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Abstract  

The present work focus on the evaluation and development of the material and design of 
the probe for friction stir welding (FSW) process planned to be applied in the sealing of 
about 50 mm thick copper canisters, containing nuclear waste. The present research 
activities are the first step in an ongoing major revision, and further development, of an 
earlier work conducted in 1997. Meanwhile, the control of the FSW process and 
remaining technological conditions have undergone significant developments, but the 
tool material and design were essentially kept constant. Considering that the reliability 
of the geometrical features, and life, of the non-consumable tool is of key importance, 
for a successful application of the FSW process, the actual revision envisages to extend, 
if possible, the robustness of the welding solution. Because the materials science is in 
permanent development, this thesis evaluated the potential for utilization of 
conventional and new advanced materials in the market, with higher potential to reduce 
the risk of failure during the complex thermal and mechanical load system that the tool 
undergoes during the FSW cycle. 

 

The initial development concluded that wrought nickel superalloy Nimonic 105 would 
be best material for this application, out of the almost 20 materials that by then were 
considered. However, the research report admitted that there weren’t time and money 
to investigate more options. This thesis confirms that among the eligible materials by 
then, the selection of Nimonic 105 was well justified. However, there were aspects that 
the original research neglected and this research managed to find good material options 
out of conventional nickel superalloys. Additionally, a wider literature review on 
material options was made and several newer nickel- and cobalt-based superalloys show 
promise for future applications. A new experimental testing method was proposed to 
compare promising materials. 

 

Concerning the design of the probe, this thesis considers all the geometrical features and 
principles of the original concept and proposes new developments based on dedicated 
performance parameters. Originally, the development of probe design was considered 
unfinished, according to the reports, because the whole process and welding equipment 
were still being developed and therefore it was impossible to identify which features of 
the weld were linked to probe design. A new revised geometry is proposed for further 
computational fluid dynamics and experimental evaluation. 
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Tiivistelmä 

Tämä diplomityö esittelee kehitystyötä, jota on tehty kitkatappihitsauksen 
tappityökalulle, jolla hitsataan kiinni käytetyn ydinpolttoaineen loppusijoituksessa 
käytettäviä 50 mm paksuja kuparikanistereita. Kehitystyö on jatkoa aiemmalle 
tutkimus- ja kehitystyölle, joka alkoi 1997. Työkalun kehittämisen jälkeen itse 
hitsausprosessin kontrollointia ja hitsauksen olosuhteita on kehitetty, mutta itse 
työkalulle ei ole merkittäviä muutoksia tehty. Koska työkalun kestävyys ja geometristen 
piirteiden toimivuus ovat äärimmäisen tärkeitä kitkatappihitsauksen onnistumisen 
kannalta, kehitystyön tavoitteena on parantaa prosessin luotettavuutta. Tässä työssä 
myös arvioidaan niin markkinoilla olevia kuin hiljattain kehitettyjä uusia materiaaleja, 
jotka voivat vähentää työkalun riskiä hajota kesken korkeassa lämpötilassa tapahtuvan, 
mekaanisesti vaativan hitsausprosessin. 

 
Alkuperäisessä kehitystyössä työkalumateriaaliksi valittiin taottu nikkelisuperseos 

Nimonic 105, joka osoittautui parhaaksi lähes 20 tutkitun materiaalin joukosta. 
Kuitenkin, loppuraportissa mainitaan, ettei projektissa ollut aikaa eikä rahaa tutkia 
kaikkia mahdollisia vaihtoehtoja. Tässä diplomityöprojektissa todettiin, että Nimonic 
105:n valinta oli alkuperäisen tutkimuksen puitteissa hyvin tehty valinta. Siinä 
tutkimuksessa ei kuitenkaan huomioitu aivan kaikkea mahdollista ja tässä työssä 
nostetaan mahdollisiksi materiaalivaihtoehdoiksi joitain perinteisiä nikkelisuperseoksia, 
jotka olivat jo tuolloin saatavilla. Lisäksi materiaalivaihtoehdoista tehtiin kattavampi 
kirjallinen esittely ja viime vuosina kehitetyistä materiaaleista löytyy useita kiinnostavia 
nikkeli- ja kobolttipohjaisia superseoksia, jotka saattavat tulevaisuudessa soveltuvia 
kitkatappihitsaussovelluksiin. Materiaalien myöhempää vertailua varten kehitettiin 
soveltava testausjärjestelmä.  
 

Tässä työssä arvioitiin aiemassa projektissa tehtyjä työkalun geometrian kehityksen 
askelia ja niiden perusteella laadittujen suuntalinjojen avulla laadittiin paranneltuja 
työkalukonsepteja tulevaa arviointia varten. Alkuperäisen kehitystyön loppuraportin 
mukaan myös työkalun geometrian viimeistely jäi keskeneräiseksi, koska koko prosessin 
kehitystyö ja laitteisto oli vielä keskeneräistä, eikä osattu arvioida mitkä hitsisauman 
ominaisuudet johtuivat työkalusta ja mitkä prosessin muista tekijöistä. Tässä työssä 
kehitetty geometria on valmis arvioitavaksi projektin seuraavassa vaiheessa simuloinnin 
ja käytännön kokeiden avulla 
 

Avainsanat Työkalun kehitys, kitkatappihitsaus, Cu-OFP, loppusijoituskanisteri, 

ydinjätteen loppusijoitus 
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1 Introduction 

This thesis presents the development of Friction Stir Welding (FSW) tool used in sealing 

spent nuclear fuel copper canisters. The thesis project, assigned by Posiva, is a 

continuation for the work started by SKB, Swedish Nuclear Fuel and Waste management 

Co., in 1990s to find the best method to seal copper canisters used in storing nuclear waste 

underground. SKB and TWI, The Welding Institute, started developing FSW for this 

application in 1997 and as part of the process a specific tool for this particular case was 

created. The equipment has since been developed and there has been a lot of research on 

the process, but focus has been on the application and control of the method itself, not the 

tool. This project's purpose is to investigate if there are any improvements to be made for 

the tool. 

 

FSW, invented in 1991, is a metal joining method in which a non-consumable rotating tool 

creates heat and bulk material flow between multi components and joins them in solid 

state. The heat softens the materials of the components and tool movement with pressure 

seals the joint. The method doesn’t melt the components, which makes it useful with metal 

alloys that are not suitable for fusion welding or when there are high requirements for the 

performance of welding joints. FSW is similar to hot forming method and weld material is 

as hot formed material. Initially FSW was mostly used for joining aluminium alloy 

components, but it is becoming more common to find FSW also applied to metals, such as 

copper, magnesium, steels and stainless steels, and even non-metals such as thermoplastics. 

 

In FSW the tool must perform in very demanding conditions and under complex loads. The 

welding occurs at temperatures that are about 80% of base materials melting temperature, 

where the material is easy to shape and activate strong joining mechanisms such as atomic 

bonding and diffusion. Copper is more demanding material than aluminium, as the ideal 

working temperature is quite higher, e.g. 790-910 °C. In this application the copper 

canisters are 50 mm thick, which is relatively thick for FSW and furthermore it takes about 

45 min to seal the canister with full weld cycle.  

 

One of the disadvantages of FSW is that the start of the weld leaves defects in the joint. 

Therefore, the welding must be started above the joint line and more importantly, the tools 

probe is not allowed to break during the weld, as it would ruin the whole procedure for 

closing the canister demanding quite big amount of rework, which would be very 

expensive and time consuming. For that reason, it is beneficial to improve, as much as 

possible, the probe reliability. In this project there are two distinct approaches for this 

objective: finding a better material for the probe and creating a stronger profile with design 

that would additionally improve the overall weld quality and if possible contributing for a 

longer life of the probe. 

 

1.1 Objectives and research methodology 

The objective of the project was to provide Posiva guidelines for future development of the 

FSW probe. First step was to establish of current state of the art of FSW and its 

applications, and a thorough summary of the development history of the current tool. The 

actual work of the project includes evaluation of existing tool, presenting possible 

alternative material options for the application and an experimental testing method for the 

selection, and introducing improved design concepts. 
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Due to very challenging nature of FSW the tool must be durable, maintain strength near 

900 °C and resist fatigue, fracture, mechanical wear and chemical reactions that might 

occur in touch with weld material and atmosphere. In the original development process 

several materials were found to be sufficient for the application. The overall best and 

chosen material was nickel-base superalloy Nimonic 105.  

 

A new and an used Nimonic 105 probe of the existing tool was supplied by Posiva and 

SKB for analysis. The probes were sliced and observed optically and with Scanning 

Electron Microscope (SEM) and Electron Backscatter Diffraction (EBSD). The analysis 

was made to evaluate tool wearing and possible microstructural changes caused by the 

welding.  

 

The research report of original tool development process outlined that there wasn’t time to 

investigate all material options and possibly better material options exist. Part of this 

project was to investigate what materials or material groups should be reconsidered and to 

also find new advanced material options. The objective was to compile literature review of 

all current and possible future FSW tool materials. Out of these materials most suitable 

options for the applications are suggested for material comparison. Within the time frame 

of this master thesis no materials were tested, but an experimental test method was 

developed to compare new material options with current Nimonic 105, and is ready to be 

implemented during this ongoing project. The aim was to develop a test protocol for rare 

materials that can only be acquired in small sample sizes.  

 

Another aspect of the project was to try improving the geometry of the probe. According to 

the research report [Andrews. 2004] the development of the design was stopped after a 

strong enough probe was found, but it was recommended that the development should be 

continued once the other issues in development of FSW process were solved. The current 

tool doesn’t provide uniform material flow and longer probe life would be preferable to 

reduce the risk of failure during welding. 

 

Based on the development history of the probe design some guidelines for future 

development were found. Several concepts were created and analyzed based on dedicated 

performance parameters. Due to complex nature of FSW each change in design have 

eventual positive and negative effects and the evaluation demands experimental analysis, 

which was not possible within this master thesis time frame. 

 

1.2 Structure of thesis 

After the introduction, the thesis starts with “State of the Art” which introduces 

fundamentals of FSW, background of the project, the development history of the existing 

FSW tool probe and previous modelling of this FSW application. These issues explain all 

background for the work done in this project. The chapter is quite lengthy, but planning the 

following steps of the project it is demanded to know the projects history and the 

background of most common tool materials used in other FSW applications. 

 

The following chapter “Feasibility analysis of high temperature materials suitable for FSW 

tool” is also based on literature articles and it presents all options for probe material and 

suggests the most suitable ones for testing. This chapter contains analyses of all interesting 

materials groups with description of properties and application examples. 

 



 3 

The Chapter depicts the analysis made for the existing probes. Chapter 5 presents a 

suggestion for the experimental test protocol to be used in selection of probe material. 

Chapter 6 explains the conceptual aspects of design development, predicts the effect of 

different design solutions and finally suggests a new design with four variants for future 

evaluation. 

 

The Chapter 7 presents the main conclusions from the work and results. As the project is 

still ongoing and this ,aster thesis is just middle way report, the chapter includes the 

assessment of up the following steps on the development process. 
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2 State of the Art 

 

2.1 Friction stir welding fundamentals and tools 

FSW was invented in UK in 1991 and has since became a very important method in metal 

joining industry. In FSW a non-consumable rotating tool during its travel generates heat by 

friction and internal viscous dissipation and promotes bulk material flow stirring the 

components and resulting in a solid state joint. The rotation and travel of probe with the 

shoulder pressure forge the processed zone. Figure 1 demonstrates the tools movement in 

the joint. [Vilaça. 2011] 

 

 
Figure 1. Principle of FSW process. [Vilaça. 2012] 

 

The method doesn’t melt the metals, which is a major advantage compared to traditional 

fusion welding processes. This is especially important with metal alloys that are not 

suitable for fusion welding or when there is high requirements for the performance of the 

weld joint. Also joining of dissimilar metals is possible. [Mishra. 2005] 

 

Generally the benefits of FSW include good dimensional stability and the process doesn’t 

leave significant distortions to workpieces. The joint has excellent metallurgical properties, 

the thermomechanically processed microstructure is very fine and as hot formed, and there 

is no cracking. Joining is easy although there are some limitations due to need of clamping 

the workpieces together and in overall it is not as flexible to apply method as some other 

welding techniques not requiring direct physical contact. However the energy requirements 

are relatively small when comparing to conventional weldingmethods, and efficiency good, 

which makes it a very environment friendly method. [Mishra. 2005] 

 

2.1.1 Characteristics 

FSW is very complex process which involves heat, material movement and plastic 

deformation. The quality of weld is determined by heat generation and material flow, 

which depend on base materials, joint design, welding parameters and tool geometry.  

 

Two of the most important welding parameters are travel speed along the joint line and 

rotation rate. The higher the rotation of the tool is, the higher is generation of frictional 
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heat and the mixing of material. However, coefficient of friction changes as temperature 

rises and the workpiece material becomes softer. The moving of stirred material from the 

front of the tool to its back is determined by the composition of rotation and travel speed. 

[Mishra. 2005] 

 

The process needs enough downward force to provide the forging force. This must be 

noted when planning the welding in case there is need for a backing plate, like when 

welding a square butt joint. An additional welding parameter is the tilt angle of the tool. 

The spindle can be tilted towards trailing direction, which means that front of the shoulder 

is slightly higher and leads material more effectively towards the probe. Also the back of 

the shoulder is deeper in the workpiece and provides better forging and sealing of the joint. 

[Mishra. 2005] 

 

FSW requires some preparations due to nature of the process. The method involves high 

loads and therefore workpieces must be clamped well and often backing plate is required, 

depending on joint design. One of the problems of FSW is extraction hole. This must be 

noted when planning the weld and usually the hole is either filled by fusion welding or 

machined of if joint design allows it. FSW might also require cooling, when materials with 

low melting temperature to reduce harmful heat load, or heating to soften materials with 

high melting point or high conductivity. [Mishra. 2005] 

 

One of the challenging features of FSW is the tool wear that changes tools shape, which 

might affect the weld quality. Besides weld parameters, tool wear depends on tool 

geometry and tool and workpiece materials, which are discussed later. Figure 2 

demonstrates the tool wear at two different travel speeds and in that same test it was 

noticed that during welding the tool shape adjusts to the process and sufficient welds can 

be produced despite losing the threads. The wear and also fracturing of tools is one the 

difficulties of FSW especially in welding more demanding material such as steels and 

titanium. The changing of tools slows down the welding process and can also be expensive 

with high-temperature tool materials. [Zhang. 2012] 

 

 
Figure 2. Tool wear on AISI oil hardened tool steel probes used in FSW of Al 6061 +20% Al2O3. 

Rotation rate was 1000 rev/min for both, and welding speed 1 mm/s for probe a and 3 mm/s for probe 

b. Number in right bottom corner of each frame indicate the travel distance in meters. [Xhang. 2012] 

 

Figure 3 presents a typical microstructure of FSW joint. The weld zone can be divided into 

three areas: there is base material (BM), heat-affected zone (HAZ) and the stirred zone 

(NZ). Stirred zone has experienced plastic deformation, at it can be divided to two:  

thermomechanically affected zone (TMAZ) and dynamically recrystallized zone (DXZ). 

The size of the stirred zone depends on heat generation, which is related to frictional 

coupling of tool surface and workpiece. The affecting factors are rotational speed, travel 

speed, thermal conductivity of weld material and tool geometry, especially diameter. 

[Cam. 2011] 
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Figure 3. On left, a schematic of the joint area. A: HAZ, B: TMAZ and C: dynamically recrystallized 

zone [Cam. 2011]. On right a typical macrograph of microstructural zones in 7075Al-T651. [Mishra. 

2005] 

 

There are several defects that may occur in FSW joints, if the welding parameters aren’t 

optimal. The optimal combination of parameters, when the weld is relatively defect-free is 

called the operating window. Figure 4 presents typical FSW defects in a butt joint. [Vilaça. 

