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Executive Summary 

Background 

Nagra is the Swiss national cooperative for the disposal of radioactive waste and is responsible 
for final disposal of all types of radioactive waste produced in Switzerland. As part of Nagra's 
long term disposal strategy, plans must be developed for two repositories, one for spent fuel 
(SF), vitrified high-level waste (HLW) and long-lived intermediate level waste and one for low 
and intermediate level waste. Within the next 10 years, Nagra plans to apply for general licences 
for these repositories. In the application, documentation will be required showing that long-term 
safety can be ensured and that factors for the construction, operation, and closure of the facility 
have been considered. Nagra has commissioned TWI to carry out a critical review of welding 
technologies for the sealing of HLW and SF canisters made of carbon steel, one of the preferred 
materials under consideration. The information in this report will be used in conjunction with a 
material selection report already produced. This report is intended as a preliminary step to 
provide input to developing design concepts for the SF and HLW canisters.  

Objective 

The objective of this report was to carry out a critical review of all available welding techno-
logies for the application of sealing carbon steel canisters for SF and HLW to be disposed of in 
a repository. The review discusses the following key variables: 

 Suitability of techniques for thickness of weld required. 

 Suitability for remote operation, maintenance and set-up. 

 Advantages and disadvantages of each welding process in terms of welding speed, weld 
quality, tolerances and cost. 

 Effect of welding process on parent materials properties including microstructure corrosion 
resistance, distortion and residual stress. 

 Potential post-weld treatments to reduce residual stress and enhance corrosion resistance. 

 Suitability of inspection techniques for the weld thickness required including remote 
operation and accuracy. 

 Impact of welding techniques on the canister design and material selection. 

 Critique of emerging technologies which may be suitable for the application in the future. 

Work Carried Out 

The review of potential welding technologies began with a feasibility review carried out by TWI 
experts in the relevant processes. Certain feasibility criteria were used to rule out processes 
clearly not suitable for the application. The next stage was to carry out research in the form of a 
literature review. This encompassed all remaining processes and was focused on looking for 
previous applications of the processes for the material and thickness suggested, and also safety 
critical applications such as applied in the nuclear and pressure vessel industry. Once the 
relevant information was gathered each process was reviewed individually by a TWI engineer 
with expertise and experience in the process. This information was used at a meeting to weigh 
up the advantages and disadvantages of each process and decide on which are likely candidate 
processes. These candidate processes were then reviewed further to include the likely metal-
lurgical effects and potential inspection techniques.  



NAGRA NTB 09-05 II 

Conclusions 
 

1. Based on available literature, TWI experience and the requirements set forth by Nagra, two 
processes offer the best solution: 
 narrow gap tungsten inert gas (NG-GTAW) welding. 
 electron beam welding (EBW). 

2. It is expected that the choice of the exact welding process and post-weld treatments required 
for the Nagra application can be made when more detailed acceptance criteria for the weld 
performance are established. 

3. Both NG-GTAW and EBW techniques are suitable and have a track record of welding 
within the thickness required of 60 - 150 mm. 

4. The travel speed and typical joint size have been discussed and it is likely that EB welding 
will be far more productive than NG-GTAW; however the joint is likely to be completed 
using NG-GTAW within 24 hours. 

5. Both processes are suitable for remote operation and were selected on the basis of reliability 
and repeatability without operator intervention. It is likely that more development will be 
necessary for the ancillary processes of NG-GTAW. 

6. All welding processes will have a deleterious affect on the parent material. Appropriate 
post-weld treatments will improve the material properties such that the risk of post-weld 
cracking will be mitigated but the properties will always be different from the parent 
material. Due to the rapid cooling rates the weld metal toughness in the as-welded condition 
for EB welds will be lower than for NG-GTAW. 

7. When welding thick carbon manganese (C-Mn) steel components, mitigation of residual 
stresses is likely to present a bigger challenge than distortion potential. 

8. A large weld deposit is thought to be more detrimental with respect to residual stresses than 
several smaller heat input passes and more work is required to understand this. 

9. The maximum residual stresses from EBW occur at the mid-thickness of thick section 
components and are tensile in all directions, with the maximum values located in the heat 
affected zone (HAZ) region. For NG-GTAW the maximum tensile residual stress is likely 
to be at a certain depth below the outer surface. This will depend on the constraints and 
geometry during welding. 

10. Further research is required for a thorough comparison on which method, NG-GTAW or 
EBW, generates the lowest residual stress magnitudes for the final design of the canister. 

11. Post-weld treatment is recommended to mitigate residual stresses. It is likely that a 
combination of the reviewed residual stress mitigation techniques will lead to the best 
technical solution. 

12. Post-weld heat treatment (PWHT) of C-Mn steels is typically carried out at 600 °C, for one 
hour per 25 mm of nominal weld thickness. This might not be suitable for the current 
application so other possibilities have been explored. 

13. Local heating redistributes the residual stresses in the region of the weld. This might be an 
economic option if EB is used for sealing the canister since the equipment would already 
exist. 

14. Various surface treatment methods (shot, ultrasonic, hammer and laser peening) can be 
applied to modify the residual stresses near the external surface of the canister. 
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15. Friction welding processes offer considerable opportunities for the mitigation of residual 
stresses. However, information is limited, and work would be needed to establish the 
suitability of these processes. 

16. More information is necessary on the mechanical properties required, before the impact of 
the design on the canister can be fully assessed. From a welding process viewpoint the 
integration of a self-locating spigot joint would be beneficial for controlling penetration and 
protecting the contents of the canister. 

17. Ultrasonic and radiographic inspection techniques are both appropriate for the non-
destructive testing (NDT) of NG-GTAW and EB welds and it would be recommended that 
the processes are used in tandem to provide maximum assurance of the weld quality. 

18. The currently proposed material ASTM A516 Grade 70 is weldable with both processes; 
however, grades of steel with similar mechanical properties and corrosion resistance are 
available with improved weldability and lower impurity contents. 

19. Welding for the fabrication of the canister presents far less of a technological challenge than 
the sealant weld. It may be possible to produce a canister design that does not require 
fabrication welds. 
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Zusammenfassung 

Vorwort 

Die Nationale Genossenschaft für die Lagerung radioaktiver Abfälle, Nagra, ist verantwortlich 
für die Entsorgung aller Typen radioaktiver Abfälle, die in der Schweiz anfallen. Als Teil ihrer 
langfristigen Entsorgungsstrategie plant die Nagra zwei geologische Tiefenlager: Ein Lager für 
verbrauchte Brennelemente (BE), verglaste hochaktive Abfälle (HAA) und langlebige mittel-
aktive Abfälle (LMA) und eines für schwach- und mittelaktive Abfälle (SMA). Innerhalb der 
nächsten 10 Jahre beabsichtigt die Nagra, die Erteilung der Rahmenbewilligungen für beide 
Tiefenlager zu beantragen. Für das Rahmenbewilligungsverfahren muss aufgezeigt werden, dass 
die Langzeitsicherheit gewährleistet werden kann und dass alle wichtigen Vorgaben und 
Randbedingungen für den Bau, Betrieb und Verschluss der Tiefenlager berücksichtigt wurden. 
Die Nagra hat TWI beauftragt, einen Bericht zur Review von Schweisstechnologien für die 
Herstellung und den Verschluss von HAA- und BE-Behältern aus Kohlenstoffstahl, einem der 
bevorzugten untersuchten Werkstoffe zu verfassen. Die Informationen in diesem Bericht 
werden durch einen bereits erstellten Bericht zur Werkstoffauswahl ergänzt. Der vorliegende 
Bericht liefert einen ersten Input für die Entwicklung von Auslegungskonzepten für BE- und 
HAA-Behälter aus Kohlenstoffstahl. 

Zielsetzung 

Die Zielsetzung dieses Berichts war eine kritische Bewertung aller verfügbaren Schweisstech-
nologien für die Herstellung und den Verschluss von Lagerbehältern für BE und HAA aus 
Kohlenstoffstahl, die in einem Tiefenlager entsorgt werden sollen. Die Review diskutiert die 
folgenden wichtigen Aspekte: 

 Eignung von Schweisstechnologien für die geforderte Behälterwandstärke. 

 Eignung für die fernbediente Anwendung (Durchführung, Wartung und Einrichten). 

 Vor- und Nachteile jedes Verfahrens in Bezug auf Schweissgeschwindigkeit, Schweiss-
qualität, Toleranzen und Kosten. 

 Auswirkung des Schweissprozesses auf die Werkstoffeigenschaften einschliesslich der 
Mikrostruktur-Korrosionsbeständigkeit, Verformung und Eigenspannung. 

 Möglichkeiten zur Nachbehandlung der Schweissverbindungen im Hinblick auf die Reduk-
tion von Eigenspannungen und Erhöhung der Korrosionsbeständigkeit. 

 Eignung von Methoden zur zerstörungsfreien Prüfung für die geforderte Wandstärke bei 
fernbedienter Anwendung unter Berücksichtigung der geforderten Genauigkeit. 

 Auswirkung der verschiedenen Schweisstechniken auf die Behälterauslegung und die 
Werkstoffauswahl. 

 Die Beurteilung von zukünftigen Technologien, die für den Anwendungsbereich geeignet 
sein könnten. 

Ausgeführte Arbeiten 

Die Bewertung von möglichen Schweisstechnologien begann mit einer Machbarkeitsstudie, die 
von Experten des TWI für die verschiedenen relevanten Verfahren durchgeführt wurde. 
Bestimmte Machbarkeitskriterien dienten als Grundlage, um für den Anwendungsbereich der 
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Nagra offensichtlich nicht geeignete Verfahren auszuschliessen. Daraufhin erfolgte eine 
Recherche in Form einer Literaturstudie.  

Diese umfasste alle verbleibenden Verfahren und konzentrierte sich auf die Beurteilung bis-
heriger Anwendungsbereiche für den vorgeschlagenen Werkstoff und die erforderliche Wand-
stärke und berücksichtigte auch sicherheitskritische Anwendungen, wie sie in der Kern- und 
Druckbehälterindustrie angewandt werden. 

Sobald die relevanten Informationen beschafft waren, wurde jedes Verfahren individuell von 
einem Ingenieur des TWI mit entsprechendem Fachwissen und Erfahrung überprüft. Diese 
Informationen wurden an einer Fachsitzung verwendet, um die Vor- und Nachteile jedes Ver-
fahrens abzuwägen und zu entscheiden, welches die am ehesten für den Anwendungsbereich der 
Nagra in Frage kommenden Schweissverfahren sind. Diese wurden dann weiter überprüft im 
Hinblick auf die voraussichtlichen metallurgischen Auswirkungen und auf mögliche 
zerstörungsfreie Prüfungstechniken. 

Schlussfolgerungen 

1. Basierend auf der verfügbaren Literatur, der Erfahrung des TWI und die durch die Nagra 
festgelegten Anforderungen bieten sich zwei Verfahren an: 
 Wolfram-Inertgasschweissen ('narrow gap tungsten inert gas welding' NG-GTAW). 
 Elektronenstrahlschweissen ('electron beam welding' EBW). 

2. Eine Entscheidung bezüglich der für die Nagra relevanten Schweissverfahren sowie Nach-
behandlungen kann voraussichtlich getroffen werden, wenn die detaillierten Abnahme-
kriterien für die Ausführung der Schweissverbindung festgelegt wurden. 

3. Beide Schweisstechniken (NG-GTAW und EBW) sind nachweislich geeignet für die 
erforderlichen Behälterwandstärken von 60 – 150 mm. 

4. Die Arbeitsgeschwindigkeit und typische Nahtgrösse wurden erörtert und es ist wahrschein-
lich, dass das EBW-Verfahren effizienter ist als NG-GTAW; mit dem NG-GTAW-
Verfahren benötigt die Herstellung einer Schweissnaht etwa 24 Stunden. 

5. Beide Verfahren sind für die fernbediente Anwendung geeignet und wurden basierend auf 
ihrer Zuverlässigkeit und Wiederholbarkeit ohne Eingreifen durch das Bedienungspersonal 
ausgewählt. Wahrscheinlich wird die Entwicklung der Überwachungsprozesse von NG-
GTAW mehr Aufwand benötigen. 

6. Alle Schweissverfahren werden einen nachteiligen Einfluss auf den Ausgangswerkstoff aus-
üben. Geeignete Nachschweissbehandlungen werden die Materialeigenschaften verbessern, 
so dass das Risiko einer Rissbildung verringert wird; die Eigenschaften werden sich aber 
immer vom Ausgangswerkstoff unterscheiden. Aufgrund der schnellen Abkühlungsraten 
wird die Metallfestigkeit nach erfolgtem Schweissen für EBW niedriger sein als für NG-
GTAW. 

7. Beim Schweissen dicker Komponenten aus Kohlenstoff-Mangan-(C-Mn)-Stahl wird die 
Herabsetzung der Eigenspannungen wahrscheinlich die grössere Herausforderung darstellen 
als die Verformung. 

8. Es wird davon ausgegangen, dass sich eine grosse Schweissnaht nachteiliger in Bezug auf 
Eigenspannungen auswirkt als mehrere kleinere wärmeeinbringende Lagen (Schweiss-
raupen). Zum besseren Verständnis sind ergänzende Untersuchungen notwendig. 

9. Die maximalen Eigenspannungen beim EBW-Verfahren kommen etwa in der Mitte der ver-
schweissten dickwandigen Komponenten vor, breiten sich von dort in alle Richtungen aus 
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und weisen die höchsten Werte in der durch Wärme beinflussten Zone ('heat affected zone' 
HAZ) auf. Für NG-GTAW wird die maximale Eigenpannung wahrscheinlich in einer 
bestimmten Tiefe unter der äusseren Oberfläche lokalisiert sein. Dies hängt von den Rand-
bedingungen und der Geometrie während des Schweissens ab. 

10. Weitere Recherchen sind erforderlich, um herauszufinden, welche Methode – NG-GTAW 
oder EBW – die geringsten Eigenspannungswerte im Hinblick auf die endgültige Aus-
legung des Behälters erzeugt. 

11. Eine Nachbehandlung der Schweissnaht wird empfohlen, um bleibende Eigenspannungen 
herabzusetzen. Wahrscheinlich führt eine Kombination der untersuchten Nachbehandlungs-
techniken im Hinblick auf die Herabsetzung der Eigenspannungen zur besten technischen 
Lösung. 

12. Eine Wärmenachbehandlung der Schweissverbindung ('post-weld heat treatment' PWHT) 
bei C-Mn-Stählen wird typischerweise bei 600°C eine Stunde lang pro 25 mm nomineller 
Schweissverbindungsstärke ausgeführt. Dies könnte für die gegenwärtige Anwendung nicht 
geeignet sein, deshalb wurden weitere Möglichkeiten eruiert. 

13. Durch eine lokale Erwärmung werden die Eigenspannungen im Bereich der Schweissver-
bindung umverteilt. Dies könnte eine ökonomische Variante sein, wenn EBW für den 
Behälterverschluss eingesetzt wird, da die Ausrüstung bereits vorhanden wäre. 

14. Verschiedenartige Oberflächenbehandlungsmethoden (Kugelstrahl-, Ultraschall-, Hammer- 
und Laserverfestigungsverfahren) können angewandt werden, um die Eigenspannungen in 
der Nähe der äusseren Oberfläche des Behälters zu modifizieren. 

15. Reibungsschweissverfahren stellen bedeutende Alternativen für die Herabsetzung von 
Eigenspannungen dar. Allerdings sind nur begrenzte Informationen darüber verfügbar und 
weiterer Aufwand wäre erforderlich, um die Eignung solcher Verfahren zu überprüfen. 

16. Es werden weitere Informationen über die mechanischen Eigenschaften benötigt, bevor ihr 
Einfluss auf die Behälterauslegung vollständig beurteilt werden kann. Vom Standpunkt des 
Schweissverfahrens her wäre eine sich selbst positionierende Trennfuge von Vorteil, um die 
Eindringtiefe beim Schweissen zu kontrollieren und den Inhalt des Behälters zu schützen. 

17. Ultraschall- und Röntgenuntersuchungstechniken sind beide geeignet für die zerstörungs-
freie Prüfung ('non-destructive testing' NDT) von NG-GTAW- und EBW-Schweissverbin-
dungen. Aus Gründen einer bestmöglichen Qualitätssicherung der Schweissverbindung 
wird empfohlen, beide Prozesse hintereinander anzuwenden. 

18. Der derzeit vorgeschlagene Werkstoff ASTM A516 Grade 70 ist mit beiden Verfahren 
schweissbar, jedoch stehen Güteklassen von Stahl mit ähnlichen mechanischen Eigenschaf-
ten und Korrosionsfestigkeiten, aber verbesserter Schweissbarkeit und geringeren Verun-
reinigungen zur Verfügung. 

19. Die Herstellung des Behälters mit Schweissen ist technologisch bedeutend weniger an-
spruchsvoll als der Verschluss des Behälters mit einer Schweissnaht. Es besteht auch die 
Möglichkeit, eine Behälterauslegung zu wählen, wo für die Herstellung keine Schweiss-
verbindungen notwendig sind. 
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Résumé 

Contexte 

La Nagra – Société coopérative nationale pour le stockage des déchets radioactifs – est respon-
sable du stockage de tous les types de déchets nucléaires produits en Suisse. La stratégie à long 
terme de la Nagra prévoit l’aménagement de deux dépôts en profondeur, l’un pour les éléments 
combustibles irradiés (ECI), les déchets de haute activité (DHA) et les déchets de moyenne 
activité à vie longue (DMAL), l’autre pour les déchets de faible et de moyenne activité 
(DFMA). D’ici à une dizaine d’années, la Nagra entend présenter des demandes d’autorisation 
générales pour ces dépôts. La documentation accompagnant ces requêtes devra démontrer que la 
sûreté à long terme peut être assurée et que tous les facteurs déterminants pour la construction, 
l’exploitation et la fermeture des installations ont été pris en considération. La Nagra a chargé 
TWI de procéder à un examen critique des techniques de soudage pour le scellement des conte-
neurs pour DHA et ECI en acier au carbone, l’un des matériaux envisagés à ce jour. Les infor-
mations contenues dans le présent rapport seront utilisées en liaison avec un document déjà 
publié sur la sélection des matériaux. Ce rapport constitue une étape préliminaire pour la 
conception des conteneurs destinés aux ECI et aux DHA. 

Objectif 

L’objectif de la présente étude était de passer en revue toutes les techniques de soudage 
existantes pouvant être utilisées pour sceller des conteneurs en acier au carbone destinés aux 
ECI et aux DHA en vue du stockage final. L’examen a porté sur les variables suivantes: 

 Adéquation des techniques au regard des exigences relatives à l’épaisseur des parois du 
conteneur. 

 Adéquation par rapport aux exigences relatives à l’exploitation, à la maintenance et à la 
mise en place à distance. 

 Avantages et inconvénients de chaque procédé de soudage au regard de la vitesse de 
soudage, de la qualité des soudures, des tolérances et des coûts. 

 Conséquences du procédé de soudage sur les propriétés des matériaux d’origine, en 
particulier la microstructure, la résistance à la corrosion, les déformations et les contraintes 
internes résiduelles. 

 Traitements post-soudage possibles pour réduire les contraintes internes et améliorer la 
résistance à la corrosion. 

 Adéquation des techniques d’inspection non destructives au regard des exigences en matière 
d’épaisseur des parois du conteneur, en particulier commande à distance et exactitude des 
mesures. 

 Impact des différents procédés de soudage sur la conception des conteneurs et sur la 
sélection du matériau. 

 Appréciation critique des techniques émergentes qui pourraient être utilisées à l’avenir. 

Travaux effectués 

L’étude des techniques de soudage potentielles a commencé par une étude de faisabilité effec-
tuée par des experts de TWI sur les procédés envisageables. Un certain nombre de critères ont 
été définis pour exclure d’emblée les procédés clairement inadaptés à cet usage. L’étape sui-
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vante a consisté en des recherches bibliographiques sur tous les procédés restants. Il s’agissait 
en premier lieu d’identifier des applications antérieures de ces procédés pour les matériaux et les 
épaisseurs envisagés, en particulier dans des domaines où la sûreté est primordiale (industrie 
nucléaire, récipients sous pression). Une fois les informations pertinentes réunies, chaque 
procédé a été analysé séparément par un ingénieur de TWI spécialisé et expérimenté dans ce 
domaine particulier. Les résultats ont ensuite été examinés lors d’une réunion destinée à définir 
les avantages et les inconvénients de chaque technique et à choisir les procédés à retenir pour la 
suite des travaux. Ces derniers ont alors été étudiés plus en détail, notamment quant aux impacts 
métallurgiques prévus et aux techniques d’inspection non destructives. 

Conclusions 

1. En se fondant sur les références trouvées dans la littérature, l’expérience de TWI et les 
exigences posées par la Nagra, deux procédés ont été retenus comme offrant les meilleures 
performances: 
 soudage à l’arc au tungstène sous gaz inerte en intervalle étroit (NG-GTAW ou narrow 

gap tungsten inert gas welding) 
 soudage par faisceau d’électrons (EBW ou electron beam welding). 

2. La sélection d’un procédé de soudage particulier et des post-traitements nécessaires pour 
l’application requise par la Nagra sera possible lorsque des critères de conformité plus 
détaillés relatifs aux propriétés de la soudure auront été établis. 

3. Ces deux techniques sont adaptées à l’usage prévu par la Nagra; elles ont été utilisées pour 
des soudures dans l’intervalle d’épaisseur recherché, à savoir 60 - 150 mm. 

4. La vitesse de soudure et la taille standard des joints ont été débattues; il est probable que le 
soudage EB soit plus efficace que le procédé NG-GTAW; mais le temps de soudure avec le 
procédé NG-GTAW ne devrait toutefois pas dépasser environ 24 heures. 

5. Les deux procédés se prêtent à une commande à distance; ils ont été sélectionnés en raison 
de leur fiabilité et de la reproductibilité sans l’intervention d’un opérateur. Il est probable 
qu’il faille développer plus avant les procédés de contrôle du soudage NG-GTAW. 

6. Tous les procédés de soudage auront des effets délétères sur le métal traité. Des traitements 
post-soudage adéquats permettront d’améliorer les propriétés du matériau de façon à réduire 
le risque de fissuration. Toutefois, ces propriétés diffèreront toujours de celles du matériau 
d’origine. En raison du refroidissement rapide de la soudure, la résistance (avant traitement 
post-soudage) du métal soudé à l’aide du procédé EBW sera inférieure à celle du métal 
soudé avec le procédé NG-GTAW. 

7. Lors du soudage d’éléments épais en acier au manganèse à forte teneur en carbone (C-Mn), 
les problèmes à résoudre se poseront plutôt au niveau de l’élimination des contraintes 
internes qu’à celui des phénomènes de déformation. 

8. On estime qu’un seul passage à haute température a un impact plus négatif sur les 
contraintes internes que plusieurs passages à chaleur plus basse. Des recherches 
complémentaires sont nécessaires à la compréhension de cet aspect particulier. 

9. Les contraintes internes maximales résultant du procédé EBW se produisent à égale dis-
tance des surfaces extérieures pour les éléments épais; elles exercent leurs forces dans toutes 
les directions, les valeurs maximales se situant dans la zone affectée par la chaleur (HAZ). 
Dans le cas du soudage NG-GTAW, les contraintes internes maximales se retrouvent le plus 
souvent à une certaine distance de la surface extérieure. Cette distance dépend des con-
traintes et de la géométrie pendant l’opération de soudage. 
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10. Des recherches plus poussées seront nécessaires pour comparer réellement les méthodes 
NG-GTAW et EBW et définir laquelle génère le moins de contraintes internes résiduelles, 
en vue de la conception définitive des conteneurs. 

11. Un traitement post-soudage est recommandé pour réduire les contraintes résiduelles. Il est 
probable qu’une combinaison judicieuse des techniques de réduction des contraintes prises 
ici en considération permettra d’aboutir à la meilleure solution technique possible. 

12. Le traitement post-soudage (PWHT) d’aciers C-Mn est exécuté normalement à 600° C 
pendant une heure par 25 mm d’épaisseur nominale. Ce procédé pourrait ne pas être 
approprié pour l’application qui nous intéresse. D’autres possibilités ont par conséquent été 
étudiées. 

13. En chauffant le matériau localement, les contraintes résiduelles sont redistribuées dans la 
zone de soudure. Ceci pourrait présenter des avantages financiers dans le cas où le procédé 
EB est utilisé pour sceller les conteneurs, dans la mesure où les équipements nécessaires 
seraient déjà en place. 

14. Différentes méthodes de traitement de surface (écrouissage par grenaillage, par martelage, 
aux ultrasons ou au laser) peuvent être appliquées pour modifier les contraintes résiduelles à 
proximité de la surface extérieure du conteneur. 

15. Les procédés de soudage par friction sont particulièrement appropriés à la réduction des 
contraintes résiduelles. Les connaissances sont toutefois limitées dans ce domaine et il con-
viendrait par conséquent d’étudier l’adéquation de ces procédés. 

16. Il faudra améliorer les connaissances concernant les propriétés mécaniques nécessaires 
avant de pouvoir évaluer l’impact d’un soudage particulier sur le conteneur. Du point de vue 
du procédé de soudage, l’intégration d’un emboîtement en tulipe se positionnant de lui-
même serait souhaitable pour contrôler la pénétration et protéger le contenu du conteneur. 

17. Les techniques d’inspection par ultrasons et par radiographie se prêtent toutes deux à 
l’inspection non destructive (NDT) des soudures NG-GTAW et EB; il serait souhaitable que 
ces procédés soient utilisés en association pour une garantie maximale de la qualité de la 
soudure. 

18. Le matériau actuellement proposé, l’ASTM A516 Gr. 70, peut être soudé avec les deux 
procédés, mais il existe des qualités d’acier présentant des propriétés mécaniques et une 
résistance à la corrosion similaires, tout en offrant de meilleures propriétés au regard de la 
soudure et une teneur réduite en impuretés. 

19. Le soudage intervenant dans la fabrication des conteneurs constitue un défi technologique 
bien moins important que la soudure de scellement. D’ailleurs, il serait probablement 
possible de concevoir des conteneurs pouvant être fabriqués sans soudure. 
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1 Introduction 
 

Nagra is the Swiss national cooperative for the disposal of radioactive waste and is responsible 
for final disposal of all types of radioactive waste produced in Switzerland. As part of Nagra's 
long term disposal strategy, plans must be developed for a disposal facility. In about 2016, 
Nagra plans to apply for a general licence and will require documentation showing evidence that 
all factors for the operation, construction and maintenance of the facility have been considered. 
To form part of this documentation, Nagra has commissioned TWI to carry out a critical review 
of welding technologies for the fabrication of high level waste (HLW) and spent fuel (SF) 
canisters. This report is intended as a preliminary step to provide input to developing design 
concepts. 

Disposal canisters for SF and HLW are required to have a minimum lifetime of 1000 years. A 
design for a HLW canister was developed in the 1980s (Steag & Motor-Columbus 1984) and in 
2002 a study of design options was performed (Johnson and King 2002) in order to identify 
suitable configurations and possible materials choices. Both carbon steel and copper were 
considered viable choices and for carbon steel canisters for SF disposal a wall thickness of 
130 - 150 mm was proposed For the purpose of this review it has been designated that pressure 
vessel steel conforming to ASTM/ASME A516/SA516 grade 70 can be considered as an 
example. The finished canister will be approximately 1 m in diameter and weigh up to 25 tons. 
Nagra has estimated that the surface radiation dose will be at a level that prohibits manual 
handling. Therefore a hot-cell approach and remote handling methods will need to be employed. 
Additionally there is a requirement that the waste form temperatures do not exceed about 400 °C 
during welding and post weld heat treatment (PWHT). The main focus of the review will be on 
the closure weld which will need to be carried out remotely, but canister fabrication welds will 
also be considered. 

It is understood that this report will be used in conjunction with other studies of materials 
properties and input from a design and fabrication study to select a preferred grade (or grades) 
of steel. Further input on weld design and technique may be required during the design study. 
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2 Objective 
 

The objective of this report was to carry out a critical review of all available welding techno-
logies for the application of sealing carbon steel canisters for SF and HLW to be disposed of in 
a repository.  

The review discusses the following key variables: 

 Suitability of techniques for thickness requiremed. 

 Suitability for remote operation, maintenance and set-up. 

 Advantages and disadvantages of each process in terms of welding speed, weld quality, 
tolerances and cost. 

 Effect of welding process on parent materials properties including microstructure corrosion 
resistance, distortion and residual stress. 

 Potential post-weld treatments to reduce residual stress and enhance corrosion resistance. 

 Suitability of inspection techniques for thickness requirements including remote operation 
and accuracy. 

 Impact of welding techniques on the canister design and material selection. 

 Critique of emerging technologies which may be suitable for the application in the future. 
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3 Approach 
 

The review of potential welding technologies began with a feasibility review. In order for a 
process to progress to the literature review and initial process review it was required to meet the 
following criteria: 

 able to be mechanised; 

 currently capable of joining thick sections in a material (>50 mm); 

 must not compromise or potentially compromise the contents of the canister (result in the 
SF in the canister exceeding about 350 °C or the HLW exceeding 450 °C); 

 capable of being applied from a single side; 

 capable of resultant weldment matching or exceeding the mechanical properties of the 
parent material; 

 developed, or established and undergoing further development so as not to present too great 
a research investment to reach application. 

