positioning of the canister can be done with a separate measuring unit 
which uses laser sensors around the canister. 
 
As a commercial solution different seam finding equipment and laser joint tracking 
systems are used that can be adopted also as a canister welding system. 

8.6  Experiences from similar machines and the needs of the nuclear 
environment 

The number of welding machines used around the world can be estimated from the 
licences granted by the TWI, as the original patent for the FSW process was filed in 
1991. In 2008 there were about 200 hundred licenses granted.  
 
Because friction stir welding is a relatively new welding method there are not any 
experiences with similar machines in the nuclear environment. Material thicknesses 
concerning the copper canister and also copper as a material is quite unique in the 
industry. The most critical application areas at the moment are: 
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 the aerospace industry uses FSW for manufacturing rocket-fuel tanks for space 
shuttles and also for repair of faulty MIG welds; 

 in civil aviation FSW is used to achieve weight savings and the process also 
enables the use of more sufficient joint design, typical applications are panels 
and wing components; 

 the automotive industry uses FSW for welding extruded aluminium parts 
(Lohwasser & Chen 2009). 

8.7  Maintenance and repair 

The estimated lifetime for a welding machine is 30 years. There has to be a maintenance 
plan for critical components and accessories, some of recommendation will be given by 
the machine's manufacturer. The most important targets for FSW machine maintenance 
are: 
 

 the welding head and its motor 
 the guide rails and its components 
 hydraulic units. 

 
At the moment, there is no maintenance or repair plan. An existing welding machine is 
inspected and serviced once a year.  

8.8  Costs 

Estimated price of the machine itself:  2 000 000 € 
Operators for welding period  1 - 2 operators  
Yearly maintenance costs:   5000 €  
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9  NDT 

To evaluate the quality of a sealing weld, the inspection of the weld will be carried out 
using non-destructive testing methods. In the case where the canister also contains a 
bottom weld it must be inspected by applying the same criteria for acceptance. It must 
be noted that the detection and evaluation of damage or defects in the copper canister is 
based on corrosion not fatigue.  
 
The criterion covering the intact wall thickness requirement of 35 mm in 100% and 40 
mm in 99% of the canisters is the master requirement for acceptance, especially for 
combining defects. Any two adjacent defects separated by a distance smaller than the 
major dimension of the smaller of the defects shall be considered as a single defect. A 
detected defect in the same cross-section will be summed up together in order to 
calculate the remaining wall thickness.  
 
In this chapter the results are mainly gathered from SKB and the results are based on 
ultrasonic and radiographic inspection from 2006. Information based on inspection 
methods is gathered from SKB's and Posiva's reports. There are some differences in the 
inspection methods and techniques used by SKB and Posiva, which are separated in 
chapters.  

9.1  Inspection methods 

There are four different NDT methods which are applied to the inspection of copper 
canister welds: 
 

 visual testing 
 eddy current testing 
 radiographic testing 
 ultrasonic testing. 

 
Visual testing and eddy current testing are mainly surface inspection methods and 
ultrasonic and radiographic testing are volumetric inspection methods.  

9.1.1  Visual testing (VT) 

Remote visual testing is the first non-destructive testing method applied to a finished 
weld and this method is planned for use by Posiva in the final disposal environment. 
The primary purpose of this method is to detect surface breaking defects in the weld 
area. Visual testing also provides support for other non-destructive testing methods; for 
example, in the characterisation of indications in radiographic testing and eddy current 
testing. Visual testing of a disposal canister weld has to be carried out remotely with a 
radiation tolerant camera system due to the radiation from spent nuclear fuel. The 
camera must be able to use different viewing angles (pan and tilt device) due to 
reflections on the copper surface and facility lighting. In addition to examining for 
surface breaking defects in the weld, visual testing is also used to detect possible 
handling defects in the whole canister after welding and before transportation. 
Inspection can performed by either a colour or black and white camera. (Pitkänen 
2010). 
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9.1.2  Radiographic testing (RT) 

X-rays can penetrate solid matter, they are differentially absorbed or scattered by 
different media and they may be diffracted by crystalline materials. Their largest use is 
to take images of the inside of objects in radiography testing (RT) and to analyze the 
crystalline structure of the materials. X-rays are produced by interaction of high energy 
electrons or ions with matter. The smaller the wavelength, the more efficiently 
penetrating the X-rays. When the X-rays penetrate through material several interactions 
take place. The most important one with regard to NDT is the absorption process of 
radiation. Therefore, the greater the change in the radiation transmitted due to a 
particular change in material thickness, the more obvious the thickness change revealed 
in the final image. In industrial radiographic applications the difference in thickness 
(often due to discontinuities) is the actual parameter from which the interpretation is 
made. (Pitkänen 2010). 
 