2012] 

 
Figure 4. Representation of possible imperfections in FSW butt joints. [Vilaça. 2011] 

 

2.1.2 Tool geometry 

FSW tools can be divided to three types: fixed, adjustable and self-reacting. These are 

demonstrated in figure 5. The fixed tool consists of one piece that includes both shoulder 

and probe. It is meant for welding constant thickness plates. In friction stir spot welding 

(FSSW) it is possible to use fixed tool with only the shoulder. An adjustable tool consists 

of separate probe and shoulder which allows adjusting the probe length during welding. 

Also shoulder and probe can be made of different materials and a damaged probe is easy to 

change. A bobbin tool has probe, shoulder and a bottom shoulder. Bobbin tool can be 

adjusted to multiple plate thicknesses and most importantly it doesn’t need backing plate as 
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the other tool types. However it can’t be tilted like fixed and adjustable tool types. [Zhang. 

2012] 

 

 
Figure 5. From left to right: fixed, adjustable and bobbin type FSW tools. [Zhang. 2012] 

 

Figure 6 presents different shoulder shapes and features. The shape of shoulder outer 

surface is typically insignificant as the shoulder depth is very small. The shoulders are 

divided into three: flat, concave and convex. Flat shoulder is the simplest, but its problem 

is low effectivity in trapping flowing material under shoulder and usually it produces a lot 

of flash. Concave shoulder is an answer to that problem. However concave shoulder needs 

a tilt so that enough material keeps flowing to the shoulder cavity and that there is enough 

forging force at the trailing edge of the shoulder. The convex shoulder is useful when there 

is difference in thickness between the thicknesses of workpieces or the other wise there is 

dimensional variation between the workpieces. However, a smooth convex shoulder 

pushes material away from the probe. For better controlling of heat generation and material 

flow, there can be features on the shoulder surface. Especially the scrolls are favored 

feature and help directing material flow towards the probe. The scrolls are very convenient 

in reducing the material displacement problem of convex shoulders. [Zhang. 2012] 

 

 
Figure 6. FSW shoulder shapes and features. [Zhang. 2012] 

 

In figure 7 some simple probe geometries are presented. Often the end of the probe is flat, 

because it is easy to manufacture. However flat probe head experiences high forging force 

during plunging. With the round head the force and tool force are smaller. Round head also 

eliminates local stress concentration and thus improves tool life. Round head improves 
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weld quality at the root, if the radius is max 75% of the probe diameter. With smaller 

radius the weld quality decreases, because with smaller diameter the surface velocity 

decreases and stirring action is weaker. [Zhang. 2012] 

 

Outer surface of the probe is typically either cylindrical or tapered. Cylindrical probe is 

simpler to manufacture and works relatively well for thin plates. For thicker plates tapered 

probe is needed due to higher frictional heat generation and increased hydrostatic pressure, 

which leads to better weld quality. On outer surface there can be different features like 

threads, flats or flutes to affect he material flow. Threads are easily worn of, so they are 

only used for welding relatively soft materials. Threads improve the weld quality as left 

handed probe leads material downwards towards the tip of the probe adding forging force. 

Flats and flutes are used to break material flow and add local deformation. Material is 

trapped in the flats and then released behind the tool, which leads to improved mixing. 

[Zhang. 2012] 

 

 
Figure 7. Simple FSW probe geometries. [Zhang. 2012] 

 

Welding of thicker plates needs more complex features. Whorl™ and MX-Triflute™ 

probes developed by TWI, The Welding Institute, are examples of such tools. In Whorl™ 

tools a convex body is combined with relatively big left-handed threads that effectively 

guide material flow towards the tip of the probe. Additionally, some versions of Whorl™ 

might have flats or re-entrant features to improve stirring. Some Whorl™ type probes are 

presented in figure 8. With Whorl™ type probes it is possible to weld 60 mm thick 

aluminium plates [Rowe. 2005] 
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Figure 8. Different variants of the Whorl™ type probes. [Rowe. 2005] 

  

MX-Triflute™, presented in figure 9, is a variant of Whorl™. The flutes or re-entrant 

flutes are helical and a primarily path for material flow. The threads are less pronounced 

and their primary function is heat generation. With MX-Triflute™ type probes the 

thickness of aluminium plates can be over 70 mm. Both MX-Triflute™ and Whorl™ 

produce good welds in thick plates because of improved ratio of dynamic and static 

volume, in comparison to simpler probes introduced in figure 7. Dynamic volume is the 

volume swept in one rotation and static volume is the volume of the probe. The higher the 

ratio, the stronger the stirring is. [Rowe. 2005][Zhang. 2012] 

 
Figure 9. A schematic of a MX-Triflute™ probe. [Rowe. 2005] 

 

2.1.3 Weld materials 

Initially FSW was used for joining aluminium alloy workpieces as aluminium is vastly 

used material and many aluminium grades usually lose important mechanical properties in 

arc welding or can’t be welded at all. Aluminium has low melting point and high 

conductivity, which makes arc welding difficult to control. Even though welding would be 

possible, FSW can provide better and more reliable quality of joint. For same reasons FSW 

was soon applied for copper, magnesium, steels, titanium and also thermoplastics. 

Operating temperature for FSW of aluminium is around 500 °C, but for high-temperature 
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materials, like steels and titanium, operating temperature is around 1100-1200 °C, which 

demands high-temperature tooling materials. [Cam. 2011] 

 

Most commonly used aluminium alloys in FSW are 2XXX and 7XXX series that are 

precipitation hardened high-strength alloys. Also moderately high strength 6XXX series is 

precipitation hardened and a solid-state method as FSW is favorable due to lower peak 

temperature. However, 6XXX and to some extent 7XXX series are moderately weldable 

also by conventional welding methods, but 2XXX is not due to occurrence of hot cracking 

during welding. Usually these alloys have been joint by riveting, but FSW has been applied 

for many applications, e.g. in aircraft manufacturing. [Mishra. 2005] 

 

Magnesium has very low density and combined with good mechanical properties it is 

becoming increasingly favored option for transport industries. In room temperature its 

formability is weak, but good at 200-310 °C. Arc welding of most Mg-alloys is also 

possible, but there are many problems, e.g. porosity and distortion, and also shielding gas 

is needed because of rapid oxidation. FSW is optimal method for joining Mg-alloys as it 

avoids most of the problems of arc welding, but argon shielding is still required. There are 

big differences between cast and wrought Mg-alloys, and for FSW the operating window 

of cast alloys is very narrow, but relatively wide with wrought alloys. FSW increases the 

tensile properties of cast Mg-alloys, but with wrought alloys the heat load can result in 

small drop of strength, but this drop is still smaller than with arc welding. [Cam. 2011] 

 

Copper has high thermal conductivity, good corrosion strength and high ductility, but low 

strength. Alloying increases the strength and e.g. bronzes and brasses are common Cu-

alloys. Cu-alloys can be welded by conventional methods, but due to high heat 

conductivity the required power density is high and welding speed must be high. Also 

penetration is often insufficient, there is high distortion and alloys with Zn usually lose 

strength. FSW can solve most of those problems, but due to need of reaching around the 

tool low stress flow the welding travel speed must be relatively slow and rotational speed 

is typically high. The welded joints are usually stronger than the base material due to 

formation of refined grains in the stirred zone. The FSW tool can be made of tool steel if 

copper plate is under 3 mm thick, but for thicker plates the welding temperature is higher 

and tools must be made of high temperature resistant alloys and also have complex 

geometries to provide sufficient material flow. There haven’t been many industrial 

applications of FSW to copper. This particular project proved that welding of 50 mm thick 

Cu-OFP is possible and as the project was one of the first ones welding copper, the original 

selection of Nimonic 105 and nickel-base superalloys in general are recommended as tool 

material. [Cam. 2011] Savolainen tested different tool materials with different Cu-alloys 

for two-sided welding of 10-11 mm thick plates and concluded that Ni-based alloys are 

sufficient for welding pure copper and aluminium bronze, but not Cu-Ni-alloy that 

required polycrystalline cubic boron nitride (PCBN) tool [Savolainen. 2012]. 

 

There are a lot of different types of steels and their properties depend on chemical 

composition and microstructure. Most of them can be welded by conventional methods, 

but there are problems like hydrogen cracking and expensive post-weld heat treatment of 

steels with high carbon content. FSW can avoid these problems and most importantly the 

peak temperature is much lower than in arc welding, but argon gas shielding is still 

required. However, the applications of FSW of steels are currently limited by rapid and 

unreliable tool wear. High strength and operating temperature of steels requires high-
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temperature tool materials like tungsten-base alloys or PCBN, but these tools are 

expensive. Tool wear limits the weld depth and usually steel welds are under15 mm thick, 

but some welds up to 25 mm have been made. The FSW tools are simple e.g. cylindrical or 

conical without threads that would wear out rapidly, but no complex geometries are 

required for producing sufficient welds. One method to decrease tool wear is pre-heating 

the weld zone, but this also requires energy and increases the cost of welding. FSW 

produces better quality welds than arc welding for fully ferritic and austenitic stainless 

steels and high carbon steels. The breakthrough for commercial use is still far, as the arc 

welding has been studied much longer and tool wear limits efficient welding. [Cam. 2011] 

 

Many titanium alloys are challenging to weld by fusion welding because of problems like 

solidification cracking and segregation, hydrogen embrittlement, need for post-weld heat 

treatments, distortion in thin plates and need for very good shielding because of reactivity 

above 500 °C. FSW is solution for most of these problems yet gas shielding is required. 

FSW of α and β-alloys is expected to be relatively easy, but most research has been made 

with α+β-alloys, especially Ti-6Al-4V, which require accurate controlling of process 

temperature and cooling rate to optimize microstructure. The thermal conductivity of Ti is 

very poor and therefore FSW tools have smaller shoulders and larger probes than usually. 

The shoulders usually have step-spiral features to increase material stirring and probes are 

simple cylindrical or conical without threads. Because of high strength and temperature of 

the FSW tools must be made of refractory material like tungsten carbides or tungsten 

alloys. The PCBN tools, that work well with steels, are not suitable with Ti-alloys because 

titanium react with it forming borides and nitrides, which increases tool wear and decreases 

toughness of weld joints. FSW of titanium alloys is needs much more research, currently 

the investigated plate thicknesses are under 10 mm and tool wear is the obstacle for 

commercial applications. [Cam. 2011] 

 

Metal matrix composite materials, MMCs, consist of metal matrix that can be any ductile 

alloy like Al, Co, Ti or steel, and of the reinforcement that is ceramic particles such as 

oxides, carbides or nitrides. MMCs have good mechanical properties and especially high 

wear resistance and high resistance to elevated temperatures. The formability and 

weldability of these composites is poor, because the strengthening configuration is easily 

destroyed under elevated temperatures or pressure. FSW is a potential method for welding 

MMCs, but so far there has been research only with two kind of Al-composites: with Al2O3 

particles and with SiC particles. The welds have been sufficient, but the effect of FSW 

depends on type and volume percentage of reinforcement particles, yet this has not been 

studied systematically.  However, tool wear is notably bigger than with pure matrix 

material, and for future FSW of MMCs better tool materials or at least coatings must be 

studied. [Cam. 2011] 

 

FSW is also promising method for joining dissimilar materials. However, many things 

must be taken into consideration as the materials have different properties. Tool rotation 

must be set for welding the harder material, but at the same time heat generation shouldn’t 

be too high because the other material may have lower melting temperature. Also the softer 

material should be on retreating side and it is beneficial to have probe displacement in 

relation to the joint line a way that probe is more on the side of softer material. In FSW 

welds of dissimilar materials there are intermetallic compound (IMC) structures that affect 

the mechanical properties of the joints. In good welds the IMC layers are thin and joint are 

as strong as softer base material, but if IMC layers are too thick, the mechanical properties 
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can be significantly weaker. There have been successful welds between different 

aluminium alloys, as 2XXX and 7XXX series, and dissimilar materials, e.g. Cu/Al, Al/Mg 

and Al/Ti. [Savolainen. 2012] 

 

2.1.4 Applications 

There are several variants and developed applications derived from basic FSW. Flared-

Triflute™ and Skew-Stir™, presented in figure 10, are examples of tool development. 

Both are meant for FSW of lap welds, where it is beneficial to have wide weld region. 

Flared-Triflute™ is basically just a variant of Triflute™, but Skew-Stir™ takes advantage 

of angling the probe with respect to the tool axis and that way increases the dynamic to 

static ratio and improves stirring effect. [Rowe. 2005] 

 

 
Figure 10. On the left neutral, left and right handed variants of Flared-Triflute™ and on the right 

schematic of Skew-Stir™ [Rowe. 2005] 

 

In more complex variations the whole FSW machine or at least its spindle allows more 

complicated structures. In Re-Stir™ the tools rotation direction is reversed after one or 

more revolutions, which aims to better stirring. In further variations a separate and probe 

rotate at different speeds or even to different directions. TWI has also developed concept 

called Twin-Stir™, in which there are two contra rotating probes. The combined effect of 

contra rotation reduces the torque in workpiece and very small amount of clamping 

pressure is required, which allows more complex weld structures. Figure 11 presents 

variants of Twin-Stir™: the probes can be a) parallel side-by-side, b) tandem in line, or c) 

between the two previous depending on the width of weld region and desired stirring 

effect, and d) it is also possible to weld thicker sections simultaneous double-sided. [Rowe. 

2005] 

 
Figure 11. Twin-Stir™ variants. [Rowe. 2005] 

 

There are also processes developed from FSW. Friction stir processing, FSP, uses basic 

principle of FSW, but instead of joining two workpieces it is used on microstructural 

modification of a monolithic workpiece. The rotating tool is usually simpler than FSW tool 

and depends on processing depth, even so that when processing near surface the tool may 

have no probe at all. [Mishra. 2005]. Friction stir channeling, FSC, on the other hand is a 

method that guides material flow towards the shoulder and creates continuous holes, 

channels, in the workpiece. Parameter control is very important in this process as is tool 

design, which consist of probe with right handed thread and a shoulder that allows material 

extraction. [Balasubramanian. 2009]. 
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2.2 Historical assessment of nuclear waste disposal in Finland 

In Finland law forbids import and export of nuclear waste. Since 1978 there has been plans 

of final disposal of nuclear waste and in 1983 Finnish government decided of overall 

schedule. On following years a proper location was searched and in 1995 Finnish power 

companies founded Posiva that is in charge of final disposal. In 2001 Government and 

Parliament accepted Olkiluoto as final disposal site. The building of research tunnel 

ONKALO started in 2004 and the disposal depth -420 m was reached in 2010. The 

ONKALO and planned disposal tunnel can be seen in figure 12. [Posiva. 2012] 

 

 
Figure 12. On left the built ONKALO, and on right the planned repository tunnels. [Posiva. 2012] 

 

The Swedish Nuclear Fuel and Waste Management Company SKB was founded in 1970s. 

Since its foundation Posiva has co-operated with SKB and overall their plans for final 

disposal are very similar. Posiva is using the KBS-3 concept developed by SKB. The key 

of the concept is having multiple release barriers to ensure safety and preventing 

radioactive material to enter organic nature, as presented in figure 13. The fuel pellets are 

placed in rods and the assemblies of fuel rods inside cast iron inserts that provide 

mechanical protection. Copper overpack provides protection against corrosion and copper 

should last for 100000 years. The canisters are placed inside bentonite buffer that provides 

both corrosion and mechanical protection and prevents water flow as it swells when in 

contact with water. The last barrier is over 420 meters of bedrock and the tunnels are also 

filled with bentonite, so water can’t flow freely and all connections to the surface are 

blocked.  [Posiva. 2012] 

 

 
Figure 13. The multibarrier principle. [Posiva. 2012] 

 

One of the issues in creating a reliable protective copper canister is the sealing of canister. 

The wall thickness of copper canister is 50 mm and the weld has to fulfill same 
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requirements as base material. Only two techniques were found to be suitable: since 1995 

SKB has been investigating FSW, and electron beam welding, EBW, as the sealing 

method. Both methods have been successful in producing sufficient welds. In 2005 SKB 

selected FSW for sealing. [Posiva. 2012] 

 

In 2014 Posiva selected FSW as joining method for their system. The schedule for building 

of repository facility has not yet been decided. The plan is to start nuclear waste disposal 

around 2022. The disposal will take almost 100 years and planned number of disposal 

canisters is about 2800 [Posiva. 2012]. 