Based on these criteria certain processes were ruled out. These included: 

 explosive welding; 

 flash butt welding; 

 linear friction welding; 

 plasma keyhole welding; 

 diffusion bonding; 

 aluminothermic welding; 

 adhesive bonding; 

 shielded metal arc welding (SMAW) or manual metal arc welding (MMAW); 

 resistance spot, seam and projection welding. 

The next stage was to carry out research in the form of a literature review. This encompassed all 
other processes and was focused on looking for previous applications of the processes for the 
material and thickness suggested and also such safety critical applications as would apply in 
nuclear power stations and pressure vessels. 

Once the relevant information was gathered, each process was reviewed individually by the 
TWI engineer with expertise in the process. This initial review information was used at an 
internal meeting with the project team to weigh up the advantages and disadvantages of each 
process and decide on which processes required further investigation and recommendation to 
Nagra. Following a more in depth review the technology gaps and conclusions were identified. 

3.1 Technology readiness levels 

Technology readiness levels (TRLs), also known as manufacturing readiness levels, are used by 
governments and multinational companies to quantify a technology or systems maturity. For 
example, level one is for first principle scientific ideas; level three is for technologies at the 
proof of concept stage and level seven is for proven prototypes. The scale goes up to level nine 
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which is for technologies in widespread and mainstream use. TRL provide an easy reference for 
the viability of a production method, technique or material to be seamlessly integrated into 
batch or mass production.  
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4 Process Review 

4.1 Arc welding 

Arc welding is a generic term for non-pressure (fusion) welding processes in which the welding 
heat is generated by an electric arc struck between the base metal or the weld metal and an 
electrode (consumable or non-consumable) or between two electrodes. There are many variants 
of the arc welding process: each variant presents specific benefits and drawbacks with respect to 
the Nagra application. Arc welding is generally a very mature technology with substantial 
experience being gained by the industry over the last 100 years. 

4.1.1 Literature review 

A literature search carried out using Weldasearch® and various internet search engines to find 
recorded applications of welding thick section carbon steels returned in excess of 250 results, 
which made the review of all the search results not feasible. It was clear from prior knowledge 
that, whilst the penetration and thickness of individual passes for arc welding are relatively low 
in comparison to power beam processes such as laser and electron beam (EB) welding, the total 
thickness of the plate is largely inconsequential, as in most situations multiple passes can be 
made. The problem with multiple passes is that, in thick material, a typical weld cross section 
area of either single U or V joint design becomes very large, requiring a large amount of weld 
metal to fill. Technology has been specifically developed to apply arc welding processes to 
narrow groove joint designs. These iterations of existing technology are collectively known as 
narrow gap (NG) welding. Narrow gap welding has been used in industry since the 1970s and 
can be used with a number of arc processes. 

NG welding is a generic term referring to a process that utilises conventional arc welding 
techniques with a square edged preparation and with such a groove angle as to take into account 
only angular distortion. Beads are laid in multiple layers (except electro-slag) and the number of 
beads per layer is constant (normally 1 – 2) compared with a standard V or U prep where the 
number of beads increases on each layer. Various processes have been applied using the narrow 
gap technique, including gas metal arc welding (GMAW), gas tungsten arc welding (GTAW) 
and submerged arc welding (SAW) as well as a special variant of electro-slag welding (ESW). 
The advantages and disadvantages of each process variant are summarised in Table 1. The most 
commonly used process as recorded in the mid 1980's is GMAW comprising 55 % of all 
applications followed by SAW (18 %), GTAW (11 %), electro-slag welding (8 %) (Matsuda et 
al, 1986a). No such similar data exists today although it is likely that the GTAW and SAW 
variants are used equally as much as GMAW. 

Based on this information the literature search was refined to examine, high productivity, high 
quality, narrow gap processes that have been applied to material with section thicknesses greater 
than 100 mm. 

A variety of articles was found covering the following processes: 

 narrow gap gas tungsten arc welding (NG-GTAW); 

 electro slag/ electro gas welding; 

 narrow gap gas metal arc welding (NG-GMAW); 

 narrow gap submerged arc welding (NG-SAW). 
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Historical data of processes known to be suitable for the thickness and materials requirements 
specified by Nagra was reviewed, as also were previous examples where arc welding had been 
used in the fabrication or sealing of any nuclear fuel storage or disposal systems. 

4.1.1.1 References for/to arc welding in fabrication/sealing of nuclear fuel storage 
systems 

The Paton Welding Institute in the Ukraine has developed procedures for GTAW of 2 – 3 mm 
austenitic stainless steel, circumferentially and fully automatically in a nuclear hot cell environ-
ment (Yushchenko 2007). Whilst this thickness and material is quite different from the Nagra 
design, the difficulties encountered in terms of repeatability and accuracy of welding are likely 
to be common. 

By far the largest examples of arc welding nuclear canisters are in the welding of Alloy 22 and 
austenitic stainless steels, on the various designs of dry cask storage canisters in the USA. A 
variety of designs exists with varying amounts of welding including bolted-only constructions 
(including the UK Excellox and Magnox design SFW transport casks). For the fuel casks where 
welding is carried out, very few references were found on exactly what process was being used. 
Entergy Nuclear Northeast working on the James A Fitzpatrick nuclear power plant in the USA 
utilised GTAW for the 16 mm thick sealant welds on the dry cask between the multi-purpose 
canister (MPC) and MPC Lid. (Chapman 2002). Chapman describes in detail how flux cored 
arc welding (FCAW), GMAW, GTAW and hot-wire GTAW all underwent qualification to 
determine the most suitable process. Difficulties were reported with the fit up of machined 
components and bridging of root gaps. The total welding time was recorded as 15 hours, but this 
included a substantial amount of manual GTAW of cover plates. The time for the mechanised 
welding is not reported in isolation, but the torch travel speed was reported as 63.5 mm/min due 
to an open root configuration. A 45 ° single bevel joint design was used including a permanent 
backing bar to support the root run. 

Remote pulsed MIG welding equipment has been developed in the UK for welding low carbon 
steel over packs in nuclear waste environments (Lambert 1993). Few details on the process 
complexities are reported, but difficulties similar to those outlined by Yushchenko are discussed 
by Lambert. 

In Japan, a technique for autogenous GTAW of a 304L stainless steel cap onto canisters 
containing high level nuclear waste has been developed. Features include automatic canister and 
weld line location, shielding gas purity and flow rate monitoring, arc voltage monitoring and 
automatic welding condition correction for canister temperature. Automatic tack and final 
welding as well as automatic electrode exchange is also reported (Tejima et al. 1990). These are 
key process complexities that will need to be considered for the arc welding of the Nagra 
canister. 

The Oak Ridge National Laboratory (ORNL) have developed a full penetration butt weld made 
in the 2G/PC position by a completely automatic programmable plasma arc welding system. 
The system incorporates an automatic welding head using autogenous keyhole technique for 
welding, ASTM, A106, A516 and A36 steels, to ASME boiler and pressure vessel Section III 
Division 1 for Class 3 vessels (Sprecace and Blackenship 1982). 
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Tab. 1:  Summary of the advantages and disadvantages of narrow gap arc welding 
processes. 

 

Process  Advantages  Disadvantages  

NG-GMAW All positional capability (in theory). 

History of NG-GMAW – 55 % market 
share. 

Variations of process to suit application. 

Low weld metal hydrogen content. 

Recorded application of technique used on 
80 mm SA 516 Grade 70. 

Lack of sidewall fusion. 

Spatter build-up limits continuous 
welding to four hours. 

Silica build up on weld cap. 

 

NG-GTAW High quality weld. 

Demonstrated all positional capabilities. 

Hot wire variant increases deposition rates. 

Independent arc energy and wire feed 
speed (WFS) control. 

Low capital cost of equipment. 

Gap can be limited to 9 mm reducing weld 
metal requirements. 

Many applications on safety critical 
components. 

Low deposition rate. 

Requires high tolerance. 

NG-SAW High deposition rate 

Excellent fusion characteristics. 

Long established track record for NG 
applications. 

No shielding gas required. 

No UV radiation. 

Only capable of flat welding or 
horizontal welding 

Wider gap required than other 
processes more weld metal required. 

Slag inclusions. 

High capital cost of equipment. 

Removal of slag. 

Large amount of waste produced. 

Electro-slag  Extensive track record for thick section 
work in near linear and circumferential 
welds. 

High quality welds in terms of freedom 
from inclusions and defects. 

Lower residual stresses than in arc welds. 

Accurate edge preparations not required. 

Current experience and usage of 
process limited. 

Low weld/HAZ toughness without 
PWHT. 

Requires significant external cooling 
on all faces. 

Significant automation development 
required. 

Restart after process failure virtually 
impossible without cutting out weld. 
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4.2 Narrow gap gas metal arc welding (NG-GMAW) 

GMAW is a fusion welding process that joins metals by melting them with an arc which is 
formed between a continuously fed filler wire electrode and the workpiece. An externally 
supplied shielding gas provides atmospheric protection of the molten weld pool. GMAW 
welding is also known as metal inert gas or metal active gas welding (MIG/MAG). When an 
inert shielding gas is used such as argon or helium the process is known as MIG welding and 
when the shielding gas contains active ingredients that alter the properties of the arc such as 
CO2 mixes the process is known as MAG welding. 

Two types of consumables are available solid wire and tubular cored wires. Tubular cored wires 
come in a variety of forms including flux-cored, metal-cored and self-shielded flux cored wires. 
The advantages of cored wires are higher deposition rates, improved penetration and improved 
positional welding characteristics. The disadvantage is that a slag layer forms and must be 
removed after each deposit. 

GMAW can operate with either direct current (DC) or alternating current (AC) and a variety of 
transfer modes are available including dip or short circuit transfer, pulsed and spray transfer. 
Advanced pulsing conditions have been developed by leading manufacturers that aim to 
produce deposits quickly, with a controlled transfer and low heat input. These include Fronius 
cold metal transfer™ (CMT), Lincoln Electric surface tension transfer™ (STT) and ESAB 
superpulse. To date there have been no recorded applications of these variants being used with 
the narrow gap techniques. 

GMAW is one of the most widely used welding processes, it can be utilised manually or 
automated using a robot or manipulator. The process has the ability to weld in all positions with 
varying heat inputs and a large variety of consumables exists to satisfy the weld chemistry 
requirements. Higher productivity variants such as twin wire and flux cored wires exist and can 
increase deposition rates significantly. Figure 1 shows a schematic of the GMAW welding 
process. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1:  Schematic of GMAW process. 

 

For welding very thick section steel such as that proposed by Nagra, NG-GMAW would be the 
most appropriate version of the process to use. NG-GMAW utilises a specially designed torch 
that fits into a gap as small as 12 mm wide. There are many different variants of the NG-
GMAW process as summarised in Table 2 

Gas nozzle

Weld metal
Arc

Contact tubeConsumable electrode

Gas shield

Weld pool

Parent metal
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Tab. 2:  Flat position NG-GMAW process. 
 

 Process name Mechanism 

1 BHK method Using wire deformed plastically into waved shape to 
produce oscillating arc at root face 

2 TWIST-ARC method Using twisted electrode consisted of two intertwined 
wires to produce rotational movement of arcs 

3 Corrugated wire method Using wire deformed plastically into corrugated 
shape to produce oscillating arc at root face 

4 Loop nap method Rotating the wire with constant curvature to produce 
oscillating arc 

5 Rotational movement of arcs Using the spiral type of wires to produce rotational 
movement of arcs. 

6 Rotating arc in high speed Using rotating contact tip with an eccentric guide 
hole to produce rotating arc at high speed 

7 AC-MIG MIG welding with alternating current using large 
diameter wire  

8 SMAC method Welding with alternating current using flux cored 
wire in AC-CO2 shield 

9 NOW-B method Wire oscillation with mechanical waving of contact 
tip in double gas shielding system. 

 
 

Each of these variant incorporates some form of oscillation of the arc. They are all designed 
with the common objective of avoiding sidewall fusion defects. As the welding gap is so 
narrow, the torch cannot be angled as it would be with conventional GMAW, so the wire has to 
be at the centre of the groove, resulting in much lower temperatures at the sidewalls of the 
groove. This results in insufficient melting and defective regions. These defects, if undetected 
and systemic throughout the weld thickness, can greatly reduce the mechanical strength of the 
joint. The methods outlined in Figures 2a-c, ensure movement of the melting electrode across 
the whole grove so that the sidewalls are fully fused. 

 



NAGRA NTB 09-05 12 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: Movement of the melting electrode across the whole grove. 

a) NG-GMAW process variants - oscillation of straight fed wire 

b) NG-GMAW process variants - corrugation of wire to achieve oscillation 

c) TWISTARC NG-GMAW variant 

Reproduced by permission The Japan Welding Society. 

a)

b)

c)
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4.2.1 Literature review 

There are instances of NG-GMAW being used in industry from the early 1970s. One of the key 
developers of the technology was Babcock Hitachi KK. The equipment developed was then 
adopted in 1977 by Babcock and Wilcox and was applied to numerous pressure vessels for the 
nuclear and power generation industries (Hunt 1982). One of the known process difficulties that 
Babcock Hitachi overcame with their equipment was lack of side wall fusion. The challenge 
with GMAW in a narrow gap is that the bead placement must be very accurately controlled. 
This requires a very short arc length and dip transfer mode. However, this results in significant 
spatter build up on the torch and the sidewalls, as well as a tendency for the arc to discharge to 
the side walls and climb up the sidewall leading to burn back onto the contact tip. Babcock 
Hitachi KK overcame this problem by using pulsed welding parameters to maintain a short arc 
length. Additionally the company plastically deformed the wire into a waved shape with a 
flapping plate prior to feeding into the contact tubes. The metal deposition within the groove 
was as a result wider and fused better with the sidewall eliminating lack of sidewall fusion 
defects (Sawada, 1979). Sawada also reports on the outcome of mechanical tests carried out on 
test welds in various material grades and thicknesses. For 100 mm thick SA 516 Gr 70, the 
cross-weld ultimate tensile strength (UTS) was 584 MPa with the fracture occurring in the weld 
metal compared with the UTS of the parent material which is 482 MPa. These results were for a 
weld that had undergone post weld heat treatments (PWHT) at 625 °C for 4 hours. This is in line 
with later reported work by Babcock Hitachi KK, where an UTS of 573 MPa was achieved with 
fracture in weld metal after a 625 °C PWHT for 10 hours (Matsuda et al, 1986a). Matsuda et al 
also carried out tests comparing the hydrogen contents in NG-GMAW with NG-SAW and 
showed that the hydrogen content was up to five times less with the NG-GMAW process. 

Other types of NG-GMAW process have been developed with the common theme of oscillating 
the wire feed to ensure sidewall fusion of the weld bead. These techniques include movement of 
a straight wire, various methods for corrugation of the wire (similar to the Babcock Hitachi 
Method) and the use of a twin wire system where the two wires are entwined with one another, 
known as TWIST arc. 

Work carried out by the Kobe Steel Corporation using the TWIST arc method showed UTS of 
579 MPa in the as welded condition and 497 MPa after 12 hour PWHT at 620 °C (Matsuda et al. 
1986a). The location of the failure in the joint was not detailed. Additionally Charpy V notch 
impact tests absorbing energy in excess of 200J at room temperature were reported throughout 
the thickness of the weld. 

Application of NG-GMAW for safety critical application is quite widespread including fabrica-
tion of 100 mm thick submarine hulls for the French Navy at the DCAN Shipyard (Baujat 1990) 
and the Japanese pressurised water reactors (PWR) (Nakazima 1984). The majority of the 
reported applications have been in Japan and the Far East in the 1980s, with no references to 
modern equipment development or applications in the last 10 years (although it is likely that it 
is used in production and has not been publicised.) Mitsubishi Heavy Industries, Babcock 
Hitachi, Nippon Steel, Areva NP and Kawasaki Heavy Industries appear to be the main reported 
users of the process. 

4.2.2 Speed of operation 

For NG-GMAW the travel speeds are comparable typically between 180 and 350 mm/min. 
Deposition rates are dependant upon the wire diameter and electrical parameters but a range of 
1.9 – 9.1 kg/hour arc time is achievable (Filarc Welding Ltd 1995). Based on a 12 mm gap and 
150 mm wall thickness for a 1 m inner diameter circumferential weld, 55 kg of weld metal 
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would be required. This would result in the arc time for completion of the weld 6 to 28 hours. It 
is not possible to determine whether it would be possible to carry out continuous welding or 
whether the interpass temperature would be exceeded with continuous welds. It is also likely 
that a method for removing silica islands formed as part of the process may slow down the 
overall joint completion time. 

4.2.3 Suitability for thickness requirements 

As mentioned previously narrow gap arc welding processes do not have a definitive thickness 
limit as they rely on producing multiple thin layers as apposed to completing the joint in a single 
pass. NG-GMAW is easily applied in the range 60 – 150 mm wall thickness and does not have 
an industry accepted maximum thickness limit. However, difficulties with cooling and align-
ment start to occur above 400 mm thickness. 

4.2.4 Suitability for remote/robotic application 

There are no reported instances of the technique for remote application but being a mechanised 
process, NG-GMAW may be suitable for remote/robotic applications. Due to profile of the 
narrow gap, intervention by an operator is not normally feasible, even if desired. Arc monitoring 
techniques have been developed so that the arc can be viewed remotely by the operator whilst it 
is in operation in a narrow gap. This could feasibly be applied to a hot cell scenario. The major 
challenge with full remote operation will be the reliability of the technique. Problems such as 
spatter build up (even with pulsed transfer), contact tip wear and burn back are all associated 
with the GMAW process. Intervention by an operator may be necessary periodically to ensure 
continuous operation of the equipment. The ability for torch maintenance to be carried out 
remotely is currently unknown. It would also be necessary to position the power source in 
relatively close proximity to the weld as long umbilical lines can cause problems with wire feed 
consistency and voltage drops.  

4.2.5 Positional restrictions 

Conventional GMAW is all-positional and, in theory, so is NG-GMAW; however all recorded 
applications of this technique have been in the vertical down and horizontal vertical positions. 
Based on current industry procedures this would either require the canister to be stood vertically 
up or placed horizontally and rotated in order to complete the closure weld. It may be possible 
to develop orbital procedures, but there would be an inherent risk in the research investment. 

4.2.6 Capital cost of equipment 

The capital cost of a power source is relatively low, around € 23'000 for a very high specifi-
cation 500A unit. In addition manipulation equipment would be required and probably a 
bespoke welding head. This could be expensive especially for remote operation, as some 
development may also be necessary and could cost an estimated € 230'000. 

4.2.7 Examples of use in similar applications 

The majority of applications reported have been in the Far East and Japan and include safety 
critical applications such as nuclear and power plant pressure vessels. The majority of the 
applications date to the 1980s with no modern examples being reported. 
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4.2.8 Technology readiness 

NG-GMAW is one of the most applied and mature narrow gap welding technologies with many 
applications and technical variants. It is currently between TRL 8 and 9 although it is foreseen 
that for remote hot cell operation its readiness is lower at TRL 6 and development may be 
necessary. 

4.3 Narrow gap tungsten inert gas (NG-TIG) welding 

In the GTAW process, the arc is formed between a tungsten electrode and the work piece in an 
argon or helium atmosphere. This arc melts the parent materials and external filler is often 
added and melted into the molten weld pool. The process operates with either an AC current or 
DC electrode negative (DCEN) polarity. A schematic of the process is shown in Figure 3. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 3: GTAW process. 

 

GTAW is a very high quality welding process capable of accurately controlling bead placement, 
heat input and the metallurgy of the weld. Its major limitations are low deposition rates and 
associated low travel speed. Improvements in productivity have been achieved through the hot 
wire variant whereby the filler wire added to the molten pool is pre-heated using an electrical 
circuit, thus allowing higher wire melt rate and greater deposition rates. 

With GTAW the heat input or arc energy and the deposition rate can be independently 
controlled (unlike other arc welding processes) as the process uses a non-consumable electrode. 

The narrow gap variant uses a specially designed torch capable of fitting in very narrow grooves 
(minimum 9 mm). The purpose of this torch is to provide adequate gas shielding to the electrode 
so that a stable arc can be formed. The torch also provides cooling to prevent degradation of the 
electrode and torch components. NG-GTAW is always carried out with the addition of a filler 
wire which is guided to the weld pool through a nozzle. 

Variants of the process include the hot wire system mentioned previously and also twin wire or 
twin arc systems. The electrode can remain stationary in the centre of the groove or it can be 
oscillated to ensure better sidewall fusion. 

Nozzle

Filler rod

Parent plate Weld pool

Weld bead

Gas shielding
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4.3.1 Literature review 

Documented use of the process for joining thick section stainless steel pressure vessels is 
available from the late 1970s. The majority of the reported applications of the process are in 
high integrity applications such as steam headers and pressure vessels typically in non-ferrous 
materials. The noted advantage of the process is the independent control of the heat input and 
wire feed speed and the noted disadvantage is the deposition rate. 

Asano et al. 2005, have provided the most thorough review of the technology for waste package 
final closure welds in 190 mm SF 340 A carbon steel. Extensive weld trials were carried out on 
a variety of thicknesses in the horizontal vertical (2G/PC) position with a fixed torch and 
rotating workpiece. A SEDAR-TIG™ system incorporating twin electrodes and three power 
sources was used. This system does not appear to be commercially available and therefore 
limited data exists concerning its reliability or track record. Additionally the deposition rates 
quoted by Asano et al. appear to be low with 41.4 kg deposited in 24.5 hours a rate of 
1.6 kg/hour which is achievable with other commercially available non-hot wire systems. 
Asano's conclusions were that a 4 ° bevel angle was optimal, and that GTAW is a high quality 
low productivity process for the final closure weld. Additionally, although the welds produced 
were examined and tested and shown to be free from defects Asano et al recognises that the 
incorporation of NDT to the final closure welding system is essential. Other technology gaps 
highlighted by Asano et al. include the corrosion performance of the weld compared with the 
parent material in the presence of residual stresses. Overall the work of Asano et al. showed that 
over-matching weld metal yield strength was achievable (410 MPa) at relatively low hardnesses 
(<350 HV) without the use of a PWHT demonstrating the tempering effect of multiple deposits. 
The tensile residual stresses were found to be very high at the surface; however, further 
investigation and use of surface treatments would be likely to reduce this. 

The process has also been very prevalent in the fabrication of other safety critical components. 
During the widespread development of nuclear power stations within the UK in the 1970s and 
1980s, NG-GTAW was widely used for the fabrication of pressure vessels, joining of steam 
turbine rotors and thick walled pressure piping. A significant proportion of this welding was 
with high alloy, high Cr stainless steel grades and Ni alloys. This included the Heysham II and 
Torness AGR stations, where the NG-GTAW process offered excellent control over heat input 
and the metallurgy of the weldment (Babcock Power Ltd, 1983). 

Connections of 180 mm thick high pressure inner turbine casings to a main control valve have 
also been reported. These were carried out in Germany, Japan and China by Siemens Power 
Generation Ltd for 'ultra super critical' power plants (Janssen 2000). Janssen also reports the 
productivity benefits of an NG preparation over a conventional weld preparation in terms of 
weld metal volume. For a 160 mm thick weld it was shown that a narrow gap weld uses 3.5 
times less weld metal than a conventional groove design.  

The use of orbital NG-GTAW equipment appears to be less widespread, however applications 
are recorded such as the Toden power plant in Japan, where it was used in the orbital configu-
ration for welding of steam piping up to 70 mm thick (Beaupère 2009). 

Beaupère is also keen to point out the productivity benefits of using hot wire NG tungsten inert 
gas (HW-NG-GTAW) welding over conventional cold wire process. Deposition rate increases 
from 0.5 to 3 kg/hour arc time using HW-NG-GTAW have been reported. 

Areva NP has used the NG-GTAW process in the fabrication of all the nuclear power plants 
with which it has been involved. This includes the newly proposed EPR type reactors where the 
process will be used on the main coolant system, reactor vessel and steam generator nozzles 
(Areva NP 2004). 
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References to the development of techniques for the monitoring of the arc, such as intelligent 
control systems using audio, video and laser telemetry, have also been found, (Nagura 1997 and 
Satoru et al. 2003). During welding, the images of the weld pool and its periphery taken by a 
charge couple device (CCD) camera are processed, the positions of the electrode and wire are 
corrected automatically, and the welding conditions are controlled adaptively. Another function 
of the system measures the bead shape after welding to detect undercut, unevenness, and 
wetting angle errors automatically. For this unit, a special multiple filtering system has been 
developed. 

Very recently TWI has been working with Air Liquide on the development of a new type of 
NG-GTAW torch using the process variant TOPTIG. TOPTIG feeds the wire at a higher angle 
of incidence than conventional GTAW. This means that the wire melts in the arc rather than the 
molten pool. As the energy density is higher in the arc than in the molten pool there is a higher 
rate of burn off and subsequent deposition rate. Although the process is still at the early stage of 
development and is limited by torch design to 30 mm thick materials, narrow gap TOPTIG 
offers a potentially higher productivity variant of the NG-GTAW process. 

4.3.2 Speed of operation 

The speed of operation is slower in comparison with other welding processes; however, as the 
torch geometry is smaller than with GMAW, the gap can be narrower, around 9 mm wide. This 
reduces the overall volume of weld metal required. Typical welding speed for NG-GTAW is 
around 100 mm/min with a deposition rate of 1.5 kg/hour. The addition of a hot wire can 
increase the deposition rate up to 3 kg/hour (Saturo et al. 2003). Based on a weld metal require-
ment of 41.25 kg for a 9 mm gap an approximate completion time of 14 hours arc time for the 
closure weld may be feasible. 

4.3.3 Suitability for thickness requirements 

NG-GTAW welds have been produced in steel up to 400 mm thick and the process is therefore 
well suited to the Nagra application thicknesses. Manufacturers produce a range of torch 
geometries suitable for varying thicknesses, but the basic mechanism and control systems are 
similar. 

4.3.4 Suitability for remote/robotic application 

The process is generally very reliable and requires little interaction once operating. The torch 
would require regular maintenance to sharpen the non-consumable (tungsten) electrode and 
check that the parts are in adequate working order. It may be conceivable to carry this out 
remotely. GTAW has certainly been applied to repair applications in radioactive areas but not in 
production. The welding head is relatively small and could be positioned using a robot. In 
production specialist tools and techniques have been developed to change tungsten electrodes 
without the interaction of an operator. These could be applied to a hot cell relatively easily. NG-
GTAW requires the least amount of intervention when welding, compared with the other NG 
arc welding processes, and is the most reliable provided the process parameters are adequately 
set up. 

4.3.5 Positional restrictions 

As with GMAW welding, GTAW is an all-positional welding process. The difference between 
NG-GMAW and NG-GTAW is that there are recorded applications of orbital welds being 
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produced on fixed pipe using NG-GTAW. This demonstrates its capability to weld overhead, 
vertical up and vertical down should it be required (Takeuchi and Nagashima 1986). 

4.3.6 Capital cost of equipment 

The capital cost of NG-GTAW equipment is in line with other NG welding technologies. A 
complete set up including power source and welding head would cost around € 150'000. 
Adapting equipment to make it functional for hot cell work would add considerably to the cost, 
and this cannot be estimated without further design information. 

4.3.7 Examples of use in similar applications 

NG-GTAW has found many applications on safety critical components such as boiler headers, 
steam piping, generator rotors and steam turbine rotors. In the nuclear power industry it has 
been applied to nuclear pressure vessels fabricated from 316L stainless steel and it has also been 
used to fabricate a mock up of the ITER vacuum pressure vessel in 316LN (Saturo et al. 2003). 
No documented applications of its use on SA 516 Grade 70 have been found. 

4.3.8 Technology readiness 

NG-GTAW has been thoroughly developed and applied to weld thick section stainless and 
nickel components. It has been less widely used for welding steel, but this is likely to be due to 
cost and productivity implications. Some refinement of commercially available equipment 
would need to be carried out to ensure adequate functionality in a hot cell environment, 
therefore the TRL for NG-GTAW is 7 – 8. 

4.4 Narrow gap submerged arc welding (NG-SAW) 

Similar to GMAW, SAW involves formation of an arc between a continuously-fed bare wire 
electrode and the workpiece. The process uses a flux to generate gases and slag to protect the 
arc and weld pool, and to add alloying elements to the weld pool. A shielding gas is not 
required. Prior to welding, a thin layer of flux powder is placed on the workpiece surface. 
Figure 4 shows a tandem twin wire SAW equipment setup. The arc moves along the joint line 
using a seam tracker ahead of the arc. Behind the arc excess flux is recycled via a hopper. The 
drawback with the process is that a slag layer forms on top of the weld bead which must be 
removed before the next pass can be deposited. Fluxes have been developed to allow for easier 
detachment of the slag layer but the task is normally carried out manually. As the arc is 
completely covered by the flux layer, heat loss is extremely low. This produces a thermal 
efficiency as high as 60 % (compared with 25 % for MMA). There is no visible arc light, 
welding is spatter-free and there is no need for fume extraction. 

