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Summary 

This thesis was commissioned by the Belgian Welding Institute (BWI) to investigate and 

characterize the wear of tools used for friction stir welding of steel. 

This thesis starts with a literature review that describes the welding process and explains the 

various mechanisms associated with this process. Friction stir welding has already been 

extensively used for welding of aluminium. Because of the many advantages it is desired to use 

this process also for welding of steel. However, tools for friction stir welding of steel are highly 

subjected to wear which limits the service life. Different possible tool materials are investigated. 

The advantages and disadvantages of the different materials are discussed. 

Subsequently an experimental setup was developed to test the different candidate tool materials 

on their performance. Thereby friction stir welding was simulated as good as possible on the 

friction welding machine of the Belgian Welding Institute.  

In the last chapter, the results of the experiments are discussed. The selected tungsten carbide 

materials with different cobalt additions were tested, as well as a tungsten carbide with nickel, 

cobalt and titanium carbide additions. 
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Samenvatting 

Dit proefschrift werd uitgevoerd in opdracht van het Belgisch instituut voor Lastechniek (BIL) 

voor het onderzoeken en karakteriseren van de slijtage van gereedschappen voor het 

wrijvingsroerlassen van staal. 

Het proefschrift start met een literatuurstudie die het lasproces beschrijft en de verschillende 

mechanismen uitlegt die gepaard gaan met dit proces. Wrijvingsroerlassen wordt al veelvuldig 

gebruikt voor het lassen van aluminium. Door de vele voordelen wenst men dit proces ook te 

gebruiken bij het lassen van staal. Gereedschappen voor het wrijvingsroerlassen van staal zijn 

echter sterk onderhevig aan slijtage waardoor maar een beperkte levensduur haalbaar is. 

Verschillende mogelijke tool materialen zijn onderzocht en de voor- en nadelen worden 

besproken. 

Vervolgens werd een experimentele opstelling ontwikkeld die toelaat de performantie van de 

kandidaat tool materialen te testen. Hierbij werd zo goed als mogelijk het wrijvingsroerlassen 

gesimuleerd op de wrijvingslasmachine van het Belgisch lasinstituut. 

In het laatste hoofdstuk worden de resultaten van de experimenten besproken. De geselecteerde 

wolfraamcarbide materialen met verschillende toevoegingen van kobalt zijn getest, alsook een 

wolfraamcarbide tool met nikkel, kobalt en titaniumcarbide toevoegingen.  

Trefwoorden 

Wrijvingsroerlassen, slijtage, wolfraam gebaseerde gereedschappen 
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Abstract: During friction stir welding of steel, the tool is exposed 

to severe conditions. Therefore, investigations on the feasibility of 

new tool materials is required. This article focusses on tungsten 

carbide tools with different amounts of cobalt added. To evaluate 

their performance, a test setup and a testing procedure that allow 

simulation of  the friction stir welding process have been developed. 

The performance of the tools is determined by examining the tool 

shape after every test. From this investigation can be concluded 

that a certain amount of compressive strength, fracture toughness 

and hardness is required for the tungsten carbide-cobalt tools for 

FSW of steel. 

Keywords: FSW, tool material, steel plates 

I. INTRODUCTION 

Friction stir welding (FSW) is a solid state joining process, 

implemented in industrial applications to weld materials with 

low melting temperatures such as aluminium and magnesium 

alloys. However, developments in friction stir welding of steel 

have progressed more slowly due to the higher temperatures 

reached and therefore the limited durability of the welding 

tools. 

Previous research has shown that it is possible to weld mild 

steel and other low to medium carbon ferrous alloys. Even 

high carbon steels and stainless steels can be welded 

successfully with a tungsten-based tool material.  

The aim of this thesis is to evaluate the feasibility of 

materials for the production of tools for friction stir welding 

of stainless steels. For this purpose, a tool testing procedure 

and an appropriate test setup to simulate the FSW process 

were developed. 

II. FSW: PROCESS DESCRIPTION 

During FSW, the formation of the weld is performed in 

three stages. 

In the plunge stage, the rotating tool pin is forged into the 

joint region with a constant axial velocity. During the dwell 

stage, the tool rotates without moving along the joint line. In 

the final welding stage, the weld is formed by a translational 

movement of the rotating tool.   

 

 
Figure 1: Illustration of the FSW process 

III. TOOL REQUIREMENTS 

The tools have to withstand severe conditions during FSW 

of steel. The heat generated during this process causes high 

temperatures in the contact zone and also high temperature 

gradients. According to literature, the work material 

temperature can possibly be increased to about 73% of its 

melting temperature.  

To avoid failure during the initial plunging, a sufficient 

fracture toughness is required. As the working temperature is 

very high, it is important that the hardness and strength of the 

tool remain high enough to avoid tool deformation and wear. 

It is favourable that the tool is chemically inert with respect to 

ferrous materials and that it has sufficient corrosion resistance. 

A smooth weld surface is obtained with a low coefficient of 

friction between tool material and workpiece. 

IV. CANDIDATE TOOL MATERIALS 

Literature describes different candidate tool materials for 

FSW of steel. They can be divided in 4 main classes; tungsten 

carbide with different binders, tungsten rhenium, pcBN and 

ultrahigh temperature ceramics.  

During the tests, the focus is put on tungsten carbide tools, 

with different amounts of cobalt added (boelherit from the 

brand Boelherit and TSF22, TSM33, CTF12A from Ceratizit) 

and on one cermet tool made of tungsten carbide with cobalt, 

nickel and titanium carbide additions from Ceratizit. The main 

disadvantages of these materials are softening and oxidation at 

temperatures above 600°C. These materials were however 

chosen because of their low cost, availability and intermediate 

properties in comparison with the other candidate materials. 

Table 1: Properties of the candidate tool materials 

 
Additive(s) 

[wt%] 

Hardness 

[HV] 

Fracture toughness 

[MPa.m
1/2

] 

Boelherit 12Co 1725 10.2 

TSF 22 8.2Co 1930 7.5 

TSM 33 10Co 1590 9.4 

CTF 12A 6Co 1630 10.2 

Cermet 12TiC6Co6Ni 1377 - 

V. DEVELOPMENT OF THE EXPERIMENTAL SETUP 

The friction welding machine of the Belgian Welding 

Institute (BWI) in Ghent was used to develop a test setup that 

allows to examine the performance of candidate tool materials 

for FSW of steel (Figure 2). 



 

 

Figure 2: Friction welding machine – complete setup 

 

 The focus is mainly put on the simulation of the tool pin 

deformation during the welding stage in FSW. The axial force 

on the tool is held constant during this stage, which results in 

a relatively constant torque.  

With the BWI machine however, only an axial movement is 

possible and no translational movement can be imposed. 

Applying a constant axial force could result in a complete 

penetration of the pin and the shoulder into the plate. In this 

research, controlling the torque to a constant value is preferred 

rather than a constant axial force. This also implies that the 

penetration depth will be relatively constant as it is more 

sensitive to the torque than to the axial force. 

VI. EXPERIMENTAL DATA 

A cylindrical tool with a shoulder diameter of 14.5 mm and 

with a pin diameter of 4 mm at the top and a pin height of 2 

mm is rotated with a speed of 500 rpm. This tool is pressed 

against a plate of 304L steel, with an axial force controlled by 

PI-regulation to maintain a constant torque value of 18 Nm. 

Two test series are performed; preliminary tests with a 

duration of 480 s and the final experiments with a duration of 

900 s.  

In Figure 3, an example of the registered test parameters for 

a test of 900 s is shown. The five different tool materials were 

subjected to the same conditions (torque, duration, rotational 

speed) but the behavior of the axial force and temperature was 

always different. This is the result of the change of tool shape, 

roughness… after every test and for every material. This will 

have an inevitable influence on the results obtained. 

 
Figure 3 Test parameters as a function of time:  

2nd test with the TSM 33 tool 

VII. TOOL CHARACTERIZATION PROCEDURE 

Before and after every test, a strict procedure was followed 

to examine the shape deformation and the wear of the tools: 

 Photographing with a profile projector and a binocular 

microscope. 

 Measuring the dimensions of the shoulder and the pin. 

 Roughness evaluation at the top of the pin and the shoulder. 

 For each tool material tested, one corresponding plate 

material was cross-sectioned, etched and examined 

microscopically to investigate if there is any different 

behavior between the tools and the workpiece material. 

VIII. EXPERIMENTS: RESULTS AND DISCUSSION 

A. Geometrical changes of the tools 

 The cermet was excluded from further investigation, since 

failure of the pin during the initial plunge stage occurred 

(Figure 4). Also TSF 22 was too brittle to survive this stage. 

Boelherit on the other hand, plastically deformed during the 

torque controlling phase of the test (Figure 5). The shape of 

CTF and TSM did not change significantly. 

  
Figure 4: Brittle fracture of the 

cermet tool 

Figure 5: Plastic deformed 

boelherit tool 

B. Roughness measurements  

The roughness measurements revealed that when a material 

plastically deforms, the roughness (of the shoulder) does not 

change significantly. However when a harder tool material is 

used, there is no plastic deformation and scratches will appear 

on the surface of the pin and the shoulder. Therefore the 

roughness increases.  

C. Workpiece microstructure 

After the preliminary tests, traces of plastic deformation 

were clearly visible in the microstructure of the plates (Figure 

6). In the final tests, the workpiece is exposed longer to high 

temperatures which caused this traces to disappear. On the 

other hand, chromium carbide was found in each plate and 

some pieces of the tool material were found in the plates 

tested with the boelherit and the cermet tool (Figure 7). SEM 

measurements revealed that also tungsten carbide particles 

were present in the plate microstructure. 

 
Figure 6: Traces of plastic 

deformation 

 
Figure 7: Tool material 

(boelherit) and chromium carbide  

IX. CONCLUSION 

In comparison with FSW of low melting temperature 

materials, the requirements for the tools are more severe. 

Tungsten carbide tools with different amounts of cobalt have 

been tested on their performance. Best results are obtained 

with the tungsten carbide tools with intermediate values for 

hardness and fracture toughness. Very hard, but brittle tools 

fail during the plunge stage. In contrary, a tungsten carbide 

tool with a low hardness, but a high fracture toughness fails 

due to plastic deformation during the torque control stage.  
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Abstract: Tijdens het wrijvingsroerlassen van staal wordt de tool 

zeer zwaar belast. Onderzoek naar nieuwe tool materialen is 

daarom vereist. Dit artikel gaat over de mogelijkheid om 

wolfraamcarbide tools met verschillende hoeveelheden kobalt te 

gebruiken tijdens het lassen. Om de performantie van die 

materialen te testen, is een test setup en een testprocedure 

ontwikkeld om het wrijvingsroerlassen zo goed mogelijk te 

simuleren. Na elke test is de vorm van de tool onderzocht om zo tot 

een rangschikking te komen van welk materiaal beter presteert. 

Trefwoorden: wrijvingsroerlassen, tool materiaal, staal platen 

I. INLEIDING 

Bij het wrijvingsroerlassen (FSW) worden twee materialen 

aan elkaar gelast in een viskeuze toestand m.b.v. een 

draaiende tool. Deze techniek wordt reeds frequent toegepast 

bij materialen met een lage smelttemperatuur zoals aluminium 

en magnesium legeringen. Wrijvingsroerlassen van staal komt 

minder frequent voor aangezien hogere temperaturen en 

hogere axiale krachten bereikt worden waardoor de 

levensduur van de tools beperkt is.  

Onderzoek heeft reeds uitgewezen dat het mogelijk is om 

zacht staal en andere ijzer legeringen met een laag tot 

middelmatig koolstof gehalte aan elkaar te lassen. Zelfs staal 

met een hoog koolstof gehalte en roestvast staal kunnen 

succesvol verbonden worden door gebruik te maken van een 

wolfraamcarbide tool.  

Het doel van deze thesis is om een aantal materialen te 

evalueren die zouden kunnen gebruikt worden bij FSW van 

roestvast staal. Er is dan ook een test procedure en een test 

setup opgesteld om het FSW proces zo goed mogelijk te 

benaderen. 

II. FSW: BESCHRIJVING VAN HET PROCES 

Bij FSW wordt de las gevormd in drie fases (Figuur 1): 

Tijdens de plunge fase wordt een draaiende tool tussen de 

te lassen platen gebracht  met constante axiale snelheid. De 

tool zal vervolgens roteren zonder een transversale beweging 

te maken om de nodige warmte te ontwikkelen in de dwell 

fase. De uiteindelijke las zal dan gevormd worden in de las 

fase door een transversale beweging van de roterende tool.   

 
Figuur 1: Foto van het FSW proces 

III. EISEN DIE AAN DE TOOL GESTELD WORDEN 

De tools worden zeer zwaar belast tijdens FSW van staal. 

De hoeveelheid warmte die gegenereerd wordt tijdens dit 

proces is de oorzaak van hoge temperaturen in de tool-plaat 

interface en van grote temperatuurschommelingen. Volgens 

de literatuur bereikt de temperatuur in die interface een 

waarde van ongeveer 73% van de smelttemperatuur van het 

plaatmateriaal.  

Om te voorkomen dat de tool breekt tijdens de indrukking 

in het plaat materiaal, is een zekere breuktaaiheid vereist. Het 

is eveneens belangrijk dat de hardheid en de sterkte voldoende 

hoog zijn om vervorming en slijtage te voorkomen bij hoge 

temperaturen. Ook moet de tool chemisch inert zijn ten 

opzichte van ijzerhoudende materialen en bestendig zijn tegen 

corrosie. Een effen, vlakke las kan verkregen worden met een 

lage wrijvingscoëfficiënt tussen de tool en de plaat. 

IV. KANDIDAAT TOOL MATERIALEN 

In de literatuur worden verschillende kandidaat tool 

materialen beschreven voor FSW van staal. Ze worden 

ingedeeld in 4 klasses: wolfraam carbide met additieven, 

wolfraam rhenium, pcBN en keramieken bestand tegen zeer 

hoge temperaturen.  

De focus is tijdens het testen vooral gelegd op 

wolfraamcarbide met verschillende hoeveelheden van kobalt 

toegevoegd (boelherit van het merk Boelherit en TSF22, 

TSM33, CTF12A van de firma Ceratizit). Er is ook één 

cermet tool (van de firma Ceratizit), bestaande uit 

wolfraamcarbide met kobalt, nikkel en titaniumcarbide 

onderzocht. Het grootste nadeel van deze materialen is de 

afname van de eigenschappen en de oxidatie bij temperaturen 

boven 600°C. Toch zijn deze materialen gekozen omwille van 

hun kostprijs, hun beschikbaarheid en hun middelmatige 

eigenschappen in vergelijking met de andere materialen. 