Data analysis can be divided into defect detection and defect sizing. Defect detection in 
radiography is concentrated on distinguishing intensity differences in a digital image. 
When the intensity variations in a digital image are sufficiently high, there is a 
possibility to detect and characterise the defect. The area describes the size of the defect 
and, on the other hand, the intensity value is a measure for the size of the defect in the 
X-ray beam direction. (Pitkänen 2010). 
 
The main components in digital radiography that are used in research works are: 
 

 MV linear accelerator from Varian 
 manipulator for positioning of accelerator and detector 
 collimated line detector system consisting of a vertical line-camera 
 computer system for setting up the inspection and evaluation of results 

(Ronneteg et al. 2006). 
 
The main principle is that the canister rotates while the accelerator generates X-rays 
through the weld at an angle of incident of 30°. The line camera collects the transmitted 
X-rays and an X-ray image with a 0.4 mm resolution is generated. Figure 62 shows the 
basic principle of the radiographic inspection and the currently used X-ray system. 
(Ronneteg et al. 2006). 
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Figure 62. Principle illustration of radiographic testing of weld and X-ray system 
(Ronneteg et al. 2006). 
 

9.1.3  Ultrasonic testing (UT) 

Ultrasonic Testing (UT) uses high frequency sound energy to produce sound waves and 
to take measurements. Ultrasonic inspection can be used for defect detection, 
evaluation, dimensional measurements and material characterisation. To illustrate the 
general inspection principle, a typical pulse/echo inspection configuration, as illustrated 
in Figure 63, will be normally used in ultrasonic inspection. 
 
A typical UT inspection system consists of the pulser/receiver, transducer and display. 
A pulser/receiver is an electronic device that can produce high voltage electrical pulses. 
Driven by the pulser, the transducer generates high frequency ultrasonic energy. The 
sound energy will be generated and it propagates through the materials in the form of 
waves and back to the ultrasonic probe when reflected. When there is a defect in the 
sound path, part of the energy will be reflected back from the defect surface. The 
reflected signals will be transformed back into an electrical signal in the transducer and 
the signal is displayed on a screen for ultrasonic equipment. Signal travel time can be 
directly related to the distance that the acoustic waves have travelled. From the 
measured signals, information about the defect location, size, orientation and other 
features can be gained. (Pitkänen 2010). 
 

 

Figure 63. Sketch of phased array ultrasonic inspection of weld at the copper canisters 
upper part. (Ronneteg et al. 2006). 
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The sound field of the ultrasonic probe in the phased array technique is controlled and 
formed electronically. The phased array probe consists of several piezoelectric elements 
with a fixed geometric shape. The operation of each of these single elements can be 
controlled separately by switching them on or off at any time by the system. The 
excitation of a single element can be performed with sequential pulses with a time 
difference or different amplitudes. These methods can also be combined. The typical 
way is to use a time difference to achieve a different angle of incidence or a different 
focus depth. The figure shows inspection direction and typical scanning results from a 
surface breaking defect in an weld. (Pitkänen 2010). 
 
Concerning the results from SKB, the report used the following system for UT: 

 linear array transducers of 32–128 elements with centre frequencies of 2.7–10 
MHz 

 manipulator for positioning array transducers 
 software for setting up the inspection and evaluation of results 

(Ronneteg et al. 2006) 
 
Posiva has developed matrix phase UT inspection methods. Matrix phased array probes 
have an active aperture divided into two aperture axes: primary and secondary aperture 
(see Figure 64). This division can be in the form of a checkerboard or sectored rings. 
These probes allow the ultrasonic beam to be driven in 3D volume of the inspected 
components by combining electronic focusing, deflection and steering. By using a 
matrix phased array, 3D defects can be detected more easily. The nature of the defects 
must be known before being able to design the best possible matrix probe for 
inspection. This matrix phased array technique was applied in 2010 for real weld 
geometry in order to improve the detectability of defects. The main reason is that the 
real defect types are three dimensional in copper welds. This probe type has not yet 
been used for FS welds. (Pitkänen 2010). 
 
 

 

Figure 64. Layout and principle of matrix phases array probe (Pitkänen 2010). 
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In canister UT tests, some deficiencies are caused by the average grain size and 
variation of the grain size for attenuation. There have been studies to see how much 
variation causes attenuation for UT results; an example of such research work is shown 
in Figure 65. The results show that a grain size smaller than 360 µm is sufficient. 
(Pitkänen et al. 2007). 
 