Since the 1930s SAW has been the welding method of choice for general purpose thick section 
welding due to the high deposition rates achievable. A single wire system operating at 1100A 
with a 6 mm wire can result in up to 19 kg/hour deposition rate. Process variants exist whereby 
additional wires are fed into the weld pool, often using multiple power sources, and this can 
achieve deposition rates between 30 and 45 kg/hour. The drawback with such high deposition 
rates is that very high heat input is required often resulting in very slow cooling and a coarse 
microstructure. This can lead to low weld metal and HAZ toughness, if not fully normalised as 
part of the PWHT cycle. 
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Fig. 4: Tandem twin wire SAW welding head and ancillary equipment. 

 

Above 50 mm it becomes far more economical in terms of weld metal volume to utilise a 
narrow gap groove profile as opposed to a conventional U-groove preparation. For NG-SAW a 
different torch design is needed to provide adequate access in the thick section. This in turn 
requires alternative methods for the flux delivery and recovery to be used. The torch design will 
depend upon the thickness range to be welded. Slag removal at the bottom of a narrow gap can 
be difficult and slag inclusions are a relatively common defect associated with the process; 
however special tools have been developed to make the process easier and it may be possible to 
automate it. 

4.4.1 Literature review 

Since its development in the 1930s SAW has been one of the most efficient welding processes 
for general fabrication of thick section. Its ability to deposit large volumes of weld metal has 
made it a very economical process. 

However for weld thicknesses greater than 50 mm the difference in cross-sectional area of the 
weld for a narrow gap preparation as compared to a typical groove preparation make the NG-
SAW a more economical process (Hunt 1982). 

Hunt also notes the simplicity of operation of NG-SAW in comparison with the process 
complexity of NG-GMAW and that it has been successfully implemented into production for 
thicknesses up to 200 mm in a range of materials including Alloy 600. 

Power Engineering Works carried out development of NG-SAW procedures on 140 – 350 mm 
creep resistant steel, with a variety of preparations, including single sided welding onto a 
backing bar; the aim was development of procedures for the Czech VVER 440 and VVER 100 
reactor pressure vessels. It was found that considerable advantage was gained from the use of 
the process over conventional welding processes (Bartak and Konigsmark 1987). However 
significant discussion is recorded on repair actions that needed to be developed in tandem with 
the development of the production welding procedures. This suggests some reliability and 
repeatability issues with the process. 

Flux recovery

Welding head

Flux feed

Automatic seam tracker
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Across all the previous applications, as expected, the positional restrictions of the process were 
limited to welding in the flat and horizontal positions. One reference was made to a specially 
developed orbital welding head (Chattopadhyay 2005). However this is probably a misuse of 
the term "orbital" and is most likely "circumferential" in the horizontal (2G) position. 

4.4.2 Speed of operation 

The maximum travel speed for the SAW process is in the range of several metres per minute, 
however, for thick section welding the key parameter that will dictate the speed of operation and 
speed of completion for a joint is the deposition rate. The deposition rate will depend upon the 
wire diameter and the process variant. For conventional SAW up to six wires fed from three 
separate power sources are used to produce extremely high deposition rates in excess of 
40 kg/hr. However for narrow gap applications the current state of the art is a twin wire system 
capable of achieving 25 kg per hour deposition. Although the deposition rate is higher than 
other arc welding techniques, the cross sectional area of the joint is also larger. Assuming the 
maximum deposition rate achievable and a 19 mm gap, approximately 78.5 kg of weld metal 
would take 188 minutes arc time to complete. This time would be tripled if the slag removal and 
inter run inspection were included. 

4.4.3 Suitability for thickness requirements 

There is virtually no restriction on the material thickness, provided a suitable joint preparation is 
adopted. Due to the higher productivity levels attainable compared NG-SAW is often applied to 
thicker material up to 400 mm thick. 

4.4.4 Suitability for remote/robotic application 

Once appropriately configured SAW does not require significant intervention and is generally a 
reliable welding process. Special fluxes have been developed that produce easily detaching slag. 
If slag is not removed and it becomes entrapped in the weld metal, it can weaken the finished 
joint. Automated systems for the delivery, removal and recycling of flux have been developed. 
However the position of the flux remains ultimately controlled by gravity. Additionally, not all 
of the unused flux can be recovered and recycled leading to waste generation. This coupled with 
the large amount of waste generated as slag adds a drawback for operation in a hot cell. 

4.4.5 Positional restrictions 

One of the main drawbacks of SAW is the use of a flux that is generally a granulated powder 
that covers the surface of the weld. It does not have the ability to be held in position and its 
location will be dictated by the orientation of the joint and gravity. Additionally the molten slag 
and weld pool have high fluidity due to high deposition rates. Therefore welding is generally 
carried out on butt and fillet joints in the flat position, and 45 ° single bevel joints in the 
horizontal-vertical positions. For circumferential joints, the workpiece is rotated and the 
welding head is stationary. 
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4.4.6 Capital cost of equipment 

SAW utilises relatively inexpensive transformer rectifier power sources that operate at high 
currents in excess of 800A. Modern iterations of the process such as Lincoln Electrics square 
wave technology have made the equipment more complex and therefore expensive. The main 
cost for NG welding technology is the torch and manipulation equipment. Costs of around 
€ 210'000 for single wire systems and € 265'000 for tandem wire systems would be estimated. 

4.4.7 Examples of use in similar applications 

NG-SAW is a well established technique for welding thick section steel, and has been used 
extensively in the fossil fuel and nuclear power generation industries. There are reported 
applications of Czech VVER 440 and VVER 100 reactor pressure vessels being welded with 
NG-SAW (Bartak and Konigsmark 1987). There are no reported applications of the technique 
for either remote operation or for nuclear waste encapsulation in any thick material. 

4.4.8 Technology readiness 

SAW has been widely used for joining thick section steel in the structural steel and oil and gas 
industries for many years. It is a very mature technology with many available variations. For the 
application of thick section welding it is at TRL 9. The narrow gap derivative of the process is 
less widely used due to less demand for very thick section welding (>75 mm). However the 
technology is TRL 8. For hot cell work further development is necessary and the process would 
be classed as TRL 5.  

4.5 Electro slag welding (ESW) 

The electro slag welding (ESW) process was invented in the USA in the late 1930s, and the 
process is described in a series of patents (Hopkins 1940). It was further developed at the E.O 
Paton Institute in Kiev, in the Ukraine, and has proved very capable of joining thick section 
steels and other materials. A reasonably detailed summary of the process has been prepared by 
Houldcroft (1967). Although this reference is now quite old, it is an authoritative account 
written at a time when the process was still widely used and there have been few changes since. 

The process is shown schematically in Figure 5, from which it can be seen that a high electric 
current is passed down a continuously fed consumable wire into a pool of molten slag which 
floats on top of a molten weld pool. The wire melts in the slag, which is maintained in a molten 
state by the electric current. It is normal to use a DC power source with a flat characteristic, 
typically delivering about 30 – 50 V, with the current about 500 A per wire depending on the 
number of wires, materials being welded etc. The process is started by striking an arc between 
the wire and the steel. The arc is soon extinguished, and the power source and control system 
needs to be able to cope with both arc and resistance heating. Once the process is established, 
droplets of molten metal from the wire fall through the slag, (where slag/metal reactions may 
occur), and are added to the weld pool. The weld pool thus continues to rise upwards, and 
solidify from the bottom up. Flux is added occasionally to maintain an adequate slag depth. If 
the slag depth is too shallow, the wires will penetrate the weld pool, and short circuit, allowing 
the slag to freeze. 
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Fig. 5:  Conventional ESW. 

 

The sides of the weld are contained by copper dams, which are normally water-cooled. The 
maximum base metal thickness weldable is limited by the number of wires which can be fed 
into the weld pool, but welds can be made in typical thicknesses from ~20 to 300 mm thickness. 
In many applications, the wire(s) can be oscillated in a direction parallel to the welding surfaces 
to improve heat distribution, and this can be particularly useful close to the edge of the weld 
where the copper shoes will extract significant amounts of heat. One electrode is commonly 
used to make welds on materials with a thickness of 25 to ~75 mm, and thicker pieces generally 
require multiple electrodes. The maximum workpiece thickness known to have been success-
fully welded is a 910 mm piece that required the simultaneous use of six electrodes to complete. 

The process can be adapted for various geometries, including butt, corner, T and circumferential 
welds. In the latter case, the parts being joined are rotated so that the weld pool stays in the 
same position, i.e. it is always travelling vertically. Special techniques have been developed for 
the start and closure of such welds. Pre 1985 there are numerous references to circumferential 
welding. The joint gap varies with thickness, but is typically about 25 – 35 mm. There are NG 
variants where the gap is reduced to around 15 mm. 

The process is very efficient, since joint preparation and materials handling are minimised while 
filler metal utilisation is high. The process is also safe and clean, with no arc flash and low weld 
splatter and minimal distortion. Unlike arc welding processes, there is usually no requirement 
for preheating. 

However there are some drawbacks with the process. The high thermal cycle will cause slow 
cooling rates, and this can lead to coarse cast microstructures and low fracture toughness in the 
weld metal and/or HAZ. This lower toughness could be mitigated by PWHT. A stress relief heat 
treatment is usually beneficial in improving toughness and lowering residual stresses, although a 
full normalising treatment has been preferred for pressure vessels. Structural components are 
either stress relieved or used as welded.  

Additionally a copper shoe is normally positioned on the back surface of the weld. For a single-
sided weld this would be impossible to remove and would need to be factored into any joint 
design. The copper components could melt and contaminate the weld, causing copper cracking 
and increasing susceptibility to stress corrosion cracking (SCC). 
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The process is not easy to restart if it fails during welding, especially if the slag pool freezes. As 
with any process, remote weld repairs of defective welds would be difficult. 

4.5.1 Literature review 

Detailed literature searches were undertaken on ESW of steel using Weldasearch® and internet 
search engines, and about 150 potentially useful references were obtained. The vast majority of 
these were over 10 years old, reflecting the significant reduction in the use of, or further 
development of, the process. The literature discusses process fundamentals and some detailed 
variants (e.g. the use of pulsed currents during welding, how to make circumferential welds), 
applications, mechanical properties, quality control and inspection, post weld heat treatments, 
consumable selection etc. 

The range of topics is sufficiently wide to cover all major topics in some depth, although the 
quality of the papers is variable. Much of the early literature has come from Russia, and there 
are areas where developments in peripheral technologies have not been applied to ESW, such as 
NDT, weld process modelling and detailed microstructural evaluation. 

There has been no reported use of the process for the construction of components in the nuclear 
power industry.  

4.5.2 Speed of operation 

The welding speed is dependent on the wire feed rate, wire diameter, number of wires, and 
width of the gap to be filled. In absolute terms the travel speed is generally slow. However, 
ESW is a single pass process, and the total joint completion time is generally much less 
compared with multi-pass arc welds.  

4.5.3 Suitability for thickness 

The range of thicknesses proposed by Nagra is ideal for ESW. It could be used for longitudinal 
welds in the canisters and also for circumferential closure welds, although some variants are 
more suitable to circumferential welding. 

4.5.4 Suitability for remote/robotic application 

Whilst the welding process is highly mechanised and automated, much of the set up is currently 
carried out manually by up to two operators. This includes positioning clamps and cooling 
shoes, welding on strong backs, the arc starting sequence and adding flux. It may be possible to 
automate these functions, but there are no known instances of a fully automated solution. The 
process is also high risk in terms of reliability and if the wire were to freeze into the weld pool, 
no recovery action would be possible. 

4.5.5 Positional restrictions 

Due to the large weld pool, it is necessary for the weld to climb vertically, or close to vertically. 
Thus in a circumferential weld, the cylinder being welded (and its contents) would need to be 
horizontal and rotated. 
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4.5.6 Capital cost of equipment 

Because of the general similarity in required equipment between ESW and SAW the cost for 
full set up would be in the region of € 1.750 million. There are currently very few manufacturers 
of the equipment and up to 10 times the capital equipment cost would be necessary to make 
remote operation viable. 

4.5.7 Examples of use in similar applications 

ESW has been used in pressure vessels and large thick section structures (eg bridges and blast 
furnaces). It is also used for joining complex rail sections, especially on switches and crossovers 
where the weld length may be 1 – 2 metres. 

4.5.8 Technology readiness 

The ESW process has largely died out in Europe because of the decline in heavy engineering. 
Expertise still exists to regenerate the process. ESAB in Sweden has experience with the 
process, for instance, and the wires are usually the same as or very similar to submerged arc 
wires.  

It is estimated that the process is TRL 7 for general fabrication but TRL 4 for the Nagra 
application. The process is known to work well for thick section steel, but TRL's have been 
reduced to reflect the need for further work on remote operation, and possible modifications to 
satisfy toughness requirements. 

4.6 Laser and hybrid laser-arc welding 

Lasers have been used since the 1960s to weld metallic materials. In laser welding, laser 
radiation is focused using lenses and/or mirrors to spot sizes typically a few tenths of a 
millimetre in diameter. Above a certain threshold value the power intensity is sufficient to not 
only melt but also vaporise metal within a split second. This generates a deep penetration 
keyhole of vapour or plasma (if that vapour is ionised), that keyhole being surrounded by liquid 
metal. Relative movement between the beam and the material sweeps the keyhole through the 
material; the material downstream of the keyhole cools then freezes to make a weld. 

In broad terms, the chief advantages and disadvantages of laser keyhole welding are 
summarised in Table 3. 
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Tab. 3: Advantages and disadvantages of laser keyhole welding. 
 

Advantages Disadvantages 

 Low heat input 

 Low distortion 

 Deep, narrow, penetrating welds 

 Fewer weld passes required for joint 
completion 

 Only single sided access necessary 

 Can be performed under local shielding 

 Non contact process 

 Fully automated 

 Can be carried out remotely 

 Associated process monitoring available 
commercially, increasing confidence of 
quality. 

 Welding in different positions possible  

 The laser beam is not affected by residual 
magnetism in steel work pieces 

 Suitable for complex structures due to 
fibre delivery/capabilities (solid state 
lasers) 

 High capital investment costs  

 Closely fitting/machined joint surfaces 
necessary. Joint gaps >sub mm in size 
cannot be tolerated without addition of 
filler wire or use of a hybrid laser-arc 
process 

 High accuracy manipulation required, to 
give sub mm alignment 

 Limited suppliers of suitably high power 
lasers 

 Safety measures against exposure to the 
beam required 

 Limited portability 

 Less penetrating than EB welds 

 Electrically inefficient process (typically 
between 3 and 40 % efficient, depending 
on laser type used) 

 
 

As with some other welding processes, filler wire can be introduced in to the molten pool 
generated by the laser. This addition can be as a cold wire or as a pre-heated wire. Precise (sub-
millimetre) positioning of the wire is necessary, due to the relatively small size of molten pool 
generated by the laser. Filler wire addition is beneficial in that it can be used to improve weld 
profile, weld quality and properties, and the joint gap bridging tolerance of the laser welding 
process. 

A further process variant of laser welding is hybrid laser-arc welding. In hybrid welding, the 
energies from an electric arc and a laser beam are combined simultaneously in the same molten 
pool. This arrangement is shown schematically in Figure 6. Unlike laser welding with wire 
addition, the electric arc melts the wire, so no compromises in welding speed are necessary. In 
theory, hybrid welding can be the combination of any type of laser welding with any type of arc 
welding. However, hybrid laser-GMAW of steels is the variant most commonly carried out. 
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Fig. 6: Hybrid laser-arc welding process. Where settings are shown, they are typical of 
those that might be used when hybrid laser-GMAW steels. 

 
 

Tab. 4: Advantages and disadvantages of hybrid laser-GMAW thick section steels when 
compared with autogenous laser welding. 

 

Advantages Disadvantages 

 Increased welding speed. 

 Improved weld profile (particularly of 
the weld cap). This can benefit the 
fatigue properties of the welded joint. 

 Improved tolerance to joint gaps. 

 Improved weld properties. 

 Additional welding parameters requiring 
optimisation during welding procedure 
development. 

 Complexity of equipment, requiring 
precise set-up. 

 Some additional capital investment 
required. 

 Most readily be applied to those steel 
grades for which GMAW filler wire and 
gas combinations exist already. 

 
 

There are many different types of industrial laser available commercially but only two can be 
considered suitable for welding steels >60 mm in thickness. These choices are likely to remain 
unchanged in the next 5 – 10 years, short of an unforeseen disruptive technology. These are: 

 High power (>10 – 20 kW) CO2 gas laser welding. 

 High power (>10 – 20 kW) Yb fibre laser welding. 

The significant differences between these two laser types is summarised in Table 5: 
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Tab. 5: Differences between two laser types. 
 

Type Advantages Disadvantages 

CO2 laser  High beam quality 

 Mature technology 

 Not fibre delivered 

 Limited suppliers in high power 
regime 

 Large size of equipment 

 Shielding from beam necessary 

 Conduit delivery 

Yb fibre
  

 High beam quality 

 Fibre delivered so the power 
source can be hundreds of metres 
from the weld head 

 Shorter wavelength improves 
beam absorption 

 Higher electrical efficiency  
(20 – 30 %) than CO2 lasers  
(5 – 8 %): reduced power 
consumption and chiller 
requirements 

 Solid state design requires lower 
maintenance 

 More compact size 

 Technology still maturing 

 Limited suppliers 

 Shielding from beam necessary 

 
 

4.6.1 Literature review 

A TWI Weldasearch literature search was carried out producing 33 references. Some of these 
references were not reviewed, as it was considered that they discussed topics of less immediate 
relevance to the Nagra application, such as modelling, welding of thinner sections, or high 
power (6 kW) Nd:YAG laser welding. In particular, TWI considers that at these power levels 
and above, Nd:YAG laser welding has in the last five years been superseded by Yb fibre laser 
welding. Similarly, references more than 20 years old were not reviewed, as from the abstracts 
of the references it appeared that more recent work of a very similar nature would supersede this 
earlier work. 

The papers that were reviewed have been limited to those regarding laser welding of steels at 
least 15 mm in thickness, using mainly high power (>10 kW) CO2 lasers. These papers cover 
both laser welding and hybrid laser-arc welding. 
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To summarise the information extracted from the references and related TWI experience/ 
knowledge: 

 only two laser welding technologies can currently be considered for the Nagra application: 
CO2 laser welding and Yb fibre laser welding; 

 a laser power output of at least 10 – 20 kW is necessary, to maximise the single pass 
penetration achieved. The maximum penetration in this case is likely to be around 18 –
 20 mm and will not increase significantly with further increases in laser output power (if 
using a CO2 laser at least), or use of hybrid laser-arc welding as opposed to laser welding. A 
higher penetration depth of up to 25 mm may be possible using high power Yb fibre laser 
technology currently available. This means a multiple pass approach is currently the most 
likely laser welding option for steels >60 mm in thickness of interest to Nagra; 

 welding of steels where a weld deposit >15 mm in thickness is made per pass is likely to be 
limited to the horizontal (PC) or vertical up (PF) positions, due to problems in otherwise 
controlling the volume of weld metal generated. This is particularly the case for CO2 laser 
welding, but may be less so for Yb fibre laser welding, especially if the beam quality of the 
latter continues to improve; 

 if multiple-pass welding is adopted, fill/cap pass development using a laser beam with wire 
feed into a stepped joint preparation is a possibility. This is distinct from hybrid laser-arc 
welding, where an electric arc is used to melt the wire feed; 

 in multi-pass welding, a twin spot or oscillating beam could also be considered; 

 a twin spot approach may also be considered to improve internal weld quality, by, for 
example, reducing internal porosity content; 

 hot cracking of laser welds in thick section steels is reported to be a problem, but can be 
avoided, for example by using hybrid laser GMAW, an 'f' ratio (focal length/beam diameter) 
>10, and controlling the maximum width of joint fit up gap; 

 reports on weld properties achieved in steels >15 mm are limited. Nevertheless, excessive 
hardness and overmatching strength may be anticipated, due to martensite formation in the 
weld zone. Hardness may be reduced to acceptable limits by changes in welding procedure, 
steel grade, application of post weld heat treatment etc. There would also be associated 
implications, in terms of impact and fracture toughness; 

4.6.1.1 CO2 laser welding 

Taking the most recent reference first, Achar (2007) noted that porosity and hot cracking were a 
problem in laser welds in thick section steels, but could be avoided using hybrid laser-arc 
welding. Achar used a 20 kW CO2 laser in combination with GMAW to hybrid weld 21 mm 
thickness X65 steel at 0.6 m/min in the flat position. Unlike laser welding of thinner sections, 
where a square edge preparation is commonly used, a Y joint preparation was used, with 5 mm 
root face and 8 ° included angle. Weld hardness was <300 HV, impact toughness >47 J at 
-51 °C, with failure in the parent material in cross-weld tensile testing. Achar also presented 
results on a four-pass, double sided procedure for 35 mm thickness X65, whereby a hybrid pass 
was carried out, followed by three SAW passes (from either side) to complete the joint. 

Fuhrmann et al. 2005, reported on the laser welding of steels of at least 15 mm in thickness, 
again using a 20 kW CO2 laser. They noted that using oxide-free, machined plate edges resulted 
in more consistent penetration than using oxide contaminated edges. With a hybrid procedure, 
they successfully welded 20 mm thickness EH36 in a horizontal welding position at a speed of 
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0.8 mm/min, in a single pass. They also used a Y shaped joint preparation, with 2 – 2.5 mm root 
opening. Fuhrmann et al. were not successful in welding 25 mm thickness RQT701, in that hot 
cracks were not avoided. 

Kristensen et al. (2002 and 2005 and Weldingh and Kristensen (2001) also noted that CO2 lasers 
are used in the shipbuilding industry for welding steels up to 15 mm in thickness, but that 
challenges remained for thicker sections. They pointed out that hybrid welding, whilst not 
increasing penetration in thick section applications significantly, did allow up to a doubling in 
welding speed, reducing distortion. At the same time it increased joint gap tolerance and 
reduced hot cracking tendency. 

They also showed (with supporting modelling) that penetration was not linear with the output 
power of CO2 laser used, but tended to a maximum of ~18 – 20 mm in a single pass. This was 
attributed partly to beam absorption by an ionising plasma generated above the laser welding 
keyhole, and this limit appeared to remain in spite of taking steps to disperse this plasma (eg by 
directing a jet of helium gas at it). Using a 17 kW CO2 laser, Kristensen et al. (2005) carried out 
hybrid welding of 15 mm thickness S355, using a Y preparation with 8 mm root face and 8 ° 
included angle for close fitting butt joints. Welding speeds in the range 0.9 – 1.3 m/min were 
reported, depending on joint gap. The maximum weld zone hardness was around 365 HV, due 
to the fast cooling rates experienced in the weld zone. 

Excessive hardness can be a feature of laser welds in high strength ferritic steels in general, as 
martensite can commonly form in the weld zone. Hardness can be reduced to acceptable limits 
by changes in welding procedure, steel grade, application of PWHT etc. In the reports on laser 
welding of steels thicker than 12 – 15 mm, reports of weld property data in steels of such a 
thickness are limited. Yuki et al. (2001) carried out full penetration melt run trials on 20 mm 
thickness JIS SM490B steel (UTS-490 MPa, carbon equivalent value of 0.43). A range of heat 
inputs was used, from a 17 kW CO2 laser beam at 0.6 m/min, to a 31 kW CO2 laser beam at 
2 m/min. Maximum weld zone hardnesses recorded were 350 and 500 HV respectively. Weld 
property data for the 350 HV weld was reported. The weld was overmatched in terms of 
strength, with a UTS approaching 1000 MPa (cf 490 MPa of parent material). The weld metal 
had a lower impact toughness (<47 J at -20 C) than the HAZ and parent material, and 
consequently a lower CTOD value (0.05 mm at -15 °C) than the HAZ and parent material. 

Based on the likely single pass penetration limit of ~18 – 20 mm, multi-pass approaches have 
been reported both by Dahmen et al. 1999, and earlier by Arata et al. 1986, both of which may 
possibly be applied to sections in excess of 20 mm. 

Dahmen et al. reported that common problems in multipass laser welds were segregation of 
alloying elements and impurities to the weld metal grain boundaries. This resulted in hot 
cracking, and weld zone coarsening leading to loss of toughness. In their work they carried out 
laser welding with wire feed, as opposed to hybrid welding. For the root pass, several root joint 
preparations, with root faces in the range of 10 – 16 mm were attempted with varying joint 
preparations.  

Arata et al. (1986) carried out multipass welding with filler wire addition for thick section 
welding. Two procedures were developed, for 25 mm and 50 mm thickness SM41A (0.2 % C) 
steel. In both cases the laser beam was focused at the tip of a wire being fed in to the joint 
preparation. The beam principally melted the filler wire, with limited melting of the parent 
material. A stepped joint preparation was used to carry out five pass welding on 50 mm thick-
ness steel. A 14 mm root face was welded autogenously at 0.35 m/min, followed by four fill 
passes. The joint gradually opened up towards the top surface of the plates in steps with gaps of 
3, 5 and finally 6 mm, respectively. 
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4.6.1.2 Yb fibre laser welding 

In the last five years or so, the Yb fibre laser has emerged as a new high power welding laser, 
available commercially, with power outputs and beam qualities to rival, or better, those of CO2 
lasers. This is summarised in Figure 7. Yb fibre lasers have a number of potential advantages 
over CO2 lasers. Nevertheless, since it is a less mature technology at present reports on their 
applications to thick section steels (>15 – 20 mm) are virtually non-existent. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7: Evolution of power outputs of different types of laser sources over time. 

Note the logarithmic scale on the vertical axis. 

 

As an example of their capabilities in thinner steels, Thomy et al. 2006, carried out all-
positional autogenous laser welding trials on 11.2 mm thickness X70 steel plates. A Yb fibre 
laser with power outputs of 10.2 or 15 kW was used, at a welding speed of 2.2 or 2.8 m/min, in 
welding positions from flat (PA) to overhead (PE). It appeared that internal weld qualities 
acceptable to Class B of ISO 13919-1:1997 were achieved in all positions, free of cracks and 
with no porosity being reported. 

TWI is also aware of the recent advent of Yb fibre lasers with power outputs 20 kW, which are 
available to special order. Although information about the capability of these lasers for welding 
is not yet in the public domain, TWI has seen data from the manufacturer claiming for a 20 kW 
laser a penetration depth of just over 25 mm at welding speeds just over 1 m/min (albeit in 
stainless steel). However, these trials also suggest that, at these thicknesses, hot cracking may be 
an issue (in common with thick section CO2 laser welds) and due to the volume of weld metal, 
full penetration flat position welding will not be possible. 

4.6.2 Speed of operation 

The overall operation may be quicker than arc welding, but is likely to be slower than, or 
comparable to, in-vacuum EBW, as multiple passes would be required. 
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Laser welding is usually carried out as a fully automatic process. From the references examined 
welding speeds in the range 0.5 – 2 m/min appear to be possible. For example, for a six-pass 
weld around the circumference of a 1 m diameter 60 mm wall thickness pipe, this indicates that 
the total welding time could be around 38 minutes. Similarly, a 6 m long seam weld in 60 mm 
thickness material could take a minimum of 72 minutes to weld, assuming a six-pass procedure. 

4.6.3 Suitability for thickness requirements 

As outlined in the literature review, the thickest material reported to have been laser welded to 
date was 50 mm in thickness, using a five-pass procedure. This is just below the thinner end of 
the 60 – 150 mm range required by Nagra. 

It may be that in the short to medium term and with further development work a multi-pass 
procedure could be applied to materials thicker than 50 mm. This could particularly be the case 
with the emergence of high power, high beam quality Yb fibre lasers, which could then be more 
capable of the NG like welding in thicker section materials than has been demonstrated to date 
using CO2 lasers. 

4.6.4 Suitability for remote/robotic application 

The degree to which laser (or hybrid) welding can be carried out remotely, and by robotic 
manipulation, depends on whether the beam of the laser being used can be delivered to the 
welding zone down an optical fibre. 

Unlike CO2 gas lasers, Yb fibre lasers emit a laser radiation of close to 1m wavelength. This 
wavelength can be transmitted down an optical fibre, in much the same way as modern 
telecommunications signals are transmitted. Fibre delivery brings manipulative flexibility to the 
laser welding process. As the optical fibres themselves are flexible, the laser radiation can be 
sent to, and switch between, one or more focusing heads, mounted on multi-axis manipulation 
systems. This concept has been amply demonstrated by the European automotive industry in the 
last ten years, using lower power, fibre delivered Nd:YAG laser beams robotically manipulated 
to weld 3D car body parts. Robotic manipulation of a fibre delivered laser beam is shown in 
Figure 8. TWI is aware of such an approach being used to manipulate a 30 kW Yb fibre beam. 
At the other end of the scale, TWI is aware of fibre delivered low power pulsed Nd:YAG laser 
welding applications in Japan, for remote welding of narrow bore pipes inside nuclear reactor 
vessels. 
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Fig. 8: Example of the robotic manipulation of a fibre delivered laser beam. In this case, a 
fibre delivered laser beam is being used to weld stiffeners to a steel panel. 

 

In addition, the laser source can be sited up to 100 m or more away from the welding operation. 

Conversely, CO2 lasers emit a laser radiation of 10.6 m wavelength. This cannot be transmitted 
down an optical fibre. Beam delivery takes place down a conduit, directing the beam using 
mirrors or optics. CO2 lasers are best suited to fixed position welding operations, eg using a 
fixed head to deliver the beam to a traversing or rotating component.  

Aside from maintenance, for both CO2 and Yb fibre lasers there are semi-consumable operating 
items which can require periodic replacement depending upon the usage of the laser. It is not 
anticipated that any maintenance would be required mid-welding sequence but it could 
potentially be carried out by an operator once the HLW canister is removed from the area. 