Tabel 1: Eigenschappen van de kandidaat tool materialen 

 
Additief(ven) 

[m%] 

Hardheid 

[HV] 

Breuktaaiheid 

[MPa.m
1/2

] 

Boelherit 12Co 1725 10.2 

TSF 22 8.2Co 1930 7.5 

TSM 33 10Co 1590 9.4 

CTF 12A 6Co 1630 10.2 

Cermet 12TiC6Co6Ni 1377 - 

V. ONTWIKKELING VAN DE TEST SETUP 

De wrijvingslasmachine van het Belgisch Instituut voor 

Lastechniek (BIL) in Gent is gebruikt om een test setup te 

ontwikkelen om de performantie van verschillende mogelijke 

tool materialen na te gaan (Figuur 2). 

 



 

 
Figuur 2: Wrijvingslasmachine – volledige setup 

 

 Er is vooral aandacht besteed aan de simulatie van de 

vervorming van de pin tijdens de las fase in FSW. Tijdens 

deze fase is de axiale kracht constant wat ook resulteert in een 

relatief constant koppel.  

Het is met de machine echter enkel mogelijk om een axiale 

beweging uit te voeren en er kan dus geen transversale 

beweging worden opgelegd. Hierdoor zou het kunnen dat door 

het opleggen van een constante axiale kracht, de pin en de 

schouder, de plaat volledig penetreren. Tijdens dit onderzoek 

is er dan ook voor gekozen om het koppel constant te houden 

in plaats van de axiale kracht. Dit heeft ook tot gevolg dat de 

diepte waarmee de tool in de plaat is geduwd relatief constant 

zal zijn aangezien deze diepte gevoeliger is aan het koppel 

dan aan de axiale kracht. 

VI.  EXPERIMENTELE DATA 

Een cilindrische tool met een schouder diameter van 14.5 

mm en met een pin diameter van 4 mm op de top en een pin 

hoogte van 2 mm, roteert met een snelheid van 500 tpm. De 

tool wordt tegen een plaat van 304L staal geduwd a.d.h.v. PI- 

controle van de axiale kracht om een constant koppel van 18 

Nm te houden. Twee reeksen testen zijn gedaan: voorafgaande 

testen van 480 s en de uiteindelijke experimenten met een 

tijdsduur van  900 s.  

In Figuur 3 is een voorbeeld van een test met een tijdsduur 

van 900s weergegeven. De 5 verschillende tool materialen 

zijn getest met dezelfde condities (koppel, tijdsduur, 

rotatiesnelheid) maar de optredende axiale kracht en 

temperatuur is telkens verschillend. Dit komt door de 

vormverandering van de tool, de ruwheid,… na elke test. De 

verschillende axiale krachten en temperatuur zullen 

onvermijdelijk een invloed hebben op de bekomen resultaten.  

 
Figuur 3 Test parameters in functie van de tijd:  

2e test met een tool van TSM 33 

VII. PROCEDURE VOOR DE KARAKTERISATIE VAN DE TOOLS 

Voor en na elke test wordt een strikte procedure gevolgd om 

vormveranderingen en slijtage te bestuderen: 

 Het profiel van de tool vastleggen met een profiel projector 

en een binoculaire microscoop.  

 Afmetingen van de schouder en de pin opmeten. 

 Bestuderen van de ruwheid op de schouder en de pin. 

 Bij elke nieuwe tool wordt ook een staal plaat 

microscopisch bestudeerd door deze eerst door te snijden en 

vervolgens te etsen. 

VIII. EXPERIMENTEN: RESULTATEN 

A. Geometrische wijzigingen aan de tool 

 De cermet tool is niet verder bestudeerd aangezien de pin 

bros afgebroken is tijdens de initiële plunge fase (Figuur 4). 

Ook TSF 22 is te bros en overleefde deze fase niet. De pin van 

de boelherit tool is dan weer plastisch vervormd (Figuur 5). 

CTF en TSM ondergingen geen noemenswaardige 

vormveranderingen.  

  
Figuur 4: Brosse breuk van de 

cermet tool 

Figuur 5: Plastische vervorming 

van de boelherit tool 

B. Ruwheid opmeten  

Uit het opmeten van de ruwheid werd duidelijk dat wanneer 

een materiaal plastisch vervormt, de ruwheid (op de schouder) 

niet of weinig verandert. Als er echter geen plastische 

vervorming optreedt, dan verschijnen er krassen op het 

oppervlak van de pin en de schouder en zal de ruwheid dus 

toenemen.  

C. Microstructuur van de staal plaat 

Na de voorafgaande testen van 480 s, zijn de sporen van 

plastische vervorming nog duidelijk zichtbaar (Figuur 6). In 

de uiteindelijke testen is de stalen plaat langer blootgesteld 

aan hoge temperaturen waardoor die vervormingslijnen 

verdwijnen. In de plaatjes getest met een boelherit en een 

cermet tool zijn stukjes van die tools teruggevonden (Figuur 

7). Via de SEM zijn ook sporen van wolfraam carbide en 

chroom carbide gevonden in de microstructuur. 

 
Figuur 6: Vervormingslijnen 

 
Figuur 7: Tool materiaal 

(boelherit) en chroom carbide  

IX. CONCLUSIE 

In vergelijking met FSW van materialen met een lage 

smelttemperatuur, worden de tools nu zeer zwaar belast. De 

performantie van wolfraamcarbide tools met verschillende 

hoeveelheden kobalt zijn tijdens dit onderzoek getest. Het 

beste resultaat is verkregen met een wolfraamcarbide tool met 

een gemiddelde waarde voor hardheid en taaiheid. Zeer harde 

en dus brosse materialen falen tijdens de initiële plunge. Een 

hoge taaiheid en een lage hardheid leidt tot plastische 

vervorming tijdens het regelen van het koppel.  
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Nomenclature 

 

Al2O3 Alumina 

AS Advancing side 

BCRC Belgian Ceramic Research Center 

BWI Belgian Welding Institute 

C Carbon 

cBN Cubic Boron Nitride 

Co Cobalt 

f Process efficiency 

FSW Friction stir welding 

Ft Traverse force 

hBN Hex Boron Nitride 

Hfc Hafnium carbides 

HP High pressure 

HSLA High strength low alloy 

HT High temperature 

HV Hardness Vickers 

KIc Fracture toughness 

LVDT Linear variable differential controller 

M Torque 

Mo Molybdenum 

Ni Nickel 

pcBN Polycrystalline cubic Boron Nitride 

P Power 

PECS Pulsed electric current sintering 

PLC Programmable logic controller 

Ra Roughness parameter: arithmetic mean of the absolute values 

Re Rhenium 

RS Retreating side 

Rt Roughness parameter: maximum height of the profile 

SEM Scanning electron microscope 

Si Silicon 

SPS Spark plasma sintering 

TiB2 Titanium diboride 

TiC Titanium carbide 

TWI The Welding Institute 

UHTC Ultra high temperature ceramic 

vt Traverse velocity 

WC Tungsten carbide 

W Tungsten 

ZrO2 Zirconia 
ω Tool rotation speed 
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1 An introduction to the FSW technique 

1.1 Process description 

In the friction stir welding process, the workpiece material is not melted but the joint is formed in 

a solid state. With this technique, the original characteristics of the material are preserved as 

much as possible. 

The rotating tool consists of a probe and a shoulder as indicated in Figure 1a. The formation of a 

weld is performed in three stages. First, the smaller probe is plunged into the joint region formed 

by the contact area of two specimens until the shoulder gets in contact with the surface. The 

specimens are heated up by plastic deformation and friction while the tool is rotating at high 

velocity. This stage is called the plunge stage. Second, during the dwell stage, the tool keeps 

rotating without moving along the joint line. This causes the material to heat up additionally due 

to friction. During the final stage, the weld stage, the tool moves along the joint line while 

heating up the workpiece material and moving it from the front of the tool to its trailing edge 

where it is forged into the joint. The process is illustrated in Figure 1b [1].    

 

(a) 

 

(b) 

Figure 1: Illustration of the FSW process [1] 

The material flow during the welding process is complex, depending on tool geometry, process 

parameters and materials to be welded. It is important to notice that the flow is not symmetric 

with respect to the joint line, but a clear distinction can be made between two sides as shown in 

Figure 2. The advancing side is the side where the surface motion of the tool is in the same 

direction as the travel direction. When the surface motion is opposite to the travel direction the 

side is called the retreating side. The weld is formed by both a vertical and a rotational flow of the 

material around the tool pin [2]. 

Shoulder 

Probe 
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Figure 2: Optical image showing the macroscopic features in a transverse section of a friction-stir welded 

2195-T81 Al–Li–Cu alloy. Note the onion-ring and the adjacent large upward movement of material [3]. 

In comparison with fusion arc welding, a significant benefit of FSW is that it has fewer process 

parameters to control. In a fusion weld the wire feed, travel speed, shielding gas, arc gap, voltage 

and amperage, purge gas… have to be controlled while, assuming that tool material, tool 

geometry… are known, the only variables in FSW are rotational speed, travel speed and vertical 

downward force [4].  

Additionally, the FSW process has many metallurgical, environmental and energetic advantages 

when compared with conventional fusion arc welding. In Table 1 an overview is given [5]. 

 

Table 1: Key benefits of friction stir welding [5] 

Metallurgical benefits Environmental benefits Energy benefits 

Solid phase process 
Low distortion of work piece 
Good dimensional stability and 
   repeatability 
No loss of alloying elements 
Excellent metallurgical 
   properties in the joint area 
Fine microstructure 
Absence of cracking 
Replace multiple parts joined  
   by fasteners      

No surface cleaning required 
Eliminate grinding wastes 
Eliminate solvents required 
   for degreasing 
Consumable materials savings 
   such as wire or others 

Improved materials use (e.g. 
   joining different thickness) 
   allows reduction in weight 
Only 2.5% of the energy is  
   needed as compared to laser 
   weld 
Decreased fuel consumption in  
   light weight aircraft, ship and 
   automotive applications 
 

1.2 Evolution of the process parameters 

In order to evaluate the feasibility of new tool materials for FSW of steel, it is necessary to 

examine the evolution of the process parameters during FSW. 

In Figure 3, the evolution of the process parameters is presented during welding of aluminium 

(AA2024-T3). Both torque and axial force reach peak values during the initial plunge stage. The 

first peak in axial force is due to the initial penetration of the pin, the second peak is caused by 
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the shoulder contact with the workpiece. It is important to notice that during the translation 

stage, torque and axial force are relatively constant.  

 

Figure 3: Experimental force, torque and temperature generation during FSW of AA2024-T3 [6] 

The plunging of the tool into the workpiece can either be position controlled or force controlled 

and this will affect the process parameters. The displacement controlled mode is more 

commonly used [7]. Here the vertical speed is constant until a certain depth is reached. The main 

disadvantage is that very large forces can develop, depending on workpiece material, to 

maintain this constant speed. Sometimes the force reaches the operating limit of the machine. 

Therefore it is important to choose processing parameters, leading to acceptable axial force and 

torque. 

The most important parameter to control during the welding stage is the downward force. The 

contact between the tool and the workpiece has to be maintained primary in order to ensure the 

generation of frictional heat to soften the plate material. This contact also prevents material from 

being expelled from the cavity which leads to welds without voids [8]. The axial force is strongly 

dependent on welding parameters, tool geometry and workpiece material: 

The highest influence on the axial force is caused by the plunge depth. There is a nonlinear 

relation between axial force and plunge depth due to the inherent and variable stiffness of the 

workpiece. 

The higher the rotational speed of the tool, the higher the developed temperature and the 

softer the workpiece. This leads to a lower axial force. 

Also the welding velocity of the tool contributes to the change in axial force. A slower moving 

tool will have a higher heat input to the workpiece than a faster moving tool. Therefore the axial 

force is higher in the latter case assuming that the plunge depth remains constant.  

In general, a larger tool pin with more surface area will lead to higher axial forces. The same 

reaction occurs with a more dense workpiece material [8].  

As the rotating shoulder is pushed against the workpiece, very high temperatures develop. From 

[8] it is clear that the temperature distribution around the tool is not symmetric.  
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The hottest point is found at the advancing side due to more shearing action of the material. 

Generally, the temperature during FSW is raised to approximately 73% of the workpiece melting 

temperature [9]. 

1.3 Typical applications 

Friction stir welding has been widely studied and increasingly implemented in industrial 

applications for materials with low melting temperatures such as aluminium and magnesium 

alloys [10, 11]. Tools made of steel are sufficient to produce high quality welds . 

Applications of FSW are found in the automotive industry, eg. with the manufacturing of wheel 

rims (Figure 4), but also in aerospace. NASA used the FSW technique on a full scale external tank 

hydrogen barrel of the space shuttle (Figure 5). 

 

Figure 4: Wheel rims, fabricated by FSW (Image 

Credit: MTS Systems Corporation) [12] 
 

Figure 5: Space shuttle technology – FSW [4] 

 

In the shipbuilding industry (Figure 6), prefabricated stiffened panels made by FSW are used 

because of several advantages like the exceptional flatness of the panels, the smooth surface 

finish (Figure 7) and the possibility to use new structural arrangements like twin-wall 

construction. The strength of the stir welded joints in aluminium is better than with conventional 

arc welding [13].  

 

Figure 6: Application of FSW in shipyard, eg. Deck 

panel, bulkhead panel  

 

Figure 7: Surface finish of arc welds compared 

with friction stir welds in stiffened panels for 

shipbuilding industry [13] 
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1.4 Friction stir tools 

A lot of research was and is focused on the tool geometry because it determines the quality of 

the weld. The tool has to localize heating and to create material flow. Different specimen 

materials and thicknesses will require different tool profiles. 

The shoulder prevents that the plasticized material escapes from the workpiece. Compared with 

the tool pin, the shoulder also generates most of the heat by friction and therefore heating is 

influenced by the relative size of pin and shoulder.  

Another feature of the tool is to stir and move the material. According to [5] the uniformity of the 

microstructure and its properties as well as the process loads are governed by tool design. 

Generally tools with a concave shoulder and a threaded cylindrical pin are used. 