 

2.3 FSW of copper canister 

This subchapter explains in what kind of environment and in which manner the tool will be 

used. This project focuses only on tool development and makes no changes to the others 

parts of the welding system. Nevertheless, it is useful to shortly describe what other 

problems and solutions are related to the FSW process in this application.  

 

2.3.1 Copper canister 

The chosen canister material is Cu-OFP, oxygen-free phosphorus-containing copper. 

Copper has good thermal and electrical conductivity, excellent resistivity against corrosion, 

moderate strength and high ductility. Oxygen-free alloy is necessary against corrosion and 

hydrogen embrittlement, because the canister should act as corrosion barrier for 100000 

years. Addition of 30-100 ppm phosphorous increases the creep ductility. Purity of the 

copper is important, because hydrogen and sulphur have a negative effect on creep 

ductility and therefore their concentrations must be under 0.6 and 8 ppm respectively. The 

yield strength of Cu-OFP copper varies from 40 to 70 MPa, the tensile strength is about 

220 MPa, elongation is over 40% and creep ductility over 15 %. Average grain size should 

be under 800 μm for canister to withstand mechanical loads, but because of non-

destructive quality control point of view, the average grain size of the copper components 

is limited to less than 360 μm. [Raiko. 2012] 

 

There are three different size canisters, because there are three different fuel assemblies, 

but the only difference is length. The canister lengths are 3.55 m, 4.75 m and 5.22 m and 

the diameter of all canisters is 1.05 m. The total weight of these canisters as closed will be 

18.8 t, 24.5 t and 29 t. Canister and cast iron insert are presented in figure 14. The copper 

lid of the canister is forged. Originally also base was to be forged, but it would have meant 

welding both lid and base to the extruded tube. Instead the base is integrated to the tube by 

pierce and draw technique. [Cederqvist. 2011] 

 

The melting temperature of copper is 1083 °C. Experimental tests have proved that 845 °C 

is suitable operational welding temperature for this application. If the probes failure above 

910 °C and weld quality wouldn’t limit the operational temperature, the maximum probe 

temperature in FSW of copper would be around 960 °C, but above that the coppers 

viscosity is too low to produce enough frictional heat. The thermal conductivity of copper 

is 391 W/m·K, which is 1.7 times higher than with aluminium and 5 times higher than with 

steel. This means that it is easier to achieve thermal balance during welding. [Cederqvist. 

2011]  
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Figure 14. Copper canister and cast iron insert. [Raiko. 2012] 

 

2.3.2 Setup and equipment 

The canister is brought to the welding room through the floor and installed directly to the 

welding machine. The canister rotates during welding, but in alternative desing the 

machine would rotate around the canister. Figure 15 presents SKBs current welding 

machine at the Canister laboratory. Once positioned, the canister is clamped with 12 

clamping jaws and a total pressure to 3200 kN. The lid is pressed against the canister by a 

pressure of 390 kN. [Cederqvist. 2011] 

 

 
Figure 15. SKBs current welding machine at the Canister laboratory [Cederqvist. 2011] 
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Originally the joint line of canister and lid was supposed to be positioned so that the lid 

would be backing support for tool. However testings proved that this produced a lot of 

flash assumably due to higher mass near joint, risen temperature in weld material and 

thermal expansion. It was noted that 50 mm copper is enough for backing support and 

therefore the new joint line is positioned above the lid. In addition a male-female rabbet 

was added for positioning the lid. In figure 16, in the left schematic the old joint line is the 

thinner dashed line and the new one is the thicker. Also the position of the tool in relation 

to the joint line is presented. [Cederqvist. 2011] 

 

 
Figure 16. On left, old and new joint, and in the middle machining after weld [Cederqvist. 2011]. On 

right, joint design drawn on cut section. [Ronneteg. 2006] 

 

The weld is started and ended 75 mm above the joint line. This way the weld can be 

restarted if there are problems during plunge. The quality of the weld at the start may be 

different than during the travel sequence and the also the exit hole is harmful for the 

corrosion barrier. In this design those can be machined off after the welding. Figure 17 

shows that 5 mm of the surface and 55 mm from the top of the lid will be machined off. 

[Cederqvist. 2011] 

 

 
Figure 17. A drilling of a pilot hole and welding of 120° segment during the early development phase of 

the process. [Andersson, C-G. 2002] 
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The tool rotates clockwise when facing the canister and also rotates clockwise around it, 

when viewed from above. Welding takes 45 minutes and the full weld cycle, 400º, is 3.7 m 

long, which means travel speed is 82 mm/min. Rotation speed varies as it is used to control 

welding parameters, but is about 400 rpm. Before the welding a pilot whole is drilled with 

another probe that doesn’t have MX features. Figure 18 presents the welding sequences of 

the full weld cycle. During the dwell sequence the welding temperate rises high enough for 

the tool to start moving. During the start sequence tool is accelerated to constant speed at 

the desired tool temperature is reached. The downward sequence brings the tool the joint 

line and then the tool makes 360º weld. The parking sequence guides tool above the joint line 

to the lid for extraction. [Cederqvist. 2011] 

 

 
Figure18. The welding sequences of full weld cycle: 1 = dwell, 2 = start, 3 = downward, 4 = joint line 

and 5 = parking sequence.  [Cederqvist. 2011] 

 

The controlling of the welding process is automated, because even relatively small changes 

in weld control may affect the process window and also the welding conditions change 

during welding as the canisters heats up. The welding speed is kept constant, so only 

controlled variables are axial force and spindle rotation rate. The affected process variables 

are tool depth and probe temperature. With cascade controller the tool temperature remains 

within ±10ºC of the set value 845ºC as with manual control the variation is ±60ºC. For 

measuring the tools temperature during welding, there are three spring-loaded 

thermocouples placed inside the tool, as can be seen in figure 19. The probe sensor is 

primarily used for process controlling; the shoulder ID and OD (inside and outside 

diameter) can be used as back-up signals. [Cederqvist. 2011] 

 

 
Figure 19. Thermocouple placements. [Cederqvist. 2011] 
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The welding is performed using argon as shielding gas. Shielding gas is important to 

reduce the amount of oxides in the weld zone. Additionally, it was noticed during the 

development of FSW process that using argon results in more stable process. Figure 20 

presents a single gas chamber and a full weld cycle chamber around the canister. 

[Cederqvist. 2011] 

 

 
Figure 20. Local gas chamber around the tool and full circumferential chamber. [Cederqvist. 2011] 

 

2.3.3 Tool 

The existing tool, presented in figure 21, consists of Nimonic 105 probe and Densimet 

D176 shoulder. The convex scroll shoulder has 70 mm outer diameter.  The surface treated 

probe has 30 mm diameter and is 50 mm long. Its shape is a modified version of TWIs MX 

Triflute™. Both the probe and shoulder are changed after each weld. For shoulder the 

reason is that tool wear changes starting conditions. The probe is changed to reduce the 

risk of failure. There are many issues related to performance and endurance of the probe, 

but these are investigated in following chapters. [Cederqvist. 2011] 
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Figure 21. SKBs existing shoulder and probe. 

 

The performance of the shoulder, however, is at an acceptable level and no more changes 

for it are required. Shoulders material is Densimet D176, a sintered tungsten alloy that has 

high thermal conductivity, 75 W/m°C. Other materials, mostly nickel- and cobalt-based 

superalloys were also tested but with lower thermal conductivities it took much longer for 

those shoulders to reach red heat required for starting weld cycle. In original development 

the optimum shoulder size was defined to be 40-70 mm to provide sufficient heat input and 

in 2004 the best design was plain concave shape. [Andrews. 2004] 

 

Later the shoulder design was changed from smooth concave to convex scroll, which 

provided a better combination of i) material inlet flow below the shoulder, and ii) retaining 

of the material being forced by promoting it to flow towards the center of the tool, 

avoiding the formation of excessive flash. During the development it was noticed that there 

was more flash at the end of the weld cycle. This was estimated to be result of tool wear, 

which decreases the effect of scrolls. To reduce wearing, surface treatments were tested, 

but even though it worked, it also reduced frictional heat generated by shoulder resulting in 

more load on probe. The surface treatment was rejected, but instead it was noticed that 

using shielding gas reduced tool wear and flash remained minimal and constant during 

whole weld. [Cederqvist. 2011] 

 

2.3.4 Welding defects 

The quality of the current welds is considered sufficient and the things that can be 

improved are the uniform mixing of copper and avoiding alignment of oxide layers, which 

also are also targets in this project. However, there are also two discontinuities, joint line 

hooking and wormhole, which can occur during welding. Those can be controlled by 

welding parameters, but every weld must be inspected by nondestructive testing (NDT) 



 20 

after welding. Eventually very small discontinuities like wormholes have little effect on the 

effective function of the canister as corrosion barrier. Some of these discontinuities are 

shown in figure 22. [Ronneteg. 2006] 

 

 
Figure 22. The discontinuities and their location in the weld. [Cederqvist. 2011] 

 

Joint line hooking (JLH) is present in some extent in all of the welds because of the joint 

design. The hook is caused by the material flow that is headed towards the surface behind 

the probe. The hook is problematic if it is too long, because it can be a significant 

discontinuity, but on the other hand it is preferable to have short hook, because otherwise 

the end of the joint line would be sharp and more prone to act as fracture propagation 

point. The width of the gap in the JHL is less than10 μm. The JLH usually doesn’t extend 

around whole weld cycle, but is approximately 100-200mm long. During the testing the 

maximum JLH flaw varied between 3 – 4.5 mm, when the used probe was 53 mm long. 

However, the flaw has been limited to maximum 2 mm when using 50 mm long probe. 

Another method to affect the JLH is changing rotation direction of the tool, but in this 

application the direction is already decided because of other issues related to having wider 

process window [Ronneteg. 2006] 

 

If the welding parameters, especially tool temperature, are below the process window, 

wormholes may occur on the advancing size. Wormholes size depends on the tool 

temperature; the lower the temperature the bigger the flaw. Radially the wormholes may 

extend 10 mm, tangentially less than 10 mm, but clusters the tangential discontinuity might 

be bigger. The wormhole in figure 22 occurred when tool temperature was 770 °C. 

[Ronneteg. 2006] 

 

The small discontinuities, not detectable by NDT, include clustered porosity, copper oxides 

and particles of tool material. These flaws can be found by metallographic examination. 

The porosity occurs more probably if the welding is done outside process window, but 

even inside process window single pores are not uncommon. The pores are 0.1-0.5 mm in 

size, but pore strings could be up to 9 mm long.  If oxygen is present, oxides size of less 

than 300 μm occur in the weld. However, using shielding gas has significantly reduced the 

amount of oxides. In all welds there will be traces of tool material. However, the particle 

lengths are less than 300 μm, they don’t react chemically with copper and altogether have 

no effect on corrosion barrier. Most of the particles are located near surface and are likely 

to be machined off. The flaws are presented in figure 23. [Ronneteg. 2006] 
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Figure 23. Small discontinuities, not detectable by NDT. On left clustered porosity, in the middle 

cluster of oxidized particles and on right traces of tungsten near surface. The scale line on left and 

right is 0.5 mm, in the middle 250 μm [Ronneteg. 2006] 

 

2.4 Development of the FSW tool material   

The best approach for developing the current tool material is to observe the history of 

selection process. A significant work was done already, when several different materials 

were tested in practice. After the nickel superalloys were found to be the best material 

group, there has been literature based evaluations of alternative alloys for Nimonic 105. 

Later SKB has also made some additional tests and modifications. 

 

2.4.1 Experimental testing by TWI 

The original development process was conducted by SKB and TWI between 1997 and 

roughly 2000. Total of 17 different materials were tested and Andrews has gathered the 

result in his report for SKB published in 2004. There were many materials that broke very 

soon but also some that did quite well and some that delivered welds well enough. 

Nimonic 105 was chosen best not only because of good performance but also due to lowest 

price. [Andrews. 2004] 

 

The selecting process of probe material wasn’t as systematic as it could have been, because 

the research team started almost out of nothing and had limitations with budget and time. 

For that reason many options were left unexplored, such as coatings and optimum heat 

treatments. Also as materials were tested at the same time as the machinery and tool 

geometry were being developed, some tool materials were tested only for 120° canister 

segments even though they might have survived longer welds. [Andrews. 2004] 

 

Cemented carbides 

In the beginning of developing the probe, the cemented carbides were chosen as starting 

material as they were readily available and the cost was reasonable. The first used grade 

was H10F, a tungsten carbide with cobalt (WC/10%Co), which was the most used 

cemented carbide product at that time. However there were many failures during the 

plunge sequence and for this reason the possibility of FSW of thick copper was questioned. 

At that time the MX Triflute™ geometry was still under development and the fractures in 

tool made it difficult to evaluate the effect of geometric features. The grade H10F with the 

hardness of 1450HV3 was estimated to be too hard and also closer inspection revealed 

surface oxidation of the WC particles, which resulted in numerous fracture initiation sites. 

[Andrews. 2004] 

 

Two tougher grades of cemented carbides were tried. Grade C10C contained nickel and 

had hardness of 1100HV3 and good corrosion and oxidation resistance. Grade H762 with 

1000HV3 had good thermal conductivity and resistance against heat cracking. Both were 
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used to weld successfully about 800 mm segment of canister. Neither had signs of wear, 

but both had thin layer of tungsten oxide. There were no cracks, but copper was attached 

on many parts of the flutes on both grades. There was a suggestion to solve this problem 

and oxidation using coating of TiN or (Ti, Al)N. GradeC10C was considered better option 

to continue development. [Andrews. 2004] 

 

However the trials with cemented carbides were ceased. The unpredictable and quick 

rupture of probes was deemed unacceptable. Also the short tool life was estimated to be in 

relation to eccentricity issues with the rotating spindle. The manufacturer believed it was 

possible to produce sufficient cemented carbide probe, but it could not have been done 

within the timescale of the project. [Andrews. 2004] 

 

Ceramics and cubic boron nitride 

Next materials in line were cubic boron nitride, alumino-silicate and yttria stabilized 

zirconium oxide that were available at acceptable price. They were tried because of high 

temperature capabilities even though they had lower rupture strength than cemented 

carbides. Grinding the required geometry proved to be very difficult and costly. All probes 

failed within plunge or dwell sequence due to the spindles eccentricity issues. No further 

testing with these materials were done. [Andrews. 2004] 

 

Refractory metals 

Refractory metals were natural choice due to good strength at 800-900 °C, but they had 

high prices. Four types of molybdenum metals were available: molybdenum, TZM 

molybdenum alloy, molybdenum plus zirconium oxide cermet (Cermotherm-Plansee) and 

MHC (Molybdenum/hafnium carbide material – Plansee). Also three types of tungsten 

were tried:  tungsten, Densimet alloy (sintered tungsten) and tungsten-rhenium alloy. 

[Andrews. 2004] 

 

All materials failed occasionally during plunge sequence and suffered minor dimensional 

loss during the 1.0 m long weld. Molybdenum cermet was very unsuitable as zirconium 

oxide particles were detached from matrix during welding. Also molybdenum and all its 

alloys formed toxic oxide above 500 °C and therefore they were no longer considered a 

reasonable option. Best performances were by tungsten-25%rhenium alloy and MHC, both 

of them had minimal wearing and no signs of fracture. However the high material cost and 

expensive machining was considered too much for the projects budget. The researchers 

noted that the two materials should be reconsidered and oxidation of molybdenum could be 

reduced by carburizing or coating. [Andrews. 2004] 

 

Superalloys 

Superalloys were already considered in early stage of the project, but as it would have 

taken some time to find proper alloys in time, they were tested later. Materials were in 

three forms: forged or wrought, cast and as powder, produced by hot isostatic pressing 

(HIP). Forged and cast alloys have good strength at 900 °C and powder metallurgy allows 

even higher working temperature. [Andrews. 2004] 

 

The forged alloys were Nimonic 90, Inconel 718, Waspaloy and Nimonic 105. Heat 

treatments were done according to the manufacturer’s instructions even though it was 

known that the treatments might not have been optimal for FSW, as the materials were 
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mostly used in gas turbine engines. All probes produced 3.3m long welds, but all except 

for Nimonic 105 had slightly twisted, which had reduced the length of the probe. Nimonic 

105 was able to produce welds of 20m without notable changes in dimension. [Andrews. 