4.6.5 Positional restrictions 

Both laser types will most likely have to be used in a fixed welding position: either the 
horizontal vertical position (e.g. for seam welding or for closure welding) or in the vertical up 
position (component rotating towards the beam) (e.g. for closure welding). In the experience of 
TWI, the adoption of a vertical up welding position has proven beneficial in cases where 
difficulties in stabilising the weld pool volume have been encountered. These positional 
restrictions will certainly be the case for the root pass in any multiple pass procedures. 
However, it may then prove possible, indeed even beneficial, to carry out flat position welding 
to complete the joint. 
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4.6.6 Capital cost of equipment 

The approximate cost for a laser welding power source is € 50'000 per kW. This would make a 
30 kW fibre laser source approximately € 1.4 million excluding peripheral ancillaries such as 
manipulators and optics. 

4.6.7 Examples of use in similar applications 

Industrial examples of laser welding using high power CO2 lasers include welding of auto-
motive wear resistant steel transmission parts and stiffened steel panels for the shipbuilding 
industry. 

Yb fibre lasers are currently capable of penetrating section thicknesses up to 25 mm, but as a 
relatively young technology, thick section industrial applications are still to emerge. 

4.6.8 Technology readiness 

A TRL of between 4 and 5 is assigned to multi-pass laser-based welding operations (autogenous 
laser welding, laser welding with filler wire addition, and hybrid laser-MAG welding), for the 
thicknesses of steels specified by Nagra. From literature, multi-pass welding appears possible 
on such thicknesses, but to date appears to have been demonstrated only in a laboratory 
environment. 

4.7 Friction welding 

Friction welding is achieved by rubbing two components together in a controlled fashion 
(usually by rotation of one part against another) under an applied force. The heat developed will 
cause the materials to soften and deform, thus breaking down oxide layers and allowing metal to 
metal contact. On cessation of the relative motion after a controlled amount of deformation, a 
high quality bond is produced. The process occurs entirely in the solid state. The process would 
be possible for circumferential welds, but cannot be adapted for longitudinal welds.  

There are several variants which have been developed, but only three are of possible signifi-
cance for this application. These are shown in Figures 9 to11. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 9: Continuous drive rotary friction welding. 



NAGRA NTB 09-05 34 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10: Inertia rotary friction welding. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11: Radial friction welding. 

 

In the continuous drive rotary friction welding (RFW) process, one part would be held 
stationary (in this case the loaded canister), and the second part would be rotated against it 
under pressure. Frictional heat causes the material to soften and flow, and material will be 
expelled as flash. Flash is hot plastic material, produced at the interface between the parts being 
joined, by the action of the welding process. Flash produced by friction welding is typically 
pushed out of the joint area by the axial force applied, and generally forms a collar of excess 
material around the periphery of the weld). After a predetermined amount of material has been 
expelled from the joint the rotation is rapidly stopped, and at this stage a high force can be 
applied to give the weld a final forging action. The force is maintained to allow the weld to 
partially cool under load. The process is widely used commercially, although generally not for 
large components, as the power demand during welding is very high. 

In the inertia friction welding variant (which is more widely used in North America where 
continuous drive is seldom used), the rotating part is attached to a flywheel, which is spun up to 

Ring rotated
and compressed

Support
mandrel

Stationary clamped pipes



 35 NAGRA NTB 09-05 

a predetermined rotation speed. The rotating assembly is pushed against the static assembly 
under a controlled force, and the braking action generates frictional heat which softens the 
material as in continuous drive friction welding. The difference is that the rotation speed is 
constant in the continuous drive variant, and decreases continuously in the inertia variant. The 
process has advantages in that the use of a flywheel reduces the peak power demand. The 
flywheel can be spun up to its starting speed over a period of time, and in an application where 
high productivity is not the most critical factor this may be an advantage. 

There are some disadvantages with inertia and continuous drive RFW. There will be internal 
and external flash formed normally this would be removed after welding, but for single sided 
welding there would be no possibility of doing this and it would need to be factored into the 
safety of the contents and the lifespan of the canister.  

The third variant, which is now seldom used, is radial friction welding. In this process, neither 
the lid nor canister would rotate. Instead a ring of material is rotated between the two, and 
radially compressed into a V-shaped edge preparation, forming two adjacent friction welds. 
Although the process has been demonstrated in the laboratory, and has been the subject of 
considerable development for joining pipelines, it is not known to be used in current production. 
Also the process requires a mandrel be placed under the weld joint to provide the high through 
thickness forces. It may be possible to remove the need for the mandrel by careful joint design, 
but this would require a certain amount of development, even if it were feasible. 

With all process variants mechanical properties of welds in thick section steel are unknown. But 
as the thermal cycle would be large, there is a possibility of low fracture toughness. 

A summary of the advantages and disadvantages of the process is detailed in Table 6. 

Tab. 6: Summary of advantages and disadvantages of rotary friction welding. 
 

Advantages Disadvantages 

 Fully mechanised process, no manual 
intervention required. 

 Reproducible welds. 

 Highly accurate edge preparations not 
required. 

 Can only be used for circumferential 
welds. 

 High capital costs for continuous drive or 
inertia machines (continuous drive likely 
to be more expensive). 

 Very high force capability likely to be 
needed. 

 PWHT may be required to reduce 
hardness and residual stresses (needs to 
be determined for specific steel. 

 Internal and external flash formed. 
Internal flash cannot be removed. 

 
 

4.7.1 Literature review 

Literature searches have been conducted for friction welding using Weldasearch and internet 
search engines, and several hundred references have been obtained. However, as is discussed 
further below, no previous attempt has been made to use RFW for components of this size, and 
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therefore no directly relevant literature exists. However, there is a substantial volume of 
literature on many aspects of RFW of steels, although the majority appears to deal with 
equipment and applications, with relatively small amounts dealing with microstructure, 
inspection etc. The primary reason is that these are not important issues for the majority of low 
cost high volume products made by this process. 

4.7.2 Speed of operation 

For the expected dimensions of the canisters, it is likely that the welding time could be around 
two minutes. However, set-up and knock-down times would be significant and dependent on the 
equipment used, but the total cycle time would be very similar with other processes such as 
EBW and quicker than multi-pass arc methods. 

4.7.3 Suitability for thickness requirements 

There is in principle no limit to the thickness that could be welded, but the cost would increase 
significantly as the thickness increased. 

For RFW of steel, a typical axial pressure would be about 125 N/mm-2. The most powerful 
machines in existence (inertia machines) have a maximum axial force capability of 20000 kN, 
and so it would be difficult to weld anything more than a 75 mm diameter bar without designing 
and building a bigger machine. The force capability during welding may be lower however it is 
still clear that a massive machine would be required. This would almost certainly have to be an 
inertia machine, as the power requirement for a continuous drive machine would be enormous. 
To put this in perspective, the largest RFW machine available for R&D activities (a continuous 
drive machine at TWI) has an axial force capability of 1600 kN and a maximum spindle power 
of 328 kW. Therefore, a friction welding machine for this potential application under discussion 
would need to generate power well into the MW range. To give an idea of scale, this would be 
about the same power as a large railway locomotive, or a medium size power generating gas 
turbine. Therefore, reality determines that an inertia machine would be the preferred option. 

There is no known information regarding the potential to develop radial friction welding for 
large circumferential joint welding. However, from the present rather small knowledge base, 
such work would require a huge investment, and would be accompanied by an equally large 
risk. Furthermore, as the weld area is doubled, the power requirement would also need to be 
more or less doubled. 

4.7.4 Suitability for remote/robotic application 

The process is entirely mechanised, and no manual intervention is needed during welding. Set-
up and knock-down is normally manual but could also be fully automated. Remote operation of 
radial friction welding would probably present more challenges than for rotary or inertia friction 
welding. 

4.7.5 Positional restrictions 

There are no positional restrictions. Rotary friction welders for large parts normally have the 
axis of rotation horizontal, although there is no reason why other orientations cannot be used. 
As there is no fusion, and hence no dependence on gravity, welds can be made in any position. 
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4.7.6 Capital cost of equipment 

As there are no previous examples of welds in thickness requirements specified by Nagra 
bespoke equipment would need to be designed, built and research carried out. The cost for this 
is an estimated € 12 million. 

4.7.7 Examples of use in similar applications 

Two aircraft engine manufacturers (Rolls-Royce and General Electric) are known to use high 
power inertia welding machine to join heavy wall thickness high strength steel shafts for gas 
turbine engines. TWI is also aware of applications for welding dissimilar metals for the nuclear 
industry. 

4.7.8 Technology readiness 

Continuous drive and inertia friction welding are widely used in industry, but mostly for smaller 
parts. The process technology is well developed and there are several competent manufacturers 
around the world. However, there are very few really large machines, and equipment develop-
ment would be necessary. 

Radial friction welding is at a much lower state of readiness, and considerable development 
would be required to scale up the process. There are no known current applications or applica-
tions under development. The size of the components in the Nagra application far exceeds 
anything known to have been investigated in the past. 

Automated handling systems for all RFW variants may need further development. A summary 
of the TRL's is given in Table 7. The low values are a consequence of the need to scale up the 
size of the process. 

Tab. 7: TRLs for rotary friction processes. 
 

Process variant Technology readiness 

Continuous drive friction welding 5 

Inertia friction welding 5 – 6 

Radial friction welding 4 

 
 

4.8 Friction stir welding (FSW) 

Friction stir welding (FSW) was developed at TWI, and first patented in December 1991 
(Thomas et al. 1991). The process involves inserting a rotating tool between two surfaces to be 
welded, and applying a downforce, as shown in Figure 12. A shoulder on the tool rests on the 
upper surface, and significant heat will be developed by friction and adiabatic shear, causing the 
workpieces to soften. As the tool is progressed along the joint line, the softened material is 
forced past the rotating tool, and the original joint line disappears, leaving a high quality weld. 
The process occurs entirely in the solid state. The process can be used for either longitudinal or 
circumferential welds, and indeed any geometry where a filler metal is not required (not fillet 
welds). For most materials a shielding gas is also not necessary, although it is conventional to 
use an inert shielding gas (usually argon) when welding steels. 
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Fig. 12: Principle of friction stir welding. 

 

The process has achieved widespread adoption for welding aluminium alloys, and is also used 
for welding copper and magnesium alloys. Significant progress has been made to extend the 
process to high temperature materials such as titanium and nickel alloys and various steels. 

There are numerous variants of the process, but for this application most would offer no signify-
cant advantage. It is emphasised that although the process is well established for welding 
aluminium, it is still an emerging technology for welding steels, and useful variants may emerge 
in time to be exploited for this application. 

The joint design must be self supporting in order to react the down forces. There may be some 
external flash which needs to be removed before final inspection. As no filler is used, the fit-up 
must be very good. 

With conventional single sided FSW, there will be a hole in the structure at the end of the weld. 
However, the weld path can be extended to allow the tool to be removed in a location where the 
hole presents no threat to the integrity or functionality of the structure. A failure of the welding 
tool during welding would be very difficult to repair by remote means, and great care would be 
needed in the development stage to eliminate the risk of such an event. 

One potentially useful process variant, which uses a double sided bobbin tool, has very low 
force requirements compared to single sided welding, but there would be significant practical 
problems in introducing and removing the tool in a closed vessel.  

The main downside of the process currently is that a machine capable of providing the force and 
power would be very expensive, and no designs exist as yet. The most powerful machine in the 
world resides at TWI, and falls far short of the anticipated machine requirement. If an accept-
able bobbin tool variant were devised, the force requirements, and hence machine cost, would 
be substantially reduced. A summary of the advantages and disadvantages of the process is 
outlined in Table 8. 
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Tab. 8: Summary of advantages and disadvantages of FSW. 
 

Advantages  Disadvantages 

 Fully mechanised process, suitable for 
longitudinal and circumferential welds. 

 Excellent industrial experience with light 
alloys. 

 Generally low distortion and residual 
stresses. 

 Not yet demonstrated for heavy 
section steel, due to current lack of 
suitable tool material. 

 Edge preparations need to be of high 
quality. 

 Development of currently non-
automated ancillary operations (eg 
set-up, clamping, knock-down etc) 
required. 

 High capital costs anticipated, but 
would be reduced if a bobbin tool 
approach could be developed. 

 PWHT may be needed (uncertain at 
present). 

 
 

4.8.1 Literature review 

Friction stir welding of steels is currently a hot topic for research, resulting in a good number of 
published papers, but the majority of these address the main issue, which is the design of the 
tool, especially the material for which it has been made. 

There is no directly relevant literature on FSW of thick section steels, because at present nobody 
has succeeded in doing this. There is however plenty of literature on thinner section materials 
<15 mm, and this contains data on process, properties, microstructure etc which gives useful 
insight, but not enough on which to base useful design criteria. It should be remembered that the 
FSW of steels is still in a relatively early stage of development, and although there is no doubt 
that high quality welds can made, industrial implementation is still some way in the future, and 
the available literature reflects this. One notable use of FSW in a material other than steel is by 
SKB. The Swedish nuclear fuel and waste management company is planning to use FSW to 
produce the sealant weld on HLW canisters made from 60 mm copper (Cederqvist and Andrews 
2003) and (Cederqvist 2006). 

4.8.2 Speed of operation 

Welding speed depends on the thickness being welded. As FSW would be a one pass process 
for this application, the joint completion time is more important then the welding speed. Typical 
welding speeds for 15 mm single pass welding of aluminium are around 250 mm/min. as the 
thickness increases the travel speed typically decreases. There is no precedent for welding steel 
in the required thickness range on which to base an estimate. 
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4.8.3 Suitability for thickness 

At present, limitations in tool material performance restrict single pass welding in steels to a 
thickness of 15 mm maximum. This value is expected to increase as superior tool materials 
become available, but it is impossible to make predictions on maximum thickness, or the 
timescale for further developments. However, it is considered unlikely that friction stir 
technology would be available in the short to medium term to cope with the high thicknesses, 
although more complex multi-pass options may be viable. It should be noted that the thickest 
aluminium welded in a single pass from one side is currently 75 mm, and for copper the value is 
60 mm. Aluminium of 150 mm has been welded, using a 75 mm pass from each side. The 
machine used for this work has an axial force capability of 150 kN and a maximum spindle 
power of 132 kW. 

4.8.4 Suitability for remote/robotic application 

The process is fully mechanised, and very suitable for remote operations. Some development of 
handling equipment would be required, but this is not seen as a great technical challenge. SKB 
have addressed these remote handling questions successfully for nuclear waste encapsulation. 

4.8.5 Positional restrictions 

As FSW is a solid state process, gravity plays no part, and welds can be made in any position. 
For this application, the canister and lid could be rotated under a stationary FSW tool, or the 
tool could be moved around a stationary canister. 

In the SKB application, the canister stands upright, and the welding head moves around it. 

4.8.6 Capital cost of equipment 

Friction stir equipment is expensive, as each machine is uniquely designed, and therefore 
savings due to availability of standard machines are very unusual. A conventional machine 
capable of welding 25 mm thick steels would probably cost about € 2.4 million, although it is 
difficult to give an accurate figure. Machines for thicker materials would increase in cost 
rapidly, and costs would most likely be proportional to somewhere between the thickness and 
the square of the thickness. 

4.8.7 Examples 

SKB have developed the process for sealing 60 mm copper canisters of 1 m diameter 
(Cederqvist and Andrews 2003) and (Cederqvist 2006). This will go into production in the early 
2020s. Orbital welds on high strength steel pipelines (Ayer et al. 2008) and large diameter high 
strength aluminium tubulars have been successfully demonstrated, and the latter are in 
production. 

There are currently no known commercial applications for FSW of steels. 

4.8.8 Technology readiness 

Although the basic process is virtually ready, larger equipment would need to be designed and 
built. Further tool developments would also be essential, although significant progress is being 
made in several metallic, ceramic and composite materials. For thick section steel the TRL 
would be 3 – 4. 
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4.9 Electron beam welding (EBW) 

Electron beam welding (EBW) is a fusion welding process which uses a high energy, focused 
electron beam as a heat source. Typically the parts to be welded are prepared with close fitting 
square edges and the beam is used to melt material through the entire joint thickness. The beam 
first melts the material which quickly vaporises and a vapour filled cavity is formed surrounded 
by a liquid cylinder of metal. A dynamic equilibrium develops in which the surface tension 
forces in the liquid trying to collapse the cavity are balanced by the vapour pressure in the 
cavity. When the liquid cylinder is translated along the joint, either by moving the beam or the 
work-piece, molten metal flows from in front of the beam to behind it and solidifies, thus 
producing a welded joint (as shown in Fig. 13). The EB must be generated in a vacuum as it is 
essential to provide electrical insulation to the high voltage electrodes in the gun and also to 
prevent oxidation of the refractory metal or ceramic cathode. In addition a vacuum atmosphere 
is necessary to prevent excessive scattering of the beam. As a consequence, it is generally 
necessary to work with the component to be welded in a vacuum chamber. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13: Illustration of EBW penetration mechanism. 

 

Welds can be produced either as fully penetrating welds in which the beam penetrates the entire 
material thickness and excess energy passes through the joint, Figure 14 or as partially 
penetrating welds where the full joint face is fused but the penetration is controlled to a fixed 
depth (Fig. 15). Welds can be made in linear (Fig. 16), circumferential, (Fig. 17) or planetary 
configuration (Fig. 18). 
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Fig. 14: Fully-penetrating EBW. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 15: Partially-penetrating EBW. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 

Fig. 16: Linear EB weld geometry. 
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Fig. 17: Circumferential EB weld geometry. 

 
 
 
 
 

 
 
 
 
 

Fig. 18: Planetary EB weld geometry. 

 

Electron beam welding offers many advantages when considered alongside more conventional 
multi-pass arc welding processes for the fabrication of heavy section structures and components, 
particularly in high value materials for strategic applications. The ability to complete a weld in a 
single pass, without filler, almost irrespective of material thickness leads to huge productivity 
potential and avoids many of the problems associated with the multi-pass, arc welding pro-
cesses. A comparison of a V-groove SAW and EB weld is shown in Figure 19. The maximum 
practical single pass penetration depth demonstrated in EBW of steel to date is of the order of 
280 mm as shown in Figure 20. 

There are difficulties associated with single pass welding. Although EBW is considered to be a 
low heat input process, this is true only in terms of total heat input to the weld joint. As welding 
takes place in one pass, for thick material, the heat input is large and the cooling rate not 
dissimilar to a high heat input SAW weld pass. 

As a consequence, and as there are no successive heating passes to re-austenitise the weld and 
HAZ, the weld and HAZ microstructure are not always conducive to achieving good toughness 
properties. In addition, it is generally the case in welding that the maximum height of flaw is 
related to the height of one pass thus flaws in multi-pass arc welded joints tend to be smaller 
than in EB welded joints. In the extreme case of a missed joint defect in 100 mm thick material 
the flaw size can be 100 mm in depth.  
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Fig. 19: Comparison of submerged arc weld (left) and electron beam weld (right) in 
100 mm thick C-Mn steel. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 20: Single pass fully penetrating EB weld in 280 mm thick C-Mn steel. 
 

4.9.1 Reduced pressure electron beam (RPEB) welding 

Traditionally, to apply EBW successfully it has been necessary to envelop the components to be 
joined entirely in a vacuum chamber which has to be pumped to a pressure of the order of 
10-3 mbar. This requirement has, to a large extent, inhibited the application of the process in the 
fabrication of large structures. However, EBW process benefits are potentially greatest for the 
thick materials often employed in large structures. The prohibitive capital investment necessary 
for the construction of large vacuum chambers and the attendant cost of pumps has limited the 
use of the process. In addition, the high vacuum EB process is intolerant to poor surface 
condition and it is not always practical or economic to machine joint details accurately on large 
parts. 

The past 10 years, however, have seen the emergence of advanced high power EBW technology 
which permits welding at significantly higher working pressure i.e. ~1 mbar, one thousand times 
higher pressure than conventionally used. This has been made possible by the development of 
an EB generator using a differentially pumped transfer column. This generator can produce an 
EB with the workpiece at near to atmospheric pressure; to date optimum welding performance 
has been achieved at pressures up to 1 mbar. In turn this permits the use of a local vacuum 
arrangement whilst avoiding the need for a sophisticated sealing and pumping arrangement. 
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With this system it was shown that it was possible to establish a welding vacuum (reduced 
pressure) using a simple mechanical vacuum pump and crude seals. It was quickly realised that 
the development of this process variant represented a step change as it permitted the use of local 
sealing and pumping and potentially obviated the need for large chambers to weld big compo-
nents as shown schematically in Figure 21. This also opens up the opportunity of taking the 
welding equipment to the structure and applying the welding process on-site. 

 
 
 
 
 
 
 

 
 
 
 
 
 

Fig. 21: Showing potential for application of RPEB welding using local vacuum. 

 

Furthermore, it was illustrated that in this pressure regime the system was particularly tolerant 
to many of the variations that had previously hindered the adoption of EBW for large structures. 

Welding at high vacuum requires that both the immediate joint area and the entire assembly are 
relatively clean, otherwise out-gassing can occur leading to welding difficulties. When working 
at reduced pressure, greatly increased tolerance to component cleanliness is observed and only 
the immediate joint area needs to be cleaned. 

The RPEB is essentially parallel and has no well-defined focus position. In consequence, the 
gun-to-work distance can vary by more than 400 mm without detriment to weld quality. By 
contrast, high vacuum EBW requires that the gun to work distance is controlled to ± 2 mm to 
maintain an appropriate beam focus position. 

Operation at 1 mbar pressure, in contrast to 10-3 mbar significantly reduces pumping time for a 
given volume. Even for large volumes, pumping times are measured in minutes as opposed to 
hours. 

The combination of the beam transfer column and helium overpressure stage (a small positive 
flow of helium is maintained at the end of the gun column during welding) eliminates the risk of 
metal vapour or positive ions entering the electron gun and causing breakdown and interruption 
of the welding process. This is a serious consideration when welding high value, critical parts 
using EBW. 

The increased attenuation of the beam caused by the scattering effect of the reduced pressure 
atmosphere results in a softer beam and wider weld profiles offering greater tolerance to joint 
gaps and better weld termination behaviour. 
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4.9.2 Non-vacuum electron beam welding (NV-EBW) 

Non-vacuum electron beam welding (NV-EBW) is not currently developed to a stage where it 
can be realistically considered for welding steel of thickness greater than 30 mm and hence will 
not be considered here. Nevertheless, the process continues to be developed and it is predicted 
that welding depths at least of the minimum thickness of interest to Nagra will be achievable by 
NV-EBW in the next 5 years. 

4.9.3 Literature review 

EBW is a mature technology that has been exploited in the nuclear industry for over 50 years. 
Initially, the process was employed in the manufacture of nuclear fuel elements as a conse-
quence of the inherent capability to operate in vacuum and produce high quality welds in the 
reactive metals used for fuel cladding without risk of oxidation or contamination.  

As the process developed, it became clear that the advantages extended to include high produc-
tivity and distortion control, the welds were narrow, parallel-sided and produced in a single 
pass. In the early 1970s several companies developed EBW equipment with significantly higher 
power than had been previously available and this precipitated new studies into thick section 
EBW (>30 mm) particularly in the electrical power generation industry where thick section 
welding was prevalent. The drive was to carry out research into the quality and properties 
achievable in EB welded steels in section thicknesses of up to 150 mm.  

A literature search was conducted at TWI using Weldasearch and focused on EBW of thick 
section carbon steels which yielded 63 references. Of these only two specifically covered 
welding of steel to ASTM/ASME A516-SA516 grade 70 although many references described 
work carried out on similar carbon steels and some on more highly alloyed grades. The most 
relevant study (Asano et al, 2006a) addressed the Japanese proposal to use JIS G3201 (SF340A) 
steel for geological disposal of HLW, and described the work carried out to examine the 
feasibility of using EBW for final closure welding. This investigation is entirely pertinent to the 
Nagra proposal and examines the issues with EBW of thick carbon steel in some detail. It 
concluded that the corrosion performance of EB welds in 80 – 190 mm thick carbon steel was 
almost identical to the parent material but raised some concerns over the formation of 
volumetric weld flaws in the weld termination region and surface bead quality. In addition, 
considerable experience exists in the application of the EB process for fabrication and sealing of 
high level nuclear waste canisters for programmes in Sweden and the USA. Although these 
countries have selected copper and nickel alloys respectively for the outer canister material, the 
practical aspects of applying the welding process in a radioactive environment are considered 
highly relevant and are discussed. 

4.9.3.1 Weld quality and properties 

Several critical issues have become apparent throughout the development of the EBW process 
for welding thick section steel and are reflected in the literature; namely factors affecting weld 
quality and properties. 

The key issues in terms of weld quality can be summarised as: 

 Prevention of weld metal cracking. 

 Avoidance of cavity defects. 

 Generation of good weld beads. 

 Avoidance of defects in the weld termination in circular welds. 
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The published work is generally in agreement and shows that for C-Mn and low alloy steels up 
to 150 mm thickness it is possible to meet these requirements by attention to EB weld procedure 
and care in specifying parent material composition. Since the first work on EBW steel of 
>50 mm thickness, considerable effort has been made in developing reliable EBW procedures in 
C-Mn and low alloy steels and the causes and methods for prevention of weld defects are fairly 
well understood. 

It is clear that solidification cracking in EB welds in steels of this type is exacerbated by the 
levels of impurity elements in the base material, and some alloy additions such as carbon, 
manganese (Mn), silicon (Si) and nickel (Ni). In particular, sulphur and phosphorus together 
with carbon have been observed (Punshon and Russell 1985) to have the predominant effect on 
the susceptibility of a steel to produce solidification cracks when welded in thick sections. This 
work carried out in a variety of C-Mn steels up to 50 mm thick also showed that increasing 
welding speed and weld width compounded the problem and suggested a cracking index for 
C-Mn steels. 

Many other researchers including Matsuda et al, 1986 and Kita et al, 1987 reported similar 
findings and concluded that the critical value was sulphur + phosphorus which needed to be 
restricted to minimise the risk of hot cracking in thick section EB welding. This is in line with 
the requirements to restrict hot cracking in arc welds. It was also noted that the likelihood of 
cracking tended to be greater in thicker material as a consequence of the higher weld width 
associated with the higher beam power used to produce the welds. In steels of this type 
solidification cracking, either transverse or at the weld centreline, is generally the only cracking 
mechanism encountered. In higher carbon or more highly alloyed steels quench cracking has 
been observed but rarely true hydrogen cracking which is more typical in arc welding of high 
carbon equivalent steels. Few researchers have proposed the use of preheat with EBW to 
prevent cracking as there is no source of hydrogen associated with the process, although the 
base material may contain a small amount. Indeed it has been reported (Roberts 1990) that EBW 
forged steel to SAE 5046, 68 mm thick with a carbon content of 0.47 % was practical without 
any preheat. Moreover, pre-heat has been observed to encourage solidification cracking in EBW 
owing to its adverse effect on weld width. 

Porosity in EB welds usually occurs as a result of poor stability of the welding capillary or 
keyhole. Rounded gas pores occur occasionally where poor cleaning has been carried out or 
contamination of the joint faces is present. More typical are irregular shaped cavities with 
significant volume which occur due to the combination of keyhole collapse and out-gassing of 
dissolved gases in the steel. The deoxidation practice employed during the steelmaking process 
has a profound influence on the likelihood of cavities forming. Semi-killed steels with relatively 
high levels of oxygen and nitrogen cannot be EB welded in section thicknesses much above 
50 mm. This is due to the combination of increased weld pool fluidity associated with the 
oxygen level and the out gassing of both nitrogen and oxygen leading to cavity formation. The 
effect is reduced by the use of beam oscillation and lower welding speeds, but it is has been 
demonstrated that for EBW C-Mn steels above 50 mm thickness, aluminium-killed or prefer-
ably vacuum degassed steel is specified (Punshon and Russell 1985). 

Thick section EB welds are rarely able to meet the minimum weld bead geometry requirements 
in most welding codes because of issues such as undercut and excess reinforcement. These are 
dealt with differently in the recent EBW specific weld acceptance criteria in EN ISO 13919. 
However, it is often possible to overcome the weld bead issues by use of a cosmetic welding 
pass (with a de-focused EB) or by use of a weld dressing operation, either machining, grinding 
or arc welding. Again poor bead quality is caused by high fluidity levels arising from the 
composition of the base material and weld pool instabilities resulting from poor procedure 
selection. 
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In linear welding applications it is necessary, as with most fusion welding processes, to provide 
some sacrificial run-on/-off material in which the beam is switched off and which is trimmed off 
after welding. In contrast to arc welding this can be quite a short length. In welding components 
in a circular configuration, however, it is necessary to begin the weld by steadily increasing the 
beam power whilst moving at the welding speed. The beam parameters are held fixed for 360 o 

of rotation; the start of the weld is overlapped and the beam power is progressively decayed to 
zero whilst still moving at the welding speed. The resultant sector where the material has been 
welded twice is referred to as the overlap and slope-down and can be the region of most cause 
for concern. Spiking porosity can form in the root of the weld slope down as reported by Asano 
et al. 2006a, and solidification cracking also tends to be more common in this region due to the 
effect of increased constraint. Achieving acceptable weld quality in this region has been the 
subject of many studies and is more problematic as thickness and joint depth is increased. 
Alternatives which avoid this method of termination have been considered, including switching 
off the beam and repairing the subsequent hole, as demonstrated by Pats'ora et al. 1986. Other 
work has addressed methods for elimination of weld flaws in this region by process control 
(Punshon 1987). 