Over the last decades new features have been developed in the tool design. Common profiles 

consist of geometric features such as threads, flutes, flats and tapered surfaces. In Table 2 some 

tapered tools, designed at TWI, are introduced. 

 Table 2: Overview of tapered tool pins developed at TWI [3] 

Tool name Cylindrical Whorl
TM

 MX 

triflute
TM

 

Flared 

triflute
TM

 

A-skew
TM

 Re-stir
TM

 

Schematics 

      

Tool pin 

shape 

Cylindrical 

with 

threads 

Tapered 

with 

threads 

Threaded 

and 

tapered 

with three 

helical 

flutes 

Threaded 

tri-flute 

with flute 

ends flared 

out 

Inclined 

cylindrical 

with 

threads 

Tapered 

with 

threads 

Rotary 

reversal 

No No No No No Yes 

Application Butt 

welding, 

fails in lap 

welding 

Butt 

welding 

with low 

welding 

torque 

Butt 

welding 

with low 

welding 

torque 

Lap 

welding 

with lower 

thinning of 

upper plate 

Lap 

welding 

with lower 

thinning of 

upper plate 

When 

minimum 

asymmetry 

in weld 

property is 

desired 
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TWI has designed Whorl
TM

 and MX Triflute
TM

 in order to reduce the welding torque, to enable 

easier flow of the plasticized material and to increase the heat generation compared to the 

conventional threaded pin.  Flared triflute
TM

 and A-skew
TM

 improve the welding speed, reduce 

the axial force with about 20%, result in a wider welding region and reduce the upper plate 

thinning [5].  

Not only the pin can appear in various forms but also the shoulder has different profile designs 

in order to enhance the coupling between the tool shoulder and the workpiece by entrapping 

plasticized material within the special reentrant features. In Figure 8, different profiles designed 

at TWI are shown. 

 

Figure 8: Bottom view of tool shoulder geometries designed at TWI [5] 

The shoulder can be flat, concave or convex. A flat shoulder is easy to machine and thus very 

popular. A concave shoulder creates a cavity in which metal can flow and which in turn reduces 

the amount of metal that would be squeezed out from under a flat surface. Finally the convex 

shoulder is preferable when a variation in plunge depths is required [8].  

As stated higher, the microstructure and properties of the weld are strongly dependent on the 

tool design. As there are many possible combinations of pin and shoulder profiles, it is required 

to develop a systematic framework for tool evaluation. 

The process parameters and the way they affect the properties of the welded material were and 

are other research topics. The goal is to find an optimum process window for different material 

combinations and joint geometries.  

The main quantities that have to be controlled during the FSW process are the rotational speed, 

the traverse speed and the axial force. From [14] is known that the tool rotates with a speed 

between 200 to 1500 rpm while it is pushed in the work piece material with a load between 15 

and 45 kN. The pin moves forward with an average speed of 80 to 250mm/min. 
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2 FSW of high strength steels 

The research and development of FSW of steel has progressed more slowly in comparison with 

FSW of aluminium and magnesium alloys. The main challenge remains the limited durability of 

the welding tools [15]. Mild steel and other low to medium carbon ferrous alloys have already 

been successfully joined by friction stir welding with tungsten based tool materials and pcBN 

[16-18]. Even high carbon steels and stainless steels are successfully joined using a tungsten 

based tool [19, 20].  

FSW becomes a promising technique for joining dissimilar alloys tending to form intermetallic 

compounds such as aluminium/steel, aluminium/copper and titanium/steel [21]. Also the 

combination of a plate of 304 austenitic stainless steel to a plate of st37 steel is possible and is 

already joined by friction stir welding. The tool was made of tungsten carbide and cobalt and the 

process parameters are listed in Table 3 [22]: 

Table 3: Process parameters during FSW of stainless steel to steel [22] 

Welding speed 50 mm/min 

 
Figure 9: Illustration of the surface [22] 

Rotational speed 600 rpm 

Shoulder diameter 16mm 

Pin diameter / length 5.5mm / 2.6mm 

 

Notwithstanding the research progress on FSW process parameters and tool geometries, there is 

an indisputable need for increased knowledge concerning tool materials for friction stir welding 

of steels and steel combinations. 

The emphasis of this review is to evaluate the feasibility of different materials for the production 

of friction stir tools for welding of high strength steels. Therefore a test setup will be developed 

to simulate as good as possible the real welding process.  

The final aim of the master thesis is to determine the best performing tool material from a 

selection of materials obtained from BCRC (Belgian Ceramic Research Center) or commercially 

available tool materials. 

  



Arne Sierens, Jasmien Vanvooren 8 Academic Year 2012-2013 

3 Tool requirements 

The tools have to withstand severe conditions during the friction stir welding process. The heat 

generated during this process, causes high temperatures in the contact zone and also high 

temperature gradients. According to [9], the temperature is raised to about 73% of the 

specimens melting temperature. For HSLA steels, this means that the temperature could reach 

1000°C. 

To build up resistance against fatigue and fracture, a sufficient fracture toughness is required. It 

is also important that the ductile to brittle transition temperature of the tool material is 

sufficiently low since materials that are brittle at room temperature may fail during the initial 

plunge state. 

It is necessary that the hardness and strength of the tool do not decrease much at the high 

process temperatures to ensure that tool deformation and wear are limited.  

The thermal conductivity of the tool material is a measure of the rate of heat removal. It affects 

the temperature field, flow stresses and the weld microstructure. A high thermal conductivity 

avoids the formation of hot spots on the tool and allows the use of a cooling mechanism to 

lower the temperature of the tool. However high thermal conductivity causes an excessive 

removal of heat from the weld region which implies the need for higher welding forces [23]. 

To obtain a smooth weld surface, a low coefficient of friction between the tool and the 

workpiece material is needed. From experience is known that FSW of steel with pcBN results in a 

smooth welding surface [23].  

It is favourable that the tool is chemically inert to ferrous materials and corrosion resistant. 

Oxidation has to be avoided to make sure that no tool material enters the weld and to maintain 

the required strength and tool shape. The use of a shielding gas is often necessary to prevent 

oxidation. 

As the tool geometry plays an important role in the formation of the weld it is profitable that the 

tool material is easy to machine. However to weld high strength steels, hard metals and ceramics 

are used and these materials are known to be difficult to machine. 

The most important problem in the industrial exploitation of FSW for steels is undoubtedly the 

development of a reliable, lasting and cost effective tool material and this is where the potential 

benefits of research could be large [24]. 
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4 Possible tool materials 

4.1 Tungsten carbide (WC) 

WC is a very strong material due to the covalent bonding between the W and C atoms. This 

bonding also leads to a high melting temperature of about 2900°C and a high hardness at room 

temperature up to 27GPa. Tungsten carbide however is a brittle material with a fracture 

toughness between 2-5 MPa.m
1/2

. This unwanted low fracture toughness is due to the inherent 

brittleness of WC and the formation of a brittle phase W2C. Oxidation is initiated at 500°C and 

develops at a high rate. 

A second phase material can be added to enhance eg. the fracture toughness and the 

sinterability. These tungsten carbide alloys are mainly used as cutting tool materials because of 

their strength, hardness and wear resistance [25]. 

In the following, three different binders are discussed: metallic binder, ceramic binder and 

abrasives. In particular with respect to their advantages and disadvantages for use during the 

friction stir welding process. 

4.1.1 Metallic binder 

The metallic binder is softer and more ductile than tungsten carbide and therefore the 

performance of these cemented carbides is limited in applications where high hardness and high 

temperature resistance is required . 

The properties of the material are strongly dependent on the fabrication method. Often, the 

metal is bonded with the tungsten carbide via liquid phase sintering. However, to improve the 

performance, the development of a nanoscale microstructure can be a solution. This 

microstructure can be accomplished with Spark Plasma Sintering (SPS) [26]. With this technique, 

a rapid rate of densification and heating is accomplished, also the sintering time and 

temperature are lower [27].   

4.1.1.1 WC-Co 

Cobalt is the most widely used metallic binder. The addition of Co leads to an excellent 

wettability and adhesion with the tungsten carbide. This facilitates the sintering and increases 

strength and toughness considerably.  

The hardness and wear resistance however are inversely proportional to the added cobalt 

content. Vickers hardness varies between 1500 to 2000 HV30 and fracture toughness  between 7 

and 15 MPa.m
1/2 

[24]. This wide range is a function of the composition, microstructure and 

chemical purity of the carbide. In general, the lower the particle size, the higher the hardness and 

wear resistance. A higher volume fraction of Co results in a higher fracture toughness while 

hardness and wear resistance are lower [28]. 
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As an example, typical mechanical, thermal and physical properties of the common 6.0%Co-

94%WC are listed in Table 4.  

Table 4: Properties of a common WC-CO cermet [29] 

Hardness [GPa] 15.5 

Tensile strength [MPa] 1440 

Compressive strength [MPa] 5300 – 7000 

Thermal conductivity [W/mK] 60 – 80 

   

Experiments showed that the metallic binder is inferior to the WC in corrosive and elevated 

temperature applications [30]. At temperatures above 600°C a significant strength degradation is 

observed. The degradation is caused by high oxidation rates, the development of microstructural 

defects and the partial softening of the metallic phase [31]. 

 

Figure 10: Fracture strength of WC-Co in function of temperature [31, 32] 

Figure 10 shows the softening effect of WC-Co at temperatures above 600°C. Temperatures up 

to 1000°C are common in the friction stir welding process. The strength and hardness of WC-Co 

drop significantly at this high temperature. For this reason, the possibility to use WC-Co as FSW 

tool material has to be investigated. 

4.1.1.2 WC-Ni 

The advantages of using nickel instead of cobalt as binder are the improved corrosion and 

oxidation resistance [25, 33-36]. WC-Ni is also favourable in applications where hot hardness and 

resistance against thermal cracking is essential [25, 33]. 

WC-Ni however has relatively inferior mechanical properties (hardness and toughness) as 

compared to WC-Co [35, 37]. 

Of course, the properties of WC-Ni are dependent on the microstructure, the quantity of Ni… 

Figure 11 shows the variation of hardness and fracture toughness (at room temperature) as a 

function of Ni content. The addition of Ni leads to a decrease of hardness and an increase of 

fracture toughness.  
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Figure 11: Vickers hardness and fracture toughness of WC-Ni in function of Ni content [35] 

The wear resistance is strongly dependent on binder content and added grain growth inhibitor. 

The reduction of binder concentration and thus the increase of hardness considerably enhance 

the wear resistance [25]. According to [36], the wear resistance, hardness, fracture and fatigue 

resistance are also dependent on surface finish.  

4.1.1.3 WC-Ni-Si 

As said before nickel has inferior mechanical properties when compared to cobalt. Silicon is 

sometimes added to enhance these properties. In Table 5, the influence on hardness and fracture 

toughness (at room temperature) is shown as a function of binder content. 

Table 5: Mechanical properties of  common WC-Co, WC-Ni and WC-Ni-Si composites [38] 

Binder content 
[wt.%] 

WC grain size 
[µm] 

Hardness 
[GPa] 

KIc 
[MPa.m1/2] 

10 Ni 2.1-3.6 ± 10.32 14.7 ± 0.4 

10 Co 3.0 ± 12.00 12.0 ± 0.8 

9.59 Ni/0.41 Si 2.5 ± 13.62 13.8 ± 0.4 

 

4.1.2 Ceramic binder  

The ceramic binder can also bind to tungsten carbide with SPS to obtain a fine microstructure.   

In general these (nano)-composites possess good wear resistance, but the fracture toughness is 

rather low [26]. 

4.1.2.1 WC-ZrO2 

The utilization of zirconia (ZrO2) as a ceramic additive instead of a metallic binder such as in WC-

Co is interesting because it is an electrical and thermal isolator and does not soften at elevated 

temperatures. The addition of zirconia to WC leads to an increase in fracture toughness due to 

transformation toughening [39].  Mechanical properties such as hardness and fracture toughness 
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as a function of zirconia content and PECS
1
 temperature can be seen in Table 6. In general, the 

higher the ZrO2 content, the higher the fracture toughness, but the lower the hardness. The PECS 

temperature has no significant influence on those mechanical properties. 

Table 6: Hardness and fracture toughness of WC-ZrO2 as a function of ZrO2 content and PECS 

temperature [39] 

ZrO2 
content 
[vol%] 

PECS 
temperature 

[°C] 

HV  
[GPa] 

KIc  
[MPa m1/2] 

5 1550 18.06 ± 0.14 6.0 ± 0.2 

10 1550 19.32 ± 0.73 6.0 ± 0.4 

5 1700 23.98 ± 0.19 5.4 ± 0.4 

10 1700 21.38 ± 0.40 5.8 ± 0.4 

5 1800 22.15 ±0.58 5.7 ± 0.3 

10 1800 19.75 ± 0.25 6.2 ± 0.5 

0 1900 26.93 ± 0.41 4.9 ± 0.3 

 

The addition of zirconia to the pure tungsten carbide leads to an intermediate fracture 

toughness  (5-6.5 MPa.m
1/2

) and a significant higher flexural strength without sacrificing much on 

hardness (18-27GPa).  

4.1.2.2 WC-Al2O3 

Like tungsten carbide, pure aluminium oxide has a high hardness (in the order of 14-17 GPa) but 

a relatively low fracture toughness ( 3-5 MPa.m
1/2

). The melting point is around 2000°C. 

Combining these two elements results in a cermet that combines two opposite properties, high 

hardness and relatively high fracture toughness (Table 7) which makes it very attractive for the 

use as a cutting or FSW tool [40].  

Table 7: Composition, density and mechanical properties of WC-Al2O3 [41] 

WC 
[vol%] 

Al2O3 
[vol%] 

Sintering 
process 

Experimental 
density 
[g/cm³] 

Hardness 
[GPa] 

KIc  
[Mpa.m1/2] 

Flexural 
Strength 

[MPa] 

90 10 

1540 °C 
90 min 

13.82 16.22 7.86 767.47 

80 20 12.82 17.27 8.10 949.32 

70 30 11.70 17.91 9.43 761.26 

60 40 10.74 18.65 10.43 756.34 

50 50 9.51 16.71 9.13 623.23 

 

Experiments showed that adding alumina has a remarkable influence on microstructure, crack 

propagation path and mechanical properties. With increasing content of Al2O3, the density 

decreases while Vickers hardness and fracture toughness initially increase to a maximum value 

and then decrease [41]. 