 
Figure 65. 3D visualisation of the effect caused by different grain sizes. On the left is 
shown a copper specimen with a smaller grain size compared to the right as test 
specimen with a larger grain size (Pitkänen et al. 2007). 
 

9.1.4  Eddy current testing 

The purpose of eddy current inspection is to find defects in different materials and also 
possibly to provide information about changes in material properties. The ability to 
quantitatively determine the location and shape of any defect or internal structure within 
materials is important for both the evaluation of the copper component surface and the 
near-surface defect state and characteristics of material. Eddy current testing can be 
applied to all metals, both ferrous and non-ferrous, at several stages of the 
manufacturing process and also a coating of similar thickness measurement on the 
electrical conductive material. The eddy current testing procedure for a copper weld is a 
combination of high frequency and low frequency probe measurements. At high 
frequency the used probe frequency is typically 30 kHz and the depth of the penetration 
is about 0.5 mm. In copper EB weld inspection, a lower frequency is used, 200 Hz, and 
estimated penetration is a little over 10 mm at the receiver coil (Pitkänen 2010). 

9.2  Detection of defects 

Different reflectors with different geometries have varied and parameters have been 
tested for the creation of POD-curves, especially for JLH with the help of knowledge of 
defects' possibly occurring geometries. The reason for this is that JLH is a typically non-
volumetric defect and the direction of this defect is radial, which reduces the corrosion 
barrier of the copper canister and can only be found by UT concerning NDT 
inspections. For an area like JLH defects, only destructive testing can be applied as a 
reference. There is a possibility that a JLH-like defect could be divided into two 
different parts, as a curved rectangle and planar rectangle. The size and shape of the 
JLH have varied greatly; example areas and the typical shape of the JLH is shown in 
Figure 66. In the curved part the best angle of the sound beam is estimated to be 0–10° 
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and for planar part 10–20º. This matter is still undergoing development work (Ronneteg 
et al. 2006; Muller et al. 2006). 
 

 

Figure 66. Microsection and theoretical description of the joint-line-hooking (Muller et 
al. 2006). 
 
With UT and RT it is possible to detect wormholes far below the required critical size 
but also show potential to detect smaller discontinuities in studying the detection 
processes in more detail. (Muller et al. 2006). 
 
Concerning UT results and the estimation of the confidence level for POD-curves, 
factors that affect echo amplitude should be noted. The scatter of an echo depends on 
the size (reflecting area) of the discontinuity, its depth, shape, orientation and the nature 
of the test object surfaces. For the application of the POD concept using “â versus a” the 
precondition is that the echo height will, in principle, grow with defect size.  
 
RT of wormholes underestimates the size in the radial direction. The underestimation 
might be due to the fact that the flaws become smaller towards the ends (as confirmed 
by the cross-sections) decreasing the contrast. Basically, the difference of radiation 
direction of 8° and the radial measurement of the flaw dimension makes the method 
dependent on the typical geometric distribution of the flaws. The wormholes belong 
more to the type of volumetric flaws and have, in addition, often a zig‑zag shaped 
surface so that the sound is reflected in all possible directions, which makes an exact 
sizing with the 6 dB drop rule hard with UT. (Ronneteg, et al. 2006; Muller et al. 2006). 

9.3  Sizing of defects (for long-term safety) 

During the FSW welding trials concerning a copper canister with a heavy wall 
thickness, two main types of discontinuities have been found using the relevant process 
parameter settings. The types can be called cavities (voids) and joint line hooking 
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(JLH). Voids are typically located in the outer part of the weld and are usually 
volumetric and JLH is located in the weld root and is typically a non-volumetric defect.  
 
The acceptance criteria for welds in this welding test are presented in Table 13. Any two 
adjacent defects separated by a distance smaller than the major dimension of the smaller 
of the defects shall be considered as a single defect. The criterion covering the intact 
wall thickness requirement of 35 mm in 100% and 40 mm in 99% of the canisters is the 
master requirement for acceptance, especially for combining defects. Penetration of the 
weld shall be limited to between 42–70 mm. A so-called lack of fusion kind of defect 
has not been noted in this table.  
 
Table 13. l length of defect, w width of defect, h height of defect (Pitkänen 2010). 