In plain C and C-Mn steels and most low alloy steels weld strength is rarely an issue and often 
as-welded tensile strength in EB welded joints significantly overmatches the base material 
properties as a consequence of the relatively high cooling rate associated with the welding 
process. In a study on EBW of five pressure vessel steels of 143 mm and 100 mm thickness 
including ASTM A516 Grade 70 C the as-welded hardness was reported to be 330 HV10 in 
contrast to the base metal hardness of 150 HV10 for a weld fused zone width of 6 mm (Kihara 
et al. 1984). Similar behaviour was observed in the other four steels. After PWHT at 625 oC for 
10 hrs the hardness gradient was reduced with the weld metal maximum being 220 HV10 
compared to 150 HV10 for the parent material. Ductility was demonstrated by bend testing and 
Charpy impact testing showed the weld metal transition temperature, based on fracture 
appearance and absorbed energy, to be of the order of -20 oC. The other steels tested JIS SB49, 
ASTM 299, ASTM A533 B Cl3 and ASTM A387 Gr22 Cl2 showed similar behaviour in that, 
following appropriate PWHT, the combination of strength and notch toughness was good. 

In a systematic research programme in which a series of laboratory melts of ASTM A516 Grade 
70 with different carbon equivalents was tested, it was shown that increasing carbon equivalent 
and weld width were both detrimental to weld metal toughness (Tanaka et al 1983). The 
properties after PWHT were also better in low carbon equivalent steels and for narrow welds. 
Increased Mn and Si in the base material led to an improvement in properties by promoting a 
better transformed weld metal microstructure. 

The effect of PWHT is not always beneficial and in 70 mm thick C-Mn steel microalloyed with 
niobium (Nb) or vanadium (V) it was observed that toughness properties were not improved by 
PWHT at 600 °C and, in some materials, PWHT had a deleterious effect on weld metal tough-
ness (Punshon and Russell. 1985). The problem of achieving adequate as-welded toughness has 
been overcome for the weld fusion zone by the addition of alloying elements to the weld metal 
by means of pre-placed shims between the EB weld joint faces. The use of nickel additions and 
pure iron has been shown to be beneficial (Dance 1990); however, with this approach, the HAZ 
properties are not affected and this then becomes the area of concern. The most comprehensive 
approach to the issue of achieving adequate toughness properties in as-welded EB weldments 
has been in the development of steels for high heat input welding.  

In addition to the tests on plain C and C-Mn steel considerable attention has been given to the 
assessment of properties of EB welds in thick section low alloy steels to ASTM A533B and 
ASTM A387 Gr 22, which have similar tensile properties to the A516 Gr 70 steel but greater 
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consistency throughout a range of section thicknesses. The toughness properties in the EB weld 
fusion zone in these steels are generally significantly lower than the base metal in the as-welded 
condition. However, experience of welding thicknesses of up to 180 mm in A533B Cl3 steel 
(Prunele 1998) showed that with appropriate stress relieving heat treatment excellent properties 
were achieved (250J Charpy V-notch absorbed energy at -60 °C) readily meeting the minimum 
requirements of the RCC-M nuclear code. 

4.9.3.2 Application to high level nuclear waste disposal 

Use of the EBW process is attractive when considering both the fabrication and sealing of high 
level nuclear waste canisters, (for a variety of reasons) and is under consideration both by SKB 
(Nightingale et al. 1998) and the Yucca Mountain project in the USA (Wong et al. 2003). In the 
former case the material selected for the canister corrosion barrier is a custom copper alloy 
described as oxygen-free copper with a small deliberate phosphorus addition of 50 mm thick-
ness and in the latter case Alloy 22 has been selected as the preferred material for the waste 
package corrosion barrier. The difference in material selection is due to geological differences 
in the proposed repositories. RPEB welding was identified as an attractive method for the 
canister closure for the following reasons: 

 Ideally suited to remote operation and is a non-contact process. 

 Fully automatic with on-line seam tracking and no operator dependence. 

 Components and elements of the system are radiation hard and not degraded by extended 
exposure to high radiation flux levels. 

 The operation lends itself to rigorous quality control via a combination of in-process 
monitoring and post weld inspection. 

 The weld completion rate is high and therefore minimises the need for several expensive hot 
cell welding stations to achieve the desired production rate. 

 The weld quality is consistently high and reproducible, minimising the need for repair. 

4.9.4 Speed of operation 

EBW is commonly carried out as a fully automatic process and the major factor affecting the 
overall process time is usually material preparation and cleaning. Welding speeds for the steel 
thickness range in question i.e. 60 – 150 mm would be expected to be in the range 100 –
 200 mm/minute with welding being completed in a single pass. The process time for welding a 
single circumferential butt weld of 1000 mm diameter would be of the order of 20 to 40 minutes 
assuming a 20 % overlap. The evacuation time to achieve an appropriate working pressure 
depends on the approach taken, ie full vacuum in-chamber or local vacuum at reduced pressure. 
This could change the cycle time to between three hours for the former case and one hour for 
the local vacuum approach. 

4.9.5 Suitability of EBW for thickness requirements 

Electron beam welding is well established for welding low alloy and plain carbon steels in 
thicknesses up to at least 150 mm in a single pass. For 60 mm thickness the process is 
commonly applied in industry. 
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4.9.6 Suitability for remote/robotic application 

For the thickness range stated a high power electron gun (>30 kW) would be required. Since it 
is a non-contact welding process which takes place in a vacuum atmosphere the possibilities for 
remote operation are good. The power, signal leads and small amount of piping for the liquid 
cooling necessary for the gun can be over 30 metres from the work piece. Similarly, any 
radiation sensitive components can be remote from the welding head and any components near 
to the welding head can be constructed from radiation hard material. Notably no consumables or 
process gases are necessary for application of the process. 

This principle has been demonstrated in a remote EBW system designed for closure welding of 
copper spent fuel disposal canisters at SKB in Sweden as shown in Figure 22. In this system the 
closure lid was fitted remotely to the canister and EBW carried out in a hot cell by rotating the 
canister in front of a fixed EBW head. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 22: Remote lid handling fixture and electron gun for closure welding of copper high 
level waste canisters (courtesy SKB). 

 
 

4.9.7 Positional restrictions 

With partially penetrating welds the weld depth is limited only by the stability of the penetration 
capillary or keyhole and thus welds of at least 200 mm depth are possible in this mode. 
However, for historical reasons, most industrial EBW machines are fitted with a fixed vertical 
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gun column and therefore welding is carried out in the flat or downhand welding position 
(1G/PA). In this position, as the head of liquid metal in the weld capillary increases with depth, 
eventually the process becomes unstable and the liquid cylinder collapses into the bottom of the 
keyhole and prevents further penetration. This typically occurs at depths of greater than 60 mm 
and thus for the applications under consideration here partial penetration welding in the flat 
position is viable. In a number of EB machines it is possible to weld with the beam horizontal 
either in the horizontal-vertical (2G/PC) position or by relative motion vertically up or down 
(4G,PF/PG) In these welding positions, the depth of weld penetration is generally greater than 
in the PA position for a given power level and as section thickness increases the weld process is 
more stable as the effect of gravity on the stability of the capillary is minimised. 

When full penetration welding is performed, the achievable weld depth in the flat position is 
limited by the onset of slumping and drop-through, as the surface tension forces in the weld 
pool become unable to support the metallostatic head in the capillary. Thus, at weld depths 
much in excess of 10 mm it is necessary to move to the use of a horizontal beam for stable full 
penetration welding to be achieved or to employ consumable backing material. This is common 
practice for most heavy section EBW carried out in industry. 

For closure welding, the options are probably only 2G and 1G as illustrated below in Figure 23. 
Overhead or all-positional welding is not considered appropriate for thick section (>30 mm) 
EBW. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a) Set-on lid design, 2G position welding     b) Set-in lid design, 1G position welding 

Fig. 23: Alternative lid geometries for closure welding using EBW. 

 

4.9.8 Capital cost of equipment 

The cost of EBW equipment is dictated by the power requirement, operating voltage, com-
plexity of controls and vacuum system details. For the closure welding application, the require-
ment for remote operation and safety interlocks will be greater than for typical installations 
hence an equipment price of the order of € 2 million might be expected. The equipment required 
for fabrication of canisters would be expected to be less at around 1.5 million. 
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4.9.9 Examples of use in similar applications 

Electron beam welding has been investigated as a potential method for closure welding of high 
level nuclear waste canisters for the Swedish nuclear waste burial programme. As discussed 
earlier (Nightingale et al. 1998), a 100 kW, reduced pressure, local vacuum EB system was 
developed for welding 50 mm thick high purity copper canisters 1050 mm diameter and over 
5 m in length. Prototype EB equipment was installed in the canister laboratory at SKB in 
Oskarshamn in Sweden and successfully demonstrated for serial welding of mock-up canisters 
in a hot cell environment. The canister laboratory and location of the EB closure welding cell 
are shown in Figure 24. In addition, the RPEB welding process has been considered for 
fabrication of the Swedish waste package corrosion barrier in 50 mm wall thickness copper 
shown in Figures 25 and 26. It has also been considered for both fabrication and closure 
welding of the proposed high level waste packages designed for use in the USA Yucca 
mountain HLW repository. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 24: Prototype EB equipment installed in the canister laboratory at SKB in Oskarshamn 
in Sweden for closure welding of high level waste canisters. 

EB closure welding cell 
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Fig. 25: Assembly of HLW copper canister for EBW of longitudinal seams. 

 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 26: In-chamber EBW of HLW copper canister longitudinal seams. 
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5 Selection of Candidate Processes 
 

Based on the information found in the literature review and the preliminary study an internal 
meeting was held at TWI with experts in the various technologies examined. The advantages 
and disadvantages of each process were discussed and a decision made on the most suitable 
processes. Key factors outlined in the objectives of the project were taken into consideration in 
addition to TWI's experience with the design and fabrication of nuclear waste canisters. One of 
the crucial deciding factors was the ability for a process to operate reliably in a hot cell 
environment where intervention by an operator would not be possible. 

Additionally the sealant weld would be made with the canister already containing HLW. 
Although the exact details of the waste form are not available it was disclosed by Nagra that the 
likely waste will not be able to sustain temperatures above 400 °C. This will likely have a great 
influence on the chosen process as it would be standard practice to post weld heat treat any 
carbon steel weld above 50 mm thickness and is a requirement of both ASME B&PV code 
Section VIII Division 1 and BS PD5500 (except in special circumstances). Based on all the 
factors considered the following processes were therefore agreed upon as possibilities for the 
sealant weld: 

 NG-GTAW 

 EBW 

However if the key factor of hot cell operation is excluded then the following additional 
processes become candidates for fabrication welds prior to the waste being placed in the 
canister: 

 ESW 

 NG-GMAW 

 NG-SAW 

All of the processes outlined for the sealant weld could also be used for the fabrication welds. 

These candidate processes were discussed with Nagra and it was agreed that the focus of the 
candidate process review be placed on the sealant weld application. 

The application of welding techniques for the fabrication of canisters is far easier because there 
are no restrictions on remote operation and PWHT. There are far fewer technology gaps for the 
fabrication welds and as such they should be a lower research priority. 

As no design has yet been finalised the need for any fabrication welds is, as yet, unclear. 
Previous work in Japan has shown the successful production of canisters from forging and 
machining, with only the sealant weld necessary. 

Different welding processes used in combination to complete the sealant weld were also 
considered. It was concluded that there would be no substantial benefits to the integrity of the 
joint, and only potential productivity benefits achievable. The use of multiple welding processes 
would increase the number of variables to control and therefore require additional development 
posing a greater threat to research investment.  

The main reasons TWI gave for processes not being selected as being suitable for the sealant 
welds are outlined in Table 9. Other factors were taken into account when making the decision 
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including the stage of development for a given technology within the timescale for implemen-
tation of the process proposed by Nagra. 

Tab. 9: Reasons why processes were not selected. 
 

Process  Reason not suitable for sealant weld 

NG-GMAW Higher quality welds can be achieved more reliably using NG-GTAW 
process. Any productivity benefits of the process are outweighed by 
potential defects that would be difficult to manage in a hot cell. 

NG-SAW The positional restrictions and difficulty with the deposition and 
recovery of flux and removal of slag make it unsuitable for the 
application. 

ESW Concern over the reliability of the process and ability to operate 
remotely make it unsuitable for a hot cell environment. 

Laser keyhole/ 
laser hybrid 

The technology is not sufficiently developed to meet the thickness 
requirements of the canister. 

Radial friction 
welding 

The size of the equipment necessary for a weld of the current thickness 
requirement makes the process unfeasible. 

Rotational friction 
welding  

The size of the equipment necessary for a weld of the current thickness 
requirement makes the process unfeasible in a reasonable timescale. 

FSW Tool materials currently do not exist that are capable of welding steel 
of this thickness, The size of the equipment and force necessary for a 
weld of the current thickness requirement makes the process 
unfeasible. 
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6 Candidate Process Review – Sealant Welds 

6.1 Introduction 

Two very different processes have potential to provide the solution for the critical sealant welds 
of the HLW and SF canisters for Nagra. Each of the processes has its benefits and drawbacks. 
As Nagra is at the early stages of development of its waste encapsulation strategy there are 
number of unknown variables which will need to be accounted for before a final decision can be 
made on the most appropriate process.  

6.2 Narrow gap tungsten inert gas (NG-GTAW) welding 

6.2.1 Process capabilities 

As outlined in Section 4.2.2, NG-GTAW is capable of meeting the thickness requirements of 
the proposed weld, and has many other benefits, including high weld quality, that are outlined in 
Table 1. 

There are two main variants of the NG-GTAW equipment: these are hot wire and cold wire. 
Cold wire would be classed as the conventional method, whereby a filler material of a certain 
diameter and composition is fed into the molten weld pool created by the arc at an angle of 
around 20 ° melting and producing the bead deposit. Hot wire NG-GTAW (HW-NG-GTAW) 
involves pre-heating the filler wire using an electric current before it is fed into the molten pool. 
The main advantage of this is that it accelerates the rate at which the wire can be melted 
increasing the deposition rates. Figure 27 shows the improvement in deposition rates achievable 
with hot wire GTAW (HW-GTAW) using two diameters of mild steel filler wire. Although this 
data is for conventional hot wire GTAW and not a narrow gap process it demonstrates that the 
deposition rate could be doubled reducing the joint completion time by half. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 27: Comparison of HW-GTAW and conventional GTAW in terms of deposition rate. 
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The principal problem of HW-GTAW is that the arc can be deflected through the interaction of 
electromagnetic forces between the wire and the arc currents. This magnetic arc blow 
phenomenon alters the arc direction and can cause problems with the welding process, such as 
arcing directly to the wire resulting in a lack of fusion. This problem can be reduced by using 
alternating or pulsed current to heat the wire but it is obviously still a concern with regards to 
the repeatability of the process. 

Further minor equipment variations have been developed over the past 40 years to improve the 
quality of the finished weld. These include arc-voltage controllers (AVC) that allow the gap 
between the electrode and the workpiece to be accurately maintained. This is particularly 
important for the Nagra application where it is envisaged that multiple overlapping deposits will 
be made. At the start of the overlap the torch will need to raise its height to accommodate the 
previously deposited bead. The AVC function will allow this action to be automated by 
continuously adjusting during arc operation to maintain a constant arc voltage. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 28: Typical orbital NG-GTAW torch and ancillary parts. 

(Image courtesy of Polysoude). 

Copper welding head
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Typically a torch is designed for each new application to meet a customers needs with some 
repeatability of features. Figure 28 shows the side profile view of a HW-NG-GTAW head 
produced by Polysoude. One of the main challenges when developing a narrow gap welding 
technique is ensuring adequate gas shielding of: 

 The electrode to produce the arc. 

 The weld bead for example when welding stainless steel. 

Shielding of the weld bead to prevent oxidation is of less concern given the currently proposed 
C-Mn steel for the Nagra application. 

An example of a cross-section of a weld produced in P91 steel 180 mm thick using the one pass 
per layer technique and the addition of hot wire is shown in Figure 29. This shows the quality of 
weld that is achievable with the process as the macro shows no lack of fusion defects, major 
porosity or inclusions. As Figure 30 shows, the weld was produced with a wide capping pass, 
this helps to temper the weld toes and distributes the residual stress over a wider area. 

 
 
 
 
 
 
 
 
 

Fig. 29: Cross section of HW-NG-GTAW weld produced in 180 mm P91 steel. Each 
striation visible on the macro indicates one pass. 

 

As Figure 30 shows the weld produced has a consistent width for the entire thickness, this helps 
to minimise the amount of weld metal required and helps reduce distortion. However as the 
joint incorporates an angular preparation of only around 1.5 ° for carbon steel various process 
modes have been developed to allow for optimal deposition of weld metal. These are outlined in 
Figure 31. Due to the narrow preparation and the size of the weld head, (shown in Fig. 28) it is 
far easier to manipulate the tungsten and wire feed nozzle than the whole torch. 
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Fig. 30: Process modes have been established for NG-GTAW. 

a) Electrode oscillation 1 layer 1 pass  
b) Electrode oscillation 1 layer 2 pass  
c) 1 layer 1 pass no oscillation 

 

There are benefits and drawbacks to each kind of NG-GTAW process mode. These are 
summarised in Table 10. 

Tab. 10: Advantages and disadvantages of different NG-GTAW bead placement procedures. 
 

Process mode  Advantages Disadvantages  

Electrode oscillation 
1 layer 1 pass 
(weave). 

Easy access for torch (wider groove) 

Sidewall fusion 

Complicated torch 

Electrode oscillation 
1 layer 2 pass  

Easy access for torch (wider groove) 

Sidewall fusion 

AVC functionality 

Low productivity 

Difficult in orbital 
configuration 

1 layer 1 pass no 
oscillation 

High productivity (minimum amount of 
deposited metal (narrow groove)) 

Difficult to set up 

Tight tolerances 

Potential for lack of 
sidewall fusion 

 
 

Further improvements in terms of productivity compared with HW-NG-GTAW have been 
achieved through the use of multiple torches or wire feeds. The addition of another wire feed 
behind a single arc can improve deposition rates. However the electrode is usually required to 
operate at an increased current creating a larger weld pool and potentially reduced weld metal 
toughness due to the grain coarsening effect of the slow cooling rate.  

An alternative method of improving productivity is to use multiple welding heads or have a 
welding head with two electrodes and two wire feeds integrated. This effectively halves the 
joint completion time, and also means that a 1 layer 2 pass welding configuration can be used 
without the need for complex tungsten oscillation. Care must be taken however to design a 
welding head that spaces the two electrodes a sufficient distance apart so the arcs do not 
interact. The weld procedure must be established with care as different parameters will be used 
with the two different electrodes due to the preheating effect of the first arc. 

wide/weavea) split passb) stringer passc)
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As outlined in Section 4.2.1.5 the GTAW process is all-positional, although for the NG 
application three possibilities are envisaged. 

Firstly the easiest position to operate would be to weld a circumferential sealant weld in the flat 
position with the canister rotating below the torch. This would allow for a consistent repeatable 
deposit to be produced, building up layer by layer till the weld groove was fully filled. 

If the contents of the canister do not permit it to be rotated then it may be necessary to rotate the 
welding torch around the canister. This is known as orbital welding. This can either be carried 
out as continuous welding, or it can involve making a pass around half the circumference then 
re-positioning the torch to complete the other half of the circumference. This second option is 
not normally employed if there is sufficient access around the whole of the joint. 

The third option is that currently anticipated in both the Swedish and US canister programmes 
whereby the canister is stood vertically up, filled from a containment pool where the SF is also 
stored vertically and then a lid is remotely placed on top. In this scenario welding would be 
carried out in the horizontal vertical position (2G/PC) and either the torch (or the canister) could 
rotate. In this position welding is more challenging; the position does not allow for large 
deposits as this leads to an off centre deposit since the molten weld pool settles towards one side 
of the joint due to the pull of gravity. Despite these difficulties NG-GTAW in this position has 
been demonstrated and a uniform bead placement achieved (Asano et al. 2005). 

Generally GTAW requires components to have very good fit-up and machined tolerances. The 
process is not as forgiving to mismatch as some other arc processes that can penetrate deeper 
into the material. The need for tight tolerances is particularly necessary in the root region of the 
weld. If a butt weld configuration is adopted then the root region will require particular 
attention. The requirements for a full penetration root pass can be quite demanding. The weld is 
required to fuse the two materials fully, provide an adequate bead profile for the next weld 
deposit, provide an adequate profile on the backside of the weld to meet the mechanical strength 
requirements of the joint and achieve all this without being porous, or over or under penetrating. 
The task can be made easier by altering the joint design, hot fitting the end of the canister into 
the main body with a lap joint configuration. This would however lead to an internal crevice 
which would need to be factored into corrosion testing, although it is expected that there is not 
significant risk of corrosion from the inside of the canister. 

6.2.1.1 Productivity 

Although Nagra has outlined that productivity is not the key priority for the selection of a 
welding process it must be taken into account when planning the waste encapsulation cycle. The 
productivity of the NG-GTAW process encompasses more than just the speed at which the joint 
can be filled. It must also take into account the ease of fit up of the given joint design, the time 
necessary for any pre-or post weld treatments and time necessary to perform equipment 
maintenance during the welding cycle. 

Firstly, starting with the parent material, if the canister is cylindrical, the roundness of the 
canister produced will need to be within tight tolerances, as will the canister lid, to ensure even 
fill of the welded joint and even distribution of stress around the weld. Tight tolerances on any 
machining or fit up that precedes welding will assist with the welding process and ensure that 
the production joints are more repeatable and in line with the original qualification. 

Although the design of the canister has not been chosen yet, a good joint design can greatly 
improve the productivity of joint fit especially it is to be carried out via remote handling. The 
influence of design on productivity is discussed in more detail in Section 6.2.4. 
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Next it will be necessary to pre-heat the joint before welding can commence. BS 499 defines the 
pre-heat temperature as 'the temperature immediately prior to the commencement of welding 
resulting from the heating of the parent metal in the region of the weld'. The AWS Structural 
Code states that 'the base metal shall be preheated in such a manner that the parts on which the 
metal is being deposited are above the specified minimum temperature for a distance equal to 
the thickness of the part being welded, but not less than 75 mm in all directions from the point 
of welding'. For the currently proposed parent material ASTM SA516 grade 70, 160 mm wall 
thickness with a maximum ILW carbon equivalent (CE) of 0.43 a minimum temperature of 
125 °C will be necessary for the following reasons: 

 it reduces the risk of hydrogen cracking; 

 it reduces the hardness of the weld HAZ; 

 it reduces shrinkage stresses during cooling and improves the distribution of residual 
stresses. 

This temperature can be achieved by locally heating the canister and lid using an oxy-gas flame, 
ceramic heating blankets or induction heating. Alternatively the parts can be heated in a furnace 
prior to transporting to the welding location. Care must be taken with this option however to 
ensure that the temperature does not significantly reduce between the time the part leaves the 
furnace and when welding commences. The time necessary to achieve a uniform heat distri-
bution at the required temperature should be taken into account when assessing the productivity 
of the welding cycle. Depending on the heating method used an adequate pre-heat temperature 
could take several hours to achieve. 

Once the joints are adequately prepared and welding commences the main factor affecting 
productivity is the deposition rate of the NG-GTAW process. The deposition rate should not be 
confused with the travel speed of welding. A high speed process depositing a small amount of 
metal is potentially as productive as a slow speed process depositing large volumes of material. 
Using the largest diameter and wall thickness proposed by Nagra, 1 m ID and 150 mm wall 
thickness, and a typical NG-GTAW groove width of 9 mm, approximately 41.25 kg of weld 
metal is required to fill the joint. It is likely that more than 41.25 kg of welding wire will be 
necessary as some volume will be lost as fume and vapour, and additional metal will be required 
for capping passes. 

For the proposed thickness and type of material it would be standard industry practice to carry 
out PWHT upon completion of the weld joint. This can be done using the methods outlined 
previously; however oxy-gas flame pre-heating is not recommended. The temperature, heating 
and cooling rate will be dependant upon the final grade selected and the mechanical property 
required for the finished canister. Typical temperatures for PWHT are around 600 °C and as 
mentioned previously the likely maximum temperature that the vitrified waste can sustain is 
400 °C, which presents a problem for which there are two possible solutions. 

Depending upon the mechanical properties required for the final canister it may not be neces-
sary to carry out PWHT. As the NG-GTAW uses multiple overlapping passes each subsequent 
pass heat treats the previous pass, re-austenising the metal which results in better weld tough-
ness and lower hardness values. The hardness is still likely to be significantly higher than it 
would be after PWHT, but it may be adequate given the low stresses the canister will ultimately 
experience. Additionally surface treatments could be used to improve the residual stresses and 
reduce the risk of SCC. It may also be beneficial to add a capping pass that can be removed by 
grinding at the end of the welding operation limiting the surface hardness values. The alter-
native proposal is to carry out PWHT but to design the canister in such a way that the waste is 
thermally shielded from the weld area, thereby allowing the use of induction heating for PWHT 
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provided there is sufficient thermal gradient between the weld region and the canister contents. 
Further details on PWHT are detailed in Sections 8.2.1 and Section 9. 

6.2.1.2 Equipment maintenance and welding consumables 

The ability for NG-GTAW to operate remotely without intervention from an operator for long 
periods of time makes it an ideal process for the sealant welds of HLW canisters. The potential 
safety hazards, costs and time involved should a process fault during a welding cycle mean that 
the reliability of the equipment is a top priority. 

Welding heads can be designed with sufficient cooling so that long periods of operation, known 
as arc-time, can be achieved. Additionally the duty cycle of modern inverter power sources is 
such that they can operate continuously provided they are cooled adequately. 

Because a non consumable electrode is used the process is inherently very stable and can 
operate for long periods of time without intervention. There are two main consumables asso-
ciated with the process and three main components that may require replacement after a certain 
period of welding. 

Firstly the main consumable in the process will be the welding wire. The size and composition 
of this wire will need to be decided upon once the joint design and material are agreed. Often 
with the NG-GTAW process the wire is stored in spools on the welding head making it easier to 
carry out orbital welding (Fig. 31). However there is a limit to the weight of wire that can be 
feasibly stored, typically around 15 – 20 kg per spool. Alternatively the wire can be stored 
remotely from the welding head and fed to the welding head via the umbilical lines. In this 
configuration far more wire, up to 500 kg, can be stored ensuring that the process does not run 
out mid cycle. The downside of the second option is that powerful wire feeders are necessary to 
push and pull the wire the long distance and this can be problematic depending on the wire size. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 31: Orbital twin wire feed NG-GTAW torch with consumable reels stored on the 
welding head.  

Image courtesy of Polysoude. 
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The second main consumable is the inert gas necessary to shield the electrode and generate the 
arc. For NG-GTAW, a flow rate of between 10 and 25 l/min is necessary to shield the arc 
depending on the welding current. With a maximum welding cycle for HW-NG-GTAW being 
around 14 hours potentially 21'000 litres of gas will be needed per cycle. Unlike the wire, the 
gas can easily be stored remotely, away from the welding area either in cylinders or, given the 
volumes necessary, more economically in storage tanks. 

The first of the three main components that require maintenance on the torch is the wire feed 
liner. The liner acts to aid the travel of the wire to the weld pool. It can be made of either metal 
or plastic depending on the wire being used. Due to the friction generated by the constantly 
feeding wire, these liners wear out and can cause snags in the feed and result in an uneven weld 
bead profile or in the worst case scenario a weld defect. As such they require regular 
maintenance and replacement. It is not possible at this stage to estimate the life of a wire feed 
liner but it is likely to last for the duration of a weld. 

Similarly the wire feed nozzle also sees a large amount of friction and wears over time. This 
component is situated very close to the arc and accurately guides the wire into the molten weld 
pool. It is usually made from copper and may or may not be water cooled depending upon the 
operating current of the torch. This part also requires replacement at regular maintenance 
intervals. 

Lastly the electrode itself will wear over time. Although commonly referred to as a non 
consumable electrode the tip of the tungsten will blunt through thermionic emission with 
prolonged use. The effect of a blunted electrode is a less stable arc with a tendency for the arc to 
wander. A blunt electrode will also require a higher operating current to achieve the same heat 
input and keep the deposit consistent. The lifespan of the electrode is greatly reduced by the 
number of ignitions (arc starts). Generally the composition of a tungsten electrode also contains 
elements such as thorium that help to improve the electrode life and aid arc striking. 

Generally in mechanised GTAW, tungsten wear is a bigger issue than the replacement of the 
other two parts mentioned. To take account of this automated systems have been developed 
whereby the electrode is stored in a holder allowing it to be replaced remotely in an automated 
sequence. Many such electrode holders can be stored in a welding station, requiring them to be 
sharpened only once a shift. 

NG-GTAW is a highly repeatable process. One of the key factors that make it more suitable for 
the application than NG-GMAW is that will be able to operate continuously to fill the entire 
weld volume. In comparison NG-GMAW requires cleaning every four layers and NG-SAW 
requires slag removal every layer. NG-GTAW is an inherently clean process with no slag or 
spatter produced and low levels of particulate fumes building up on the side walls. Modelling 
will be necessary to determine whether a fully continuous welding approach is feasible but it is 
likely to be beneficial for both residual stresses and productivity. 