                                                           
1
 Pulsed Electric Current Sintering = Spark Plasma Sintering 
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Another study reports values for Vickers hardness around 20 to 25 GPa and a fracture toughness 

of 5 to 6 MPa.m
1/2

 [30]. Figure 12 shows the trends in hardness, fracture toughness and 

transverse rupture strength as a function of alumina content. Note that these values differ 

considerably from these reported in Table 7. 

 

Figure 12: Mechanical properties of WC-Al2O3 with varying alumina content [30] 

The pure WC (with an average grain size of about 100nm) possesses the highest hardness but 

the lowest fracture toughness. Adding Al2O3 increases fracture toughness but because of the 

lower hardness of pure alumina in comparison with pure WC the hardness of the WC-Al2O3 

composite decreases [30]. The different results of Figure 12 in comparison with Table 7 indicates 

that the mechanical properties are not only dependent on alumina content but also on 

production process and grades of the different basic materials. 

Due to the combination of very high hardness and high fracture toughness, this material seems a 

very good candidate for the production of friction stir welding tools.  

4.1.2.3 WC-TiB2 

Titanium diboride has very good mechanical properties. It has a high hardness around 32 GPa 

and a good corrosion and wear resistance [42]. The addition of TiB2 and some sintering additives 

to the pure WC leads to an increase in fracture toughness without significantly decreasing the 

hardness.  
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Table 8: Mechanical properties of different composites of WC-TiB2 [43] 

Composite Relative 

density [%] 

Flexural 

strength [MPa] 

Fracture toughness 

[Mpa.m
1/2

] 

Vickers hardness 

[GPa] 

TiB2-WC-Ni 98.2+-0.2 1133.3+-156.8 7.68+-0.23 20.56+-1.32 

TiB2-WC-Co 97.4+-0.3 898.2+-132.5 6.33+-0.31 18.02+-1.13 

TiB2-WC-(Ni,Mo) 99.1+-0.2 1307.0+-121.4 8.19+-0.29 22.71+-0.82 

Table 8 shows 3 different composites of WC-TiB2 and their mechanical properties. These values 

of hardness and fracture toughness look very promising with respect to the feasibility of these 

materials as candidate tool materials. Especially the combination with Ni-Mo which has the best 

values of fracture toughness and Vickers hardness. 

4.1.3 Abrasives 

4.1.3.1 WC-cBN particles 

The addition of cBN particles to the WC-Co base material leads to a slight increase of hardness, a 

significant increase of fracture toughness and a moderate decrease of mechanical strength. The 

hardness increases due to the high hardness of the cBN particles. An increase in fracture 

toughness is obtained due to the crack deflection effect of the cBN particles [44, 45]. 

The addition of cBN particles to the cemented carbides significantly decreases their sinterability. 

Therefore these composites are usually sintered by very costly techniques applying high 

temperatures and ultra-high pressures(>5-8GPa). The difficulty is the low stability of the high 

hardness cBN particles with high temperatures. The cBN-hBN
2
 transformation that can take place 

during sintering depends on the powder particle size, purity, and morphology [44, 45]. 

In Table 9, the mechanical properties of different WC-cBN composites are presented. Note that 

also Co is added to enhance the sinterability. This Co addition will certainly have an influence on 

the hardness and the fracture toughness. The letters (A-C) in the table, represent the cBN powder 

grade where C represents the finest grade. 

Table 9: Mechanical properties of different mixtures of WC-cBN composites [44] 

 

                                                           
2
 Hex Boron Nitride 

Co content 
[wt%] 

cBN content 
[vol%] 

Hardness 
[GPa] 

KIC 
[MPa.m1/2] 

1 
30 (A) 25.00 10.5 

30 (B) 25.00 - 

5 

50 (A) 22.30 15.3 

50 (B) 21.50 15.4 

50 (C) 21.50 14.7 

7 50 (A) 22.30 No cracks 

10 50 (A) 21.10 No cracks 
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4.2 Tungsten Rhenium (W-Re) 

The addition of rhenium to tungsten is very effective to lower the ductile to brittle transition 

temperature [46]. As can be seen in Figure 13, alloying tungsten with rhenium not only affects 

the transition temperature but also the ductility above the transition temperature. The ductility 

decreases with increasing rhenium content above 600K, the slope of the ductility-temperature 

curve also decreases.  

 

Figure 13: Effect of rhenium on the ductility of tungsten rhenium [46] 

The yield strength and tensile strength as a function of temperature and rhenium content are 

represented in Figure 14. The yield and ultimate tensile strength decreases with increasing 

temperature. By adding the component HfC, a clear improvement of the strength is obtained. 

 
Figure 14: Yield strength and ultimate tensile strength of tungsten alloys as a function of temperature 

[47] 
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On the other hand, rhenium is extremely scarce and  tungsten rhenium is difficult to process due 

to the high temperatures (HT) and high pressures (HP) required for deformation.  

According to [48] tungsten rhenium alloys are typically produced by arc-melting or by a 

conventional powder metallurgy method at temperatures higher than 2500°C. It seems also 

possible via a conventional sintering method, but the density is less than when sintered with 

HT/HP. 

In Table 10, a comparison of the particle size, hardness and theoretical density is made between 

tungsten rhenium (W-Re), tungsten rhenium/cBN (W-Re/cBN), tungsten rhenium/diamond (W-

Re/diamond). 

Table 10: Comparison of hardness between different additions of tungsten [48] 

Composite W-Re W-Re/cBN W-Re/diamond 

Particle size 
[µm] 

/ 2-4 12-22 12-22  6-12 

Hardness 
[kg/mm²] 

600-650 1258 1169 1337 2700 

% theoretical 
density 

98.3 98.7 98.8 99.5 Not measured 

 

4.3 Polycrystalline Cubic Boron Nitride (pcBN) 

Polycrystalline cBN is a composite material consisting of small cBN particles bonded together in 

a skeletal matrix. CBN is the second hardest material after diamond, with a hardness higher than 

30GPa for pcBN [48]. 

pcBN materials are manufactured at very high temperatures and pressures to meet the 

mechanical and physical requirements. The sintering process is enhanced by using a second 

phase additive that behaves as a catalyst. This second phase can be metallic or ceramic, very 

often aluminium is used. The size and size distribution of the cBN particles, the type and the 

amount of the second phase material and the operating temperature have an important 

influence on the material properties [48, 49]. 

Some researchers proved that by plotting the variation of hardness with temperature, an almost 

linear relationship appears as can be seen in Figure 15 [50]. 
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Figure 15: Variation in hardness of pcBN with temperature in °C [50] 

The variation in Vickers hardness with cBN content is shown in Figure 16. There is a reduction in 

hardness with increasing temperature. In the temperature range 600-1000°C however, the rate 

of change of hardness with cBN content is not significant as can be seen in the figure below. 

 

Figure 16: Variation in hardness with cBN content and temperature [49] 

pcBN is widely used due to its very high hardness, wear resistance and thermal stability. It is inert 

to ferrous materials at temperatures above 1000°C while maintaining its strength [48]. On the 

other hand, pcBN is very expensive to manufacture and has a relatively low fracture toughness 

(4-6 MPa.m
1/2

), therefore pcBN has the tendency to fail during the initial plunge stage [48]. 

Generally, when a higher fracture toughness is required, tools with high pcBN content (80-90%) 

and a metallic binder are used. Tools with low pcBN content (45-65%) and a ceramic binder are 

more resistant to diffusion wear [51].  
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4.4 Ultrahigh temperature ceramics (UHTC) 

Transition metal diborides (TiB2, ZrB2, HfB2, etc.) are commonly known as ultra-high temperature 

ceramics as they possess melting temperatures higher than 3000 °C.  

4.4.1.1 TiB2(-B4C) 

Looking at the mechanical and physical properties, TiB2 can be very attractive in friction stir 

welding applications. The hardness at room temperature varies between 2500 – 2700 HV and the 

fracture toughness between 6 – 8 MPa.m
1/2

. However, according to [52], TiB2 is difficult to sinter 

because of its covalent bonding nature, low self-diffusion coefficient and presence of an oxide 

layer (TiO2 and B2O3) on the TiB2 powder surface. The use of metallic or non-metallic sinter 

additives is essential to enhance the sinterability of TiB2. However, the mechanical properties will 

also be affected with these additives [52]. 

Boron carbide (B4C) ceramics possesses an extremely high hardness (38-42 GPa) and a high 

melting point (2370-2480°C). It is a promising candidate for wear resistant components. 

However, the use of B4C is restricted because of the low fracture toughness (<2.2 MPa.m
1/2

) and 

the poor sinterability [53]. 

To improve the fracture toughness of B4C, TiB2-B4C is formed. Since TiB2 and B4C have high 

hardness and high melting points, the composite can be used for advanced structural materials 

[53]. In Figure 17, the influence of the amount of TiB2 on fracture toughness is shown. 

In Figure 18, the dependency of hardness on temperature is shown. The hardness decreases from 

around 28 GPa at 0°C to 8 GPa at 900°C. TiSi2 has been added to enhance the sinterability and to 

establish full densification [52]. 

 

Figure 17: Influence of the amount of TiB2 on 

fracture toughness and flexural strength [54] 

 

Figure 18: Variation of hardness of TiB2- TiSi2 with 

temperature  [52] 
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4.4.1.2 ZrB2 

The use of ZrB2 is still limited because of a relatively low fracture toughness and strength. To 

improve the mechanical properties, ceramic additives or a second phase with strengthening and 

toughening capabilities can be added.  

The use of ZrB2 is also limited because of the oxidation in air at elevated temperatures. 

Considerable oxidation at temperatures above 800°C is noticed with the formation of a liquid 

B2O3 which leads to considerable mass gain [55]:  

         
 

 
                       

At temperatures above 1200°C the oxides B2O3 evaporate and leave a porous ZrO2 layer behind 

that does not protect the underlying ZrB2 from further oxidation. The porosity, combined with 

the columnar microstructure of the ZrO2 scale, offers channels for oxygen transport directly and 

rapidly to the reaction interface [55]. 

From [56] it is known that the oxidation resistance of ZrB2 can be further enhanced by reacting it 

with up to 15% SiC. The consolidated cermet bodies can successfully withstand oxidizing 

environments in 1900-2500°C temperature range. 

The thermal conductivity of ZrB2 lies between 60-140 W.m
-1

K
-1

 and unlike most ceramics ZrB2 has 

a good electrical conductivity and complex shaped parts can easily be made by electrical 

discharge machining [57, 58].  

In Table 11, the mechanical properties of ZrB2 are given for different amounts of SiC added. The 

sinter temperature was 2000°C and the sinter time was 3h. The material also contains 5% of the 

SiC weight, carbon and 4% of the ZrB2 weight, B4C. 

Table 11: Comparison of mechanical properties of ZrB2 with 10,20 and 30 vol% SiC sintered at 2000°C for 

3h (C-addition=5% of SiC weight, B4C-addition=4% of ZrB2 weight) [58] 

SiC volume fraction (vol%) 10 20 30 

Elastic modulus [GPa] 446 ± 7 474 ± 7 490 ± 7 

Hardness [GPa] 15.3 ± 1.2 18.8 ± 1.1 22.4 ± 0.7 

Flexural strength [MPa] 404 ± 62 463 ± 53 492 ± 49 

Toughness [MPa.m1/2] 3.1 ± 0.1 3.4 ± 0.1 3.5 ± 0.3 

 

4.5 Summary 

In general, cemented carbides have the lowest hardness (1600-2000 HV) but the highest fracture 

toughness (11-20 MPa.m
1/2

) at room temperature. When a metallic binder is used, those 

mechanical properties weaken at temperatures above 600°C. The high temperature properties 

when using a ceramic binder are not defined but are expected to be better than the metallic 

binder composite. The same expectations are made when using cBN as additive. As the 
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temperatures reached during FSW of steel are higher than 600°C, the oxidation effect also has to 

be encountered. 

The high temperature behavior of the fracture toughness and the hardness of Tungsten 

Rhenium are not clearly defined. From previous research it is clear that W-Re performs better 

when Hafnium-Carbide (HfC) is added.    

pcBN tools have the highest hardness (7000-8000 HV) but scores relatively low for fracture 

toughness (6-11 MPa.m
1/2

). At high temperatures, the mechanical properties remain high in 

comparison with the other possible tool materials. From the literature is clear that there is 

already successfully welded with pcBN.  

Also for the ultrahigh temperature ceramics there is no data available on high temperature 

behavior. But these tools are expected to remain there properties at higher temperatures. 

The observations from the literature are summarized in Table 12. There is a large variation in the 

values of hardness and fracture toughness for each material which is caused by the dependency 

on microstructural grades, additives and fabrication process. 

Table 12: Summary table of possible tool materials for FSW 

Material Additive Hardness 

[GPa] 

Fracture 

toughness 

[MPa.m
1/2

] 

Behavior at high temperature? 

WC 

Co 10-20 5-20 
Softening + oxidation at temperatures 

above 600°C 

Ni 15-20 10-15 Similar behavior as with Co 

ZrO2 18-23 4.5-6.5 
Unknown but ceramic binder is 

expected to behave better at high 

temperatures than a metallic one. 

Al2O3 16-25 6-10 

TiB2 18-22 6-8 

cBN 20-25 10-15 cBN high temperature resistant 

W-Re - 7  unknown 

pcBN - 23-27 4-6 
Remains required hardness and 

strength 

ZrB2  15-23 3-4 
Ultra high temperature ceramic 

TiB2  25-27 6-8 

 

Data on the mechanical properties at high temperature is almost not available. Also additional 

research work needs to be done with respect to friction coefficients and thermal conductivities 

because of the scarcity of available data.   
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5 Experimental setup 

5.1 Equipment 

The friction welding machine of the Belgian Welding Institute (BWI) in Ghent was used to 

develop a simplified test setup to examine the performance of new candidate tool materials for 

FSW of steel.  

 
Figure 19: Friction welding machine – complete test setup 

The FSW tool is clamped in the chuck (Figure 19) and is rotated. The plate material is mounted on 

a workpiece holder and clamped in the clamping device (see also Figure 24).  

The clamp can move forward and backward with a speed depending on the desired cylinder 

pressure. This hydraulic cylinder can provide a force on the FSW tool in contact with the plate 

material. The forces on the tool are chosen equal to the forces used in friction stir welding.  