Type of defect Maximum allowable size 
Porosity l<25 mm, h < 6 mm, w < 8 mm 
Incomplete penetration l continuous, h < 8 mm, 

Intact 42 mm 
Joint line hooking l continuous, h < 8 mm, 

Intact penetration depth 42 mm 
Wormhole / crater l < 5 mm, w < 3 mm, h < 10 mm 
Solid inclusions l < 10 mm, w < 3 mm, h < 10 mm 
External undercut, defect on the side of 
the weld originating from machining and 
welding, possible repair by machining 

l < 20 mm, h < 5 mm 

Scratches Permitted locally 
 
A detected defect in the same cross-section will be summed up together in order to 
calculate the remaining wall thickness. A reason for combining defects is the inaccuracy 
(tolerance) of the NDT methods. All results for each individual NDT method will be 
evaluated separately and afterwards positioned in a 3D real location. There will be 
acceptance criteria for single NDT methods and for combined results of several NDT 
methods. The individual indication results, such as defect locations, are compared and 
the final size of the defect will be determined according to the combined results of all 
NDT methods. (Pitkänen 2010). 

9.4  Pod and detectability for NDT 

The POD provides the probability for the detection of a certain flaw size and is a typical 
way of presenting the capability of the NDT system to detect a flaw. The indexation 
(90/95) indicates that 90% of the defects with size a will be detected within a 
confidence interval of 95%, i.e. the uncertainty in determination of the POD curve. 
NDT methods are 100% digitized and mechanized methods so that a full signal analysis 
is possible according to POD-limits. To determine the real sized defects the welds have 
been tested destructively or tested with a more comprehensive non-destructive reference 
method. For optimisation and verification, the POD for the discontinuities is determined 
using a systematic statistical method. The welds were examined using NDT according 
to the Canister Laboratory's procedures for radiographic and ultrasonic testing. The 
same specimens were also examined by different reference methods: immersion 
ultrasonic testing, HECT (High Energy Computed Tomography) and µ-CT (Microfocus 



86 
 

 

Computed Tomography). After NDT metallographic examinations were carried out to 
verify the occurrence, shape and extent of the discontinuities. To get a complete 3D 
view of the flaws CT results were compared with destructive measurements. (Pitkänen 
2010; Ronneteg et al. 2006). 
 
The following diagrams show preliminary POD-graphs for UT and RT (dated 2005). 
RT inspections are presented with a pattern where "a" is a penetrated length and â as a 
maximum radiographic contrast. Wormholes were inspected by ultrasound with "a" as 
perpendicular to the sound beam and â as maximum echo amplitude. (Ronneteg et al. 
2006). 
 
In general, it can be stated that ultrasonic testing has a capability to detect joint line 
hooking defects of the order of 4 mm in size. It must, however, be observed that joint 
line hooking has a favourable geometry for ultrasonic testing and that defects with a 
radial extension of less than 4 mm can be frequently detected. In the case of wormholes, 
the analyses indicate that defects of approximately 6 mm in size for current ultrasonic 
testing techniques and 4 mm for radiography can be detected. (Ronneteg et al. 2006). 
 
When reading these results it has to be noted that the POD-curves used in this report are 
made with the assumption that the intact wall thickness should be 15 mm. Today, this 
value has been set at 35 mm. Also, after the released results from 2006 there has been 
more development work done concerning the NDT methods and knowledge of the 
welding defects has been improved.  

9.4.1  Cavities 

For RT-inspection the resulting POD-curve and 95% confidence bound indicate an 
a90/95 of 2.6 mm penetrated length and a radial dimension of 4 mm. The POD-curve is 
shown in Figure 67.  
 

 

Figure 67. POD curve for RT of the cavities (Ronneteg et al. 2006). 
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For UT, reference values are taken from the results of destructive tests. It should be 
noted that echo amplitude is affected by factors other than defect size. POD-curve 
reveals for a90/95 12.5 mm2 and a detectable radial dimension of 5 mm (see Figure 68). 
(Ronneteg et al. 2006). 
 

 

Figure 68. POD-curve of the cavities for UT (Ronneteg et al. 2006). 

9.4.2  Joint line hooking 

The joint line hooking flaws are clearly area-like defects. They are very flat (Z-
direction) and of longer extent in the circumferential direction. (Ronneteg et al. 2006). 
 
An empirical method has mainly been used to determine the POD-curves. First, a totally 
empirical “â versus a” scatter diagram and POD were created. These included all the 
values of the SKB experiments included which yields the a90/95 equal to the detectable 
radial dimension of 4.0. In the next step, outliers (too small and too big values 
compared to a “normal” amplitude versus size behaviour), were excluded. This resulted 
in a detectable radial dimension of 3.2 mm due to the decreased scatter. (Ronneteg et al. 
2006). 
 