6.2.2 Potential defects and repair actions 

Generally the GTAW process, including the NG variant, is considered to be very reliable 
provided it is properly set up. However, for safety critical applications all eventualities must be 
considered. One of the key advantages of using NG-GTAW is that the maximum defect height 
is limited to the height of an individual bead deposit (approximately 3 – 5 mm) whereas in EB 
welds the maximum defect size is the full material thickness. The potential for defects can be 
greatly reduced through proper process development. So some defects should not be considered 
as severe as others because there should be a low probability of occurrence in production if the 
development process was adequate. 
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6.2.2.1 Defects eliminated during development 

Lack of fusion defects were relatively common in early NG welding and as such significant 
development has gone into reducing the risk of occurrence. They can occur at the sidewall of 
the groove or between layers. Oscillation of the tungsten allows for distribution of the arc 
energy across the preparation ideally melting the sidewalls and avoiding the defect. 

Hydrogen cracking and solidification defects are also a possibility in carbon steel welds, but 
proper control of parent material and weld metal chemistry during development would prevent 
these problems occurring during manufacture. Further details on hydrogen cracking and 
solidification defects can be found in Section 9. Additionally TIG welding is a low hydrogen 
process and this further reduces the likelihood of cracking. 

Porosity in the weld metal can come from various sources including oxides on the surface of the 
material, as well as the shielding gas becoming entrapped in the weld metal. Porosity is an 
industry-wide issue and its causes are well understood; it is not envisaged that it would be a 
major problem for the Nagra application. 

Tungsten inclusions are a common problem with manual GTAW and usually occur when the 
electrode comes into contact with the weld pool of the parent material inadvertently. It is less 
likely to occur with mechanised welding as the welding head will likely employ an AVC which 
will maintain the tungsten at a specific height from the weld pool according to a preset voltage. 
Therefore through the use of appropriate equipment this defect can be avoided. 

6.2.2.2 In process monitoring 

Unless a particular defect is detected during welding and the welding process can be stopped 
prior to the completion of that layer then any repair action possible is limited. Many methods 
have been devised for the in-process quality assurance (IPQA) of welds.  

These include the use of a boroscope in which fibre optics relay a light image from inside the 
groove preparation to a television monitor. These scopes often have systems in place to filter 
out the bright arc light. On previous applications TWI has been involved with the nuclear 
industry, where the footage from these cameras is often recorded for quality assurance (QA) 
purposes. It is also common for multiple camera systems to be used to monitor the metal 
deposition ahead of the arc and the bead profile behind the arc. Software has been developed 
previously to interpret the image recorded and automatically detect process defects such as 
voids or blunting of the tungsten. These have varying degrees of accuracy and should be used as 
assistance to an operator and not as the primary inspection technique. One of the problems with 
the visual inspection techniques is that whilst some of the arc light is removed by the filtering, 
much remains and this can make visual inspection difficult. 

Laser profiling systems have been developed to measure a deposited bead and detect whether it 
is outside a range specified. The system uses a laser beam to raster the surface which is reflected 
back to a detector giving details on the shape and profile of the weld. These systems are often 
deployed in the automotive industry and can detect features such as bead width, throat thickness 
(of fillet welds), undercut/under fill, and any voids or breaks in the weld beads. They also allow 
for automated seam tracking where more complex shapes are required. These systems tend to be 
more accurate than the visual extrapolation systems, but the range of variables that can be 
detected is less. The systems can be established to include adaptive control whereby the welding 
parameters i.e. torch height, direction etc. can be altered automatically based on the data 
received form the laser scan. This may be particularly useful for multiple pass welding, and 
works in conjunction with the automatic voltage controller (AVC) controller. 
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In recent years, TWI has been developing a laser vision system that uses laser diodes to emit 
light that is reflected off the surface of the weld and detected by a CCD camera to produce an 
image. Unlike the laser profiling system, a true image (rather than extrapolation of the weld) is 
produced and because only the frequency of the laser light is captured by the camera there is 
very little arc light. Figure 32 shows an example image gathered using the TWI laser vision 
system. The whole of the tungsten is visible and crucially the tip of the tungsten and the portion 
of the weld behind the arc is also visible. This system is still under development but is being 
trialled with narrow gap welding technologies. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig. 32: Example of Image quality achievable using the TWI developed low cost laser 
vision system. Image shown is GTAW electrode and weld pool. 

 

In-process NDT using ultrasonics or radiography is a nascent technology and requires further 
development but may provide an additional and important data stream about the internal quality 
of the welds produced. This data can then be used to control the weld parameters adaptively. 

If one or more of these techniques are appropriately applied then they act to reduce the 
possibility of the weld parameters causing a defect by moving away from those parameters 
developed and proven to be the optimum. IPQA and adaptive control allow for the parameters 
to be finely adjusted, always maintaining the best conditions for welding, and form an essential 
part of equipment necessary to operate NG-GTAW in a hot cell.  

6.2.2.3 Repair action 

In the unlikely event that a defect is detected during manufacture repair may involve grinding or 
machining the defective area so that a weld repair deposit can be made over the area. 
Alternatively, depending on the particular defect, applying a higher heat input on the subsequent 
pass to re-melt the defect may be an effective action.  

If the defect is not detected until the weld is completed then there is little that can be done apart 
from scrapping the weld completely. Appropriate NDT methods outlined in Section 7 will be 
able to detect the majority of the defects that may be of concern and a decision would need to be 
based on the suitability of the weld to continue into service based on the size and location of the 
defect. A structured approach to assessing a weld's fitness for purpose would be to use an 
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engineering critical assessment (ECA) stemming from a production failure modes and effects 
analysis (PFMEA). Overall however the risk of defect occurrence and of a defect compromising 
the integrity of the weld using NG-GTAW are likely to be the lowest of all the processes 
reviewed. This is due to the inherent high quality nature of the process and the fact that any 
defect is likely to be restricted to a single pass (3 – 5 mm height). 

6.2.2.4 In process defects and repair action summary 

Various methods for reducing the risk of weld metal defects during the sealing weld of the 
canisters are possible and best assurance will come from a thorough development programme. 
However, as with any manufacturing process development, QA and quality monitoring are 
never 100 % effective. Additionally no industry data exist on the overall prevalence of defects 
on qualified mechanised welds. GTAW was specifically chosen as a candidate welding process 
because of the accepted benchmark that it is a process with low susceptibility to defects. Based 
on TWI experience, the rejection rate in production due to weld defects is between 0.1 and 1 % 
of the total welds completed. 

6.2.3 Distortion and residual stress 

Conventional GTAW is relatively slow in terms of travel speed and the heat input to the 
material being welded can be high. This high heat input combined with the large number of 
passes required to make the weld, potentially increase the residual stresses and resulting 
distortion. 

The base material properties will greatly influence the amount of residual stress in the welded 
component. Residual stresses will vary with the material's ability to undergo a phase change 
with temperature and its yield strength. 

The residual stress distribution in thick C-Mn plate sections is complex and depends heavily on 
the freedom of the plate to move or distort. Ueda et al. (1986) showed that when a thick 
(50 mm) multipass, single sided welded plate is in a heavily restrained condition, residual 
stresses at the bottom of the weld are largely compressive. The restraint condition does, 
however, appear to have less effect at the top surface of the weld and this is explained in terms 
of the joint becoming stiffer and self restraining as the weld is filled. The maximum tensile 
stresses in a restrained joint in thick section made by multipass welds can therefore occur 
several layers below the top surface. This could lead to underbead cracking or lamellar tearing if 
sufficiently high stresses and poor quality steel are combined. However, if the bending strain is 
small and the root area is not heavily restrained, the residual stresses at the root are tensile and 
root cracking could occur. 

Asano et al. (2005) found in their study of waste package final closure that the measured 
residual stress fields agreed with the results of Ueda et al, (1986) for restraint of longitudinal 
deformation and angular distortion. In this study, the largest tensile residual stresses in the 
transverse and longitudinal (circumferential) directions were only a few layers below the 
finishing bead, and the values were larger than the maximum on the top surface. 

Work has been carried out looking at the effect of joint preparation on residual stresses at the 
outer surface of multipass arc welds (Jonsson et al. 1991). They looked at the residual stresses 
in the outer surface of 20 mm butt welded C-Mn steel pipes with a yield stress of 360 MPa 
made with a narrow gap and wider U preparation. They concluded that the narrower gap 
preparation resulted in slightly higher residual stresses and radial deflection at the outer surface 
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of the weld although the difference was not great. It should be noted however, that the use of 
NG welding in these thicknesses of pipe material is not primarily used to reduce residual 
stresses but to improve welding productivity and reduce the amount of filler material. It may be 
that there is more benefit in reducing residual stresses if NG weld techniques are used on thicker 
wall material where the overall heat input of the process is reduced compared to standard joint 
preparations. 

Process variants are constantly developing and there is a need for a quantitative study of the 
relative overall joint completion heat inputs of the modern welding process variants and 
assessing the distortion potential of the processes. One question that needs to be resolved is 
whether it is better in terms of resulting residual stresses and distortion potential to deposit a 
single pass large deposit or to build up a weld with many smaller heat input runs using low heat 
input variants of existing processes. 

6.2.4 Impact on design 

The NG-GTAW process would be relatively flexible with respect to the canister design. Its 
ability to weld in all positions allows more complex joint orientations to be factored into not 
only the design of the canister, but also the welding facility. The need to carry out local pre-
heating and potential PWHT would have some impact on the design. The canister would need to 
be designed so that there was sufficient thermal barrier between the weld and waste inside. The 
groove size could be limited to 9 mm to minimise the volume of weld metal to be deposited. As 
outlined in Section 6.2.1 the difficulties with forming an adequate root pass geometry and 
strength could be overcome by using a self-locating spigot joint as outlined in Figure 33.  

 
 
 
 
 
 
 
 
 
 
 

Fig. 33: Potential canister joint design using NG-GTAW. 

 

6.3 Electron beam welding (EBW) 

6.3.1 Process capabilities 

The benefits of applying the EBW process are greatest in situations where repetitive high 
quality welding is required in thick materials. As the equipment is expensive, the economics of 
application become viable only where there are large numbers of parts or where the application 
requires high productivity. If there are specific constraints on temperature rise, distortion or 
access EBW also becomes attractive. The process is well developed for welding plain carbon, 
low alloy and C-Mn steels. However, as it is primarily used as an autogenous process, the base 
material specified is the key to obtaining satisfactory weld quality and properties. Often the 
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critical issue with EBW of these materials is not in achieving appropriate weld quality, as this 
can be achieved reliably by careful specification of steel impurity levels, but in achieving 
adequate fracture toughness. This is relatively straightforward if a stress relieving heat treatment 
can be applied but can be problematic if the welded structure has to be used in the as-welded 
condition. Weld metal toughness can be improved by alloy addition but HAZ toughness is 
controlled largely by base material composition and heat input. Whether properties are adequate 
depends on the application specific requirements. 

For canister fabrication, EBW could be employed for longitudinal seam welding as well as for 
base attachment. Welding material in the thickness range 60 – 150 mm is considered practical, 
with the proviso that welding is carried out on steel of appropriate composition and the part is 
manipulated and the joint designed to facilitate EBW. In canister fabrication, the possibility of 
post weld heat treatment and machining virtually eliminates the problems in achieving adequate 
properties and the need for good weld beads. The productivity benefits are also attractive. For 
illustration, full penetration welding of a longitudinal 5 m linear seam in 125 mm thick steel 
would require approximately 40 minutes of welding time if EBW were applied. 

For closure welding the benefits accrue from the ability of the EB process to weld in one pass, 
and the absence of a pre-heat requirement. Also, the process is well suited to remote operation 
and the absence of consumables and long maintenance intervals are also attractive. 

To be a viable technique for the sealing and fabrication of high level waste canisters EBW 
equipment has to be: 

 Stable – that is, capable of maintaining constant welding performance over long periods of 
continuous operation without interruption. 

 Reproducible – able to replicate welding conditions from day to day, even after long periods 
of continuous operation or after maintenance periods. 

 Reliable – suitable for high duty cycle operation without frequent maintenance or unpredict-
able breakdown. 

These characteristics have also been designed into many modern EB systems to accommodate 
the severe requirements dictated by their application to high value components. This has been 
achieved by careful design of elements of the electron gun power supplies and control systems, 
and extended field testing. 

As EBW is primarily used as an autogenous process, ie no filler material is added, the presence 
of a joint gap leads potentially to an underfilled joint and a reduction in component accuracy. 
Clearly specifying a zero gap for any weld joint detail would be onerous and it is recognised 
that some gaps must be tolerated. The tolerance to absolute gaps is greater as thicknesses 
increase but reduces as a percentage of the joint thickness. For thin materials i.e. <10 mm a joint 
gap of 2.5 % of the joint depth is tolerable and for thicker material e.g. 100 mm, this is 
increased to 1 mm, representing 1 % of the joint depth. Clearly there are many issues affecting 
the tolerance to joint gaps but in view of the current application it is unlikely that joint fit up or 
surface finish will be a cause for concern. On the subject of surface finish, it is predominantly 
the requirement for good cleaning that drives the surface finish specification and it is the nature 
of the finish and not just the roughness average which is important. Generally, a good milled or 
turned finish is adequate with a surface roughness of around 3.2 microns. 
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6.3.2 Potential defects and repair actions 

There are two categories of condition that can cause defects in EB welds - material related 
problems and procedure/equipment problems. 

With the exception of residual magnetism, as discussed earlier the material issues can be 
addressed by careful specification of the base material in terms of impurity and alloy content. 
As electron beams consist of charged particles they are readily deflected by magnetic fields. 
Residual magnetism in ferromagnetic parts can cause the beam to be deflected slightly and 
thereby miss the joint leaving a lack of fusion or missed joint defect. This can be repaired 
readily by re-welding without need for excavation. Other causes of missed joint arise from 
thermal expansion and poor initial beam alignment. This can be accommodated by implemen-
tation of real time seam tracking based on back scattered electron detection. 

Other material related defects such as cracking and porosity should be avoidable by procedure 
development and fully automated welding. Once established, and well developed, EBW 
procedures should result in highly reproducible weld quality. Nevertheless, there are certain 
equipment malfunction possibilities which can introduce weld flaws which it may be necessary 
to repair. 

The most serious condition occurs when the beam is switched off prematurely. This can leave a 
full depth penetration cavity frozen in the weld and leaves the remaining joint unwelded. This 
can be caused by discharging in the electron gun which, if not suppressed, leads to protective 
shut down of the power supply. There are also several fault conditions in the system which will 
cause interlocks to function and shut down the beam, leaving a weld cavity. The use of the 
reduced pressure system described earlier with switch mode power supplies has virtually 
eliminated this phenomenon but the possibility of system faults still remains. The repair solution 
can sometimes be a case of simple re-welding, but often some excavation and plugging before 
re-welding is required. In such cases the constraints of hot cell operation need to be taken into 
account. Similar repairs may be called for if large weld cavities are formed due to weld metal 
drip out or material out gassing. If the cavities are particularly severe, repair by excavation and 
arc weld fill may be necessary. As a final solution cutting off the lid and re-welding a replace-
ment may be called for. This is probably more practical for EBW than for other welding 
processes. 

Perhaps the greatest concern surrounds the weld termination required when EBW thick material 
in a circular configuration. It is possible that spiking porosity or weld cavities can form which 
are of sufficient size or number to be rejectable by most welding acceptance codes. For C steel 
of over 100 mm thickness it is almost inevitable that some flaws of this type will be produced in 
this region. Although the work at SKB on copper of ~70 mm thickness illustrated that such 
flaws could be eliminated, some development is thought to be necessary to achieve a similar 
position in C steel of over 100 mm thickness. 

6.3.3 Distortion and residual stresses 

TWI has been involved in collaborative projects concerning residual stresses of EB welds 
(Fidler 1989; Hill and DeWald 2006). As a result there is a large amount of literature, summa-
rised in Table 11. The materials, geometries, welding conditions and methods of determining 
the residual stresses are also summarised. 

The materials for which data are available include CrMoV low alloy steel, C-Mn steel, titanium 
alloy and nickel alloy (Alloy 22). These results can be used to indicate the general charac-
teristics of the residual stress fields in EB welds. 
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Tab. 11: Summary of EBW references. 
 

Author Fidler 1989 Ueda et al. 1986 

Material type ½Cr½Mo¼V steel C-Mn steel 

Grade  SM 50 

0.2 % yield strength  363 MPa 

Geometry Circumferential butt weld 
in steam pipe 

Butt weld in plate 

Dimensions 70 mm thick 

420 mm diameter 

49 mm thick  

200 mm wide 

670 mm long 

Welding conditions   

Analysis method FEA with thermal 
shrinkage 

None 

Model dimensionality Not stated Not applicable 

Surface measurements Hole drilling Sectioning, Lz method 

Internal measurements None Sectioning, Lz and T-edge 
methods 

Contour plots? No No 

Variation across weld? At ID and OD On top and bottom surface 

Variation through 
thickness? 

On weld centre line 
(analytical only) 

At 0, 5 and 13 mm from weld 
centre line 

 
 

In Figure 34, the results of FE analysis of a circumferential EB weld in 70 mm thick by 420 mm 
diameter pipe are presented, showing the through thickness residual stresses (Fidler 1989). In 
the hoop (longitudinal) direction, tensile residual stresses were predicted from 160 MPa at the 
outer surface to 420 MPa at the bore surface, with the maximum stress of 500 MPa occurring 
15 mm from the bore surface. In the axial (transverse) direction compressive residual stresses 
were predicted at the outer (-420 MPa) and bore (-100 MPa) surfaces. Tensile stresses up to 
200 MPa were shown in the radial (through-wall) direction, with zero stress at the surfaces. 

Ueda et al. (1986) observed trends from measurements in the 25 mm and 49 mm thick EB 
welded flat plate specimens (see Fig. 35). Tensile residual stresses were measured throughout 
the thickness in the longitudinal direction, and compressive transverse stresses at the surfaces. 
In the through-thickness direction, compressive stresses less than -200 MPa and -100 MPa 
(Ueda et al. 1986) were measured. 
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Fig. 34: Distribution of residual stresses at weld centre from FE analysis (Fidler 1989). 

(X-axis details distance in mm.) 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 35: Stress versus position z through the EB weld (Ueda et al. 1986). 
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Figure 36 shows the distribution of longitudinal residual stresses in 22 mm thick Alloy 22 plate 
specimens (Hill and Dewald 2006), for both GTAW and EB welded test specimens. The section 
view of the plate shows variation of longitudinal stress across the plate thickness, indicating 
yield magnitude stress at the surfaces for the GTAW and yield magnitude stress at the mid-
thickness region for the EB weld. This difference in distribution is a result of the sequence and 
timing of weld shrinkage. In the case of the EB weld, the material at the mid-thickness region 
will cool down after the material at the surface has cooled, and hence the material in this region 
shrinks last. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 36: Contour residual stress measurements in 22 mm thick nickel based alloy (Alloy 22) 
showing longitudinal residual stresses in GTAW and EB welds (Hill and DeWald 
2006).  

Reproduced by permission: ISOPE-2006 San Francisco Conference. 

 

Fidler (1989) modelled and measured stress distributions across the weld centre line on both the 
outer and bore surfaces. The residual stress measurements were carried out using the hole 
drilling method on both the inner and outer surfaces of the pipe. Figure 37 shows the hoop 
(longitudinal) stresses on the outer surface. A peak stress of 200 MPa was measured at the weld 
centre line, which rapidly decreased to 10 MPa at 20 mm from the weld centre line. Beyond 
30 mm, the surface stresses were compressive. Larger tensile stresses of 500 MPa existed on the 
bore surface at the weld centre line (see Fig. 38) which again rapidly decreased to compressive 
stresses beyond 45 mm from the weld centreline. In the axial (transverse) direction, compressive 
stresses of -400 MPa were measured on the outer surface (Fig. 39), which decreased in 
magnitude to zero at 50 mm from the weld centre line. At the bore surface, an axial compressive 
stress of -50 MPa was measured, which rapidly decreased in magnitude and became tensile at 
about 10 mm from the weld centreline, see Figure 40. The model predicted the same trends, 
although the predicted magnitudes of tensile and compressive stresses were slightly higher. 
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Fig. 37: Comparison of experimental and FE hoop stress on outer surface (Fidler 1989). 

 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 38: Comparison of experimental and finite element hoop stress on the bore (inner 
surface) (Fidler 1989). 
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Fig. 39: Comparison of experimental and FE axial stress on outer surface (Fidler 1989). 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 40: Comparison of experimental and FE axial stress on the bore – inner surface (Fidler 
1989). 

 

Residual stresses were measured along the mid-thickness in the 25 mm thick CMn steel plate by 
Low (1989) and are plotted in Figure 41. In all directions, tensile stresses were observed. The 
maximum tensile stresses were 540, 280 and 195 MPa, acting in the longitudinal, through-
thickness and transverse directions respectively, and occurred in the region of the HAZ. 
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Fig. 41: Stress versus position y across the EB weld centre (Low 1989).  

 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig. 42: Distribution of residual stress as a function of (Asano et al. 2006a). 

a) Depth at the middle cross section of the weld joint 
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Asano et al. (2006a) studied the application of EBW to seal a carbon steel over-pack lid. They 
found a similar stress distribution. Tensile residual stresses in the circumferential direction were 
close to the yield point of the base metal and were generated at approximately 40 mm below the 
surface of the middle cross section of the weld joint (see Fig. 42). 

Asano et al. (2006a) also compared these results to the residual stress measurements obtained 
with NG-GTAW. They found that residual stresses in EBW were 25 to 30 % less than that of 
GTAW. Hence, they concluded that the low heat input in EBW was beneficial in reducing the 
maximum residual stress magnitude. It is, however, important to note that the geometries of the 
samples studied were different (Fig. 43). Hence, the comparison of the results should not be 
generalised until a test for a sample of similar dimensions is made. 

 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 43: Workpiece and cut specimen for residual stress measurement (Asano et al. 2005, 
2006). 

 

In summary residual stresses from EBW have been reviewed in thick (>25 mm) section 
components. Consistent stress distributions have been observed for different materials. From the 
weld centreline and on the surfaces of the test specimens, high longitudinal tensile stresses 
rapidly reduce to compressive stresses. Conversely, transverse compressive stresses exist at the 
weld centreline, which increase to zero or tensile stresses away from the weld centreline. For 
pipe geometries, the trend in stress distribution is the same, although the magnitudes of stresses 
are more tensile at the inside surface than at the outside surface. At the mid-thickness, tensile 
stresses in all directions were observed, with the maximum values located in the HAZ region. 
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7 Non Destructive Testing (NDT) 

7.1 Literature search 

A literature search was conducted at TWI using different tools such as Weldasearch and some 
specific NDT websites (ndt.net, asnt). This search was focused on finding any information on 
the inspection of welded thick walled (over 60 mm) carbon steel components, as well as the 
inspection of canisters for the nuclear industry. Many references were found and the most 
relevant to the Nagra programme are described below. 

7.2 Inspection of canisters 

TWI has been involved with a number of projects in relation to the development of encapsula-
tion solutions for nuclear waste. As mentioned previously the Swedish company SKB has 
started a research programme on developing methods for long-term disposal of nuclear spent 
fuel. In order to assess the reliability of the sealing process, they have also investigated three 
complementary automatic inspection techniques (Stepinski 2002; Stepinski et al. 1998; 
Ronneteg et al. 2006; Müller et al. 2006. The three NDT techniques are: 

 X-ray radiography. 

 Phased array ultrasonics. 

 Eddy current. 

The X-ray system used was a Varian 9MeV linear accelerator associated with a linear digital 
detector system (0.4 mm vertical resolution) and a manipulator. The use of a strong source 
allowed a penetration up to 150 mm of copper. The control of the process and evaluation of the 
results was made through software on a PC. Thanks to the manipulator the canister rotates while 
the accelerator pulses X-rays through the weld with an incident angle of 35 ° as illustrated in 
Figure 44. A photograph of the system is shown in Figure 45. Any discontinuities in the weld 
will decrease the amount of X-rays absorbed and therefore will lead to a darker area on the 
radiographic image. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 44: Setup of the X-ray canister inspection using linear accelerator and digital detector.  

Reproduced by permission IPPT (Stepinski 2002). 
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Fig. 45: X-ray machine for testing of the copper canister's sealing weld.  

Image reproduced from Ronneteg et al. 2006. 

 
 
 

 
 
 

 
 
 

 
 
 
 
 
 
 
 
 

Fig. 46: Principle of ultrasonic phased array testing.  

Image reproduced from Ronneteg et al. 2006. 

 

The ultrasonic system employed phased array technology allowing flexibility in beam-forming 
and elimination of one mechanical movement during the inspection. The phased array probe is 
an ultrasound sensor with a large number of elements which through multichannel electronics, 
is capable of focusing, steering and scanning. Beam-steering is performed electronically by 
introducing phase difference between the individual array elements. As shown in Figures 46 and 
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47, the array probe is placed above the upper canister surface at a fixed position, and 
electronically scans the sound beam in the radial direction while the canister slowly rotates. The 
coupling was carried out by introducing a thin layer of water between the probe and the canister 
surface. The sound was electronically focused on different depths and with varying angles in the 
radial direction in order to cover the whole weld. The system used consisted of a TD Focus-
Scan MKI inspection unit, a number of flat linear array probes with a number of elements 
between 32 and 128 within a frequency range of 2.7 – 10 MHz, a manipulator with probes 
holder, and software for data acquisition and evaluation. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 47: Ultrasonic phased array inspection unit for testing of the copper canister's sealing 
weld.  
Image reproduced from Ronneteg et al. 2006. 

 

The eddy current inspection was carried out using a double differential probe with a low test 
frequency (below 1 kHz) in order to achieve good sensitivity and deep penetration in the copper, 
as the high electrical conductivity of the copper results in low standard penetration depth for 
eddy current. As shown in Figure 48, the probe scans the outer canister surface after machining 
while the canister rotates. Tests revealed that voids as small as 1 mm diameter could be detected 
at a depth up to 4 mm. Defect sizing was possible as phase angles changed linearly with the 
defect depth and signal amplitudes increased with the defect diameter. 

The overall inspection reliability was increased by the use of the three NDT techniques since 
they are complementary concerning defect detectability and sizing. Radiography and ultrasound 
were used for the inspection of the whole weld volume while eddy current was aimed at the 
detection of surface breaking and subsurface flaws. 
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Fig. 48: Setup of the eddy current inspection.  

Reproduced by permission IPPT ( Stepinski 2002). 
 

7.3 Inspection of thick-walled steel components 

In order to meet the requirement of Nagra concerning the wall thickness, part of the NDT 
literature search has been focused on the inspection of thick-walled steel components above 
60 mm. From the references found and TWI's experience and knowledge, there are two types of 
NDT method found to be capable of reliably inspecting such thickness of steel: radiography and 
ultrasonic. 

TWI has previously worked on the development of NDT techniques for the inspection of thick-
walled ferritic steel (Kenzie and Dance 1998). The material consisted of EB welds in steel of 
125 – 150 mm thickness. A number of EBW flaws were identified and tested: lack of fusion/ 
penetration or missed joint flaw, gross porosity or voids, fine porosity, solidification cracking 
and cold cracking. The NDT techniques investigated were: 

 High energy X-ray: Van der Graaf X-ray generator operated by SCRATA (Sheffield, UK) 
providing 2.4 MeV at 200 μA, yielding exposure times of around 140 seconds. 

 Manual ultrasonic (A-scan): Using 45, 60 and 70 ° 4 MHz shear wave probes scanned on 
the top and bottom surfaces of the EB weld. 

 P-scan advanced ultrasonic (capable of storing and displaying data in advance format). 

 0 °, 4 MHz, compression wave probe from a surface parallel to the weld plane. 

 45, 60 and 70 °, 4 MHz, shear wave probes from the EB entry surfaces. 

 Tandem 45 °, using a pair of 4 MHz shear wave probes from the EB entry surfaces. 

 Time of flight diffraction (TOFD) using a pair of 45 °, 5 MHz, compression wave probes from the 
EB entry surfaces. 

 

Results revealed that at least two NDT techniques should be selected to ensure reliable detection 
of EB weld flaws if access is limited to the EB entry surfaces. The TOFD and tandem 45 ° 
techniques showed a high level of performance. The high energy X-ray technique was capable 
of detecting the more significant volumetric flaws and some oriented planar flaws, but the 
through-wall height and ligament of these flaws cannot be obtained from the radiographs. 

Canister lock

WallEC
Instrument
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Liu et al. (2004) studied the inspection of thick forged austenitic welds with thickness up to 
80 mm with specially designed twin crystal ultrasonic probes with compression and shear 
waves. The technique was to use two types of twin crystal probes with different incident angles 
(45, 60 and 70 °) and with a frequency range of 0.5 to 2 MHz. The first type was a left and right 
configuration for the two crystals which are more sensitive to near surface defects, and the 
second type was a fore and aft configuration for the crystals which are more sensitive to deeper 
volumetric and inner surface defects. The inspection was divided in three zones 0 – 20, 20 – 60 
and 60 – 80 mm for a better resolution using for each zone a combination of two different 
incident angles and varying focusing depth. Results showed good performance for compression 
waves compared to transverse waves which suffered from reflection, diffraction, and mode 
conversion at the weld fusion lines. Probes with fore and aft arrangement were demonstrated to 
be better in thicker weld testing than with left and right arrangement. 