During the test it is important to know the axial force at the tool-workpiece interface. It was 

however only possible to measure the piston pressure. Due to frictional losses of the clamp on 

the machine bed, the actual force on the FSW tool is lower than the force delivered by the 

hydraulic cylinder. In Figure 20, the relation between the piston force and the force at the tool-

workpiece interface is shown. The actual forces on the tool were measured using a load cell. 

The relation between the force provided by the cylinder and the hydraulic pressure in the 

cylinder can be written as:  

      [  ]           [   ]         

With 32429 mm
2
 the surface of the hydraulic cylinder.  

Chuck Clamping device 
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Figure 20: Piston force vs. force at the tool-workpiece interface 

As can be seen in Figure 20, the minimum calibrated piston force is 15kN. At lower forces it is 

impossible to move the clamping device forward, due to the friction between the clamp and the 

bed. Therefore, 15kN is the lower force limit of the machine. 

On the friction welding machine, it is not possible to make a translational movement of the plate 

or the tool, which is the case in FSW. To simulate the welding stage of FSW other measures were 

taken. 

Normally, when the tool moves along the weld seam in FSW, it constantly encounters new 

workpiece material. However, in the simulation, there is only a vertical movement of the tool 

(Figure 21). As the tool keeps rotating and pushing against the workpiece, there is a risk that the 

tool completely penetrates the workpiece, which has to be avoided. To simulate the supply of 

new material, the workpiece will be cooled in the simplified test setup (see also Figure 24).   This 

also leads to a minimum force required to plunge the tool into the plate material. 

  

Figure 21: Conditions in FSW (left) vs. the simulation of FSW (right) 

A second reason to use cooling is to reach a steady state situation more quickly. 

As can be seen in Figure 24, not the workpiece is cooled, but the workpiece holder. Water is 

pumped with a flow of 28l/min, which is the maximum achievable flow of the pump. As the flow 

of the water has an important influence on the cooling rate, it was originally planned to vary the 
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flow. However, during the experiments it was observed that the maximum flow of the pump was 

required. 

The effect of cooling on the workpiece temperature and on the tool penetration is presented in 

Figure 22 and Figure 23 respectively. For both tests, the same test conditions were used. Only the 

test with cooling is previously stopped.  

The workpiece temperature was measured at the back of the plate, 5mm from the tool-

workpiece interface. The temperature is rather an indication of the temperature at the contact 

surface than the real contact temperature. 

 
Figure 22: Effect of cooling on the workpiece temperature 

The temperature of the cooled workpiece reaches a steady state of about 325°C, while the 

temperature of the workpiece without cooling keeps on increasing to higher values. 

When analyzing the axial movement of the FSW tool, measured by an LVDT, some unexpected 

observations were made. First, there is a drop in the LVDT signal while the tool and the 

workpiece are kept stationary. This drop happens in the beginning of the test when the motor 

turns on. During the continuation of the test, the signal dropped sometimes, while in practice 

this is impossible. This can be the result of electrical signal interferences or mechanical vibrations 

taking place at the tool-workpiece interface. 

 

Despite these occurences, a general conclusion can be made: 

The penetration of the pin in the workpiece is higher when no cooling is used, in comparison 

when the workpiece is cooled. When cooling is used, a steady state of the tool penetration is 

reached. When no cooling is used, the tool keeps on penetrating the workpiece (Figure 23). 
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Figure 23: Effect of cooling on tool penetration 

Based on these results, the FSW simulation tests will be performed with cooling. 

The tools to be tested are sensitive to oxidation at temperatures starting from 600°C. To avoid 

oxidation, argon is used as a shielding gas. A special device was manufactured to purge the 

shielding gas around the FSW tool with a flow of 13 l/min (Figure 24).   

 
Figure 24: Shielding gas supply + cooling 

To illustrate the effect of the shielding gas, in Figure 25, FSW tools are shown with and without 

shielding gas. At the left tool, no oxidation was observed. The tool at the right picture shows 

oxidation. 

  
Figure 25: Tool with shielding gas (left) and without shielding gas (right) 
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5.2 Test Requirements 

The focus of the simplified test setup is mainly concentrated on the simulation of the 

deformation of the tool pin during the welding stage.  

As already mentioned in the literature review, during the welding stage the force on the FSW tool 

is held constant, which results in a relatively constant torque. However, with the friction welding 

machine, only one parameter can be controlled: the axial force on the tool.  

Keeping in mind that only an axial movement of the tool is possible and no translational 

movement can be imposed, applying a constant axial force could result in a complete 

penetration of the pin and the shoulder in the workpiece. However, this was not the case based 

on preliminary experiments. Instead of penetrating the workpiece, the tool shoulder completely 

deformed, as can be seen in Figure 26.  

 
Figure 26: Mushrooming effect when applying a constant pressure 

Applying a constant torque instead of a constant force could solve that problem. Only during the 

plunging, high forces are required to push the tool into the plate. During the controlling of the 

torque, these forces are expected to be lower as explained in the following of this thesis. So the 

tool is only for a short period of time exposed to higher forces which does not lead to the 

mushrooming effect. 

In friction stir welding, controlling the torque provides a reliable contact between the tool and 

the workpiece as the tool penetration depth is more sensitive to the torque than to the axial 

force. This implies that using a constant torque will result in a relatively constant penetration 

depth.  

Since weld power is predominantly a function of torque and rotational speed, controlling the 

torque will also lead to a constant power input [59].   

Eq. (1) shows the relation between input power vs. torque [59, 60].  

                     (1) 

Where Ft is the traverse force, vt is the traverse velocity, M is the torque, ω is the tool rotation and 

f is the process efficiency. Note that Ft and vt are absent in this simulation. 

For those reasons, torque control is used during the experiments. 
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5.3 Software 

The parameters of the friction welding machine able to control are limited, as the machine is 

partly controlled by PLC and partly by LabVIEW. The programming of the PLC is fixed, only the 

programming in LabVIEW can be adapted to the desired requirements of the FSW simulation 

test. 

LabVIEW is an interface to hardware for testing, measurement and control. It can be used to 

analyze data, share results and distribute systems using intuitive graphical programming. 

Because of its simplicity, LabVIEW is used to program the simulation of friction stir welding on 

the friction welding machine and to collect and visualize all the measured data. 

In Figure 27 the input and output data are presented. 

 
Figure 27: Input and output parameters 

 

As mentioned above, once the simulated welding stage is reached, the torque has to remain 

constant. A simplified process window is presented in Figure 28.  
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Figure 28: Parameters during the FSW simulation test 

The simulation consists of four main stages: the idle, the friction, the torque control and the stop 

stage. In the following, each phase of the simulation is discussed. 

Idle stage 

In the first stage, the piston moves forward with a 

speed/pressure determined by the proportional valve 

voltage in LabVIEW. The physical contact between the 

tool and the workpiece generates a pressure rise. 

LabVIEW detects this rise and the cylinder pressure drops 

immediately to a very low pressure around zero bar. The 

approach pressure is chosen as low as possible to not 

break the brittle tool at the first contact.  

 

Friction stage 

After a time interval tRPM (Figure 28), the motor starts 

rotating and the cylinder pressure increases linearly until a 

certain value is reached. Due to the increase of pressure 

and the generated heat, the pin starts penetrating into the 

workpiece. When the shoulder of the tool makes contact 

with the surface of the workpiece, torque control is 

started. 

 

IDLE FRICTION TORQUE CONTROL STOP 



Arne Sierens, Jasmien Vanvooren 28 Academic Year 2012-2013 

Torque control stage 

A constant torque value is obtained with PI-controlling of 

the axial contact pressure. The proportional valve tunes 

the speed at which the wanted value is approached. When 

the total friction time reaches the time tSTOP (Figure 28), 

the program goes to the stop stage.  

Stop stage 

In the last stage, the piston moves back to its start 

position and the motor switches off when the piston 

reaches its start position. This is the end of the test. 

 

The torque control stage is the most important stage of the program. As mentioned above, this 

constant torque is obtained by PI-controlling of the axial pressure. An overview of the closed 

loop torque control system is illustrated in the control block diagram in Figure 29. In the outer 

loop, the wanted cylinder pressure pw is calculated and this is the input for the inner loop. The 

axial pressure is tuned to that value with a PI-controller. 

 

Figure 29: Block diagram of torque control via pressure regulation 

The Ziegler-Nichols tuning method was used first to determine the PI-coefficients [61]. It is 

performed by setting the integration- and derivative term to zero and by varying the pressure 

stepwise. The proportional gain is increased until the control loop oscillates with a constant 

amplitude Ku and period Tu. The parameters are then calculated dependent on the obtained 

values of Ku and Tu . The Ziegler-Nichols parameters can be seen in Table 13. 

Table 13: Parameters of the PI by Ziegler-Nichols 

Control type KP KI 

PI Ku/2.2 1.2KP/Tu 

 

This method however did not lead to the wanted result and trial-and-error experiments were 

performed to enhance the parameters of the PI-controller. More information on the 

development of the PI-controller can be found in appendix A. 
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5.4 Tool and workpiece 

Based on the literature review, it seems possible to use tungsten carbide tool materials in FSW of 

steel. The main disadvantage of these materials is the softening and oxidation at high 

temperatures. Yet, different WC-Co materials are chosen because of the low cost. 

A series of possible tool materials has been selected: TSF22, TSM33, CTF12A, boelherit, cermet. 

The boelherit tool is from the company Boelherit, the other tools (TSF22, TSM33, CTF12A  and 

the cermet) are delivered by the company Ceratizit. The composition and properties of these 

materials are summarized in Table 14.  

The compressive strength is together with the hardness a measure for the deformation of the 

tool. Only the compressive strength of the boelherit tool is known. The other materials are 

produced by Ceratizit and their compressive strengths are not published. However, this company 

states the following [62]: 

-  Within the various classes of grain sizes, the lower the Co content (=increased hardness), 

the higher the wear resistance and compressive strength, but toughness decreases 

significantly.  

- The compressive strength rises with decreasing binder content and smaller grain size. 

Table 14: Properties of the candidate tool materials 

 Boelherit TSF22 TSM33 CTF12A Cermet 

Composition WC-12Co WC-8.2Co WC-10Co WC-6Co WC-12TiC6Co6Ni 

Grain size [μm] <1 0.2-0.5 0.5-0.8 0.8-1.3 1-3 

Hardness [HV-30] 1725 1930 1590 1630 1377 

Density [g/cm
3
] 14.05 14.55 14.5 15 11.5 

Compressive 

strength [MPa] 
5200 - - - - 

Fracture toughness 

[Mpa.m
1/2

] 
10.2 7.5 9.4 10.2 - 

 

Figure 30 illustrates the compressive strength of WC-Co for the different grain sizes. In the range 

of 5 to 12% Cobalt addition, the compressive strength is always higher for the lowest grain size. 

Based on this information, TSF has a higher compressive strength at room temperature than TSM 

and CTF. 

Figure 31 shows the correlation between temperature and compressive strength. This illustrates 

that the compressive strength drastically decreases with increasing temperature. It is already 

discussed in the literature review that the more cobalt content is added, the more the strength is 

dependent on temperature.  
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Based on the previous paragraph and on the fact that all 3 WC-Co materials of Ceratizit (TSF, 

TSM and CTF) and boelherit have a submicron grade (grain size <1 µm) , it is assumed that the 

compressive strength (CS) at high temperatures is in the first place dependent on the amount of 

cobalt. This gives the following ranking: 

CS of CTF12A> CS of TSF22> CS of TSM33> CS of boelherit 

 
Figure 30: Compressive strength of WC-Co for the 

different grain sizes [63] 

 
Figure 31: Relative compressive strenght of WC-

13Co in function of temperature [63] 

 

As mentioned in the literature review, the tool geometry has a lot of influence on the FSW 

process. Because the materials to be tested are very hard and difficult to machine, the tool 

design is kept very straightforward in the performed experiments (Figure 32).  

 
Figure 32: Tool design for the simplified test 

The most severe test condition is applied because with a more complex tool shape, the results 

are expected to be better. As mentioned in the literature review, complex shaped tools provide 

welds of higher quality.  

 

Every tool has to be machined to the same dimensions to compare their performances. It is 

however impossible to achieve the exact same shape of the tools due to the limited accuracy of 

the grinding machine used.  
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The workpiece is a square plate of 304L stainless steel and is mounted in a holder which is 

clamped in the clamping device. The chemical composition of 304L stainless steel can be found 

in Table 15. 

Table 15: Chemical composition of 304L stainless steel expressed in [wt%]  

C Cr Fe Mn Ni P S Si 

<0,03 18-20 65,2-74 <2 8-12 <0,045 <0,03 <0,075 

 

The hardness varies between 170 and 210HV and the yield strength between 190 and 310MPa. 

These values are obtained from the database of CES EduPack. 

5.5 Testmatrix 

Based on the literature and prior experiments, it seems that during FSW with a tungsten carbide 

tool the axial force has a lower and an upper limit. If the axial force is lower than a certain value, 

the tool  is subjected to brittle fracture. If it is higher than a certain value the tool is subjected to 

creep. The provided torque is chosen closely to the upper creep limit because a natural wear of 

the tool is desired instead of brittle fracture [64].  

In the literature, no information can be found on the magnitude of the torque value. An 

indication of the final constant torque is given by tests performed at a real friction stir welding 

machine with TSF on a plate of 304L steel ().  

The three stages: the plunge, the dwell and the welding stage are shown on . The diameter of the 

tool shoulder in this test was 14 mm. The rotational speed of the tool is 800 rpm during 

plunging, while the rotational speed during the weld stage is 500 rpm. The translational speed is 

30 mm/min. In this test, a torque of 15 Nm is reached during the final stage.  

 

 
Figure 33: Test on a real friction stir welding machine (TSF on 304L steel) [65] 

Plunge + Dwell Weld 
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The test conditions are not exactly the same as these of the test setup, but this 15 Nm is a first 

indication of the torque that can be imposed during the final stage in the setup.  

The final experiments are performed with a shoulder diameter of 14.5 mm, which is higher than 

the diameter of the tool used in the test of . Dummy tests were done to evaluate the torque value 

of 15 Nm. As the diameter was larger, also the torque value could be chosen higher. Depending 

on the results of the dummy tests, the torque is increased to 18 Nm.  

The final test matrix can be found in Table 16. Two different test series are performed: the 

preliminary tests and the final experiments. During the preliminary tests, boelherit and TSM33 

are tested for 480 s. After those tests is however observed that the duration could be extended 

to 900 s. The tool rotation speed was always 500 rpm and the desired torque was 18 Nm. 