2004] 

 

Both cast alloys, MAR-M-002 and Stellite 12 produced 1.0 long welds without signs of 

fracture. However both were estimated to be too risky because of porosity and brittle 

microstructure. The results with powder metallurgy alloys were also disappointing. 

PM3030 alloy provided 1.0 m long welds without fracture, but IN100 alloy fractured after 

150mm of welding. The fracture was typical for hot-isostatic pressing and on both alloys 

there were brittle carbide films on powder particle boundaries, which indicates failure on 

high temperatures. Powder metallurgy alloys have better high temperature properties than 

Nimonic 105, but showed signs of fracture. [Andrews. 2004] 

 

The selection: Nimonic 105 

Nimonic 105 showed to be the most suitable of the tested materials and it was sufficient for 

producing long welds in thick copper, which made it possible to continue improving the 

other aspects of the process. However Andrews mentions that they knew that there would 

be better materials for the tool, but that at that point there wasn't time to try and find better 

solutions, but it was strongly recommended for the future developments. [Andrews. 2004] 

 

Nimonic 105 fared well in needed temperatures and when testing in hotter conditions, there 

was hot shearing above 1000 °C. Alloys creep rupture properties are good up to 875 °C 

and ductility is good until 900 °C. Nimonic 105 is harder than Nimonic 90 due to additions 

of Al, Ti and Mo. The research considered using Nimonic 115 or Udimet 700 that have 

even higher amounts of Al and Ti, which makes them even stronger. However the elevated 

strength is counter-weighted by decrease in hot working temperature. Overall Nimonic 105 

was estimated to have better properties, than those two alloys. [Andrews.2004]  

 

The original heat treatment for Nimonic 105 was precipitation hardening for 17 hours at 

850 °C and then air cool followed by 750 °C for 24 hours. There was no time to consider 

other heat treatments. The surface was hardened with Tuftride process, which created a 10 

μm thick layer with carbon and nitrogen and increased the surface hardness from 380HV to 

650HV. Tuftriding reduced the amount of copper sticking to the leading edges of probe 

and reduced thermal cracking at grain boundaries at the surface. [Andrews. 2004] 

 

2.4.2 Literature reviews on nickel superalloys 

Anderssons report from 2002 presents a separate study funded by SKB and conducted at 

Swedish Institute for Metals Research. The project was started after research with TWI had 

proved that nickel superalloys and, at that time, Nimonic 90 seemed best option for FSW 

tool material. The study compared several superalloys and proposed suitable heat 

treatments for some of them. [Andersson, H. 2002] 

 

The studied materials were wrought alloys Nimonic 115, Inconel MA 754, Inconel MA 

6000, Udimet 520 and Udimet 700. Also cast alloys IN-738LC and IN-792 were 

considered. They were compared with the properties of Nimonics 90 and 105, provided by 

study of TWI. Especially creep rupture strengths were under evaluation and the results are 

presented in figure 24. [Andersson, H. 2002] 
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Figure 24. 1000h creep rupture strengths. On left the considered wrought nickel superalloys, on the 

right the considered cast nickel superalloys. [Andresson, H. 2002] 

 

The results can be seen quite directly from above graphs. Inconel MA 6000 was the best 

option of wrought alloys, but at that time it was a rare alloy. Also there are issues with long 

term stability with that alloy, but that wouldn’t be an issue with FSW application. After 

that Nimonic 115 and Udimet 700 had similar properties and Udimet 520 shared similar 

properties with Nimonic 105. The cast alloys have better properties than wrought Udimet 

700, but the cast structure was considered unpredictable, so wrought alloys were preferred. 

[Andersson, H. 2002] 

 

The research also suggested preferable heat treatments for some of the wrought alloys, 

including Nimonic 105. The suggestions are same as in the catalogues of the manufacturer. 

The different experimental heat treatments tested by TWI research team are not mentioned. 

The heat treatment provided by manucturer and used in current Nimonic 105 probes is 

4h/1159 °C, AC (air cooling) + 16h/1050-1065 °C, AC + 16h/850 °C, AC. [Andersson, H. 

2002] 

 

Andersson also refers to another report submitted for SKB by Burström “In the previously 

mentioned literature survey the superalloys IN-100, Rene 95 and Udimet 720 are 

mentioned as possible candidate materials. But while these materials exhibit good tensile 

strengths at temperatures above 800 °C, the creep rupture strength falls rapidly at 

temperatures above 700-750 °C and they are not suitable as FSW tool materials.” It is 

notable that Andersson doesn’t specify why so much value is put on creep strength of the 

alloys. [Andersson, H. 2002] 

 

2.4.3 Later work by SKB 

Cederqvist reports that during development at SKB, they also made maximum temperature 

tests for Nimonic 105 and Nimonic 115. The tests were made in manual mode for 

untreated tools with full MX features. The results are presented in figure 25 and in 

reference there are two welds without fracture made with controller with special 

temperature settings. No significance difference between the two alloys was noticed. 

[Cederqvist. 2011] 



 25 

 
Figure 25. Maximum temperature test made for Nimonic 105 and Nimonic 115 alloy tools. [Cederqvist. 

2011] 

 

Later during the development of the whole FSW process the tool was improved by adding 

a coating. The options were TiN, AlTiN and CrN and the latter proved to be best for the 

project and no trace of the coating was found from weld zone. The CrN coating (trade-

name Ticron®) was applied using physical vapor deposition method (PVD). [Cederqvist. 

2011] 

 

2.5 Development of probe geometry 

TWI started with copper canister application at same time as they were developing their 

Whorl™ and Triflute™ concepts. At first, FSW was successfully tested for 10 mm thick 

with Whorl™ type probe, presented in left frame of figure 26. However, scaling this tool 

for welding 50 mm thick plates would have been impossible, as it would have demanded a 

FSW machine with very high transmission. Shoulder diameter would have been 150 mm 

and the probe diameter to length ratio of 1:0.9 meaned probe diameter of 60 mm. The 

proper probe diameter to length ratio for the FSW machine was defined with plunge 

sequence trials and sufficient ratio is 1:1.8. This however meant another design had to be 

developed as the traverse forces with this ratio were too much for Whorl™ type probes. 

[Andrews. 2004] 
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Figure 26. On the left, the Whorl™ type probe used for welding 10 mm thick copper in 1997. 

[Andrews. 2004] On the right, the triangular shaped flaw. [Andersson, C-G. 2002] 

 

At this point recently developed MX Triflute™ probe was tested and it  produced succesful 

welds. This was estimated to be the result of stronger shape, improved flow path and 

reduced probe volume in combination with good material. However even though welding 

50 mm thick copper was now possible, there were many  issues to be solved. The first 

bigger problem was triangular shaped flaw located on advancing side, near the top surface. 

The flaw is presented in right frame of figure 26. Typically the flaw length varied from 

~0.5 mm to 8.0 mm. Many variation of the probe design were tried, but the flaw remained. 

Figure 27 shows some probe designs that were tried during development process. 

[Andrews. 2004] 

 

 
Figure 27. Early probe designs. [Andersson, C-G. 2002] 
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Figure 28. Copper build-up on flutes of MX Triflute™ probe. [Andrews. 2004] 

 

Closer examination of the probe after welding copper showed that there was more copper 

build-up on the leading edge of the flutes near the tip of the probe than near shoulder. This 

can be seen in figure 28. This was compared to similar probes used in welding aluminium 

and in those probes the flutes were completely filled on retraction. The conclusion was that 

copper doesn’t flow as well as aluminium in operation temperature and therefore the flow 

path had to be improved. Also the incomplete filling of the flutes was estimated to cause 

the triangular flaw. Figure 29 shows illustrations of cross sections of different probe 

concepts. Concept C was very successful and produced flaw free welds. [Andrews. 2004] 

 

MX Triflute™ probes also have additional threads, called MX features, machined onto 

probes lands. The features are added to increase flow path for copper. Originally the 

features were left handed as the flutes, but later they were changed to right handed, which 

directed some of the copper up towards shoulder. This increased flow towards the cavity 

under shoulder was designed to reduce flaw formation. The concept worked well and was 

patented. [Andrews. 2004] 

 

The final design of the development project conducted by TWI is the A023 MK7 probe, 

seen in figure 30. The probe was strong enough to survive full weld cycles and produced 

sufficient welds. Andrews mentions that they knew the design wasn’t optimal, but it was 

difficult to connect the effect of certain geometrical features to flaw formation, because the 

setup and weld control were still under development and caused too much error in 

examination of welds. Compared to the standard MX Triflute™ probe, the A023 MK7 

significantly reduced probe failure. One explanation for better strength was presented in 

longitudinal section cut through probe axis. All machined features are equi-distant from the 

probe axis and there are no localized stress concentration points that caused failures in 

standard MX Triflute™ probes. The A023 MK7 probe was also patented, partly due to 

improved strength. [Andrews. 2004] 
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Figure 29. Illustration of cross sections of different MX Triflute™ probe concepts. [Andrews. 2004] 

 

 

 

 
Figure 30. On the left, the new uncoated A023 MK7 probe [Andrews. 2004]. On the right, fractures in 

A023 MK7 probe after welding and removal of copper. [Cederqvist. 2011] 
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After that SKB continued developing their FSW application and some modifications were 

made for the probe. It was noticed that fractures usually originated in the MX features 22-

25 mm down from the shoulder, as seen in right frame of figure 30. The MX features were 

reduced to 17 mm down from shoulder, which notably increased probe life. Also probes 

without any MX features were tested, but as it reduced heat generation, there were 

difficulties in controlling the process and more flash was formed. The comparison between 

the TWIs probe and SKBs developed version is seen in figure 31. Additionally, there were 

test with slightly different probe lengths to reduce joint line hooking defect. The defect still 

exists, but it is quite small when probe length is exactly 50 mm. [Cederqvist. 2011] 

 

 
Figure 31. a) The A023 MK7 probe developed by TWI and b) SKBs improved existing version with 

convex scrolled Densimet shoulder, reduced MX features and CrN coating. [Cederqvist. 2011] 

 

2.6 Previous modeling of copper canister application 

FSW is locally very rapid process and it is difficult to observe what happens around the 

FSW tool during welding. For that reason, there have been many attempts to create 

simulation models of the process. However, due to very complex nature of FSW the 

models usually have simplified approach to the process, which reduces computational 

time. Some models focused only on thermal modelling or flow simulation, some include 

both. In thermal models the aim is to estimate maximum temperatures, heat transfer and 

the size of heat affected zone around the joint. In flow simulations the focus has been on 

modelling material flow to better understand what happens in stirring and how tool 

geometry affects the flow. In some studies, the models are compared to experimental welds 

to verify the accuracy of models. The modelling of material flow can be validated by using 

tracer techniques. 

 

There is also a study, supported by SKB, on modelling of this application. Källgrens 

(Royal Institute of Technology) doctoral thesis describes simplified finite element model 

of FSW of copper canister and also experimental welds by using brass rods to trace 

material flow. The tool design in simulation models was simplified, but otherwise model 

provided material behavior that was similar in experimental welds.  

 

The aim of Källgrens work was to characterize the FSW of thick copper canisters in order 

to optimize the welding process. Special interest was on understanding how material flows 

in different points around the tool, which parameters are most important in controlling the 
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process and how the changes of tool design would affect the process. Another target was 

predicting of weld quality, grain size, weld zones and formation of voids. [Källgren. 2010] 

 

Källgren created a finite element method model to predict thermomechanically affected 

zone. The heat flow was predicted by using Rosenthal’s model. The model agreed quite 

well with actual welds, however at some cases temperatures were higher than in 

experiments, which would lead to smaller grain size. In figure 32 can be seen that model 

can predict the borderline of HAZ and TMAZ sufficiently although the model predicts 

TMAZ to be deeper and located slightly more on advancing side than it really is. The 

model also reacted as expected when welding parameters were changed. [Källgren. 2010] 

 

 
Figure 32. The observed change between TMAZ and HAZ is marked as line and modelled borderline 

as black dots. The yellow on retreating side is that was used as marker material. [Källgren. 2010] 

 

Another simulation model was made for predicting material flow and it was compared to 

actual welds with brass rods as tracing material. However, the tool geometry in the model 

was just simple smooth conical without any complex geometry that creates the actual 

material flow. Figure 33 shows a comparison between modelled and experimental results. 

The image doesn’t show the material flow in vertical direction and seems that such flow 

couldn’t be modelled as well with simple modelled tool design.  The model succeeds 

acceptably at the areas around the tip of the probe, but near shoulder the models predicts 

that material is pushed much more backwards than actually happens. 

 

In conclusion the project succeeded in proving that the application can be modelled and the 

properties of weld joint can be predicted moderately. However, the used models were 

simplified and more advanced models are needed to simulate the application in details. The 

targets for future modelling were implementing actual complex tool geometry for better 

modelling of material flow, and predicting residual stresses and mechanical properties of 

the joint. Improved models should be able to take into account the microstructural 

differences between the lid and canister. [Källgren. 2010] 

 



 31 

  
Figure 33. Depth and location of brass found in the weld direction for modelled and experimental 

results. The center 0 marks the original location of brass rods, the dimensions are in meters. [Källgren. 

2010] 
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3 Feasibility analysis of high temperature materials 
suitable for FSW tool 

The first subchapter provides deeper insight in the high temperature materials that are 

commonly used in FSW tools and also to some materials that should be suitable at least for 

FSW of copper. The focus is on introducing basic properties and latest developments for 

each materials or material groups. In the first subchapter the suitability of materials for this 

projects application is not yet considered. The second subchapter briefly introduces coating 

options for different material groups. The selection on suitable materials is the topic of last 

subchapter. 

 

3.1 Base materials 

When evaluating probe materials for FSW of copper, it’s important to bear in mind that 

there haven’t been many researches on this subject. FSW of copper isn’t very common and 

usually the welding of those applications isn’t very demanding. Therefore, there hasn’t 

been much need for development of specific tools. Almost all publications mention that the 

FSW tools for copper are made of Nimonic 105. However, all these publications refer to 

original research done at TWI for this selection. Therefore, that study can’t be relied in this 

project. 

 

Another important note is that most of the tool material evaluations for FSW under hot 

processing conditions are made on steel or titanium plates, typically with low thickness 

compared to the canister conditions. The tool probes in those studies are usually around 

few millimeters long. Besides that, the tool geometries are relatively simple. Also the 

studies might consider tools with significant wear sufficient as long as there is no fracture, 

so it’s vital to observe how the tools have performed in those tests. In this case there can’t 

be much wearing as the tool geometry is very important for the functionality of tool and 

therefore there shouldn’t be more wearing than with Nimonic 105. If some material shows 

minor wearing, its composition should be evaluated keeping in mind that there can’t be any 

harmful compounds left in the joint of copper canister. 

 

The most important property for FSW tool material in this application is maintaining 

strength and ductility near 900 °C, but it is also necessary to resist torsion and bending, 

fatigue loads, fracture, mechanical wear and chemical reactions that might occur in touch 

with weld material and atmosphere. Additionally, the availability, machinability and price 

of the materials must be considered.  

 

3.1.1 Nickel-base superalloys 

There has been continuous developing of nickel-based superalloys ever since they were 

discovered in the 1940s. There is no end to this development due to increased need to 

improve the quality of materials used in aerospace applications. This must be kept in mind 

when considering nickel superalloys for FSW as usually the focus is in improving the 

creep rupture as seen in figure 34, which is not the most important property for FSW tool. 

Same figure also shows the trend in manufacturing methods. Directionally solidified and 

single crystal superalloys are used in turbine blades. [Reed. 2006] 
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Figure 34. Evolution of high-temperature capability of nickel-based superalloys. [Reed. 2006] 

 

The good high-temperature properties of nickel-based superalloys is mainly based on a 

two-phase equilibrium microstructure, consisting of gamma (γ) and gamma-prime (γ'). 