88 
 

 

 

Figure 69. POD-curve for the JLH-type flaws (outliers excluded) (Ronneteg et al. 
2006). 
 
 

 

Figure 70. POD-curve for the JLH-type flaws (with outliers) (Ronneteg et al. 2006). 
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10  INDUSTRIALIZATION 

10.1  Open issues and timetable 

1. The process controller will be developed further for real kind of production 
readiness, which means that the controller and components will be developed in 
such a way that possible issues or problem situations during welding will be 
handled in a pr oper way. Such situations could be, for example, loss of the 
temperature reading or false drop of the spindle torque during welding. The 
estimated timetable for this development work is that the production-ready 
controller should be developed and tested by end of 2014. 

 
2. The specification of the shielding gas is planned to be set at the end of 2015. It 

includes specifying and verifying the composition of the gas in the shield and, as 
well as conducting experiments, to decide upon the needed extent of the gas 
shield. In addition to the gas shielding also demands for preparation of the 
welding grooves shall be specified. 
 

3. After the process window of the oxidation at weld materials has been 
determined there shall be done creep tests using local strain measurements. 
Testing shall be done until the fall 2016.  
 

4. There has not been done any design concerning final machining of the canister 
after welding at encapsulation plant. To reduce material for final machining 
there shall be done more development work to optimize lids dimensions.  

10.2  Aspects related to the encapsulation plant 

Welding is carried out as one of the processes in an encapsulation plant as soon as 
possible after loading the canister with fuel. 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. 
 



90 
 

 

 

Figure 71. Cross-section of the encapsulation plant. The welding chamfer, marked with 
a red circle, is at the centre of the building above the transfer corridor.  
 
The most critical parts concerning implementation of an FSW welding machine in 
encapsulation plant are: 
 
1 Forces during welding, for example clamping forces, must not be transmitted to the 

canister transfer trolley. The only purpose of the trolley is handled the canister for 
lifting it to the welding chamfer and also unloading the canister after welding. If the 
canister is rotated during welding, rotating forces will be produced by the welding 
machine. The canister will be fixed to the welding machine and for this reason the 
welding machine and thus the concrete structure of the welding room in the 
encapsulation plant has to carry also the mass of the fully loaded canister, which is 
more than 30 tons in weight. 
 

2 Generated forces must mainly pass through the frame structures of the welding 
machine, so that there will not be excessive stresses on structures of the 
encapsulation plant.  
 

3 Forces for the welding head, clamping and movement will be handled either by 
hydraulic or electronic equipment or motors. Components that are sensitive to 
radiation produced by nuclear waste in the copper canister must be protected in a 
suitable way, such as by electric wires, cables and other constructions.  
 

4 Oil leaks from hydraulic systems or water leaks from cooling units must be 
prevented.  

 
5 If a starting hole is drilled at the welding machine, there must be separate chip 

handling. In the welding period there will not be produced any spatters or fumes 
which need their own arrangements. 
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11  KEY RISKS AND RISK MANAGEMENT 

During welding there could be a reason to stop welding during the joint line sequence. 
If this happens, there has to be a solution for how to proceed and achieve an acceptable 
canister weld. Stopping can either be done slowly by moving the tool to the upper part 
of the lid and re-starting from that area which will be machined away after welding. The 
second option is that if welding is aborted at the joint line, it can be started again from 
the exit hole and finish the welding cycle.  
 
Concerning the differences at the timetable between Posiva and SKB there is a risk that 
resources and costs could not be divided totally during the final development work.  
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12  CONCLUSIONS 

FSW is a relatively new welding process and this can be seen from the lack of suitable 
standards and also limited experiences from industry concerning welding copper. 
Posiva's partner SKB has done comprehensive development work concerning the 
suitability of FSW for welding disposal canisters' demonstrations since 2001. During 
2005 SKB chose FSW as their reference welding method, based on comprehensive tests 
series between EBW and FSW. This report has gathered all the main elements that are 
most critical and will have certain requirements for final disposal.  
 
The robustness of the welding process and the machine has been clearly proven during 
the demonstration series of 20 welds, showing no discontinuities except joint line 
hooking. During the development work there has been comprehensive development and 
research work in almost all areas.  
 
FSW can be regarded as a suitable welding method for the final disposal environment. 
The weld materials meet the set requirements concerning the short-term and long-term 
properties of the copper canister in the disposal environment. It must be noted that gas 
shielding has been used only for a short time in welding tests and that the research work 
should be updated concerning the results; for example, the creep properties of welds.  
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