Table 16: Test matrix 

 
Tool  

material 

Test 

name 

Torque 

 [Nm] 

Tool rotation 

speed [rpm] 

Time  

[s] 

P
re

li
m

in
a

ry
 Boelherit 

Test 1: B1_1 

18 500 480 
Test 2: B1_2 

Test 3: B1_3 

Test 4: B1_4 

TSM 33 

Test 1: TSM1_1 

18 500 480 
Test 2: TSM1_2 

Test 3: TSM1_3 

Test 4: TSM1_4 

F
S

W
 s

im
u

la
ti

o
n

 t
e

st
s 

Boelherit 
Test 1: B2_1 

18 500 900 
Test 2: B2_2 

Boelherit 
Test 1: B3_1 

18 500 900 
Test 2: B3_2 
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Test 3: TSM2_3 

TSF 22 Test 1: TSF1_1 18 500 900 

CTF 12A 

Test 1: CTF1_1 

18 500 900 Test 2: CTF1_2 

Test 3: CTF1_3 
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5.6 Test protocol 

The focus is put on the shape deformation of the pin and the shoulder of the tool. It is important 

that the profile measurements are done with a lot of accuracy. Therefore, the following 

procedure was followed before and after a test: 

1. The tool profile is pictured with a profile projector and with a binocular microscope. 

2. The diameter at the top of the pin, the top shoulder diameter and the pin height are 

measured with a profile projector which has an accuracy of 1 µm. 

3. Roughness measurements on the tool are performed on three locations (Figure 34). 

 

Figure 34: Locations of the roughness measurements on the tool 

With the roughness measurements it is possible to evaluate the wear of the tool pin and the 

shoulder. It is also possible to evaluate the profile of the surface.  

There are many different parameters to express the roughness. In this research, the roughness 

will be indicated with Ra, which is the most common parameter and Rt. Ra is calculated by taking 

the arithmetic average of the absolute values. Rt is the maximum height of the profile, calculated 

by subtracting the maximum valley depth from the maximum peak height. 

Of each tool material tested, one corresponding plate material was cross-sectioned, etched and 

examined microscopically to investigate if there is any different behavior between the tools and 

the workpiece material. 

Some of the plates are examined with the SEM
3
 to know the exact composition and grain 

structure of the material. 

  

                                                           
3
 Scanning Electron Microscope 

PIN 

POS 2 

POS 1 
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6 Experiments 

A lot of experiments were done to optimize the software program in LabVIEW. The following 

discussion is however only concentrated on the experiments that characterize the tool wear with 

the final software program. The tests are summarized in  Table 16. 

6.1 Preliminary experiments  

Preliminary tests were performed in order to evaluate the experimental setup. In this test series, 4 

tests were performed with 2 different tool materials; Boelherit and TSM. The test conditions were 

as follows (Table 17): 

Table 17: Test conditions of the preliminary experiments 

Tool rotation speed Torque Time 

500 rpm 18 Nm 480 s 

 

The measured process parameters during the test with the boelherit tool are shown in Figure 35. 

Similar results were obtained with the TSM tool.  

After 50s, the axial force increased linearly to 30kN. This value was maintained until the 

penetration of the pin into the plate was sufficient causing the shoulder to make contact with the 

workpiece. Subsequently, the axial pressure dropped and was regulated by PI-controlling to 

obtain a constant torque of 18Nm.  

The temperature keeps on increasing to a final value. Steady state is however not yet reached. 

During the penetration of the pin into the workpiece, the axial displacement increases. In the 

continuation of the test, this displacement is relatively constant. 

 
Figure 35: Preliminary test: B1_3 
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6.1.1 Investigation of geometrical changes of the tools 

Figure 36 shows the boelherit tool before testing and after 4 tests. The shape did not change 

drastically. The rounding at the bottom of the pin is still visible and the flank of the pin is intact. 

Measurements of the diameter at the top of the pin, shoulder diameter and pin height were 

performed with a profile projector and the shape of the tools do not show any significant change 

(Table 18).  

  
Figure 36: Profile of the boelherit tool before testing  B1_0 (left) and after 4 tests  B1_4 (right) 

The same conclusions are made with the TSM tool. The profile of the tool before testing and 

after 4 tests is shown in Figure 37.  

  
Figure 37: Profile of the TSM tool before testing  TSM1_0 (left) and after 4 tests  TSM1_4 (right) 

The dimensions of B1 and TSM1 are given in Table 18. As can be seen in the table, the values do 

not change significantly. Only the pin diameter of B1 after the fourth test (B1_4) has decreased 

with 0.62 mm. However, with the naked eye, this change was not noticed. Also no clear trend is 

found through the values. Sometimes the dimensions increase and sometimes they decrease 

which indicates that the accuracy of the measurement can be questioned.  

Table 18: Dimensions of B1 and TSM1 

 Boelherit: B1 TSM 22: TSM1 

 Pin height 

[mm] 

Pin diameter 

[mm] 

Shoulder 

diameter 

[mm] 

Pin height 

[mm] 

Pin 

diameter 

[mm] 

Shoulder 

diameter 

[mm] 

Test 0 2.41 4.10 14.09 2.46 4.31 14.42 

Test 1 2.49 4.09 14.12 2.41 4.29 14.48 

Test 2 2.28 4.14 14.14 2.43 4.35 14.56 

Test 3 2.43 4.06 14.15 2.27 4.35 14.61 

Test 4 2.22 3.44 14.18 2.29 4.37 14.59 
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6.1.2 Roughness measurements 

In general, the roughness of the tool shoulder and pin increases with the number of tests. This 

increase is assumed to be the result of abrasive wear caused by debris of the tool material that is 

captured between the workpiece and the tool. In Table 19, the roughness measurements of the 

tests with the boelherit tools are presented. 

Table 19: Roughness measurement of B1, Ra and Rt in µm 

 Pin Position 1 Position 2 

 Ra  Rt Ra Rt Ra Rt 

B1_0 0.143 1.310 0.213 3.047 0.233 1.731 

B1_1 1.287 11.229 1.061 11.121 1.434 11.485 

B1_2 1.460 13.094 2.425 18.838 2.278 14.893 

B1_3 1.918 11.585 4.584 40.799 3.956 34.278 

B1_4 - - - - - - 

 

The roughness of TSM is comparable to the roughness of boelherit (Table 20). 

Table 20: Roughness measurement of TSM1, Ra and Rt in µm 

 Pin Position 1 Position 2 

 Ra Rt Ra Rt Ra Rt 

TSM1_0 0.182 1.343 0.336 3.023 0.32 2.693 

TSM1_1 1.106 8.454 1.274 8.178 1.768 14.149 

TSM1_2 2.553 14.549 1.629 14.573 1.507 15.249 

TSM1_3 2.279 14.295 3.791 26.801 4.549 27.05 

TSM1_4 2.706 17.033 3.879 34.247 5.461 35.04 

 

6.1.3 Workpiece microstructure 

In Figure 38, an overview of the microstructure of the workpiece tested with TSM is given.  

 
Figure 38: TSM1_1, Microstructure of the 

workpiece 

 
Figure 39: Detail view of the traces of plastic 

deformation 
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The influence of plastic deformation is clearly visible. In the detail view of Figure 39, these traces 

are indicated by an arrow. The change in grain structure indicates the high working temperature. 

6.1.4 Conclusion 

These tests show that the tool did not suffer enough during the tests to reveal any differences 

between the tools. Both tools do not show any significant shape deformation. Only the 

roughness increased during the tests.  

According to the temperature-curve in Figure 35, a duration of 480 s is too short to reach a 

steady state condition. Therefore it was decided to elongate the duration of the next tests.  

6.2 FSW simulation tests: results and discussion 

The tests were performed with the same torque as in the preliminary tests but the duration of the 

tests was extended to 900 s as explained in §6.1.3 (Table 21). 

Table 21: Test conditions during the experiments 

Tool rotation speed Torque Time 

500 rpm 18 Nm 900 s 

 

The five different tool materials were subjected to the same conditions (torque, duration, 

rotational speed). Although the tests were performed with equal test conditions, the behavior of 

the axial force was always different. This is inherent to the chosen torque control. As tool shape, 

roughness,.. change during every test, the axial force will behave always different to maintain a 

constant torque value. During the discussion of the different tool materials, some figures of the 

process parameters are shown. It is clear that the axial force is different in each test, which has 

also an influence on the results obtained.  

The 5 tool materials are discussed individually and afterwards a comparison of the different 

materials is given. For each material, shape deformation is discussed first, followed by the 

roughness measurement and the microstructure of the workpiece. The microstructure of the 

workpiece is discussed briefly. A more detailed evaluation can be found in appendix C.  

6.2.1 Boelherit: WC-12%CO 

Two Boelherit tools, B2 and B3, are tested twice to investigate the repeatability. The pin did not 

broke during the tests. The high value of fracture toughness ensures no brittle fracture. There 

was a significant plastic deformation of the pin and the shoulder. However, the final shape of 

both tools is different.  

6.2.1.1 Investigation of geometrical changes 

The following figures show the deformation of the shoulder and the pin of B2. After testing, the 

flanks of the pin are more perpendicular to the shoulder. This phenomenon is also explained by 



Arne Sierens, Jasmien Vanvooren 38 Academic Year 2012-2013 

the roughness measurement in the next section.  The flanks of the pin are subjected to abrasive 

wear as also shown in the detail view of Figure 40. 

 

B2_0 
 

B2_1 

 

B2_2 

 

Detail of the flank, B2_2 

Figure 40: Profile of B2 before testing (B2_0), after the first test (B2_1) and after the second test (B2_2) 

The shoulder diameter of the tool increased after every test. The diameter of B2 enlarged with 

0.46 mm (Table 22).  

Table 22: Shoulder diameter increase of B2 

Test Shoulder diameter [mm] 

B2_0 14.76 

B2_1 14.99 

B2_2 15.22 

 

The profile of the second boelherit tool, B3, is shown in Figure 41. Already after the first test, the 

perpendicularity of the flanks is obvious. During the final test (B3_2), the pin totally deformed. 

There is also less abrasive wear than observed at B2.  

 

B3 before testing 
 

B3_1 

 

B3_2 

 

Figure 41: Profile of B3 before testing (B3_0), after the first test (B3_1) and after the second test (B3_2). 

The shoulder diameter of B3 is shown in Table 23. From B3_0 to B3_2 the shoulder diameter 

increased with 1.81 mm. 
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Table 23: Shoulder diameter increase of B3 

Test Shoulder diameter [mm] 

B3_0 13.87 

B3_1 14.46 

B3_2 15.68 

 

Although the behavior of both boelherit tools is not completely the same, they are both 

subjected to plastic deformation. The final shape of B3 is completely different in comparison with 

the final shape of B2. This is probably due to the higher and more fluctuating axial force during 

the last test of B3 in comparison with the last of B2 as can be seen in the following figures (Figure 

42 and Figure 43).  

 
Figure 42: Last test with first Boelherit tool  B2_2: test parameters as a function of time 

 
Figure 43: Last test with second Boelherit tool  B3_2: test parameters as a function of time 
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The reason why the axial force is fluctuating in one case and not in the other has not yet been 

identified. Examination of the workpieces of both tests show that there is some formation of 

long, small debris at the workpiece tested with B3 (indicated by the black arrow in Figure 44). It is 

assumed that the tool penetrated into the workpiece by cutting instead of plastic deformation of 

the workpiece. Probably B3 had sharper edges than B2. The workpieces of a normal test and a 

test with fluctuating torque can be seen in Figure 44. 

  
Figure 44: Picture of a normal workpiece (left) and a workpiece with fluctuating torque (right) 

6.2.1.2 Roughness measurements 

Because of the high amount of cobalt content, the hardness at high temperature will be rather 

low. Abrasive wear is observed at the surface of the shoulder and the flanks of the pin. Similar 

trends are observed as in the preliminary tests. Debris between tool surface and workpiece 

causes scratches and loss of material at the pin and the shoulder. Table 24 shows Ra en Rt 

measured at the pin, position 1 and position 2. 

Table 24: Roughness measurement of B2 and B3, Ra and Rt in µm 

 Pin Position 1 Position 2 

 Ra Rt Ra Rt Ra Rt 

B2_0 0.878 7.911 0.557 4.505 0.416 4.038 

B2_1 1.783 14.667 0.864 9.247 0.963 8.709 

B2_2 3.685 43.684 1.605 11.466 1.572 12.115 

       B3_0 0.19 1.976 0.538 3.859 0.399 4.016 

B3_1 0.455 4.431 0.375 3.007 0.465 3.057 

B3_2 - - 0.752 7.847 - - 

 

The roughness increases after each test. Rt increases a lot which indicates that the surface of the 

shoulder and the pin worn out. The surface of the pin and the shoulder does not form a flat 

surface anymore and this can be seen in Figure 45 and Figure 46.  
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Figure 45 shows the surface of the pin. The 0 on the x-axis is the center of the pin surface and the 

1.5 is the border of the pin surface. The surface evolves from a flat to a concave surface. When 

the pin penetrates into the workpiece, particles at the center of the pin surface wear out the pin 

and cannot leave the interface. While particles at the edge of the pin leave the interface along 

the flank of the pin. The outer edge is in contrast to the center of the pin more subjected to 

friction due to the higher angular velocity. However, the first phenomenon is predominant.   

 
Figure 45: Surface profile of the pin of the first boelherit tool  B2_0, B2_1, B2_2 

Figure 46 shows the surface profile of the shoulder. Before any test was done, the root or the end 

of the pin is clearly visible on the roughness measurement. After the first test, this is no longer 

the case. From Figure 46 is also concluded that the surface of the shoulder evolves from a more 

flat to a convex shape.  

 
Figure 46: Surface profile of the first boelherit tool (position 1)  B2_0, B2_1, B2_2 

Center 

Root of the pin 
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The evolution of the end of the pin is once more shown in Figure 47. 

  
Figure 47: Top profile of the first boelherit tool before any test  B2_0 (left)  

and after the first test  B2_1 (right). 

6.2.1.3 Workpiece microstructure 

The microstructure of the workpiece for the both boelherit tools is different. Parts of the 

boelherit tool are found in the workpiece of B3_1 (Figure 49), which are not found in the 

workpiece  of B2_1 (Figure 48). This indicates that during B3_1, parts of the tool broke off and 

were stirred into the workpiece material. This was not expected based on the profile 

measurements and on the plastically deformed shape.  