Solution strengthening and precipitation strengthening by γ'' phase are also important 

strengthening mechanisms in nickel superalloys, but not good enough for high temperature 

range used in FSW of copper. The γ phase forms the face-centered cubic (fcc) matrix in 

which the γ' precipitates. The elevated-temperature strength and resistance to creep 

deformation depend on γ' which depends on the chemical composition and temperature. 

Figure 35 demonstrates the effect of γ'. [Reed. 2006] 

 

 
Figure 35. (a) Ni-Cr-Al ternary phase diagram, where dots indicate alloys used in (b) which presents 

temperature dependence of yield stress of those alloys. [Reed. 2006] 
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Usually the preferred percentage of γ' is around 60 volume-%, which means that there is 

need for significant concentrations of elements for both phases. Common elements in γ 

phase are cobalt, chromium and molybdenum and γ' needs aluminium and titanium. Figure 

36 presents all the important elements in forming nickel-based superalloys. [Reed. 2006] 

 

 
Figure 12. Important elements in constitution of the nickel-based superalloys. [Reed. 2006] 

 

Another important application of high-temperature resistant nickel superalloys are turbine 

discs that experience varying loads and therefore demand different mechanical properties 

from the superalloys. The creep rupture strength isn’t very relevant, but high strength and 

ductility are needed and fracture resistant is very important. The earlier discs were made of 

wrought alloys, but powder metallurgy alloys developed in 1970s, like Rene 95, 

Udimet720 and Astroloy, have higher tensile strength and better high temperature fatigue 

strength, and are now commonly used in turbine disc applications. [Reed. 2006] 

 

3.1.2 Ni3Al-Ni3V intermetallic superalloy 

A new kind of nickel superalloy was published in 2004 and has since been developed in 

Osaka Prefecture University. The alloy type Ni3Al-Ni3V has dual phase intermetallic 

microstructure. High temperature tensile and creep strength compete with the properties of 

best conventional nickel superalloys, as shown in left frame of figure 37. There are several 

different alloys with different elements: Nb, Ti and Ta are used for solid solution 

strengthening and Re for precipitation hardening. Because of good properties the alloys has 

also been tested for FSW applications. Right frame of figure 37 shows that the hardness of 

Ni-Al-V alloys decreases quite slowly as temperature rises when compared to tungsten 

carbides that are common materials in cutting tools. [Mochizuki. 2013] 
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Figure 37. On left, tensile strength of 4 different Ni-Al-V test alloys (#1, 2, 3 and 4) in comparison with 

traditional nickel superalloys. On right, hardness of Ni-Al-V test alloys (#1, 2, 3 and 7) in comparison 

with tested steel and a sintered tungsten carbide. [Mochizuki. 2013] 

 

The alloys were tested in FSW of 1mm thick SUS440C steel plate and 1.5 mm thick pure 

titanium. Two alloys performed especially well. The alloy with Re and Ta experienced 

only 0,1 mm reduction in shoulder length after 20 m long weld of steel. The reduction was 

same for alloy with only Ta after 10 m, but without heat treatment, which makes that alloy 

also considerable option for further research. [Mochizuki. 2013] 

 

3.1.3 Cobalt-base superalloys 

Cobalt is very similar metal to nickel: they have same face-centered cubic (fcc) structure at 

high temperature and cobalt’s melting point 1495 °C is only 40 degrees higher. However 

cobalt has lower strength than nickel at temperatures under 800 °C and before 2006 no 

similar  microstructure needed for precipitation strengthening was known for it. Until 

that Co had been alloy material in nickel superalloys to increase temperature range and 

there are also commonly used cobalt alloys like Stellite alloys that sometimes are called 

superalloys. Cobalt-base superalloys have better strength at very high temperatures and 

superior hot corrosion resistance, which makes the alloys ideal for gas turbines. Excellent 

thermal fatigue resistance and good weldability have also made the alloys competitive for 

certain uses. 

 

However in 2006 Sato reported of finding cobalt-base alloys with L12 structure, 

Co3(Al,W) that precipitates the fcc cobalt matrix. The structure is similar to one of 

nickel superalloys, yet Co-base alloy has even better high-temperature strength, 500 MPa 

at 1000 °C. Also the wear resistance, castability and machinability are good. [Sato. 2006] 

Co-base alloy still has lower strength than Ni-base alloys at temperatures under 800 °C, but 

the most interesting feature is positive temperature dependence of strength above 600 °C. 

Addition of Ta stabilizes the phase even more, which increases strength and hardness. A 

comparison between different Co-based alloys and Ni-based alloy Waspaloy is presented 

at figure 38. [Ishida.2008]  

https://fi.wikipedia.org/wiki/Celsiusaste
https://fi.wikipedia.org/wiki/Celsiusaste
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Figure 13. Comparison of flow stress -temperature curves between traditional and new Co-based alloys 

and Ni-based superalloys. [Ishida. 2008] 

 

For those reasons it was considered that cobalt-base alloys with L12 structure could be 

suitable for FSW and preliminary trials were made in 2011 with mild steel and Ti-6Al-4V. 

The results suggested that the alloy was sufficient and further research was started with 

thicker plates and material optimization. [Sato. 2011] Another FSW research tested similar 

cobalt-based alloy tools with probe lengths of 6, 9 and 12 mm for carbon steels. The 12 

mm probe failed to give successful welds, but with shorter probes the welds were 

acceptable. [Sugimoto. 2013]. Neither study specified what kind of chemical composition 

was used. 

 

In 2014 Makineni published a research on Co-base alloy with similar structure but without 

tungsten and with even higher strength. The development was encouraged by purpose to 

make alloys lighter and better suitable for gas turbine applications. The proper alloy 

material instead of tungsten was nickel and the structure contains L12-ordered -Ni3(Al, 

Ti) precipitates. Those alloys with nickel up to 30% and also aluminium, molybdenum and 

niobium were observed to have better specific 0.2% proof strength at both room 

temperature and 800 than the Co.9Al-9.8W alloy used in comparison. [Makineni. 2014]. 

Further research showed that tantalum has even better effect than niobium for stabilizing 

the phase and titanium has the same effect. These Co-Ni-Al-Mo-Ta alloys with γ–γ′ 

microstructure and relatively low densities have better mechanical properties at high 

temperatures than any other cobalt or nickel- superalloys. An example of this is presented 

in figure 39 with a comparison of the 0.2% proof stress of several alloys. [Makineni. 2015] 
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Figure 39. Curves of 0.2% proof stress dependency of temperature for Co–30Ni–10Al–5Mo–2Ta 

(30Ni2Ta) and Co–30Ni–10Al–5Mo–2Ta–2Ti (30Ni2Ta2Ti) both aged at 900 °C for 50 h, and other 

cobalt superalloys and nickel superalloys (Waspaloy and MAR-M-247). [Makineni. 2015] 

 

Another research team has also created a similar kind high nickel containing cobalt alloy, 

where the Co/Ni ratio is almost 1:1. Other important alloying elements are Cr, Al, W and 

Ta; the specific composition is presented in figure 40. The ratio was chosen to have 

balance between corrosion resistance, density and matrix strength, while also having high 

content of refractory metals in the γ′ phase. The alloy is named V208C and it is a powder 

metallurgy origin polycrystalline alloy that after forging has 56% content of γ′ phase. The 

alloy is mentioned to be an early attempt in creating new kind of superalloys and the 

properties at high temperatures are already very promising, as seen in figure 40. [Knop. 

2014] 
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Figure 40. The flow stress comparison of new V208C alloy (blue), Co-Al-W alloy and conventional 

superalloys. On bottom, the measured composition of V208C. [Knop. 2014] 

 

3.1.4 Iridium-based alloys and iridium-containing nickel superalloys 

Iridium has a high melting point of 2466 °C, and high mechanical properties and oxidation 

resistance at elevated temperatures, which makes it interesting option for high temperature 

applications [Miyazava]. However, unlike typical fcc structured metals, iridium exhibits 

both brittle intergranular and brittle transgranular fracture at elevated temperatures [Lynch. 

2007]. Another reason it hasn’t been applied as widely used refractory metal is that it’s a 

rare and very expensive. Despite the inconveniences, there are some applications and also 

many studies have been made for to use iridium in more demanding conditions. In 1998 

Yamabe-Mitarai named several Ir-based alloys “refractory superalloys” because of fcc and 

L12 two-phase coherent structures similar to microstructures of nickel superalloys. The 

research studied effects of using platinum group metals as alloy materials and the studied 

Ir-alloys consisted of 15% of Ti, Ta, Nb, Hf, Zr, or V. The most desirable mechanical 

properties were found in Ir-Ta, Ir-Hf, Ir-Zr and Ir-Nb systems. Figure 41 presents the high 

temperature properties of studied alloys. [Yamabe-Mitarai. 1998] 

 

Iridium based alloys have also been tested as FSW tools. Miyazawa tested the tool life of 

small tool made of Ir-10Re-1Zr in FSW of 2 mm thick 304 stainless steel. The probe was 

very simple and only 1,4 mm long with 6 mm diameter. The produced weld was good and 

with increased plunge depth the tool was able to produce over 75 m long weld without 

fracture. However the stir zone reduced during the welding as seen in figure 42. Also when 

compared to the tool made out of PCBN (with different tool size) the wear rate was less 

than or equal to that of the PCBN tool with 2 mm probe height. [Miyazawa. 2012] 
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Figure 41. On left, stress-strain curves for Iridium alloys with 15% of an alloying element in 1200 °C. 

On right, iridium alloys with 15% of an alloying element in comparison with Ni- and W-base alloys. 

Ni-Al-Cr represent basic wrought Ni-base superalloys, MarM247 is cast and CMSX-10 is a single 

crystal superalloy. [Yamabe-Mitarai.1998] 

 

 
Figure 14. Cross-sections of joints and appearance of tool after stir in plate FSW at 22,2 rev/s and 5,3 

mm/s. [Miyazawa. 2012] 

 

A new type of iridium-based alloy was discovered in 2006 when Sato announced finding 

γ’-Ir3(Al,W) compound along with similar compound for cobalt, as presented earlier. The 

structure similar to ones in nickel-base superalloys was found in Ir-10Al-10W alloy. Along 

with good strength is has clearly better hardness at elevated temperatures than nickel-base 

alloys. The compound is also confirmed thermally stable. [Chao. 2011]. Further study 

proved the thermal stability of Ir-10Al-10W good up to 1200 °C and the hardness and 
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strength were high at both room temperature and elevated temperatures. The proof stress of 

mentioned alloy is presented in comparison with binary iridium alloys in left frame of 

figure 43. [Omori. 2014]. 

 

 
Figure 43. On left, 2% proof stress of Ir-10W-9Al alloy with Ir-X binary alloys and Ni-based 

superalloy MarM247 plotted for comparison [Omori. 2014]. On right, comparison of 0,2% yield 

strength of Ni-Ir superalloy and Mar-M247 [Nakazawa. 2015]. 

 

Especially interesting iridium containing alloys are Ni-Ir alloys that have complete solid 

solubility. Traditionally Ni-Ir alloys are used in crucibles, spark plug electrodes and glass 

melting equipment due to high temperature resistance. However a recent Japanese study 

presents a FSW tool made of Ni-Ir alloy that contains both γ’-Ni3(Al,W) and γ’-Ir3(Al,W) 

compounds. The research article revealed the chemical composition only partly, as 

presented in table 1. After casting the tool was first solution-heat-treated for few hours, 

then aged for one day and finally machined to finished shape. The yield strengths 

temperature dependency is presented in the right frame of figure 43. The 2 and 5 mm long 

FSW tools were proved to be able to weld 304 stainless steel and ultra-high carbon steel 

without severe wear or deformation. [Nakazawa. 2015]. In further trials the same alloy was 

used on FSW of Ti-6Al-4V. Two 6.8 mm long probes were tested. The first one, without 

water cooling, experienced severe wear of shoulder and sides of the probe, but the probe 

length decreased only little, until probe fractured after producing 1.8 m of weld. The other 

tool with water cooling experienced similar wear but produced 4.7 m of weld until the 

shank of the tool broke. [Nakazawa. 2016] 

 
Table 1. Chemical composition of Ni-Ir superalloy. [Nakasawa. 2015] 

 
 

3.1.5 Tungsten and tungsten-rhenium 

Tungsten (W), also known as wolfram, is a rare metal known for high melting point of 

3422 °C. It’s commonly used as a filament in light bulbs, but also in other electronics and 

in thermocouple applications. However, tungsten has a recrystallization temperature at 

1200 °C and after heated above that and then cooled, it becomes very brittle. [Leonhardt. 

2009] 

 

Rhenium (Re) is rare and expensive metal that is used as an alloy material in small 

proportions for example in nickel-based superalloys. Especially important it is as an alloy 

for tungsten and molybdenum, which with it has a similar kind of effect on performance. 
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Addition of rhenium increases the ductility of tungsten after recrystallization. Moreover, it 

increases the recrystallization temperature and tensile strength of W-Re alloys and 

decreases ductile-brittle transition temperature. [Leonhardt. 2009] 

 

A commonly used W-Re alloy for FSW tool is tungsten-25wt. %rhenium (W25%Re). It 

has an elastic modulus of over 400 GPa and tensile strength of 280 MPa at 1921ºC. 

Another common alloy, W24.5%Re2%HfC, has an addition of hafnium carbide (HfC) that 

is used to increase the strength of refractory metals. Tungsten-rhenium alloys have a 

melting temperature of 3050 °C and recrystallization temperature near 1900 °C. Because of 

such high temperatures, the only reasonable manufacturing of W25%Re is powder 

metallurgy processing. [Leonhardt. 2009] 

 

Besides alloying, also manufacturing processes affect the final properties. After hot 

isostatic pressing (HIP) the alloy is already suitable for FSW, but its properties can be 

improved with hot rotary swaging (SW) at 1800 °C. Because of this risen temperature 

there are σ phase on grain boundaries and within the grains. Another method to hot form 

tungsten based alloys is extrusion, but because of extrusion and the quick cooling after that 

there is no σ phase present. Figure 44 presents the comparison between the W-Re alloys 

manufactured in different methods. The positive effect of swaging and addition of HfC on 

strength is clear. [Leonhardt. 2009] 

 

 
Figure 44. A comparison of stress strain curves in three different temperatures. [Leonhardt. 2009] 

 

Tools made of tungsten alloys are quite commonly used in FSW of steels and two of the 

many researches related to the topic are shortly presented here. A study by Thompson 

demonstrated the degradation of different tungsten alloys during FSW of a high-strength-

steel (HSS). The used tools had 12 mm long probes and welding parameters were chosen 

to maximize degradation of tools and therefore actual welds were not of acceptable quality. 

The evaluated alloys were W1%La2O3, W25%Re, and W20%Re10%HfC. The tool 
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profiles before and after welds are presented in figure 45. The performance of the W-La2O3 

tool was poorest with notable deformation. W-Re performed better, yet here were twinning 

in grains. The least amount of degradation occurred in W-Re-HfC tool by intergranular 

failure caused by HfC particles. For all tools there was also material loss from abrasive and 

adhesive wear. The study proved that the wear performance of W-Re is good and can be 

improved with addition of HfC particles that on the other hand makes the microstructure 

more brittle. [Thompson. 2010] 

 

 
Figure 45. Digital profilometry data for W-La (left), W-Re (middle) and W-Re-HfC (right) tools pre 

(purple) and post weld (blue). [Thompson. 2010] 

 

Another interesting research reported by Eff tried to maximize the tool life of W-25%Re 

tools in FSW of 19 mm thick X-70 steel. The used tool was simple and relatively big, as 

presented in figure 46. Two thermomechanically different tools were tested: both were hot 

extruded, but another one was also heat treated to have a recrystallized microstructure. 