TOFD is maybe the most accurate ultrasonic technique for the inspection of heavy walled 
pressure vessels. TOFD is an advanced automated computerised ultrasonic technique based on 
the detection of diffracted signals from flaws extremities. Two angled compression wave probes 
are used in transmit-receive mode, one each side of the weld. The beam divergence is such that 
the thickness is inspected, although, for thicker components, more than one probe separation 
may be required. When the sound strikes the tip of a crack, this acts as a secondary emitter 
which scatters sound out in all directions, some in the direction of the receiving probe. A lateral 
wave travelling at the surface at the same velocity as the compression waves, travels directly 
from the transmitter to the receiver. The time difference between the lateral wave and the 
diffracted signal from the flaw provides a measure of its distance from the scanned surface. 
TOFD systems are capable of scanning, storing and evaluating flaw indications in terms of 
height, length and position. Typical weld thickness range is from 25 to 140 mm. Since the 
publication of ASME Code Case 2235 (Use of ultrasonic examination in lieu of radiography), 
TOFD inspection tends to progressively replace radiographic inspection for thickness over 
100 mm. Murugaiyan (2004) and Bleuze and Cence (2007) both studied the inspection of heavy 
walled pressure vessels (respectively 223 mm thick for the former and 154 mm for the latter) by 
TOFD. Results confirmed in both cases that TOFD is a reliable and effective advanced NDT 
technique with accurate flaw detection and sizing even for material that thick. 

As an alternative to conventional UT (manual and TOFD), phased array ultrasonics (PAUT) 
offers significant advantages for weld inspections. As described before, the phased array beams 
can be steered, scanned, swept and focused electronically, permitting a very rapid and accurate 
coverage of the components and therefore saving inspection time. Moles and Labbé (2005) 
described the possibilities and advantages of using phased array ultrasonics for thick section 
welds in carbon steel. As well as doing raster scan without mechanically moving the probe, 
phased array ultrasonics can also perform TOFD inspection with the same probe. There is a 
large range of equipment available on the market from portable to advanced laboratory systems 
for different applications. Phased array inspections can be done manually as well as mechani-
cally using hand scanners, welding bands, magnetic wheel scanners, and can be fitted in any 
robotics systems to fulfil any complex inspections. Braconnier and Murakami (2008) studied the 
inspection of a 300 mm thick carbon steel block with large aperture phased array probes. 
Excellent detectability and beam spot size were obtained. At a depth of 290 mm, 1 mm holes 
were detected and separated from each other when there was a horizontal distance of only 2 mm 
between their axes. Detection and separation of 1 mm holes along the same vertical axis 3 mm 
apart were also achieved. 

Radiographic techniques could also be considered for thick-walled steel welds. A number of 
digital computed radiography systems exist for using high energy sources which are capable of 
inspecting steel components up to 300 mm thick. Some Betatron systems are compact, powerful 
and portable circular electron accelerators which produce high-energy X-rays from 2 to 6 MeV, 
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enabling radiography of thick sections. The working area for steel is between 75 and 300 mm 
and up to 1 metre for concrete. Radiation levels outside the main beam are low, so safe working 
distances are moderate. After demarcation of dose rate boundaries, the Betatron may be used at 
external sites or in fabrication shops with little or no additional shielding. The Betatron 
produces radiographs of very high contrast, sensitivity and resolution, meeting the tightest 
inspection standards. It replaces Cobalt isotope gamma sources, which may not give acceptable 
quality and require costly periodic replenishment. Examples of objects where the Betatron is 
suitable include large cast parts, substantial welded joints, valves, engine blocks and pressure 
vessels. The disadvantage of using radiography is that it will be difficult to locate and size any 
flaws which have an extended through-wall height. 

The choice of any one technique depends on various parameters such as the weld geometry, the 
accessibility, and the type of welding process used. In view of the different candidate processes 
selected, for both the sealant and the fabrication welds, it seems that the actual weld geometry 
will not vary too much with a narrow gap between the two fusion faces. Therefore the 
accessibility and welding process will be key factors for the selection of the inspection 
techniques. 

From the results of the literature review, three NDT candidates stood out: radiography, PAUT 
and TOFD. All three techniques revealed great potential for the inspection of thick walled 
carbon steel. The paragraphs below summarise the advantages and disadvantages of these 
techniques. 

7.4 Ultrasonic techniques 

In regard to the welding process, it is a question of the number of weld beads to be carried out. 
A multiple layer deposition method may require a weld inspection between each deposition 
layer. For those particular processes, phased PAUT and TOFD can be easily implemented 
straight after completion of the entire weld or individual beads. Automatic flaw recognition 
software would have to be developed to analyse the data while scanning in order not to slow 
down or stop the welding. This data could be combined with the results of a vision system to 
give maximum assurance of the weld quality of each deposit. 

Ultrasonic inspection needs the use of a coupling medium between the transducer and the 
component to be inspected. Therefore, in order to carry out the inspection during welding, the 
coupling medium would have to work at relatively high temperatures (depending on the 
proximity to the weld) and to possess some sticky characteristics (like a gel) so that it did not 
fall down into the weld pool, and cause a defect in the weld. Lawson (1996, 1997), developed 
and successfully applied an automatic TOFD technique for in-progress weld inspection. 

Ultrasonic testing is also a good candidate for welding processes using a one layer deposition 
method (such as EBW). The fact that the welding process creates the weld in one pass is less 
restrictive than a multiple layer deposition process. The inspection could be carried out once the 
weld is cooled down and therefore the restrictions on the coupling medium are not relevant and 
conventional couplant such as water or water-based gels can be used. 

In regard to accessibility, TOFD and some PAUT configurations require access on both sides of 
the weld and this depends on the thickness of the component to be inspected. The thicker the 
component, the longer the distance between the weld and the transducer. This should not be a 
problem for the fabrication welds but could be restricting when inspecting the sealant welds, 
depending on the weld configuration. For example if a lid configuration is adopted, the inspec-
tion could be carried out from the top of the lid surface as per SKB project (see Section 7.1). 
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7.5 Radiography 

Digital radiography is another leading candidate for the inspection of thick walled components. 
However, radiography is known to have difficulties assessing the through wall extent of a flaw 
and its position within the weld body, although it is really accurate in terms of evaluating flaw 
length, probably more so than ultrasonic testing. It is recommended to use radiography in 
addition to a TOFD or PAUT inspection. Moreover, due to the system configuration (one X-ray 
source and one detector) access on both surfaces (outer and inner) of the weld is almost always 
required. Therefore the use of digital radiography for the inspection of the sealant weld could 
still remain a challenge depending on the configuration adopted for the canister closure. 

In the case of a multiple layer deposition welding process, radiography can also be implemented 
during welding. As with ultrasonic inspections, software can be developed for automatic flaw 
detection. However, the repeat generation of X-rays can prove to be energy consuming and 
therefore costly. Safety regulations also need to be taken into account regarding shielding 
protection, hazard zone, etc. For those reasons radiography is maybe more appropriate for the 
inspection of the weld body once fully completed. 

With the sealant weld, it is important to consider the presence of gamma rays due to the hot cell 
and their influence on the radiographic testing. SKB (Ronneteg 2006) carried out measurement 
of the canister's surface dose rate (with and without spent nuclear fuel) and concluded that, due 
to the high dose rate of the X-rays, the influence of a canister with spent nuclear fuel could be 
regarded as negligible (0.2 – 2 %). However these values were calculated assuming that radia-
tion from the canister had the same uniform direction as the X-rays, but in reality the direction 
of the radiation from the fuel is randomised which means that these values are much lower. 
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8 Residual Stress and Distortion  

8.1 Literature review 

The degradation mechanisms relevant to nuclear waste canisters such as SCC and fracture 
processes can be accelerated by the presence of residual stresses (Hornbach and Prevey 2002; 
Lidbury 1984; Francis et al. 2007). Fusion welds generate residual stresses that may equal the 
yield magnitude in tension. They are generally relaxed with PWHT to about 10 to 25 % of their 
original value (Lidbury 1984). Non-thermal methods can also reduce the magnitude of residual 
stresses. 

Residual stresses are influenced by a series of factors (Legatt 2008): 

 residual stresses in the parts being joined prior to welding; 

 material properties of the weld and parent materials; 

 geometry of the parts being joined; 

 restraints applied to the parts being welded; 

 welding procedure (weld preparation, welding conditions, etc); 

 residual stresses generated or relaxed by manufacturing operations after welding or by 
thermal or mechanical loading during service life. 

Accurate determination of the magnitude and distribution of residual stresses in welded joints 
have been studied by different authors. The techniques for measurement of residual stresses can 
be divided into destructive and non-destructive methods. Several methods have been developed 
such as: central hole drilling method, deep hole drilling, ring core method, block removal split 
layering, X-ray diffraction, neutron diffraction and ultrasonic tomography. The preference for a 
method will depend on individual situations and requirements (e.g. in-situ or lab, surface or 
through-thickness distribution, 3D mapping etc). 

Welding residual stresses have a fundamental influence on the performance of welded 
structures. The magnitude and distribution of residual stresses have been studied over many 
years and methods of measuring and predicting them have been generated. The experimental 
and theoretical techniques have been used to investigate the effect of geometry and welding 
procedure, PWHT and the effect of proof load on residual stresses (Leggatt 1986a; 1987a; 1999 
and Leggatt and Davey 1988). The effect of residual stresses upon material fracture and their 
effect upon materials have also been examined (Bailey 1990 and Leggatt 1988). Experience of 
residual stresses in a variety of areas has been developed. The distribution of residual stresses 
has been studied in the as-welded condition as well as after weld repairs.  

Computer modelling methods can be used to make predictions of welding residual stresses in a 
wide range of materials and welding techniques. Numerical results have been validated using 
different experimental measurements such as neutron diffraction (Preston et al, 1999) and 
synchrotron X-ray techniques (Preston et al, 2006). Modelling has also been used to investigate 
methods of reducing the residual stresses that arise from welding by adding additional heating 
or cooling sources during welding (Preston et al, 1999). 

Comprehensive reviews on weld modelling can be found in the literature (Lindgren 2006; 
2001a; 2001b; 2001c; Francis et al. 2007; Runesson et al. 2007). Depending on the chosen 
process, fusion welding of thick walled components may involve many weld passes to fill up 
the joint. Weld beads covered by other passes then experience multiple heat pulses and a further 
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subdivision of metallurgical zones. Modelling activities focussing on ferritic steels must 
incorporate the solid state phase transformations that take place during multi-pass welding. The 
thermo-mechanical cycling that occurs during multipass welding presents challenges due to the 
simultaneous occurrence of deformation and annealing with strain cycling behaviour, (Preuss et 
al. 2002; Deng and Murakawa 2006; Barsoum 2007). 

For the current application, radiation embrittlement has to be considered (English and Hyde, 
2007). Methodologies have been developed to evaluate radiation embrittlement in reactor vessel 
materials for which only Charpy data are available. R6 procedures provide an integrated 
framework and methodology for using plant or material specific fracture toughness data for the 
assessment of plant structural integrity problems; these allow features such as constraint effects, 
warm pre-stressing, and residual stresses to be incorporated into assessments (R6, 2001). 

For the current application, the sealed nuclear waste has to be isolated from contact with 
groundwater for 1,000 years. Hence, the weld joint between the body and the lid of the overpack 
must last this long. Asano et al. (2006b) proposed a method to analyse this problem based on the 
fitness for service approach for nuclear power plant components. They discussed a method that 
considered the physical and chemical environmental conditions of the overpack. This area needs 
further study and the most suitable methods for including the complex physico-chemical 
parameters involved must be investigated. 

8.1.1 Undermatching 

For a strength undermatch of 30 % the residual stresses of a welded joint can be considerably 
reduced. If the residual stresses are anticipated to be the main source of stress during service, 
then undermatching weld metals can lead to a significantly lower driving force for fracture. 
Dong et al, (1997) discussed the use of stress intensity factors in welds for assessing the 
likelihood of SCC where welding induced residual stresses dominate. They presented 
calculations that had been performed for the residual stresses present in the as-welded condition 
using matching, under and over-matching weld metals. 

Takanashi et al. (2000) considered loading post-welding in order to relieve residual stresses. 
They found that for undermatched welds, the residual stresses immediately after welding were 
similar to those made with a matching consumable. However, after only one stress cycle the 
residual stresses were reduced more significantly for the undermatching than for the matching 
welds. In one case the residual stress remaining after one cycle of loading was compressive 
rather than tensile. 

Although the use of undermatched weld metal may show benefits in reducing residual stresses it 
may be necessary to increase the thickness of the parent materials (at least locally) in order to 
provide sufficient stress capacity. Furthermore, the potential of preferential weldment corrosion 
may need to be considered if the weld metal and parent material have different chemical 
compositions. 

During transformation to a martensitic microstructure there is a volume expansion due to the 
relative sizes of the unit cells of the body-centred-tetragonal and face-centred-cubic phases in 
iron based microstructures. This expansion in volume acts in the opposite sense to thermal 
shrinkage due to cooling after welding. By keeping the martensite start temperature low and 
ensuring that the martensite finish temperature is kept above room temperature this effect can be 
maximised. It can lead to reduced tensile residual stresses or compressive residual stresses at the 
weld root (Payares-Asprino et al. 2008; Ota et al. 2000, 2001). 
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Reduction of residual stresses can potentially lead to improved resistance to SCC and other 
hydrogen embrittlement mechanisms. However, caution should be applied before using such 
consumables for service in applications which could experience SCC or other hydrogen 
embrittlement mechanisms. The martensitic microstructure which results may increase the 
susceptibility to cracking even though the residual stresses have been reduced. Reduction of 
stress by using low temperature phase transformation consumables may still leave service 
stresses which are able to cause cracking, and the resultant weld metal microstructure will 
inevitably be more susceptible. It is therefore important to have an understanding of the stresses, 
hydrogen and also microstructure present during service. 

Under-matching can be applied as a residual stress reduction method only for processes 
requiring filler metal to be added such as NG-GTAW. 

8.2 Mitigation of residual stresses 

8.2.1 Post weld heat treatment (PWHT) for NG-GTAW 

PWHT is applied to steel assemblies primarily to reduce the likelihood of brittle fracture by 
reducing the level of tensile welding residual stresses and by tempering hard, potentially brittle, 
microstructural regions. Welding processes such as NG-GTAW, which rely upon the local melt-
ing and fusion of material, generate significant residual stress distributions in the weldment. The 
magnitude of these stresses can, under conditions of high restraint, approach the yield strength 
of either the parent or weld materials. The benefits of PWHT include a significant reduction of 
tensile residual stresses in the weld joint and, to a lesser extent, tempering of the HAZ and the 
weld metal microstructures. PWHT is generally required where there is a risk of environ-
mentally-assisted cracking (EAC). PWHT of C-Mn steels is typically carried out at approxi-
mately 600 °C, for one hour per 25 mm of thickness. The PWHT of large steel assemblies is an 
expensive process, due to the long hold times and slow heating and cooling rates involved. 

There have been many years of research, principally carried out by or on behalf of the electric 
utility and petrochemical processing industries, examining the consequences for welded steel 
structures, vessels and pipework of carrying out repairs without PWHT. Of principal interest 
have been thick section C-Mn and low alloy steels, for which controlled deposition repair 
procedures have been devised. There have also been investigations aimed at providing recom-
mendations for acceptable limits for the as-welded condition for general structural conditions 
(Burdekin 1981 and Ogle et al. 2003). 

8.2.2 Post weld heat treatment (PWHT) for EBW 

In Section 6.3.3, residual stresses in EB welded CrMoV cylinders (420 mm OD, 70 mm thick) 
were presented (Fidler, 1989), showing tensile hoop stress and compressive axial stress on the 
outer surface and tensile stress on the bore for both hoop and axial directions. These results 
were Phase 1 of the work programme. The second phase was carried out by Hepworth (1990) in 
order to compare surface residual stress measurements using the hole drilling method in the as-
welded condition and after PWHT. For the PWHT treatment, the temperature was raised at a 
rate of 50 °C/hr to a hold temperature of 700 °C, maintained for 6 hours and then lowered at a 
rate not exceeding 50 °C/hr. Measurements after PWHT were carried out on the outer and bore 
surfaces 27 ° around from the original measurements taken for the as-welded condition. See 
Tables 12 and 13 for the results on the outer and bore surfaces respectively. After PWHT, the 
hoop residual stresses on the outer surface were less than 20 MPa and the axial stresses were 
compressive. On the bore surface moderate tensile hoop stresses were measured at the weld 
region (<100 MPa) and the axial stresses were also tensile (<60 MPa). 
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Tab. 12: Residual stress measurements using the hole drilling method (Hepworth 1990), 
presenting measurements on the outer surface before and after PWHT.  

(Reproduced by permission E.On Energy) 
 

Hoop Stress  (MPa) Axial Stress  (MPa) 

After PWHT After PWHT 

Axial Position 
from weld C/L  

(mm) 
27 ° 207 ° 

As-welded 
Mean 27 ° 207 ° 

As-welded
Mean 

0 

5 

6 

20 

40 

80 

140 

17 

-7 

-14 

-3 

-8 

-1 

-1 

18 

-8 

-6 

2 

-2 

-5 

5 

305 

244 

210 

111 

-82 

-60 

-20 

-51 

-27 

-46 

-23 

-2 

-9 

-2 

-40 

-32 

-35 

-12 

-21 

6 

10 

-422 

-430 

-424 

-184 

-95 

-21 

-3 
 
 
 

Tab. 13: Residual stress measurements using the hole drilling method (Hepworth 1990), 
presenting measurements on the bore surface before and after PWHT.  

(Reproduced by permission E.On Energy) 
 

Hoop Stress  (MPa) Axial Stress  (MPa) 

After PWHT After PWHT 

Axial Position 
from weld C/L  

(mm) 
27 ° 207 ° 

As-welded 
Mean 27 ° 207 ° 

As-welded
Mean 

0 

5 

6 

20 

40 

80 

140 

78 

74 

-19 

24 

20 

-11 

-10 

95 

87 

45 

28 

28 

-1 

0 

739 

805 

621 

242 

145 

-105 

-60 

26 

27 

-2 

9 

24 

7 

1 

55 

56 

24 

16 

25 

20 

11 

213 

148 

201 
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Residual stresses have been measured in 25 mm thick C-Mn EB welded steel plates using the 
neutron diffraction technique. Samples in the as-welded and PWHT conditions were measured. 
The PWHT cycle was not disclosed. Figure 49 presents residual stresses in the PWHT sample 
through the plate thickness for the longitudinal (x), transverse (y) and through-thickness 
directions (z). A substantial reduction of stress was measured in compared -with the measured 
stresses in the as-welded sample. Stresses at the mid-thickness of the PWHT sample were also 
measured, see Figure 49. The annealing process substantially reduced the stresses in the region 
of the weld but did not significantly affect the stresses in the plate steel away from the weld. 
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Fig. 49: Residual stresses in 25 mm thick C-Mn EB welded plate after PWHT. 

a) Stress through thickness (z), see Figure 35 for comparison with as-welded stresses. 
b) Stress across the weld centre (y) at the mid-thickness, see Figure 41 for comparison 
 with the as-welded stresses. 

 

8.2.3 Induction heating 

When a welded structure is induction heated, the regions with compressive stress expand owing 
to thermal expansion. The expanding region is restrained by the weld which is under a near 
yield magnitude tensile stress. This restraint causes an extra load in the weld causing yielding to 
take place. When the temperature gradient is removed and the structure is allowed to come back 
to room temperature, the residual stresses are considerably reduced. 

Kennedy (1947) filed a patent on this technique. He put forward the idea of creating a thermal 
gradient between the weld, which is under a tensile stress, and its adjoining region, which has a 
compressive stress. The temperature difference could be created either by cooling the weld 
using a refrigerant like solid CO2 or by heating the adjoining area. He found that one side 
heating was adequate for plate thicknesses up to 25.4 mm. Trials showed that adequate stress 
relief of butt welded plates was obtained if the tensile area was about 50 to 175 °C cooler than 
the area of compressive stress. This caused a reduction of tensile residual stress by 50 % or 
more. 

Induction heating techniques have some inherent disadvantages such as the need for high 
frequency power supplies, impedance matching equipment, cooling media for induction coils 
and power cables, and carefully positioned shielding. In addition, the techniques require special 
designs of coil for different geometries. 
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8.2.4 Lower temperature local heating 

This method is applied after welding and it works by redistributing the residual stresses in the 
region of the weld by using local low temperature heating sources, which traverse either side of 
the weld. The location of the heating sources was proved to be a critical factor for the method to 
work FE weld modelling was used to ascertain the correct location of the heating sources by 
performing a series of modelling trials in which the residual stresses were predicted for different 
heating configurations for two different materials. Both cases are presented next in order to 
illustrate the advantages of this method. The following models were analysed: 

 C-Mn plate, 25 mm thick, EB welded, local induction heating. 

 Alloy 22 plate, 22 mm thick, EB welded, local induction heating. 

 Alloy 22 plate, 22 mm thick, GTAW, local induction heating. 

 Alloy 22 plate, 22 mm thick, EB welded, local EB heating by beam deflection. 

An experiment was carried out to validate the numerical model. Induction coils were used as the 
heating sources, and these were traversed along a nickel alloy (Alloy 22) plate that had been EB 
welded. Figure 50 shows the equipment used for the experiment. The results of the study are 
presented in Figure 51 showing predicted and measured residual stresses. Along the top surface 
of the plate, the residual stresses were reduced from yield magnitude to compressive or near 
zero stresses in both the longitudinal and transverse directions. In the region of the heating 
sources, however, tensile stresses were created to approximately 50 % of the yield stress. A 
section view shows longitudinal residual stresses through the thickness of the plate for both the 
as-welded and heat treated conditions, which clearly illustrates the redistribution of residual 
stress. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 50: Stress relief using moving induction heating coils. 
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Fig. 51: Predicted and measured residual stresses in EB welded nickel-based alloy (Alloy 
22) plate (Bagshaw 2006). 

a)  Surface residual stresses in the longitudinal and transverse directions. 
b)  A sectioned view through the plate thickness showing longitudinal residual stresses in 
 the as-welded and heat treated conditions. 

 

The EB process was also used as a low temperature stress relief treatment. For EB welded joints 
this technique was advantageous as the same equipment could be used for both the welding and 
stress relief operations. Figure 52a shows a defocused EB, which was used as a moving heating 
source along the top surface of a C-Mn plate, applied either side of the weld centreline. In this 
case, the predicted temperature using a defocused EB as the heating source was approximately 
250 °C. The results are presented in Figure 52b and c showing predicted and measured residual 
stresses on the cap and root sides of the plate. The stress relief treatment reduced the residual 
stresses in the region of the weld by approximately 50 %. In comparison with the induction 
heating method, the defocused EB did not redistribute the stresses significantly at the mid-
thickness region of the plate, since the heating was limited to the near surface region. Induction 
heating, however, can penetrate deeper into the thickness and so has more of an effect in 
redistributing residual stresses. Nevertheless, for surface stresses the EB method provided a 
50 % reduction of tensile residual stress. 

EB as-welded

EB welded and low temperature stress relief using induction heating

a)

b)

-100

Distance from weld centreline (mm)

R
e

s
id

u
a

l 
s
tr

e
s
s
 (

M
P

a
)

20

FE-Long

FE-Long-IH

Exp-Long-IH

FE-Trans

FE-Trans-IH

Exp-Trans-IH

50 % yield

0

100

-200

200

300

40 60 80 1000

400

500

Weld centreline



NAGRA NTB 09-05 94 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 52: Predicted and measured residual stresses in EB welded C-Mn plate (Bagshaw 
2006). 

a) Low temperature stress relief using defocused EB as heating source. 
b) Residual stresses in the longitudinal direction on the cap and root surfaces. 
c) Section view of the longitudinal residual stresses, measured using the contour method. 
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8.2.5 Peening methods 

Various surface treatment methods are of interest for modification of the residual stresses near 
the surface of structures. Surface treatment techniques like shot peening can sometimes reverse 
the post weld tensile stress to become compressive, thereby reducing the tendency for SCC. 

In shot peening, small steel balls are impacted onto the metal surface at high velocity. This 
causes a deformation on the surface which is restrained by the adjoining material, and leads to a 
compressive stress. In addition there is an increase in the hardness, which results in higher local 
yield strength and therefore to an improved resistance to cracking during loading. In general, a 
higher operating pressure during peening produces more compressive stress (Torres and 
Voorwald 2002; Sugihara et al. 1985). Carrying out peening at elevated temperature does not 
decrease the compressive strength significantly (Wick et al. 2000). 

Peening using laser generated pressure waves has also been used to generate compressive stress 
in structures. DeWald et al. (2004) carried out an extensive study on laser peening with the 
objective of inducing compressive stresses in a highly corrosion-resistant material Alloy 22 
(UNS N06022) for the Yucca Mountain project. The trials were carried out on GTAW butt 
welded, multi-pass double V groove plate of dimensions 200 × 200 × 33 mm. The residual 
stresses were measured using the contouring method for the peened and unpeened samples. The 
results showed measured stresses were reversed from tensile to compressive to a depth of at 
least 4.3 mm. The change in the residual stress after peening (peened minus as-welded residual 
stress) showed that peening affected the material to a depth of about 11 mm. 

8.2.6 Low plasticity burnishing 

Low plasticity burnishing (LPB) produces a deep layer of high compression (Prevey and 
Cammett 2001). In this process, a smooth free-rolling spherical ball passes over the surface 
under a normal force that deforms the surface of the material creating a compressive layer of 
residual stress. The ball is in contact only with the surface to be burnished, and is free to roll in 
any direction on the surface of the work piece, reducing surface damage. The process 
parameters such as normal force, pressure and tool position are controlled in a multi-axis CNC 
machine tool 

8.2.7 Vibratory stress relief 

Vibration of a structure with the objective of reducing stresses could be applied during welding 
or after the structure has been welded. The former technique is usually termed vibratory weld 
conditioning (VWC), whereas the latter is referred to as vibratory stress relief (VSR). Further 
benefits of VSR have yet to emerge since the mechanism of stress reduction for this technique is 
not very well understood (Klauba et al. 2006). 

Munsi et al. (1999) evaluated the VWC technique by applying rigid motion to a 0.18 % C plate 
with dimensions 290 × 76.2 × 6.35 mm. When a low frequency was applied, the longitudinal 
and transverse residual stresses decreased and increased respectively, without showing any 
trend. Higher frequencies too did not have much appreciable effect on the residual stresses. 

Further trials on high strength steel showed that the residual stress was a minimum when the 
vibration frequency was close to the natural frequency of the plate. Lu et al. (2007) carried out 
trials to compare residual stresses and deformation between SAW and vibratory (V-SAW). Two 
cylinders made of forged steel A105, and having 840 mm outside diameter, 450 mm in length, 
and 42 and 52 mm in thickness, respectively, were multi-pass butt welded. The frequency and 
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vibratory acceleration were 54 – 55 rps (revolutions per second) and 6 ms-2. Residual stress 
measurements using the blind hole drilling method revealed that the residual stresses decreased 
significantly using V-SAW (Fig. 53). In addition, the radial deformation decreased by 64 % in 
the thinner cylinder and by 43 % in the thicker cylinder (Fig. 54). 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 53: Comparison of residual stress between normal SAW and V-SAW (Lu et al. 2007). 

 
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig. 54: Results of welding deformation (Lu et al. 2007), showing: axial deformation; radial 
deformation-thin; and radial deformation-thick. 
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8.2.8 Friction surface treatments 

Friction welding processes offer considerable opportunities in the manufacture of welds, but 
even more as methods for the mitigation of residual stresses. In the case of FSW, it is unlikely 
that the technology will be sufficiently developed within the required time frame to allow thick 
section welds to be made in C-Mn steel. It is probable that processes such as friction surfacing 
and friction transformation hardening could be used as methods to modify residual stresses in 
welds made by other processes; but information is limited, and work would be needed to 
establish the suitability of these processes. 

Friction based techniques can be used for surface modification. The most appropriate is friction 
transformation hardening (Lawton et al. 2003). This involves rubbing a tool (usually the outer 
periphery of a disc) against the surface to be modified, and moving it along the surface to be 
treated. The principal variables are rotation speed, traversing speed and force, and these need to 
be controlled to produce the required thermal cycle and degree of plastic deformation. The 
process will locally heat the surface, resulting in microstructural changes which would normally 
be used to harden the material. In principle this can be achieved by work hardening or, in some 
cases (e.g. ferritic steels and titanium alloys), by transformation hardening. This action will 
presumably result in significant modification to the residual stress distribution at the surface, 
normally by generation of compressive stresses. Unfortunately, no data has been found in this 
review. There is some experience of this technique available for hardening, although it is not 
widely used. TWI has purpose-built equipment, which is shown in operation in Figure 55. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 55: Friction transformation hardening of a railway track sample (Lawton et al, 2003). 
 