 
Figure 48: B2_1, Microstructure of the workpiece 

 
Figure 49: B3_1, Microstructure of the workpiece  

 

In Figure 50, a detail view of the left corner where the tool pin makes contact with the plate 

tested with B3, is shown.  The two particles, where the grain structure is not visible, are pieces of 

the boelherit tool. This is analyzed with the SEM (see Appendix C). Also some traces of chromium 

carbides and tungsten carbides are found near the surface. 

 

 

Root of the pin 

Boelherit Boelherit 
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Figure 50: Detail view of the stirred tool material into the workpiece and the carbides (B3_1) 

6.2.2 TSF22: WC-8.2%Co  

Only one test is performed with the tool of TSF 22.   

6.2.2.1 Investigation of geometrical changes  

The following pictures (Figure 51) show the shape of the tool before testing and after one test. It 

is clear that the pin has not deformed after the test. There is some little deformation of the 

shoulder as indicated by the arrow in the right figure.  

  

Figure 51: Pin profile of the TSF tool before testing  TSF1_0 (left) and after one test  TSF1_1 (right) 

No deformation of the pin can be observed on the figures above, but the pin is broken during 

the test. Brittle fracture occurred during the initial phase. Pictures of the broken tool can be seen 

in Figure 52. The cause of the fracture is assumed to be the low fracture toughness of TSF 22. It 

has the lowest fracture toughness of the different tungsten carbide-cobalt materials.   

Tool 

material 

Cr23C6 + WC 
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Figure 52: Brittle fracture of the TSF tool 

The fact that the fracture occurred during the initial phase can be concluded from the process 

parameters during the experiment (Figure 53). The axial displacement does not show a high 

increase after a certain period of time. The test had to be ended prematurely because the failure 

of the pin resulted in an unstable situation where the torque could not be controlled.  

 
Figure 53: Test parameters of test 1 TSF 22  TSF1_1 

6.2.2.2 Roughness measurements 

As the test ended earlier than the nominal 900 s, the roughness profile has not changed a lot. 

Less peaks and a more flat surface of the shoulder are obtained (Figure 54). The values of Ra and 

Rt are lower after the experiment than before (Table 25). This indicates that during the first period 

of the test, the roughness peaks due to the machining of the tool shape with the grinding 

machine are flattened. 
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Table 25: Roughness measurement of TSF1, Ra and Rt in µm 

 Pin Position 1 Position 2 

 Ra Rt Ra Rt Ra Rt 

TSF1_0 0.395 3.761 0.964 8.062 0.830 7.263 

TSF1_1 0.186 2.286 0.297 2.874 0.566 4.413 

 

TSF 22 has the highest hardness of the tungsten carbide-cobalt group. Together with the 

prematurely ending of the experiment, this resulted in less change of the profile.  

 
Figure 54: Surface profile of the TSF tool (position 1)  TSF1_0, TSF1_1 

6.2.2.3 Workpiece microstructure 

It is clear that the premature ending of the experiment has an influence on the obtained 

microstructure. The traces of plastic deformation are still visible because the workpiece was not 

long enough exposed to high temperatures. This is also the reason why less chromium carbides 

are formed near the surface (Figure 55 and Figure 56).  

The tear in Figure 55 is a defect caused by etching of the specimen. Also the black shaded circles 

in Figure 56 are etching effects. 



Arne Sierens, Jasmien Vanvooren 46 Academic Year 2012-2013 

 
Figure 55: TSF1_1, microstructure of the workpiece 

 
Figure 56: TSF1_1, detail view of the microstructure 

6.2.3 TSM33: WC-10%Co 

Three tests are done with the TSM tool and no significant deterioration occurred. 

6.2.3.1 Investigation of geometrical changes 

In Figure 57, the pin profile before testing and after the three tests is shown. The shape of the pin 

is intact and plastic deformation of the pin is negligible. The shoulder diameter has increased 

with 0.5 mm. 

  

Figure 57: Pin profile of the TSM tool before testing  TSM2_0 (left) and after the last test  TSM2_3 

(right) 

In Figure 58, the measured parameters during the test are presented.  

 
Figure 58: Test parameters of test 2 TSM33  TSM2_2 

Traces of plastic deformation 
Tear 
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The temperature reached steady state and the torque was constant. The axial force did not have 

any significant peaks. It was a very smooth test which is one of the reasons why TSM did not 

deform drastically. The other tests with the TSM tool were similar. 

6.2.3.2 Roughness measurements 

Particles of the tool are removed and deposited onto the plate material. Figure 59 shows the pin 

profile, where defects caused by abrasive wear are clearly visible. This phenomenon explains why 

the roughness increases after every test. 

 

Figure 59: Close up of the pin profile after test 3 (TSM2_3)  abrasive wear 

In Table 26, the value for the surface roughness after each test is shown. The roughness increases 

after each test except after the first test at position 1 (marked red in Table 26). This can be 

explained by the fact that after the first test, the roughness peaks caused by machining of the 

tool shape are flattened. This is however not the case at position 2. There the roughness 

gradually increases. More roughness tests are required to test whether the decrease in 

roughness is coincidence or not.  

Table 26: Roughness measurement of TSM2, Ra and Rt in µm 

 Pin Position 1 Position 2 

 Ra Rt Ra Rt Ra Rt 

TSM2_0 0.191 2.068 0.702 5.267 0.467 3.273 

TSM2_1 0.745 6.185 0.484 3.398 0.841 6.094 

TSM2_2 2.244 16.201 1.562 15 2.471 19.893 

TSM2_3 2.922 24.508 2.867 23.907 2.784 23.745 

 

Also the surface profile of the pin and the shoulder of the tool can be illustrated by the 

roughness measurement. Figure 60  shows that the surface of the pin top changes after every 

test. Before testing, the profile has a convex shape while after three tests, the surface is flattened. 



Arne Sierens, Jasmien Vanvooren 48 Academic Year 2012-2013 

 
Figure 60: Surface profile of the pin of the TSM tool TSM2_0, TSM2_1, TSM2_2, TSM2_3 

Figure 61 shows that the shoulder profile evolves from a convex shape to a more concave shape. 

A combination of high temperature and pressure causes the tool and the workpiece to adapt 

their shape to each other. 

 
Figure 61: Surface profile of the TSM tool (position 2) TSM2_0, TSM2_1, TSM2_2, TSM2_3 

6.2.3.3 Workpiece microstructure 

The microstructure of the plate tested with TSM2 after one test (TSM2_1) is shown in Figure 62. 

Where the flank of the pin made contact with the workpiece, areas of changed grain structure are 

visible. This is assumed to be a consequence of temperatures higher than the melting point. The 

grains are than almost not visible. From the detail view in Figure 63, it is clear that tungsten 

carbides and chromium carbides are formed. 
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Figure 62: TSM2_1, microstructure of the 

workpiece 

 
Figure 63, TSM2_1, detail view of the 

microstructure 

6.2.4 CTF12A: WC-6%Co 

With CTF, three tests are performed. After the last test, a brittle fracture was observed of the tool 

pin and further testing was not necessary. 

6.2.4.1 Investigation of geometrical changes 

The shape of the pin did not change significantly after three tests. In contrary, the shoulder 

diameter increased because of the oxidation of the tool. In Figure 64, the pin profile before 

testing and after three tests is shown. Also the oxide layer is indicated with an arrow in the figure. 

  
Figure 64: Pin profile of CTF before any tests  CTF1_0 (left) and after the last test  CTF1_3 (right) 

After the third test, a brittle fracture was observed. Although the axial force of the third test does 

not fluctuate or does not show any significant peaks, this fracture occurred. The test conditions 

of the third test are shown in Figure 65. The Brittle fracture can be the cause of little internal 

defects developed at earlier tests. Frequently heating and cooling of the tool can have an 

important influence on crack development. Another possible cause of brittle fracture is that the 

axial force has reached the lower limit at which the tool is subjected to brittle fracture as 

mentioned in §5.5. 

Carbides 
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Figure 65: Test parameters of test 3 CTF  CTF1_3 

Figure 66 shows the top profile of the CTF tool before testing and after three tests. The brittle 

fracture is indicated and also the oxide layer is clearly visible at the outer diameter of the 

shoulder.  

  
Figure 66: Top profile of the CTF tool before testing  CTF1_0 (left) and after the third test  CTF1_3 

(right) 

6.2.4.2 Roughness measurements 

As with the other materials, the roughness increases after each test for both the pin and the 

shoulder (Table 27). As CTF is very hard, the overall surface profile remains relatively flat, which 

indicates no plastic deformation of the shoulder and the pin. Therefore abrasive wear is more 

obvious (Figure 67 and Figure 68). 
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Table 27: Roughness measuremnent of CTF1, Ra and Rt in µm 

 Pin Position 1 Position 2 

 Ra Rt Ra Rt Ra Rt 

CTF1_0 0.172 1.225 0.246 1.958 0.194 1.83 

CTF1_1 0.486 4.394 0.857 6.4 1.354 13.56 

CTF1_2 1.596 10.307 2 16.075 2.021 14.247 

CTF1_3 2.607 17.357 4.048 29.42 4.494 34.582 

 

 
Figure 67: Surface profile of the pin of the CTF tool  CTF1_0, CTF1_1, CTF1_2, CTF1_3 

 
Figure 68: Surface profile of the CTF tool (position 2)  CTF1_0, CTF1_1, CTF1_2, CTF1_3 
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6.2.4.3 Workpiece microstructure 

In this case, not only areas of molten workpiece material are observed at the side, but also at the 

bottom of the contact with the tool pin (Figure 69). This workpiece also contains tungsten 

carbides and chromium carbides.  In Figure 70 an area where the carbides are found is indicated 

by an arrow. 

 
Figure 69: CTF1_1, microstructure of the workpiece 

 
Figure 70: Detail view of the microstructure below 

the tool shoulder-workpiece interface 

6.2.5 Cermet: WC-12%TiC 6%Ni 6%Co  

Two cermet tools were tested to see the performance of the material and the repeatability. 

Cermet is known to be brittle but it is also relatively hard.  

6.2.5.1 Investigation of geometrical changes 

The figures below show the profiles of the cermet tool before testing and after one test. 

  
Figure 71: Profile of the cermet tool before testing  C1_0 (left) and after one test  C1_1 (right) 

 

  
Figure 72: Profile of the second cermet tool before testing  C2_0 (left) and after one test  C2_1 (right) 
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During the initial plunge, parts of the tool broke off. 

Subsequently, due to strength loss and high temperature 

generation, the pin totally plastically deformed during the 

continuation of the test. The evidence of brittle fracture 

can be seen in Figure 73. 
 

Figure 73: Picture of the brittle 

fracture of the cermet tool 

 

 The parameters of the test in function of time are given in Figure 74. Fracture occurred at the 

plunging phase and the plastic deformation directly afterwards as can be seen in the diagram of 

the test. Therefore the axial displacement has to be examined. This value does not change any 

more after the first 80 seconds.  

 
Figure 74: Evolution of test parameters of the first test with the cermet tool 

The large axial force during this experiment can be explained by the loss of contact surface. To 

maintain the same torque as in the other tests, the axial force has to be higher. 

6.2.5.2 Roughness measurements 

Measuring the roughness after the first test was not relevant because of the failure of the tool 

pin.   

6.2.5.3 Workpiece microstructure 

The cermet tool failed during the plunge and parts of the tool are clearly visible in the 

microstructure of the workpiece (Figure 75). Next to the big part of hard metal, little cermet 

particles are found near the surface as indicated in Figure 77. Due to the brittle fracture at the 

beginning of the experiment, cermet particles were stirred into the workpiece. 
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Carbides are found below the tool shoulder-workpiece interface. These were observed near the 

surface where the pin made contact (Figure 76).  

 
Figure 75, CE2_1, microstructure of the workpiece 

material 

 
Figure 76, CE2_1, detail view of the formation of 

carbides near the shoulder-workpiece interface 

 

The microstructure of the cermet is shown in Figure 78. The structures of tungsten carbide and 

cobalt are indicted with arrows on the figure. Tungsten carbide (WC) has a long white 

rectangular shape while the cobalt (Co) is represented by the white irregular shaped pieces. 

 

Figure 77: CE2_1, small cermet particles in the 

microstructure of the workpiece 

 
Figure 78: CE2_1, microstructure of the cermet tool 

 

6.2.6 Comparative analysis 

It is clear that the cermet tool is inferior to the tungsten carbide-cobalt group. The cermet tool 

failed during the initial plunge phase of the experiment. This is the result of the low fracture 

toughness of this tool material. Preheating the workpiece or the tool could be a possible solution 

to this problem. 

In Figure 79, the properties of the tungsten carbide-cobalt group are visualized.  

WC 
Co 

Cermet 
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Figure 79: Properties of the tungsten carbide group 

TSF22 has the lowest fracture toughness and failed during the initial plunge by brittle fracture of 

the pin. 

Boelherit has the highest amount of cobalt which results in a high fracture toughness but also in 

a low compressive strength at high temperatures. The high fracture toughness ensured that the 

pin of the boelherit tool did not fail due to brittle fracture during the plunge. The plastic 

deformation of the pin and the shoulder, can be explained by the low compressive strength. 

From these two materials it is clear that a certain value of fracture toughness and compressive 

strength is required. The tungsten carbide tools, with intermediate values of cobalt content, 

score the best. 

CTF 12A is a hard and tough material at ambient temperature. The amount of cobalt added is 

low, so the hardness and compressive strength at high temperatures will remain higher in 

comparison with the other materials. Despite the promising properties of CTF, the tool failed 

during the third test. The brittle fracture can be the cause of little internal defects developed at 

earlier tests. Frequently heating and cooling of the tool can also have an influence on crack 

development. Another possible cause of brittle fracture is that the axial force during the test has 

reached the lower limit at which the tool is subjected to brittle fracture. 
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TSM is not the hardest and not the toughest material, but from the results it seems the best 

material. However, when comparing the parameters of the test with the test of CTF, the axial 

force was higher and the lower limit was not reached (see Figure 58 and Figure 65). Normally, a 

better result for CTF is expected because the hardness, the compressive strength and the fracture 

toughness are higher than for the TSM tool (see Figure 79). 

Table 28 is a summary table of the performances of the different materials tested. 

Table 28: Summary table of the performance of the different materials tested 

Material Number 

of tests 

Brittle 

fracture? 

Plastic 

deformation? 