Besides tool life of one welding, also capability to be redressed was tried to improve total 

tool life. The extruded tool produced 5.9 m long weld without defect and was redressed 10 

times producing total weld of 59 m. The material loss was 0.69 %/m. The recrystallized 

tool was wearing faster with 0.88 %/m, managing 4.4 m with one weld, seven redressing 

and total weld length of 31.2 m. Redressing was proved to be effective method to improve 

tool life and the mechanical properties of tools experienced no significant changes during 

welding and redressing. [Eff. 2013] 

 
Figure 46. Schematic of tool used in FSW in 19mm thick X-70 steel. [Eff. 2013] 

 

3.1.6 PCBN and its composites 

Polycrystalline cubic boron nitride, shortly PCBN, is commonly used material for FSW 

tools due to high strength and excellent hardness at elevated temperatures. Also high 

thermal conductivity helps in avoiding hot spots during welding. However, the downsides 

of PCBN are high cost due to demanding manufacturing and low fracture toughness, which 
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often results in failure of tools during plunge sequence. In addition, the PCBN is limited in 

FSW of some steels due to risk of chemical reactivity. [Rai. 2011] 

 

Recently new composite materials have been developed to combine high hardness of 

PCBN and better fracture toughness of metallic binder tungsten–rhenium. Both materials 

have high melting point and are used as tool materials in FSW of steels. One of the 

weakest characteristic of W-Re is fast wearing and PCBN is brittle, but their composite is 

tougher and has good wear resistance. Common grades of the composite: Q60, Q70 and 

Q80, in which number indicates volume percentage of the ultra-hard cBN, have been tested 

in FSW steels. In comparison to common PCBN the composite grades improved tool life 

significantly. [Perret. 2011] 

 

3.1.7 Tungsten carbides 

Tungsten carbides are hard materials with relatively high wear resistance and commonly 

used in cutting tools. Usually binder materials are used to increase fracture toughness. 

Most common composite is WC-Co with 3-13 wt% Co, but in alloyed grades TiC, TaC or 

NbC could be used. WC-Co has been used in FSW of aluminium metal matrix composites 

with acceptable tool wear and other WC based tools have been successful in FSW/FSP of 

steels and titanium alloys. [Chiteka. 2013] 

 

One research aimed to improve WC tools suitability for FSW applications by decreasing 

grain size and testing different binder metals. Tested materials were pure WC and three 

different WC-based alloys with 3 wt% of Ni, Co and Fe. Usually the grain size of WC 

alloys increases more than five times during conventional sintering, but the with recently 

developed rapid sintering process spark plasma sintering (SPS) the sintering time is 

notably reduced. This way grain size grows only little and material properties are better 

than with conventionally manufactured WC alloys. The research reported that alloys with 

metallic binders show good suitability for FSW. The materials are reported to have high 

density, small grain size, high hardness and decent fracture toughness, which was highest 

for WC-3 wt% Ni. [Kim. 2015] 

 

3.1.8 Other materials 

Several refractory materials have been tested for suitability in FSW applications, because 

of their high-temperature properties. All these materials are expensive and have poor 

machinability, which means that costly powder metallurgy manufacturing is needed and 

that means brittle structure. Tungsten-rhenium alloys have been found to perform best in 

FSW applications and there hasn’t been much research with other refractory materials. 

Some molybdenum alloys have almost as good properties as W-Re, but its reactivity with 

oxygen has made it undesirable material. There have been attempts to develop new better 

performing refractory tool materials. [Chiteka. 2013]. Recently a tantalum-based tool was 

used to produce good quality welds in FSW of shipbuilding steel with primer, but the 

research article didn’t provide any details on tools performance [Azevedo. 2016] 

 

Other carbides and ceramics than WC and PCBN also have high hardness and are 

interesting options for FSW applications, at least when considering wear resistance. The 

fracture toughness on the other hand is poor for all of these materials. Among carbides TiC 

has very high hardness, but the material is brittle and expensive. Ceramics, especially 

alumina-based and silicon nitride-based materials, are used in cutting toolsand have higher 
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hardness than carbides but are also more brittle. [Chiteka. 2013]. Suitability of Si3N4 FSW 

tool was tested in welding of 1.4 mm thick DP590 steel, but the tool experienced severe 

wear and fractured after 5 m, while PCBN tool used for comparison produced 12 m long 

weld without fracture [Kim. 2014]. 

 

3.2 Coating 

Coating of FSW tools is quite rare, because in most applications there is still need to find 

better base materials and improve tool geometry. The coating is considered secondary 

method to improve the tool. The technology isn’t yet at the level that coatings for FSW 

tools would commonly applied, but a few researches have been done. The coatings of FSW 

tools are expected to provide best improvements for tool life in FSW of MMCs and in 

welding of steels with tool materials that are cheaper than the common PCBN and W-Re 

tool solutions. 

 

Prater tested diamond coating of WC/Co tools in FSW of MMC with promising results. In 

total there were four tool materials to be tested: O1 steel, WC/Co tool with micrograin and 

another with submicrograin, and WC/Co tool with diamond coating. Two weld materials 

were used: Al 359 with 20 and 30% SiC reinforcement. O1 steel experienced very high 

wear and all WC tools survived significantly better than it. Between the WC/Co tools, the 

coated tool had clearly less wearing than the other two, of which the one with micrograin 

had better wear resistance. The diamond coating clearly improved tool life, but Prater also 

mentions that the coating is expensive as is applying it, because custom-part diamond 

coating needs custom fabrication. [Prater. 2013] 

 

In another research hardfacing processes were applied to improve the tool life of nickel 

superalloy Inconel 738 tool in FSW of AISI 304 steel. The tool was coated with a 

refractory composite coating that consisted of two parts: 40% of self-fluxing (SF) powder 

NiCrFeBSiC that provided toughness and strength, and 60% of ceramic reinforcement 

powders. Among the tested carbide powders as reinforcement were tungsten carbide (WC), 

chromium carbide (CrC), boron carbide (B4C), titanium carbide (TiC) and boron nitride 

(B4N). Two hardfacing methods were applied, but atmospheric plasma spraying (APS) 

provided poor mechanical bonding and the coating layer got delaminated from the tool 

during the plunging stage. However, plasma transferred arc hardfacing (PTA) was 

successful. The thickness of coating layer was relatively high 500 ± 15 microns. The 

composite layer SF + 60% B4N was superior to other composites with best impact and 

wear resistance and overall the composite was reported to have high structural stability, 

hardness, fracture toughness and oxidation resistance. [Lakshminarayanan. 2014] 

 

3.3 Selection of materials for testing 

Based on the literature survey there are three kinds of materials groups that could provide a 

better material than Nimonic 105: the conventional powder metallurgy origin nickel-base 

superalloys, tungsten-rhenium and possibly its composite with PCBN, and the new kind of 

nickel- and cobalt-base superalloys. All of them have good high-temperature strengths, but 

the ductility is the key factor in final selection. The conventional powder metallurgy 

superalloys are promising, because they have been on market for long time and they can be 

expected to be available also in the future. Tungsten-rhenium alloy was proved to be 

sufficient for the application already in the original selection process. It was rejected due to 

high price, and it is still expensive, but material properties are good enough. The W-Re–
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PCBN composite is a slightly cheaper option. PCBN increases wear resistance, but might 

not be necessary and its decreases impact toughness. New Ni- and Co-based superalloys 

are not yet commercial and therefore their availability in future is yet unclear. There are 

still many aspects that need to be studied before it can be confirmed that they are sufficient 

for FSW applications. The selected material groups are presented in table 2. 

 
Table 2. The selected material groups. 

Material group Advantage in 

comparison to 

Nimonic 105 

Disadvantages Availability 

Conventional 

powder 

metallurgy origin 

wrought nickel 

superalloys 

Better strength at 

elevated 

temperatures. 

 

Mostly lower 

ductility, but some 

alloys, such as 

Astroloy has almost 

as good tensile 

elongation. 

Fracture rate in 

some powder 

metallurgy alloys is 

unacceptable 

Commercially 

available, but 

usually only in large 

batches 

Tungsten-

Rhenium alloys 

and its composite 

with PCBN 

Excellent strength at 

elevated 

temperature 

Fracture toughness 

might not be good 

enough for reliable 

performance.  

 

High price. 

Materials are 

commercially 

available and there 

are companies 

manufacturing 

customized tools for 

FSW applications 

Ni-Al-V 

[Mochizuki. 2013] 

Better strength at 

elevated 

temperatures. 

There is no data on 

ductility. 

Research material, 

not commercially 

available.  

Co-Al-W 

[Sato. 2006]  

[Ishida.2008] 

[Sugimoto. 2013] 

Higher strength 

above 800 °C. 

The strength under 

800 °C is lower than 

strength of Nimonic 

105 . 

 

There is no data on 

ductility. 

Research material, 

not commercially 

available. 

Co-Ni 

[Makineni. 2014] 

[Makineni. 2015] 

[Knop. 2014] 

Better strength at 

elevated 

temperatures. 

There is no data on 

ductility. 

Research material, 

not commercially 

available. 

Ni-Ir 

[Nakazawa. 2015] 

[Nakazawa. 2016] 

Better strength at 

elevated 

temperatures. 

There is no data on 

ductility. 

 

Iridium is very 

expensive. 

Research material, 

not commercially 

available. 

 

Carbides and ceramics aren’t suitable for this application because of poor fracture 

resistance. They have been used successfully in FSW of steels, but in those applications the 
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tools have been short and smooth, and the main requirement has been wear resistance. 

However, in this application the long tool with complex geometry experiences impacts 

which means need for high toughness. Among carbides the best option could be WC with 

Ni binder, which already was best grade in previous material development process, and 

with improved sintering process the grain size could be smaller and the tool tougher. 

However, the fracture toughness would still probably be too low.  

 

The report from original material selection process mentions that evaluation of powder 

metallurgy alloys was stopped after a fracture in IN100 alloy, which had brittle carbide 

film typical for components produced by HIP. However, the fracture rate of powder 

metallurgy superalloys varies between the alloys and there has been development to slow it 

down in newer alloys, and therefore they should be reconsidered. Figure 47 shows the 

potential of powder metallurgy alloys, of which Astroloy is a potential option. The figure 

shows mechanical properties of reference material Nimonic 105, earlier candidate Nimonic 

115 and Astroloy. Nimonic 115 was one of the materials considered by SKB as an option 

for Nimonic 105. As can be seen, it has better strength properties, but on the other hand its 

tensile elongation is lower and drops at 750 °C. One tool to evaluate combination of 

strengths and elongation is strain energy per unit volume, and this shows that toughness of 

Nimonic 115 drops under Nimonic 105 at 800 °C. Astroloy is very similar yet with slightly 

better properties than Udimet 700, that was previously considered by SKB, but is outdated 

and not available. Astroloy has clearly better strength than Nimonic 105 and even though 

elongation isn’t quite as good, the strain energy per unit volume of Astroloy is clearly 

better above 800 °C. Conventional nickel superalloys are commercial materials, but 

available only in large batches and it might be difficult to acquire them for material testing. 

 

W-Re and their composites with PCBN commercial materials are best available. There 

already are companies providing FSW tools made of these materials. These tools are 

designed for FSW of steels and tool geometries are quite simple. More complex geometries 

should be possible, but it might affect the price of tools, that anyway are relatively 

expensive. 

 

The newly developed Ni- and Co-based intermetallic alloys that are still under research 

and not commercially available, show great promise when considering the high-

temperature strength, but there is not yet data of other mechanical properties. The 

suitability for FSW of some of those alloys has been tested, but even in those researches 

the focus has been on wear resistance. However, in this application the ductility of tool 

material is essential. Usually the tensile elongation of cast Ni-alloys is around 10%, which 

isn’t enough in comparison to conventional wrought superalloys. Therefore, these new 

alloys should be wrought and after that the ductility and thermal stability tested. 

Intermetallic Ni-Al-V, Ni-Ir, Co-Al-W and Co-Ni all are potential tool materials for this 

application, but more information about their ductility is needed. 
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Figure 47. Temperature dependency of mechanical properties of Nimonic 105, Nimonic 115 and 

Astroloy.  

 

As for coating, there is no need to select coating before the new better tool material has 

been found and selected. It depends on base material, what kind of coating material suits it 

best and bonds well mechanically. After such coating materials have been found, then the 

suitability of hardness, toughness, wear resistance and friction coefficient in FSW of 

copper must be tested. If new tool material is nickel superalloy, it’s reasonable to start with 

existing CrN coating material, but other nitride coatings should also be considered. There 

are harder materials, but they could also be more brittle and as with base material, the 

toughness is also an important material property. Hardfacing could be an option to increase 

toughness of coating layer, as was done in FSW of steel with Inconel 738 

[Lakshminarayanan. 2014]. However, in hardfacing the coating layer is much thicker than 

in current application, where thickness of CrN layer is approximately 5 μm.  
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4 Analysis of existing probe 

To better understand the features and properties of existing probe design, two SKBs probes 

were obtained and supplied to Aalto by Posiva, for experimental observation. One probe 

was new and coated (identification marking MT 174) and another one used (MT 218). 

SKB didn’t specify the welding history of the used probe. Assumedly both probes have 

normal heat treatments recommend by Special Metals that delivered Nimonic 105, but this 

is also yet unconfirmed by SKB. 

 

Both probes were first observed optically. The interest was on possible fracture points and 

on copper remains of the used probe. After that the probes were sliced. Special interest was 

on comparing the microstructures of used and new probe, and observing the wearing of the 

CrN coating. 

 

The results of microstructural analysis were also compared with the report by Westman 

[Andersson. 2002], who compared used and new FSW probes for SKB in 2002. That 

report analyzed Nimonic 90 and Nimonic 105 probes, but the heat treatment for those 

probes was the experimental one TWI used originally and not the one currently used by 

SKB and also no coating was then used. As expected the heat load weld cycle doesn’t 

affect the microstructure of probes and also the minimal wear and deformation at the 

surface happens as Westman describes. However, this analysis observed behavior of 

coating layer that wasn’t reported earlier. 

 

4.1 Optical observation of the surfaces and sample preparation 

The clean surface of used probe seemed flawless expect for one spot. There were some 

wearing marks that were suspected to be a fracture located at the MX feature. In figure 48 

the possible flaw, a darker wearing area, is located behind the third MX feature from the 

shoulder. Figure 49 shows that there are hints of thin fracture line. For comparison, figure 

50 shows the clean surface of same area in new coated probe.  

  

 
Figure 48. Possible flaw located behind the MX feature in used probe. 
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Figure 49. Closer look at the suspected flaw on used probe. 

  

 
Figure 50. Clean new coated probe and a close-up of the MX feature. 
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Another interesting feature of the used probe is the copper that is attached to it. Observing 

it helps to visualize the copper flow during welding. As can be seen in figure 51, there are 

stripes in copper. They show that near the tip of the probe the material wasn’t only flowing 

towards the tip, but was partly pushed out of the flutes in thin layers. There is actually a 

thin layer of copper squeezed against the leading edge of the flute and the rest of the 

copper flows against that.  

 

 
Figure 51. The copper attached on the surface of used probe. 

 

The probes were sliced to approximately 10 mm long pieces as shown in figure 52. The 

suspected fracture area was approached perpendicularly by slicing the ring to half in order 

to investigate the fracture depth. All ring slices were polished and observed from the 

shoulders side and the fracture from the trailing edges side, in figure 5 it means from the 

left side.   

 

 
Figure 52. The slicing lines. 

 

The suspected fracture area was carefully approached and as no fracture was found, a small 

layer of material was grinded off. This was repeated dozens of times, but no fracture was 

found. It is possible that the fracture was small enough to vanish during sample 

preparation. Another possibility is that it was indeed only small surface fracture in coating 

layer. Either way it is positive observation that no clear fracture was found in a probe that 

was assumable used only for one weld cycle. 

 

In all samples the thin CrN coating is shattered or at some points totally removed. This has 

clearly happened during the sample preparation as there are holes in plastic that the 
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samples were attached to. This was expected as CrN is hard but brittle. However, the 

damages don’t affect the analysis. 

 

4.2 Microstructure 

The chemical composition of Nimonic 105, as reported by Special Metals, is presented in 

table 3. The alloys structure is austenite and there are γ' precipitates. According to 

Westman the particles present in Nimonic 105 are Ti(C, N), large primary carbides (Ti, 

Mo)6C and Cr-rich grain boundary carbides of type M23C6 [Andersson. 2002]. These same 

carbides were found in both probes and are presented in figure 53. 