8.3 Distortion minimisation techniques 

Distortion in welded structures is the result of the non-uniform expansion and contraction of the 
weld and surrounding base material caused by the heating and cooling cycle of the welding or 
cutting process occurring locally. The heating cycle during welding causes the material to try to 
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expand. Because this expansion is restricted by the mass of surrounding cooler material, it will 
yield in compression. On contraction during the cooling cycle of the weld the yielded material is 
restrained by the surrounding immobile colder material, tensile stresses build-up around the 
weld combined with simultaneously generated compressive stresses in the rest of the plate. 
These stresses will cause distortion if the component being welded does not have enough 
inherent stiffness to resist the action of the residual stresses (Verhaeghe 1998). 

There are conflicting opinions on whether it is better to deposit a given volume of weld metal 
using a small number of large weld passes or a large number of small passes. Experience shows 
that for a single-sided butt joint, or a single-side fillet weld, a large single weld deposit gives 
less angular distortion than if the weld is made with a number of small runs. Generally, in an 
unrestrained joint, the degree of angular distortion is approximately proportional to the number 
of passes. 

Completing the joint with a small number of large weld deposits results in more longitudinal 
and transverse shrinkage than a weld completed in a larger number of small passes. In a multi-
pass weld, previously deposited weld metal provides restraint, so the angular distortion per pass 
decreases as the weld is built up. Large deposits also increase the risk of elastic buckling 
particularly in thin section plate. 

If a metal is uniformly heated and cooled there would be almost no distortion. However, 
because the material is locally heated and restrained by the surrounding cold metal, stresses are 
generated that are higher than the material yield stress causing permanent distortion. The 
principal factors affecting the type and degree of distortion are: 

 parent material properties; 

 heat input of the welding process; 

 amount of restraint; 

 joint design; 

 part fit-up. 

The requirement for reducing distortion by reducing heat input also needs to be carefully 
considered in terms of the effect that this will have on the resulting mechanical properties of the 
as welded joint. For example, a move to reduce the heat input of individual passes in a joint in a 
ferritic steel of a particular composition will increase the hardness and reduce the ductility of the 
HAZ to levels whereby the properties may not meet those required in service. Similarly one of 
the features of multi-pass welds in steels is that each welding pass refines the grain structure in 
the HAZ of the preceding pass. This principle is also used to refine HAZ microstructures below 
the cap by using a final temper bead technique. If the number of passes is greatly reduced or the 
shape of the weld changes significantly to very deeply penetrating welds so that this refinement 
does not occur, HAZ toughness values can reduce and hardness values increase. 

The three common modes of distortion typically found in welded joints are: 

 shrinkage (longitudinal and transverse): Shrinkage occurs perpendicular to the weld line 
(transverse) or parallel to the weld line (longitudinal). The longitudinal shrinkage is usually 
much less than the transverse shrinkage (Messler 1999); 

 angular distortion: This distortion is caused by any rotation that occurs around the weld line. 
(Fig. 56a); 

 bowing distortion: The compressive stresses in thin plates can also develop bowing 
distortion. (Fig. 56b). 
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Fig. 56: Modes of distortion. 

 

There has been considerable interest in minimising distortion in industry. With structures two 
approaches have conventionally been used. The first includes methods to repair/flatten out 
distortion after welding has taken place e.g. induction heating and flame straightening. The 
second includes methods which are applied during welding (in-situ) e.g. reduced energy 
welding techniques, heat sink welding, mechanical and thermal tensioning, vibratory stress 
relief etc. 

When welding thick C-Mn steel components, mitigation of residual stresses are likely to present 
a bigger challenge than distortion potential. In order to measure or predict the distortion of thick 
canisters a thorough study should be carried out. 

 

8.4 Residual stresses in thick ferritic steel components used in the nuclear 
industry 

8.4.1 Girth welding of ferritic steel pipes 

Ferritic steel pipes with an outer diameter of 140 mm and wall thickness of 20 mm are used for 
applications such as steam lines. One of the main concerns during fabrication of these pipes is 
the control of weld distortion. The pipes are currently fabricated using the GTAW process with 
20 weld passes required to complete the weld. 

Weld distortion is related to shrinkage of metal within the weld zone. Generally, more heat 
input used to create the weld will produce more distortion. The distribution of shrinkage relative 
to the joint centreline will also influence the amount of distortion. For example, in a V-groove 
joint preparation, more weld metal is required to fill the gap at the top surface than at the bottom 
surface, and so more shrinkage will occur at the top giving rise to angular distortion. This can be 
mitigated to a degree by balancing the weld shrinkage about the joint centreline using configu-
rations such as a double V-groove preparation. 

Welding processes that use lower total heat input conditions will reduce the volume of the weld 
zone, which in turn will reduce the amount of shrinkage and distortion. EB, rotary friction and 
inertia friction welding will reduce the size of the weld zone relative to the current GTAW 
process and will produce a uniform amount of transverse shrinkage through the wall thickness 
of the pipe. The longitudinal shrinkage, in the hoop direction, may cause distortion by squeezing 
the pipe centripetally. NG-GTAW is also commonly used to mitigate distortion in GTAW 
welded structures as this process reduces the total volume of weld metal. The degree of angular 
distortion will be related to the angle of the joint preparation. 

a) Angular b)  Bowing



NAGRA NTB 09-05 100 

Further mitigation of distortion may be achieved using low stress no distortion (LSND) 
techniques. However, the thickness of this weld joint is thicker than joints that have been 
successfully welded using LSND. The technique is most effective if there is uniform heating 
through the thickness of the joint. As the joint thickness increases this becomes more difficult as 
the heat conducts from the surface into the joint region, leading to a reduction in temperature as 
the distance from the surface increases. This will be a problem for both methods of LSND, 
whether auxiliary heating or cooling sources are employed. 

Modelling and experimental verification showed that induction heating was a more effective 
method of through-thickness heating in 25.4 mm thick joints (Bagshaw 2006). In this example, 
50 mm diameter coils were traversed along the weld either side of the joint at a speed 
comparable to welding. This was carried out after welding and was used to redistribute residual 
stresses, creating less tensile or compressive stress in the region of the weld. The coils could be 
used for the LSND technique to provide the auxiliary heating sources during welding, although 
there are some practical concerns to address. There may be limitations on the effectiveness of 
LSND using induction heating for multi-pass joints, as the thickness of each weld pass is not the 
same as the thickness of the joint. For single pass welding the only issue is the effectiveness of 
through-thickness heating of the auxiliary heating sources, but the use of induction heating coils 
operating on both sides of the joint may be sufficient to achieve this. 

Mechanical pre-tensioning experiments by stretching flat plates in the longitudinal direction 
have shown that distortion can be eliminated if the pre-tension stress is 35 % of yield (Price et 
al. 2007). For pipes this pre-tension condition can be achieved by jacking the pipes from the 
inside or by pre-heating the pipe. In this case the pipe will thermally expand radially, which will 
cause a hoop stress or a pre-tension stress in the longitudinal direction. After the weld has been 
completed the pipe will cool down, which will remove the pre-tension condition and in theory 
will reduce the residual stresses pro-rata to the amount of pre-tension stress applied. 

Vibratory stress relief is used on a commercial basis for dimensional stabilisation and could be 
used to mitigate distortion for this component. The method was used on a large friction welded 
rotor assembly (Claxton and Lupton 1991). In the trials carried out by Lu et al. (2007) using 
multi-pass SAW and V-SAW of forged steel A105 cylinders (840 mm OD, 42 and 52 mm in 
thickness), the radial deformation was reduced by 64 and 43 % for the 42 and 52 mm thick 
cylinders respectively. 

8.4.2 Pressure vessel welding 

The pressure vessels of interest involve longitudinal and circumferential welding. The vessels 
are typically 3000 mm in diameter (outer diameter (OD)) and have wall thickness in the range 
of 50 to 130 mm. 

The vessels are currently fabricated using the MMA welding process to produce the root runs 
followed by the SAW process to fill the gap in a number of passes. The residual stress distri-
bution after PWHT is a primary concern for this application. 

Generally, thicker joints require more weld metal to complete the weld. This will produce 
residual stresses over a larger volume relative to thinner joints. NG-GTAW and EBW processes 
can reduce the volume of residual stresses, but as the joint thickness becomes greater than 
50 mm the techniques available to mitigate residual stresses throughout the joint thickness 
become limited. Furthermore, the EBW process has a greater tourniquet effect than con-
ventional welding in pipe structures for thick wall sections, as the longitudinal shrinkage which 
squeezes the pipe is approximately uniform throughout the wall thickness. This causes tensile 
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hoop stress and compressive axial stress on the outer surface and tensile stress in both hoop and 
axial directions on the inner surface (Fidler 1989). 

In previous sections, residual stresses of PWHT EB welds were presented. Hepworth, (1990) 
compared surface residual stress measurements using the hole drilling method between the as-
welded condition and after PWHT in 70 mm thick CrMoV cylinders. After PWHT, the hoop 
residual stresses on the outer surface were less than 20 MPa and the axial stresses were 
compressive, which is in contrast to what is commonly found in MMA welds. On the bore 
surface moderate tensile hoop stresses were measured at the weld region (<100 MPa) and the 
axial stresses were also tensile (<60 MPa). Again, this contrasts with MMA welded pipes of this 
thickness where compressive stresses are typically observed on the bore. These tensile stresses, 
however, should not adversely affect the performance of the weld. 
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9 Metallurgical Considerations  

9.1 Parent material and HAZ metallurgical issues 

The typical microstructures expected for the C-Mn and low alloy steels of interest include 
bainite, tempered bainite, tempered martensite and ferrite and pearlite microstructures, 
depending on the composition and steel processing route employed. However, introduction of a 
weld will significantly alter the microstructure and properties in the vicinity of the weld, 
particularly in the HAZ. 

The composition and production route generate a specific microstructure, range of mechanical 
properties and corrosion properties of the parent material. These influence the welding and 
associated processes in a number of ways, including: 

 for a tempered parent material, the temperature of any PWHT must be at least 25 °C below 
the tempering temperature used during steel production in order to avoid over tempering of 
the parent material microstructure away from the weld; 

 welding processes which do not have filler additions may be more susceptible to solidify-
cation cracking for parent materials containing high levels of 'impurity elements' or low 
melting point constituents, such as phosphorus, sulphur, arsenic, antimony, lead and tin; 

 the composition of the parent material directly affects the hardness, developed micro-
structure and toughness of the HAZ, although this is also influenced by the welding process 
and parameters; 

 the properties of the parent material affect the selection of filler materials (where 
appropriate), in that the selection of filler materials with matching composition, strength or 
corrosion resistance can give very different properties to the parent material. For example, a 
filler which gives a close compositional match to the parent material will generally be less 
corrosion resistant than the parent material, and may not give matching strength. For an 
autogenous welding process (such as EBW), post processing of the weld and parent material 
may be required to result in similar properties in the parent and weld zone; 

 the processing route of the parent material can put restrictions on the welding, in order to 
limit any reduction of properties in the heat affected zone. For example, if the steel has 
undergone thermo-mechanically controlled processing (TMCP), a restriction on the 
maximum heat input to be used may be necessary to avoid excessive HAZ softening. Some 
high heat input resistant steels have been developed for thick section components, which 
then avoids this restriction; 

 the dilution of the parent material into the weld pool can significantly alter the weld metal 
composition, and the microstructures that are subsequently developed. 

One way of ranking steels is to consider the carbon equivalent (CE) for a number of steels. For 
C-Mn steels, this is a well used ranking tool, and can give an indication of the weldability of a 
particular steel. A number of CE formulae exist, but the following International Institute of 
Welding (IIW) CE has been used for this type of ranking previously. 
 

1556

CuNiVMoCrMn
CCEIIW





  

 

Other carbon equivalent formulae include Pcm and CET. The most widely applied of these is 
the following Pcm formula. 
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B
VMoNiCrCuMnSi

CPcm 5
1015602030




  

 

In general, a higher carbon equivalent material will need more stringent control and additional 
precautions whilst welding than a lower CE material. 

The four main fabrication cracking mechanisms associated with welding are: 

 lamellar tearing; 

 fabrication hydrogen cracking; 

 solidification cracking; 

 reheat cracking. 

Lamellar tearing is associated with a lack of ductility in the short transverse direction of the 
parent material, leading to cracking. The processing route and composition influence whether a 
steel is susceptible to this type of cracking on welding. Particular welding configurations which 
result in through-thickness strain in the parent material can lead to this cracking mechanism. 
The most effective solution is to source material with a high guaranteed short transverse 
reduction in area (STRA). EN1011-2, 2001 indicates that for most circumstances, a STRA of 
20 % is sufficient. 

Fabrication hydrogen cracking is dependent upon the developed microstructure, the hydrogen in 
the joint and the applied stress. The developed microstructure in the HAZ is influenced by the 
parent material composition, the welding parameters (heat input) and the applied preheat. The 
available hydrogen is influenced by the amount of hydrogen introduced by welding, and how 
easily that hydrogen can diffuse away from the weld (preheating). Many references and 
standards are available to assist in selecting the correct preheat level for a range of C-Mn and 
low alloy steels. EN1011-2, 2001 is one such standard. If a low hydrogen process is used, such 
as GTAW or a solid state process, the amount of hydrogen introduced by the consumables can 
be very low, and additional precautions may not be necessary. However, in some cases of thick 
section steel, hydrogen can be trapped within the parent material, and so introduce hydrogen 
from that source. Weld metal cracking is also possible, but is covered in Section 9.3.  

Solidification cracking is primarily associated with the weld metal composition and the welding 
parameters, and so is covered in more detail in the section concerning weld metals. However, 
for high dilution welds, the composition of the parent material can influence the risk of 
cracking, by the introduction of low melting point constituents to the weld. 

Reheat cracking is a lack of creep ductility. It occurs during PWHT, or during service in the 
susceptible temperature range. It is most often found in the HAZ, but has also been seen in weld 
metal. The relative strength of the weld metal and HAZ is important, as if the weld metal is 
stronger than the HAZ, the strain associated with the expansion of the joint on heating is 
concentrated in the HAZ, potentially leading to cracking. Cracking of this type is exacerbated 
by a coarse prior austenite grain size in the HAZ, so well refined microstructures are preferable. 
Elements that have been found to aggravate reheat cracking include chromium, vanadium, 
molybdenum, boron, antimony, arsenic and tin. 

It is possible to have any of the cracking mechanisms listed above with either NG-GTAW or 
EBW. However, for both processes, lamellar tearing is dependent upon the parent material and 
joint configuration, and is unlikely for a butt weld. Fabrication hydrogen cracking would not be 
expected for either process unless a significant level of hydrogen is present in the steel prior to 
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welding. Solidification cracking could occur with either process, depending on the welding 
parameters and composition of the weld. Reheat cracking could occur with a susceptible 
composition parent material, if there is a PWHT of any kind, but is less likely if the structure is 
normalised rather than subjected to PWHT, as the time that the structure is within the critical 
temperature range will be less. However, this may adversely affect the parent steel, if it has been 
subjected to TMCP. 

Post-weld heat treatment of the closure weld may be very difficult (in order to avoid excessive 
heating of the canister contents), and the possibility of carrying out a temper bead technique to 
maximise refinement and avoid PWHT of the final weld should be considered. This could take 
one of two forms: Firstly a temper bead deposit could be put on the sidewalls of the joint 
preparation. This could be done outside the hot cell and would be done with the lid and canister 
separately, this could then be machined to provide the finished groove dimensions. In this 
method when the joint is filled using the NG-GTAW process it avoids high HAZ hardness. 
Alternatively prior to machining the tempering layer a stress relief PWHT could be carried out 
and would have equal benefit in terms of reducing hardness levels in the HAZ and improving 
the fracture toughness.  

During service, the radiation is likely to result in hardening of the steel canister (Fisher et al. 
1985) which also results in a rise in ductile to brittle transition temperature, ie the canister could 
become more brittle with time. The presence of flaws which could propagate under loading 
(whether inherent welding flaws, such as laps, workmanship flaws or fabrication cracking) will 
have greater significance to the integrity of the structure with time. It is recommended that 
toughness evaluation is carried out with the selected materials to provide a baseline condition, 
and that an engineering critical assessment (ECA) is considered in order to determine the 
likelihood of fracture. 

It is understood that current proposals are suggesting the use of ASTM A516 Grade 70 for the 
canisters. This steel is not highly alloyed, but does have a relatively high carbon content, which 
will affect the CE (and thus weldability) of the canisters. Alternative steels with similar (or 
higher) mechanical properties, but lower carbon levels include the BS EN 10028 steels, which 
also have specified elevated temperature properties, and are intended for pressure vessels, so 
these values can be used to ensure that the properties are appropriate when the material is at 
elevated temperatures, relatively early in the life of the canisters. Grades P265GH (BS EN 
10028-1) and the normalised P275N series (BS EN 10028-3) are most similar in terms of 
mechanical properties. It may be beneficial to use a normalised weldable steel, such as BS EN 
10028-3 P275N, as any subsequent heat treatment, including normalising, will not adversely 
affect the designed microstructure and properties. Other candidate materials could include 
ASTM A203 grades B and E and A204 grade B. 

9.2 Weld metal metallurgical issues 

The filler material, where appropriate, should be selected to give a weld metal that will provide 
an appropriate match to the parent material properties of interest. For example, in order to avoid 
preferential weldment corrosion, it is often advised that up to 1 % Ni in the weld metal will 
protect the weld from more rapid corrosion than the parent material. This is not necessarily true 
(see Section 9.3). The weld metal would then generally also be stronger than the parent material, 
as Ni acts as a substitutional strengthening element with Fe. 
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The filler composition can also be important in the avoidance of solidification cracking. The 
unit of crack susceptibility (UCS) is used with the weld metal composition: 

UCS = 230C + 190S + 75P + 45Nb - 12.3Si - 5.4Mn - 1. 

If UCS<10, the weld is not susceptible for submerged arc welds, and other parameters have 
been developed for other processes. The filler should also be selected to have appropriate 
additions to result in an acicular ferrite microstructure (for good toughness). Additions such as 
Ti and Al can have this effect. 

The possibility of fabrication hydrogen cracking in the weld metal is usually associated with 
high strength weld metal, and thick sections. If the weld metal has a yield strength below 
450 N/mm², the risk is quite low, as a crack-susceptible microstructure is unlikely to develop. 
This type of cracking is transverse to the weld direction. Again, for EBW and NG-GTAW, the 
likelihood of hydrogen cracking is very low, unless there is hydrogen in the material prior to 
welding. A hydrogen bake-out treatment prior to welding would be needed if this was the case, 
but it is considered very unlikely. 

For reheat cracking, weld metal cracks are not unknown, and again, the refinement of the weld 
metal, and the composition are known to be significant in the development of this type of 
cracking. The same elements that were identified for HAZ reheat cracking are known to 
increase the susceptibility of weld metal cracking. 

9.3 Corrosion issues 

Corrosion and environmentally-induced cracking are potential degradation issues for the nuclear 
waste canister. The effect of welding is often to increase the susceptibility of the material to 
such types of degradation, with the HAZ and the weld metal being more susceptible than the 
parent material. Furthermore, the corrosion and cracking resistance of steel depends on the 
composition of the environment and on that of the material. The choice of welding consumable 
will influence the risk of corrosion as there is a risk of galvanic corrosion when using dissimilar 
filler metals. Matching consumables (in terms of composition) or autogenous welding (eg 
EBW) give the lowest risk of preferential weld or HAZ corrosion, but as can be seen below, 
PWHT may be necessary to restore the joint's corrosion resistance. The addition of nickel 
(<1 %) and silicon (<1 %) to the filler metal has been shown to enhance preferential weld 
corrosion in CO2-containing brines (Lee et al. 2005). 

Smailos (2000) reported a weld metal and HAZ (in the as-welded condition) corrosion rate in 
MgCl2-rich brine at 150 °C and 10 Gy/h radiation of approximately 100 × that of the base 
material. The welds were GTAW or EB welds in carbon steel TStE355 (DIN 1.0566). The same 
author reported that PWHT at 600 °C reduced the HAZ and weld metal corrosion rate back to a 
similar level to the base material. It is noted that the effect of radiation would be to increase the 
corrosion rate of the parent material, but that if the material was sufficiently thick, giving rise to 
radiation at the outer surface of the material of no more than approximately 103 rads/h 
(10 Gy/h), then this would result in only a small (not defined) increase in corrosion rate (ASM, 
1987). Radiation-induced corrosion is reported to be irrelevant at the dose rates expected at the 
canister surface (based on measurements performed on a SF canister of wall thickness = 
157 mm), and if maintained below 1 Gy/h (100 rads/h) (Landolt et al. 2009).  

Carbon-manganese steel is at risk from pitting corrosion and SCC in nitrate and carbonate-
containing solutions, although there is reported to be a well-defined electrochemical potential 
threshold (Jones 1992). The internal environment in nuclear waste disposal canisters can contain 
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nitrates (Mickalonis 1997), and the external environment is expected to contain carbonates 
(Landolt et al. 2009). They also state that 'failure of steel canisters by SCC is unlikely', but 
concede that tensile residual stress (eg from welding) may increase the risk. Hence, welding will 
increase the risk of SCC, but stress relief (PWHT) will reduce this risk by reducing residual 
stress and the hardness of the microstructure. Larger grain size is generally detrimental to SCC 
resistance. It is important to avoid temper embrittlement during the heat treatment, which is a 
risk when heat treating steels between approximately 480 and 650 °C. Stress relief may be 
carried out at as low as 400 °C. PWHT is also necessary to avoid caustic cracking, which is SCC 
that occurs in concentrated hydroxide-containing environments usually at temperatures above 
approximately 50 °C (Wiersma and Parish 1997) - it is unlikely that such an environment would 
occur outside the canister. It is thought that PWHT can also help to homogenise segregation of 
elements, eg Mn, within the weld metal that can increase the materials' susceptibility to SCC 
(Jones 1992). The composition of the steel will also affect its corrosion and SCC resistance. 
Silicon, manganese and sulphur (all common in steels) are detrimental to corrosion resistance 
(Asano et al. 2006). Steels of higher carbon content can be more susceptible; the morphology 
and distribution of carbides also affects the SCC resistance. In nitrate-containing environments, 
pearlitic steels are more resistant than tempered martensite, whereas martensite with a fine 
distribution of carbides is reported to be more resistant in H2S-containing environments (H2S 
can be produced by microbial activity, which cannot at present be ruled out in the disposal 
environment (Landolt et al. 2009)). 

Lower strength steels are resistant to hydrogen embrittlement due to SCC in chloride-containing 
environments, but may be susceptible in H2S-containing environments (Jones 1992). Lower pH 
increases the probability of SCC therefore the probability of it occurring in an alkaline nuclear 
storage environment is lower. Both corrosion and SCC require a wet environment in order to 
initiate, but hydrogen embrittlement can also occur in a dry environment, and corrosion can 
generate hydrogen. 

A previous report for Nagra (Landolt et al. 2009) has highlighted that the absorption of 
hydrogen from corrosion may be lead to problems after a long time. This is somewhat 
dependent upon the temperature and distribution of hydrogen within the steel with time. At 
temperatures in excess of 100 °C, any hydrogen would be fairly mobile within the steel (Bailey, 
1993), and hydrogen degradation effects would be unlikely. Hydrogen solubility in steel is low 
at this temperature, but the diffusivity is relatively high, so the balance of hydrogen absorption 
into the steel, and the diffusivity (and therefore effusion from the steel) is likely to be in favour 
of hydrogen effusion until the temperature (and therefore diffusivity) drops significantly. 
Hydrogen will tend to diffuse to the regions of greatest strain, but the long-term exposure to 
elevated temperatures indicates that hydrogen degradation appears unlikely during the initial 
stages following canister emplacement. In the final stages of the canister expected life, the lower 
temperatures would result in slower diffusivity, but it is likely that the corrosion rate will be 
limited by the water in the clay, and whether the hydrogen arising from this is absorbed into the 
steel. The steel thickness will have reduced, and some minor relaxation of residual strains may 
have occurred by this point, along with a scale on the surface of the steel, which may prevent 
excessive absorption of any adsorbed hydrogen. 

Based on the available literature, the risk of corrosion, SCC and HE are considered to be low in 
the proposed canister storage environment. Welding will increase the risk of such processes 
occurring, but the detrimental effects of welding can be mitigated through choice of parent and 
filler metals, welding procedure, and PWHT. These choices will help determine the micro-
structure, composition and stress in the joint, all of which can be crucial in lowering the risk of 
corrosion, SCC and HE. 
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10 Technology Gaps 
 

For the currently proposed candidate processes, technology gaps exist. These gaps must be 
overcome before a canister weld can be produced, in a hot cell, to meet the design requirements 
set by Nagra.  

 Insufficient data exists to validate the predicted residual stresses produced from either 
candidate process and physical testing will be necessary to make confirmation. 

 Vibration and friction processing are two methods for reducing residual stresses but their 
benefits compared with other techniques are not well understood. 

 Current state of the art in modelling does not generally account for the microstructure or 
metallurgical effects in carbon steel welding; the impact of this on the accuracy of the 
model needs to be assessed. 

 An integrated system utilising all the possible IPQA methods does not exist for NG-GTAW. 
A system utilising all of the state of the art techniques will provide the best assurance for 
weld quality. 

 In-process NDT may add further data for an IPQA system but this requires more 
development to be feasible. 

 There is limited independent data on the maximum deposition rates achievable for 
NG-GTAW C-Mn steels and the effect that high deposition rates may have on the weld 
properties. 

 Further development of the slope down region for circumferential EB welds above 80 mm 
C-Mn steel is recommended. 

 The most appropriate method for fitting the lid and achieving adequate fit up tolerances for 
either candidate process is not clear. 

 The operation and reliability of the processes for remote hot cell operation has yet to be 
proved. 

 The need for PWHT to achieve adequate properties for a 1'000 year design life with NG-
GTAW welds is not clear although it is likely to be beneficial. 

 Specific data for the selected combinations of processes and materials, concerning re- heat 
cracking and the corrosion performance, was not found as part of this study and should be 
generated. 





 111 NAGRA NTB 09-05 

11 Conclusions 
 
 Based on available literature, TWI experience and the requirements set out by Nagra, two 

processes offer the best solution: 
 Narrow gap tungsten inert gas (NG-GTAW) welding. 
 Electron beam welding (EBW). 

 Both techniques are suitable and have a track record of welding within the thickness 
requirements of 60 – 150 mm.  

 It is expected that the choice of the exact welding process and post-weld treatments required 
for the Nagra application can be made when more detailed acceptance criteria for the weld 
performance are established. 

 Future canister design studies should incorporate considerations of preferred welding 
process, weld joint design and residual stress reduction methods.  

 The travel speed and typical joint size have been discussed and it is likely that EB welding 
will be far more productive than NG-GTAW, however the joint is likely to be completed 
within 24 hours using NG-GTAW. 

 Both processes are suitable for remote operation and were selected on the basis of reliability 
and repeatability without operator intervention. It is likely that more development will be 
necessary for the ancillary processes of NG-GTAW. 

 All welding processes will have a deleterious affect on the parent material. Appropriate 
post-weld treatments will improve the material properties such that the risk of post-weld 
cracking will be mitigated but the properties will always be different from the parent 
material. Due to the rapid cooling rates the weld metal toughness in the as-welded condition 
for EB welds will be lower than for NG-GTAW. 

 When welding thick C-Mn steel components, mitigation of residual stresses is likely to 
present a bigger challenge than distortion potential. 

 A large weld deposit is thought to be more detrimental with respect to residual stresses than 
several smaller heat input passes and more work is required to understand this. 

 The maximum residual stresses from EBW occur at the mid-thickness of thick section 
components and are tensile in all directions, with the maximum values located in the HAZ 
region. For NG-GTAW the maximum tensile residual stress is likely to be at a certain depth 
below the outer surface. This will depend on the constraints and geometry during welding. 

 Further research is required for a thorough comparison on which method, NG-GTAW or 
EBW, generates the lowest residual stress magnitudes for the final design of the canister. 

 Post weld treatment is recommended to mitigate residual stresses. It is likely that a combi-
nation of the reviewed residual stress mitigation techniques will lead to the best technical 
solution. 

 PWHT of C-Mn steels is typically carried out at 600 °C, for one hour per 25 mm of nominal 
weld thickness. This might not be suitable for the current application so other possibilities 
have been explored. 

 Local heating redistributes the residual stresses in the region of the weld. This might be an 
economic option if EB is used for sealing the canister since the equipment would already 
exist. 
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 Various surface treatment methods (shot, ultrasonic, hammer and laser peening) can be 
applied to modify the residual stresses near the external surface of the canister. 

 Friction welding processes offer considerable opportunity as a method for the mitigation of 
residual stresses. However, information is limited, and work would be needed to establish 
the suitability of these processes. 

 More information is necessary on the mechanical properties required, before the impact of 
the design on the canister can be fully assessed. From a welding process viewpoint the 
integration of self-locating spigoting joints would be beneficial for controlling penetration 
and protecting the contents of the canister. 

 Ultrasonic and radiographic inspection techniques are both appropriate for the NDT of NG-
GTAW and EB welds and it would be recommended that the processes are used in tandem 
to provide maximum assurance of the weld quality. 

 The currently proposed material ASTM A516 Grade 70 is weldable with both processes; 
however grades of steel with similar mechanical properties and corrosion resistance are 
available with improved weldability and lower impurity contents. 

 Welding for the fabrication of the canister presents far less of a technological challenge than 
the sealant weld. It may be possible to produce a canister design that does not require 
fabrication welds.  
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