TSM33 3 No No 

CTF12A 3 Yes No 

Boelherit 2 No Yes 

TSF22 1 Yes No 

Cermet 1 Yes Yes 

 

From the roughness measurements, it is clear that when a material plastically deforms, the 

roughness of the shoulder does not change significantly. However when there is no plastic 

deformation, scratches will appear on the surface of the pin and the shoulder and therefore the 

roughness increases. For example in the case of the plastically deformed boelherit tool (B2), the 

change in roughness was less than for the CTF tool (CTF1). This is shown in Figure 80 and in 

Figure 81. 

 
Figure 80: Ra increase of B2 and CTF1 (shoulder) 

 
Figure 81: Rt increase of B2 and CTF1 (shoulder) 

 

CTF and TSM were the only materials with no plastic deformation or brittle fracture (the brittle 

fracture of CTF at the third test not encountered). As can be seen in Figure 82 and Figure 83, the 

roughness at the pin is higher for TSM than for CTF. The roughness increase however, is higher 

for TSM until two tests and after the last test, the increase in roughness was higher for CTF. There 

is no clear trend between the roughness at the shoulder of CTF and the roughness at the 

shoulder of TSM. Based on the roughness measurements it is difficult to determine the “best” 

material. 
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Figure 82: Rt measurement of the pin top of CTF1 

and TSM2 

 
Figure 83: Rt measurement of the shoulder 

(position 2) of CTF1 and TSM 2 

 

From the microstructures of the workpieces can be concluded that temperatures of 1100°C and 

more are reached. In the cases where the tool did not fail due to brittle fracture, enough heat was 

generated to dissolve tungsten carbide from its cobalt binder. Tungsten and chromium carbides 

are found near the contact surface.  

  



Arne Sierens, Jasmien Vanvooren 58 Academic Year 2012-2013 

7 Recommendations and future work 

Friction stir welding becomes a promising technique for joining steel. The main challenge 

remains the limited durability of the welding tools. During our research, we have tried to develop 

a test setup for the evaluation of the performances of different tool materials. However, there are 

still a lot of possibilities and also some enhancements can be made to our setup. 

In the literature, few information can be found on the behavior and the properties of materials at 

high temperatures. We believe that the investigation of this material behavior is helpful in the 

selection of the proper tool material for FSW of steel.  

Normally during friction stir welding, the tool plunges into the material with a constant speed. 

This is associated with high initial axial forces between the tool and the plate. As the tools are 

brittle in nature, many of them fail during this stage. A smoother approach and plunge with a 

gradually increasing axial force, as used in our experiments, can solve this problem. 

The current cooling system can be enhanced. The maximum flow obtained with this cooling 

equipment is 28 l/min. Another pump, which can deliver a higher flow rate, is required to make 

the cooling more effective.  

It could be useful to investigate the influence of preheating of the plate material and/or the tool. 

Other materials, which are very brittle at ambient temperature but also very hard, can be possible 

candidates when using a preheating system. For example, TSF is the hardest but also the most 

brittle material used in our experiments. The TSF tool failed during the plunge and this could 

perhaps be avoided with preheating.  
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8 Appendices 

 

 

Appendix A: Software program 

Appendix B: Calibration of the  axial force  

Appendix C: Microstructure of the workpieces 
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Appendix A: Software program 

Functionality 

In Figure 84, the GUI (Graphical User Interface) of the FSW program in LabVIEW is shown. There 

are two main areas: the input and the output. Before the program starts, the user has to define 

the duration of the test (tSTOP), the rotational speed of the tool (rpm tool), the wanted torque 

(Twens), the height of the pin (depth in mm) and the maximum pressure needed to plunge the tool 

in the steel plate. The latter is expressed in voltages. The relation between the pressure and the 

voltage can be found in the specifications of the machine. 

The evolution of the parameters (torque, pressure, temperature, proportional valve and 

penetration depth) can be followed on the provided graphs. Also the current stage of the 

program is indicated by the LEDs at the right of the GUI. 

When something irregular happens, the program can be forced to the stop stage by the 

emergency button (STOP). 

 

Figure 84: GUI of the FSW program in LabVIEW 

The development of the complete program is discussed in the following paragraphs. 
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Input variables 

A LVDT measures the axial displacement of the workpiece.  

The rotational speed of the motor is also read in. Multiplying the motor speed with the transfer 

ratio of the belt configuration gives the rotational speed of the tool. 

A pressure sensor is used to measure the piston pressure. Piston pressure can be converted to 

the tool pressure and axial force. 

The Torque on the tool is measured. 

The temperature of the workpiece is read in with a thermocouple type K. This is not the real 

contact temperature but gives an indication of which tests have the highest or lowest 

temperatures. 

Output variables 

Digital output 

The digital output consists of 4 bits: bit3 bit2 bit1 bit0 

When bit3 is high, the motor starts running. Motor speed is set manually by an external control 

and cannot be regulated by LabVIEW. Lowering bit3 switches of the motor. 

Bit2 is used to turn on a valve. Opening the valve means that the piston pressure is controlled by 

the proportional valve.  

Bit1 is a trigger for the PLC. A high bit1 is the signal for the piston to move back to its start 

position and the motor is switched off when the start position is reached. The bit is set high at 

the end of the test or when the safety limit is reached.  

Bit0 is a trigger for the PLC to move the piston forward with a force regulated by LabVIEW. 

Analog output 

The piston pressure can be regulated with the proportional valve when bit2 is high. The pressure 

is more or less linear with the applied voltage by LabVIEW, except at low pressures where it is 

more quadratic. 
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Reading in of the input variables 

The DAQ-assistant of LabVIEW, in this program called ‘read in 

sensors’, is used to read in the different variables such as axial 

displacement, pressure,... The right sampling rate and number of 

samples have to be set. Because of the high rotational speed, a 

high sampling rate of 5000 samples/sec is chosen. The best results 

are obtained when the number of samples is chosen dependent 

on the value of rotational speed. The number of samples is tuned 

to make the total sampling time of 1 cycle exact the same as the 

time needed to have one rotation. Every irregularity has now the 

same effect on every sampling cycle. This induced less noise on 

the measurement of the torque. If the rotational speed is set to 

500rpm, the number of samples is set to 600 as shown in the 

following calculation.  

 
Figure 85: Reading in of the 

sensors in LabVIEW 

                     
 

   
 

 

   

   

         
     

       

 
     

       

        
 

 

To work with the measurements and to control the pressure, only 1 value of each variable per 

cycle is required. This is done by taking the average of the number of samples as can be seen in 

Figure 85. The last step is the calibration of sensor which is mostly linear.  

Torque control: PI(D)-controlling 

In the torque control stage a constant torque value is required. This is done in two steps. First, 

the inner loop of Figure 86 has to be implemented. This is the Pi(D)-controlling of the piston 

pressure. Second, the outer loop has to be programmed which is a small calculation to 

determine the wanted pressure from the wanted torque. 

 

Figure 86: Scheme of the torque control 
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Inner loop 

The input for the inner loop is the calculated wanted pressure pw. The axial pressure is tuned to 

that value with a PID-controller. Generally, a PID controller consists of 3 terms: 

-  A proportional term which is the difference in the desired value and the measured value 

strengthened by a factor Kp. Increasing the proportional term fastens the reaction time 

but also increases the overshoot. 

- An integration term which gives a summation of the error multiplied by KI. This ensures 

that the pressure always goes to the wanted value. The higher this value, the higher the 

oscillation around the wanted value due to the winding-up effect. 

- A differential term which is the variability of the pressure in time multiplied by a factor Kd. 

This reduces overshoot but typically strengthens noise. Because of this, the differential 

term is not used in the controlling of the pressure and Kd is set to zero. 

The general formula for a PI-controller is: 

                 ∫        

in which e(t) is the difference between the wanted value and the measured value and u(t) is the 

output of the PI-controller. 

This formula has to be discretized before it can be implemented to the LabVIEW program. After 

discretization this gives the following formula: 

                 ∑       

In order to determine the various parameters, there are 2 ways. In the first method, a theoretical 

model to obtain a transfer function of the process is used. Based on the transfer function the 

parameters for optimum overshoot, settling time and steady-state error can be estimated. In the 

second method, the parameters are experimentally determined. Because of the many variables 

and the difficulty to determine the transfer function, the experimental method is used to obtain 

the two parameters of the PI-controller, Kp and KI. 

A common used method is the method of Ziegler-Nichols.  It is performed by setting the 

integration and the derivative term to zero and by varying the pressure stepwise. The 

proportional gain is increased until the control loop oscillates with a constant amplitude Ku and 

period Tu. The parameters are then calculated dependent on the obtained values of Ku and Tu . 

The Ziegler-Nichols parameters can be seen in Table 29. 
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Figure 87: Step in pressure with Kp = 0.2 

 
Figure 88: Step in pressure with Kp = 0.7, Ku=0.8, 

Tu=1.24s 

The two figures above (Figure 87 and Figure 88) illustrate the procedure of the Ziegler-Nichols 

method. The right figure shows that a proportional gain around 0.7 results in a an oscillating 

step-answer of the pressure.  

Table 29: parameters of PI with Ziegler-Nichols 

Control type Kp KI 

PI Ku/2.2 1.2Kp/Tu 

 

Based on Figure 88, the calculated Kp and KI are 0,364 and 0,348 respectively. The result is shown 

in Figure 89. The overshoot is too big as well is the settling time. New parameters are found 

using trial-and-error and can be seen in Figure 90. Kp and Ki are chosen to be 0,08 and 0,008 

respectively. The overshoot, settling time and oscillation is less than with Ziegler-Nichols. 

  

 
Figure 89: Ziegler Nichols: 

 Kp = 0,364, KI = 0,348 

 
Figure 90: Final Pi- controller: 

Kp = 0.08, KI = 0.008 

 

Outer loop 

The outer loop is just a small calculation. At any specific moment the torque is proportional with 

the applied axial pressure. The wanted pressure can then be calculated using the following 

formula: 
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In which Tw is the wanted torque, T is the measured torque and p is the measured axial pressure. 

Torque control in LabVIEW 

In Figure 91, the implementation of the PI-regulation in LabVIEW is shown. The inner and outer 

loop are indicated. 

 

Figure 91: Torque control programmed in LabVIEW 

Safety limit 

A limit for axial displacement is programmed. This ensures that the chuck and the clamping 

device cannot touch when the tool fails.  

When the tool and workpiece make contact, the axial displacement is measured. If the axial 

displacements reaches a certain value, bit1 of the digital output is set high. The piston moves 

back to its start position and the motor is turned off.  

The implementation of the safety limit is also visible in Figure 91.  

Flowchart 

To end the discussion of the software program in LabVIEW, a flowchart is added (Figure 92).

Outer loop 

Inner loop 
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Appendix B: Calibration of the  axial force  

During the test it is important to know the axial force at the tool-workpiece interface. It was 

however only possible to measure the piston pressure. Due to frictional losses of the clamp on 

the machine bed, the actual force on the FSW tool is lower than the force delivered by the 

hydraulic cylinder. Therefore the calibration of the actual force at the tool was necessary. In the 

following, the setup and the results are discussed. 

Equipment 

Components used 

Load cell with capacity of 50 tons 

Bar with the diameter of the load cell 

Ball joint 

Conditioner for reading in data from the load cell 

Self-written LabVIEW program 

Setup 

A bar was screwed on the left side of the load cell and clamped in. An extra support of the load 

cell was not required. At the right side of the load cell a ball joint was screwed to provide a 

perfect axial force. Piston pressure and force on the load cell were measured and read in via 

LabVIEW. The load cell was calibrated by Chris Bonne from Labo Soete. The piston pressure 

sensor was calibrated by the manufacturer. 

 

Figure 93: The used setup to calibrate the axial force 

 

Ball joint 

Load cell 
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Test procedure 

Every measurement started by tuning the piston pressure in the range between 6 and 60 bar. 

With every pressure corresponds a measurement of two signals, load cell and pressure sensor. 

The relation between the piston pressure and the pressure on the load cell is obtained by taking 

the mean value of each measurement over a short period of time. 

Results 

In the figure below all the test measurements are plotted. The equation of the trend line is: 

                    
             

                    

It seems that at high pressures the loss of pressure was quite linear and at lower pressures 

parabolic or ~     
  (Figure 95 and Figure 96). 

 
Figure 94: The cylinder force in function of the force at the load cell 

 
Figure 95: The cylinder force in function of the 

force at the load cell (low pressures) 

 
Figure 96: The cylinder force in function of the 

force at the load cell (high pressures) 
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Appendix C: Microstructure of the workpieces 

During the experiments, temperatures of 1100°C and more are reached. This is proved by the 

different changes that occurred with the microstructure of the workpiece (Figure 97). Four 

different zones can be distinguished: 

At the surface, a layer of chromium carbides (I) is formed. 304L steel has a low carbon content 

which indicates that something special occurred. Also tungsten carbide from the tool entered 

the workpiece material. 

The Grain refinement (II) only occurs at temperatures between 1100 and 1150°C which indicates 

that the contact surface between the tool and the workpiece was even higher. 

Underneath the grain refinement zone, a zone of stress-free steel (III) can be found. This 

annealing occurs at temperatures around 950°C. This zone can be distinguished by the fact that 

the traces of cold working and plastic deformation are erased. 

The 4
th

 zone is the unaffected workpiece material or the base material (IV). This 304L steel plate 

is hardened by cold working. It has a lamellae structure along the rolling direction. 

 

Figure 97: B4_1, the 4 different zones in microstructure 

I 

II 

III 

IV 
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A scanning electron microscope is used to analyze the composition of the heat affected zones. In 

the unaffected material, the peak of iron is much higher than the peak of chromium as can be 

seen in Figure 98.  

 

Figure 98: SEM analysis of unaffected 304L steel 

Near the surface however, chromium is found with a much higher amount than iron. The 

carbides formed are thus assumed to be chromium carbides. High amounts of tungsten and 

carbon are also found which indicates that tungsten carbides from the tool diffused in the 

workpiece material. Cobalt however was not observed. Thus the tungsten carbides dissolved 

form the cobalt-binder. 

 

Figure 99: SEM analysis near the surface 
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In the test B3_1 with boelherit and in the test with the cermet, complete tool particles were 

stirred into in the plate material which are not found in all the other tests. In these particles the 

WC-Co is still present. The tungsten carbides did not dissolved from the cobalt binder (Figure 

100). 

 

Figure 100: SEM analysis of the boelherit particles in the workpiece (test B3_1) 
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