 
Table 3. Chemical composition of Nimonic 105. 

 
 

 
Figure 53. The carbides of Nimonic 105 in new probe. The colors indicate the elements: red N, light 

blue Ti, dark blue Mo, green C and purple Cr. The bigger carbide on top is (Ti, Mo)6C, the darker 

carbide near bottom is Ti(C, N) and on grain boundaries there are Cr-rich type M23C6 carbides. 

 

The only difference in microstructure between new and used probe is a thin, approximately 

10 μm thick deformation zone under the coating layer of used probe, where the grain size 

is clearly smaller than in other parts of the probe. The comparison of grain size near 

surface of new and used probe is presented in figure 54. The observation indicates that the 

elevated temperature during welding doesn’t affect the microstructure, but only the loads 

near the surface. The thickness of deformation zone is in line with the observation of 

Westman [Andersson. 2002]. In that previous research the probe was used for five welds 

yet the length of the welds wasn’t specified. Westman also mentions coarsening of γ' 

precipitates at the deformation zone, but similar affect wasn’t observed in this study. 

Westman mentions that the grain size ranged between 50-150 μm. This is same as in 
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observed probes, were the average grain size at several small local areas ranged between 

67- 85 μm in the new probe and 73-90 μm in used probe.  

 

 
Figure 54. On left the new and on right the used probe. Both samples are 10mm from shoulder, at the 

bottom of the flute and the flute of used probe is filled with copper. The scale is 60 μm. 

  

Another matter of interest was the coating layer. The observation of samples from different 

parts of the new probe showed that the thickness of CrN coating layer stays within 2 μm in 

all surfaces and corners and that the areas with more complex geometry have equal 

protective layer. In new probe the thickness of CrN varied between 2.5-4.5 μm. However, 

in the used probe, at the parts where the wearing of coating layer had been minimal, the 

thickness of layer varied between 4.3- 5.6 μm. This implies that there are differences in the 

thicknesses of the coating between the probes.  

 

In the used probe there were significant differences in wearing in different parts of the 

probe. In the leading edge of flutes there was almost no wearing and no fractures in coating 

layer. It seems that small layer of copper is at least partly attached to the coating layer and 

the rest of copper flows above that layer. The flutes that are all the time filled with copper, 

present minimal wearing. However, at the trailing edges of flutes and land of the probe the 

wearing is clearly seen as the coating layers are thinner and in many parts fractured or 

totally removed. More wearing was also seen near shoulder, as was expected as the 

velocities of material flow are bigger as probes diameter is bigger. Near the tip of the probe 

the CrN layer is less fractured, expect at the trailing edge were the copper under high 

pressure has cut through the layer, as seen in right frame of figure 55 that presents the 

details of coating layer. 

   

 
Figure 55. Details of CrN layer on used probe. On left, a constant layer at the leading edge of the flute, 

40 mm from shoulder. In the middle, a fractured layer at the trailing edge, 10 mm from shoulder. On 

the right the copper is seen to cut into Nimonic at the trailing edge of the flute, 40 mm from shoulder. 

 

Figure 56 provides a closer look at the details around the coating layer. In areas where 

there is fracture in coating layer, the copper pushes under it shearing the Nimonic and 
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accelerating the removal of coating layer. The Nimonic breaks in small fragments, as 

described by Westman [Andersson. 2002]. The porous layer between the CrN and copper 

is mixture of copper and fragments of Nimonic that must have broken off from sharp 

features probe closer to shoulder and then have started to flow against the coating layer. 

The CrN layer seems to have two layers, but actually the lighter part of CrN against 

Nimonic contains phosphorous, that must have absorbed from Cu-OFP. The phosphorous 

doesn’t affect the properties of CrN. Under the CrN layer there is a inconstant layer of 

small black dots in Nimonic. These appear to be Al2O3, which is known to form on surface 

of nickel superalloys in high temperatures. However, there is no sign of it in new probe, 

which means that it is formed either during welding, which shouldn’t be possible if inert 

gas is used, or after the welding while the tool is cooling. Al2O3 is brittle and it binds 

aluminium from Nimonic, which reduces the amount of γ' precipitates and decreases the 

creep rupture strength of the nickel superalloy. However, this brittle zone under coating 

layer is very thin and does no harm unless the probe is used for another weld. Westman 

reported observing copper oxide and also rather continuous white layer on the surface of 

the probe [Andersson. 2002]. Westman didn’t specify the composition of that layer, but 

Al2O3 is probable as it is white. Comparison to this newer used probe proves that using 

inert gas during the welding protects the surface of probe along with coating layer.  

 

 
Figure 56. Closer look at the bottom of the flute of used probe, 10 mm from shoulder. 

 

4.3 Analysis 

As expected the elevated temperature during the welding doesn’t affect the microstructure 

of Nimonic 105, as the welding cycle of 45 minutes is very short time compared to heat 

treatment that takes combined 36 hours at 850 °C and higher temperatures. The mechanical 

loads of welding process create only a relatively thin, approximately 10 μm thick 

deformation zone. Overall Nimonic 105 is very ductile material and only wears off in 

small fragments. 
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The thickness of CrN layer is within 2 μm in all surfaces of the probe. However, the 

average thicknesses of new and old probe were different. Either SKB has tested different 

thicknesses or the manufacturing isn’t exactly precise on the matter. 

 

Most wearing of coating occurs on land and trailing edge of the flute that experience 

varying, impact-like flow. The flow at the leading edge of the flute is more uniform and 

there seems to be small layer of copper attached to coating layer, protecting it from 

wearing. 

 

Phosphorous is absorbed from copper into the bottom of the CrN layer, but apparently this 

fact doesn’t affect the properties and performance of the coating layer. 

 

Al2O3 is formed under the CrN layer either during welding or after it during cooling. The 

thin layer is brittle and it also decreases the strength of surrounding Nimonic by binding 

aluminium. It doesn’t matter as the probe is only used once, but if there is plans to use 

probe again, then it would be recommendable to make sure oxygen isn’t present as tools is 

exposed to elevated temperatures. This fact may be a good reason to avoid the reutilization 

of the tool in multiple weld cycles. 
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5 Plan for experimental analysis of suitable probe 
materials 

The original material selection process by TWI was done by manufacturing real size tools 

and comparing their performance. However, in this project that approach is not possible as 

Posiva doesn’t yet has FSW machine. Therefore, alternative approaches had to be 

implemented to compare new material options. It is also beneficial to have several 

experimental tests that measure different properties of alloys. That way it is easier to 

compare two alloys that may perform similarly in one of the tests. Also with alternative 

methods smaller amount of material is needed, when tests are chosen well. 

 

5.1 Approach and methods 

The main challenge for material testing is that acquiring reasonable amount of each alloy is 

difficult. The newly developed materials can usually only be get as small size samples. 

Therefore, the tests should also be planned for as small test specimens as possible. For 

example, one of the new alloys is only available in rods with maximum length of 45 mm 

and diameter of 8.5 mm, which rules out standard tensile tests that require 200 mm long 

specimens. Therefore, it’s important to plan the test carefully and estimate what properties 

are most essential for this application. 

 

For commercial nickel superalloys the tensile and rupture strengths are provided by 

manufacturer. For newly developed Ni- and Co-alloys there is also some info on tensile 

strengths available. The creep strengths are not very important for this application, even 

though SKBs reports focus on it on many occasions. Most interesting properties for this 

application are ductility, impact toughness and to some extend fatigue strength. However, 

making fatigue test requires very big test specimens, which isn’t reasonable as it would be 

cheaper to simply perform test with full size tools for 50 mm thick copper.  

 

In this project there was no equipment available to perform full size welds. Doing only a 

few welds might not give enough data for comparison, and therefore it’s reasonable to 

perform several tests that focus on different material properties. In order to keep test 

budget in limits a non-standard testing method had to be created. A small size FSW test is 

a combined fatigue and toughness test. Additionally, temperature dependency of ductility 

and fracture toughness can be studied with Split-Hopkinson pressure bar test and with 

subsize Charpy impact test, but either equipment is not available in Aalto University 

facilities. Additionally hardness’s can be measured, fracture surface observed via optical 

microscopy and microstructure studied with SEM and EBSD. 

 

5.2 Fatigue FSW test 

The objective of testing is to evaluate the life of a small size probe under damage 

accumulation due to combined thermal and mechanical fatigue in similar conditions to real 

application. The endurance of candidate alloys will be compared to the endurance of 

reference alloy Nimonic 105.  

 

The tests are performed with the SW machine located at at Aalto Universitys Engineering 

Materials facility. For using the probes the whole tool had to be made to to clamped the 

FSW machine. The tool is presented in figure 57. The shaft, made of H13 steel, was 

designed to be similar with other shafts used with the machine and therefore it has hole for 
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cooling liquid. The shoulder is made of Densimet D76, which same material as in existing 

shoulder. For quick extraction of probe the shoulder is clamped with only three bolts. 

Between the shaft and the shoulder there is a middle peace that blocks the flow of cooling 

liquid. That way the cooling liquid doesn’t have to be drained everytime a probe is 

changed. For good heat conduction the middle peace is made of copper. 

 

 
Figure 57. The tool for the experimental fatigue test. 

 

It was not possible to scale down the 50 mm probe to 10 mm or less in detail, so instead a 

simplified test probe was created. The diameter of probes shaft is 7 mm and probe head is 

10 mm long. The test probe has conical profile with three flats and a semi-circular notch at 

the top to act as preferential fracture zone. The loading condition will be combined effect 

of torsion, alternative bending and axial compression with thermal field similar to the one 

in real application. Additionally, due to the three flats the loads will be alternative with 

impact. The combination of loads and thermal field in this fatigue test do not follow any 

existing standard but simulate the unique and complex domain of application. A version of 

the test tool is presented in figure 58. The shoulders diameter is 20 mm. 

 

 
Figure 58. 10 mm long version of conical test probe with 3 flats and a notch to act as fracture zone. 

 

The final length of the test probe and cutting depth of the notch will be decided after 

testing with different probes made out of Nimonic 105. The test probe can’t be allowed to 

break too soon, because then the test won’t provide comparable data, or have too long life, 

because then the consumption of expensive material and machine time is not feasible. 

After finding prober diameter, correct welding parameters and proper amount of test 
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probes for each test cycle will also be determined. In first test trials the travel speed was 

same as in existing application, 80 mm/min, but rotation speed was twice as big, 800 rpm, 

in order to get larger loads, because the diameter of the probe is relatively small. In first 

trials the probes either broke in plunge or survived 1.0 m long welds without any sign of 

fracture. More tests are needed to find sufficient parameters and test probe design. 

 

There are three different test cycles to test: 

1. Plunge. The plunging sequence is the most probable moment for the real size tool to 

brake, therefore the simplest test cycle is to plunge the tool repeatedly to copper; 

2. Plunge and acceleration. Including acceleration to plunge is interesting, because the 

ductility of different alloys varies notably in both lower and higher temperatures and 

this is another expected breaking moment; 

3. Plunge, acceleration and travel. Third cycle includes also travel sequence and it 

determines the endurance at operational temperature. The rough test setup might make 

it difficult to keep the one defined temperature during the whole weld, but as long as 

the temperature is within the operational temperature range, and the cycle is same for 

all alloys, it provides useful data for comparison. 

 

The materials will be compared by simply observing how well and how long each test 

material survives in each weld cycle. Additionally, the wear rate, deformation and fracture 

mechanics will be evaluated and compared. These will be a part of metallurgical analysis. 

 

The temperatures and coppers resistance are same as in real application. However, there 

are some aspects that differ from real application and must be noticed when comparing the 

tested materials. The welding control isn’t as accurate so there is some variation in loads 

and temperatures. Neither shielding gas is used so oxide particles are involved in welds. 

Also the tested materials are not coated and therefore each material might have different 

friction coefficient with copper and therefore also heat generation might be different. 

 

5.3 Testing of other mechanical properties 

To support the results of FSW fatigue test, it would be useful to know temperature 

dependency of ductility and fracture toughness. The ductility of superalloys alone varies 

significantly: some alloys have weak tensile elongation at room temperature and for some 

material the elongation drops quickly between 800-900 °C. Therefore, it would be useful to 

have measurements at several temperatures, for example at room temperature 500 °C and 

espesially at operational temperature and its limits: 800 °C, 845 °C and 900 °C 

 

Split-Hopkinson pressure bar test is used for testing the stress-strain response of materials. 

Also tests at elevated temperatures should be possible. A subsize Charpy impact test could 

be used for testing fracture toughness of materials. However, it would be difficult to have 

the made accurately in elevated temperatures and the small size of samples increases the 

inaccuracy of results. The samples wouldn’t have to be standard sizes for neither test, 

because they are meant for comparison of test materials. 

 

5.4 Metallurgical analysis 

Metallurgical analysis will consist of observing both the new and used test probe of each 

alloy with SEM and EBSD. The new probes that are heat treated and ready to be used for 
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testing. In these probes the interest in evaluating possible carbides and grain size that may 

indicate tendency for fracture. In used it’s necessary to estimate the changes caused the 

welding: both deformation zone and some possible changes caused by heat load. 

Hardness’s should also be measured in both probes. 

 

If the fracture zone is not severely damaged after FSW test, it should be observed at least 

optically in order to estimate the fracture start and propagation Also, the hardness is 

measured and the microstructure observed with optical microscopes and SEM to compare 

changes in microstructure during the thermal mechanical cycles. 

 

Additionally, when a new material is chosen and coating materials are tested, the coating 

should be observed in same manners as in the analysis of the existing probe. The used 

probe should be sliced and the area around tool surface observed to evaluate mechanical 

bonding of coating layer, the wearing of coating and possible unexpected chemical 

reactions that might be harmful for mechanical endurance. 

 

5.5 Conclusion of results 

The primary selection between the alloys will be done according the performance in small 

size FSW test. However, if two or more materials act relatively similarly in FSW test, then 

additional data is needed to make the selection. Split Hopkinson bar test, or alternatively a 

subsize Charpy impact test, helps to estimate materials toughness in different temperatures. 

A material with least risk to break in plunging stage will be selected. If no clear difference 

still exists, the one that best maintains strength and toughness above 850 °C will be 

selected. Additionally, metallurgical data may indicate differences in fracture and wear 

mechanisms. 

 

If one material doesn’t clearly stand to, then it is necessary estimate the combined 

performance of tool material and coating. After all, the final tool will be coated and 

therefore the combined effect is what matters. However, if no clear coating material has yet 

been selected, then more combinations of tool material and coating material would have to 

be tested. This is expensive and undesirable and therefore the approach is to first try to find 

base material for probe. 

 

In the analysis of results, the testing conditions must be taken in to account. The testing 

environment is different from the actual welding setup. Especially the results of FSW test 

with small size probes must be evaluated with thought, because the controlling of process 

parameters isn’t as accurate as in real application. Additionally, inert gas is not used in the 

test and oxygen may react with alloying elements of some test materials and make them 

relatively weaker than they would in the conditions of real application. 
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6 Development of the design concept for the probe 

A massive amount of work has been done by TWI and SKB for the development of the 

current tool design. The done work is relatively well documented. The work reports give 

good guidelines to continue the development. In this chapter the ineffective features of the 

current design are indentified. Then new feature options are presented and analysed. 

Finally four new concepts are presented. 

 

6.1 Evaluation of the features of the existing probe design 

The existing tool produces sufficient and acceptable welds, but it still has some problems, 

especially related to poor mixing of copper at the tip of the probe, as shown in figure 59. 

This is due to reduced forging effect in the tip of the probe, which is caused by decreasing 

axial vertical feed rate. This might also be the reason, why there is copper attached to tip of 

the probe on retraction. Additionally, Posiva has reported concerns, that the narrow tip of 

the probe may undergo mislocation in relation to the joint line. 

 

 
Figure 59. Macroscopic picture of the 50 mm thick Cu-OFP FSW weld [Savolainen. 2012]. In the 

picture the areas of bad mixture are marked and linked to the change of helix angle of the flutes of the 

probe. 

 

Overall the design of the existing probe is good and all steps made in development seem 

justified. Therefore, the new concepts should build on the existing design; there is no need 

to create anything completely new. The root diameter and length of the probe body should 

remain same. Also the MX features and the start of the three flutes near interact with the 

shoulder relatively well. Nevertheless, the MX features act as starting points for fracture, 

but their role is important for correct balance of the material flow consolidating the weld 

joint near the shoulder with an extra forging effect. An alternative for these features, 

reducing the cracking susceptibility should be considered. 

 

The new solution will focus mainly on improving the forging effect and mixture of copper 

by the tip of the probe. In existing design, the helix angle of the flute is 41° next to 

shoulder, but steadily increases to 76. The target is to keep initial helix angle 

approximately constant along the probe length. This might mean that some changes to the 

tool body must also be made near the tip. However, even though the new design aims to 
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improve the copper flow, another important target is to improve or at least maintain the 

strength of the probe. 

 

6.2 Development of the new design features 

The first step in changing design is to make the helix angle of the flutes constant. This 

decreases the pitch as the diameter decreases near the tip of the probe. The result is 

overlapping of the flutes. The support at the leading edge of the flutes is notably smaller 

and the edge sharper, which might result in more wear and increase the risk of fracture. 

The re-entrant flutes also create a leading edge that has much bigger angle than the leading 

edge of existing probe, which is almost parallel with axis. Figure 60 shows the 3D models 

and longitudinal section cuts of existing constant pitch design and a constant angle design.  

 

 

 

 

 

 

 

 
Figure 60. On the left the existing design with cut section and on the right the version of same probe 

body with constant helix angle. 

 

The change from constant pitch to constant helix angle flutes cuts off more material out of 

the probe, and the static volume decreases by 2.5 %. This reduces the strength of the probe, 

but also flow resistance. Additionally, this improves the ratio of dynamic and static 

volume, which means better stirring effect but on the other hand also fatigue and impact 

loads are increased. In this design the loads are more axial, which is beneficial and 

partially increases strength. 

 

The constant helix angle should improve flow path and therefore also forging effect and 

improve heat generation at the tip of the probe. As can be seen the change to constant helix 

angle has its own problems, because in this design the probe less space for flutes and the 

trailing edge blocks partly the material flow. There are two approaches to improve the 

design: finding a slightly changing helix angle that causes no overlapping of the flutes, and 

increasing probe volume. The helix angle of the flutes and the probe body are connected 

and therefore also a combination of both is possible.  

 

The overlapping is the result of having longer and denser flutes. The flute profile must be 

changed and easiest approach is to use less dense pitch. Another approach is reducing 

cutting depth, but it is problematic because then the angle at the leading edge would be 

different and the flutes wouldn’t be as effective in guiding material towards the tip. This 

issue could be solved by using a smaller cutting radius, but it might increase the risk of 

fracture. In both cases the flutes would have less material moving in them. 

 

The reason to increase static volume is to have more space for the flutes and to increase 

strength. The methods to increase volume are limited, because the length and root diameter 

of the probe can’t be changed. The diameter at the tip of the probe shouldn’t be much 

smaller because of the risk of mislocation. The options are conical body with smaller 
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angle, which means wider tip, or slightly curved body, in which the diameter at the tip 

wouldn’t have to be changed. 

 

Increasing static volume decreases ratio of dynamic and static volume. This decreases 

stirring effect, but also fatigue and impact loads. On the other hand, flow resistance 

increases. Wider diameter increases loads, but also flow velocity in the flutes, which 

improves heat generation. Also the surface area is increased, which additionally improves 

heat generation as there is more contact area but as downside the dragging loads are 

increased. 

 

An additional option to affect the combined effect of tool body and flutes is to modify the 

head of the probe. Having a partly rounded head would give space for flutes and might 

ease the material flow. However, the narrower head increases the risk of mislocation in 

relation to the joint line. Also, changes in the head of the probe also affect the joint line 

hooking. Easiest option is to not make any changes to the head, unless the testing proves 

that the material flow out of the flutes isn’t sufficient enough. Figure 61 presents one 

design in which partly rounded head is combined with relatively massive curved body, 

which has 14% increase in static volume in comparison with existing probe. 

 

 

 

 

 

 

 

 

 
Figure 61.  

 

MX features are problematic as they add increase risk of fracture. The current MX features 

are necessary and it would be easiest to first try same features also on new designs. 

However, modified MX features could be considered if testing does prove that more 

mixing of material flow is needed. The risk of fracture would be smaller if the cutting 

radius was bigger and cutting depth smaller. This would reduce the force that affects the 

material flow on the leading edge of the MX feature, but it would still interrupt the flow in 

the flute and therefore maintain better mixing. Another optional method to affect heat 

generation and material flow would be changing the MX features left handed after 17 mm 

from the shoulder. The left handed MX features could also be modified to have no trailing 

edge like the flutes. Example of this is presented in figure 62. The current right handed 

features are needed to improve forging effect near surface, but after 17 mm it might be 

more effective to guide copper flow towards the tip of the probe. The modification of pitch 

is also considered. 

 

 

 

 

 
Figure 62. curved probe profile with MX features that change direction after 17 mm. The left handed 

MX features have no trailing edge. 
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6.3 Establishment of designs for analysis 

Four designs were created. They are evaluated by 3 performance parameters: i) Static 

volume; ii) Dynamic to static volume ratio; iii) Contact surface area. The parameters are 

presented in table 4. In ideal design the static volume and surface contact area are 

increased only little to avoid increase of loads, but the dynamic to static volume ratio is 

bigger to provide better stirring effect. 

 
Table 4. The performance parameters of existing tool and objectives for the design development. 

Performance 

parameters 

Static volume (mm
3) 

Dynamic to static 

volume ratio 

Contact surface area 

(mm
2) 

Values 13320 1.22 3144 

Objective Small increase of 

static volume is 

preferable for 

increase of probe 

strength 

Dynamic to static 

volume should be 

increased as much 

as possible for better 

stirring effect 

Increase of contact 

area surface should 

be minimal to avoid 

increase of drag 

loads 

 

The simplest version of improved probe concept, the design A, has the original conical 

body and a slightly changing helix angle of the flute, which is 41° near the shoulder and 

54° at the tip of the probe. Its variations have slightly curved outer bodies and different 

static volumes. The variants are presented in table 5, which shows comparison of static 

volume and surface area to the ones of the existing probe. The dynamic to static volume 

ratio, that should preferably be big for better stirring effect, is bigger in smaller probes and 

in variant D the ratio is same as in existing probe. However, the static volume of variant D 

is 7% bigger than on of the existing probe, which should make it stronger, even though the 

forces are of course different so it is impossible to simply estimate how it would survive in 

welding. 

 

In all variants of this main design the helix angle of flutes was chosen to be carefully 

increasing towards the tip of the probe in order to give more space and support for the 

flutes. As the size of the variants gets bigger the thicker the land between the flutes are and 

there is more support under leading edge. In each variant there is small angle between the 

trailing edges of the flutes and the longitudinal axis of the probe, which is undesirable 

feature, but it is relatively small and more evident near shoulder, where the probe is 

stronger. 

 

According to the ideal combination of performance parameters, the design B is best. It 

presents an increase of static volume = +1.2 %; increase of dynamic to static volume ratio 

= +3.3 %; and an increase of contact surface area = +1.2 %.  

 
Table 5. Four variants of probe concept, where flutes helix angle changes from is 41° near the shoulder 

and 54° at the tip of the probe. Variant A has conical body, the others have slightly curved profile. 

Concept A B 
Static volume (mm

3
) 13020 13480 

Static volume change in 

comparison to existing tool (%) 
-2.2 +1.2 

Dynamic volume (mm
3
) 

16300 16970 
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Dynamic volume change in 

comparison to existing tool (%) 
0 +4.1 

Dynamic to static volume ratio  1.25 1.26 

Volume ratio change in 

comparison to existing tool (%) 
+2.5 +3.3 

Surface area (mm
2
) 3110 3183 

Surface area change in 

comparison to existing tool (%) 
-1.2 +1.2 

Side profile  

 

 

 

 

 

 

 

 

 

Concept C D 
Static volume (mm3) 13790 14250 

Static volume change in 

comparison to existing tool (%) 
+3.5 +7.0 

Dynamic volume (mm3) 
16940 17440 

Dynamic volume change in 

comparison to existing tool (%) 
+3.9 +7.0 

Dynamic to static volume ratio  1.23 1.22 

Volume ratio change in 

comparison to existing tool (%) 
+0.8 0 

Surface area (mm2) 3194 3263 

Surface area change in 

comparison to existing tool (%) 
+1.6 +3.8 

Side profile  

 

 

 

 

 

 

 

 

 

 

The differences between the four variants are relatively small and it would probably 

demand a large amount of probes of each design to compare them in actual welding. The 

original design development was ceased because there were so many variables of FSW 

process that it was impossible to identify details of weld quality to probe features. The 

small changes in static volumes of probes are such features. However, today the modelling 

of FSW is on such level that a good simulation of the application should be able to 

compare the variants. It might be that combination of flutes and body must be still altered 
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for better copper flow, but a proper simulation should at least indicate which more 

preferable approach is: to increase static to dynamic volume ratio or to increase static 

volume. Additionally, an accurate simulation could be used to compare small changes in 

cutting depth and cutting radius in both flutes and MX features in order to predict effects in 

material flow and probe strength.  

 

The next step of the project is to try to create a reliable simulation of application. That 

approach would be a cheap and possibly fast method to investigate multiple new designs 

and small feature changes in them. Experimental tests are needed to validate the results, 

but it would be preferable that at that stage of the project no comparison between different 

designs was needed, because producing multiple probes and making welds with them is 

expensive. Eventually a probe with final design and new material will be manufactured and 

then starts the optimization of welding process. At that point interest must be in 

minimizing defects and especially the joint line hooking might demand small change in 

tool length if material flow changes notable in comparison to the existing tool. 
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7 Summary 

 

7.1 Discussion 

The development of tool design is a time-taking and expensive project. The earlier tool 

development project by TWI took over three years, but was ceased to the lack of time and 

money. According to the report of that project the existing tool was not thought to be the 

best possible and therefore it is reasonable to assume that this newly started project can 

indeed improve the tools performance. 

 

One of the main drawbacks of the previous development project was that acquiring 

materials for testing was difficult and took a lot of time. This current project faced the 

same problem and within the six months of the project no materials have yet been acquired 

for testing, except the existing material Nimonic 105 which is the reference material in 

tests. 

 

This thesis acts as a starting guide for the newly started development project. Several 

suggestions are made for next development steps and all are based on literature reviews 

and development history of the tool. All important steps of earlier development process are 

included in this thesis to ensure that they are easy to find. That way it is fast to change 

plans of the development process and possibly take it to other direction than what is 

suggested in here, if that is found necessary.  

 

7.2 Conclusions 

Analysis of earlier probe development project: 

 All material and design possibilities weren’t explored and it was believed that 

optimal solutions for the tool were not found. 

 The selection of Nimonic 105 was well justified within the studied material groups 

available by then. 

 The most important material properties are sufficient strength and ductility at 

operational temperature range 800-900 °C. 

 In tool design the most important thing was to minimize stress concentration points 

in order to improve tool strength. MX features act as fracture initiation points, but 

are necessary for sufficient heat generation near the shoulder.  

 

An evaluation of suitable probe materials was made based on literature review: 

 The conventional powder metallurgy origin nickel superalloys should be 

reconsidered, because there are alloys with better fracture resistance than the report 

of earlier development process claims. These materials are used in turbine discs and 

there are both commercially available conventional and newly developed alloys. 

Interesting alloys include Astroloy, Rene 95, Udimet 720Li. 

 Tungsten-rhenium alloys were already found sufficient in original development 

process yet rejected due to high price. They are still expensive, and their good 

mechanical properties, especially high strength at elevated temperatures should 

envisage the application to FSW of ferrous and titanium based alloys, and not 

copper. 

 The newly developed nickel- and cobalt-base intermetallic alloys are not yet 

commercially available, but show great promise when considering the high-
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temperature strength. The suitability for FSW of some of those alloys has been 

tested, but the focus has been on wear resistance and no data on ductility has been 

found published. Ni-Al-V, Ni-Ir, Co-Al-W and Co-Ni all are potential tool 

materials for this application, but more information about their ductility is needed. 

 There are several coating materials that haven’t yet been tested for this application 

and could be that better options exist. However, the CrN coating layer already 

improves the wear resistance of existing probe and should be the first coating 

option to be tested for new probe material. 

 

Metallurgical analysis of both new and used probe of existing tool: 

 The elevated temperature during the welding doesn’t affect the microstructure of 

Nimonic 105, and mechanical loads of welding process create only a relatively thin, 

approximately 10 μm thick deformation zone.  

 The thickness of CrN layer is within 2 μm in all surfaces of the probe. The average 

thickness of new probe was 3 μm and of old probe was 5 μm. The difference might 

be a result of inaccurate manufacturing. 

 Most wearing of coating occurs on land and trailing edge of the flutes. The wearing 

is more severe near shoulder, where diameter of probe is bigger than at the tip. 

 Phosphorous absorbed from copper was found at the interface of the CrN layer with 

the Nimonic 105, but apparently this doesn’t affect the properties and performance 

of the coating layer. 

 Al2O3 is formed under the CrN layer either during welding or after it during 

cooling. The thin layer is brittle and it also decreases the strength of surrounding 

Nimonic by binding aluminium. This may be an indication to avoid the reutilization 

of the tool. 

 

A suggestion of protocol for material testing is presented 

 Testing plan was created considering the fact that most of the new advanced 

materials are only available as relatively small samples. Therefore, many standard 

materials tests are not easily applied and therefore an alternative test was created. 

 For all material there is data of tensile strengths available, typically for a relevant 

range of temperature, but scarcely on many other important properties. 

 The experimental test includes a non-standard FSW test for small size probe, which 

should be combined with metallurgical analysis. 

 The non-standard FSW test uses a small diameter probes (7 mm) and 10 mm long. 

The test probe has conical profile with three flats and a semi-circular notch at the 

top to act as preferential fracture zone. The loading condition will be combined 

effect of torsion, alternative bending and axial compression with thermal field 

similar to the one in real application. Due to the three flats the loads will be 

alternative with impact. 

 If one base material is not distinctly optimum on all the requirements, then a 

combination of probe material and coating must be tested in order to select the base 

material. Then, the mechanical bonding between probe material and coating 

material must also be tested. 

 

Development of new probe design: 

 Main target in new design is to improve material flow and forging effect at the tip 

of the probe. 
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 The new design aims to maintain all positive features of existing probe design 

which are present near shoulder. 

 In new solution the helix angle of flute change from 41° near the shoulder and 54° 

at the tip of the probe. 

 Four variants for the new design of the probe are suggested and evaluated based on 

3 performance parameters: i) Static volume; ii) Dynamic to static volume ratio; iii) 

Contact surface area. The best design presents an increase of static volume = +1.2 

%; increase of dynamic to static volume ratio = +3.3 %; and an increase of contact 

surface area = +1.2 %. 

 

7.3 Future work 

The next steps in the probe development are the following 

 Once a new material is acquired, it will be tested according the presented protocol.  

 After a sufficient amount of materials have been tested, the results will be 

compared. If one material doesn’t stand out; the new tests will be done with coating 

material in order to compare their combined effect.  

 Design optimization will be done with computational fluid dynamics simulations. 

 Final design optimization will be done by making actual real size welds and 

observing both probe and quality of weld. 

 Once tool is selected, the process parameters must be optimized. 

 

There are also a few process related suggestions that could improve performance of probe. 

 The probe and copper should be pre-heated before starting the weld in order to 

minimize the risk of tool fracture during plunging. The impact forces are highest at 

plunging and most of tool fractures happen at that that stage. The ductility of 

nickel- and cobalt base alloys increases at elevated temperatures in comparison to 

room temperature. Pre-heating should increase the probe materials capability to 

survive the impacts in plunging. 

 If there is a decision to use probe more than once, then it should be ensured that 

oxygen isn’t present in welding and cooling. Then there shouldn’t be any formation 

of Al2O3 which could decrease the strength of mechanical bong between probe 

material and coating.  
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